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Abstract

CAR T cell therapies have revolutionized the treatment of blood cancers, but the
conventional manufacturing process remains costly, complex, and time-consuming, often
leading to suboptimal cell quality and hindering the therapy’s success and accessibility.
To address this issue, innovative T cell activation strategies are needed to simplify
CAR T cell production while enhancing the quality and efficacy of this living drug.
In collaboration with Prof. Dr. Enrico Klotzsch, Prof. Dr. Viola Vogel’s laboratory has
engineered a nanoporous substrate based on anodized aluminum oxide (AAO), which
uniquely induces T cell activation and expansion through physical confinement of cell
protrusions within nanopores. However, AAO technology has limitations, including a
large and less reproducible pore size distribution, impeding clinical translation. We
hypothesize that transitioning to silicon (Si) technology can address these issues and
provide more flexibility for optimization. Thus, the first section of this thesis details the
development of an optimized protocol for the precise production of silicon nanoholes. We
produced 1.5 pm deep pores of diameters down to 150 nm and minimal pore distances
of 40nm. The structures were written with electron beam lithography (EBL) and
then transferred into a silicon oxide (SiO,) mask with reactive ion etching (RIE)
before consecutive silicon etching with a Bosch process. This process was successfully
established despite the high resolution requirements and aspect ratio of 10:1 (pore
depth/diameter). Next, experiments are required to evaluate the effect of silicon
nanoholes on T cell activation. Additionally, we explored whether mechanical T cell
activation via nanoporous substrates enhances calcium influx potentially independent
of the T cell receptor. A novel flow cytometry-based assay was established to
assess calcium influx more efficiently than current low-throughput microscopy methods.
Results demonstrated a significant increase in calcium influx in T cells seeded on
nanoporous substrates compared to classical biochemical stimulation, likely mediated
by mechanosensitive calcium channels such as Piezol. Further research is needed to
elucidate the exact role of Piezol in detail. Collectively, the established protocols are
essential for improving the production and performance of nanoporous substrates and
for advancing our understanding of nanopore-induced T cell stimulation, moving this
discovery closer to clinical application.
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1 Introduction

T cells or T lymphocytes are a strand of immune cells that mature in the thymus. They
are an important part of the adaptive immune system that carries out antigen-specific
immunological functions. By engineering T cells, new functionalities of targeted immune
attacks can be unlocked. This has given rise to technologies in the field of adoptive
immunotherapy and more specifically adoptive T cell transfer or therapy (ACT).
One prominent example is the use of genetically modified T cells in chimeric antigen
receptor (CAR) T cell therapy for the treatment of cancer. Since its first report in 1987
[1], several CAR T therapies have already been approved for clinical use by the Food
and Drug Administration (FDA) [2].

However, challenges for CAR T therapies still exist. Due to long manufacturing times
and adverse effects like cytokine release syndrome (CRS), the overall treatment costs
can go above $500,000 [3, 4]. Yet, the drug costs can account for the bulk of overall
costs [4] which makes reducing them very desirable. Additionally, CAR T therapies are
still relatively ineffective against solid tumors [2].

For those therapies, the genetic modification of T cells takes place er vivo with
T cells isolated from the patients blood. Activation of those T cells plays an important
role for both the expansion of T cell colonies [5] and the genetic modification itself [6].
Moreover, T cell differentiation also depends on the means of activation [7]. At the
same time, the phenotype of T cells used in CAR T therapy might be relevant for the
success of the intervention [8, 9]. Therefore, investigating and optimizing innovative
approaches for T cell activation can have major clinical benefits for immune and cancer
therapies.

One such approach is the activation of T cells on nanoporous substrates. It has
recently been shown, that nanoconfinement of T cell microvilli can boost T cell
activation in the absence of T cell receptor (TCR) agonists [11, 12]. The cells form
membrane protrusions called microvilli that were found to enter into the pores [11]. Still,
the exact mechanisms and pathways leading to this mechanically induced activation are
poorly understood.

To obtain the above results, T cells were seeded on nanoporous anodic aluminium
oxide (AAO) surfaces of varying pore sizes. The activation effectiveness with this
method depends on the pore size [11]. However, for AAO pore sizes can deviate by
more than 25% from the mean value [13]. This makes exact understanding of T cell
activation pore size dependence difficult. Recent experiments within the lab have hinted
to an optimal pore size around 260 nm.

Silicon technology has been optimized and used in many fields [14-17]. Writing
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pores into silicon or silicon oxide (SiOy) can therefore enable superior control of pore
geometries with already well established technologies. As silicon oxidizes in contact
with air, both materials have very similar surface properties.

For the ideal mechanical activation condition, microvilli reached an average length of
1.3 nm before decreasing again [11]. Pores should therefore exceed that length.
Electron beam lithography (EBL) allows to overcome wavelength limitations of optical
lithography and to write and develop features of dimensions smaller than hundreds
of nanometers into resists[18]. The well established Polymethylmethacrylat (PMMA)
resists allow for resolutions below 10nm [19]. However, they provide poor dry etch
resistance compared to newer the more recently developed Chemical Semi-Amplified
positive E-beam Resist (CSAR 62) or short CSAR, that also allows for sub 10nm
resolution [20].

Dry etching is the removal of surface layers with plasma, where surfaces are attacked
by physical bombardment with plasma particles [21]. This allows for more directional
or anisotropic etching compared to wet etching. Several variations for dry etching
exist. For RIE, ions present in the plasma result in additional chemical etching that
greatly enhance etching performance [22]. Inductively coupled plasma (ICP), where
radio frequency (RF) power is inductively coupled to the plasma through an antenna
[21], can result in plasma densities of one two orders of magnitude higher compared to
capacitively coupled plasma (CCP) [22]. RIE and ICP are combined in deep reactive
ion etching (DRIE) [22]. Additionally, etch steps can be executed in iteration with
side-wall passivation steps to reach higher aspect ratios. In the Bosch process, side-wall
passivation with C,Fj is iterated with SFg DRIE to enhance etch anisotropy [22, 23].

Seeding T cells on more precisely defined pores can not only enable maximisation of
activation, but help fundamentally understand the underlying mechanism itself.

Some hints on the activation mechanism exist and recent discoveries hint to a
potential role of Piezol in the activation process, as treatment with Piezol inhibitor
GsMTx4 showed reduced activation for T cells seeded on porous substrates (Fig. S1).
Piezol is a mechanosensitive ion channel that opens and closes in response to
mechanical stimuli on the cell membrane [24]. It has been shown to be involved in
the regulation of human T cell activation [25]. Conformational changes of Piezol
mediate extracellular Ca*™ ion influx into the cell [26]. Calcium on the other hand
influences T cell metabolism, proliferation, differentiation, antibody and cytokine
secretion and cytotoxicity [27]. It regulates cytoskeletal remodeling and vice versa [28]
and plays a role in dephosphorylation of nuclear factor of activated T cells (NFAT)
and activation of Ca*"/calmodulin-dependent kinase (CaMK), that mediates T cell
activation [29]. Dephosphorylated NFAT transloctes to the nucleaus and can form
transcriptional complexes there [29]. NFAT however can also activate genes responsible
for T cell anergy [29, 30]. It therefore has to be balanced with other activation factors,
like activator-protein-1 (AP-1) and Nuclear Factor kappaB (NF-kappaB) [29]. The
co-existence of all three of those activation factors then leads to the secretion of the
cytokine Interleukin-2 (IL-2), that promotes T cell proliferation and differentiation into
effector cells [31]. Another marker of T cell activation is the surface-bound cluster of
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differentiation (CD)69 that regulates T cell differentiation and cytokine secretion [32].
The standard pathway down to this activation is via TCR signaling. The
antigen-recognizing molecules of T cells are TCRs [31], that interact with major
histocompatibility complex (MHC)-antigenic peptide complexes on antigen presenting
cells (APCs) [29]. Most human T cells are af T cells with a and beta TCR chains [33].
These TCR chains together with CD3 form TCR/CD3 complexes. Thereby, binding to
CD3 of anti-CD3 can induce TCR downstream signaling [34]. However, co-stimulation
of surface-bound CD28 is needed to promote full T cell activation [29, 35]. This is
due to the tight regulation of the essential NF-kappaB, via co-stimulatory pathways
[29, 36, 37]. Therefore, treatment with anti-CD3 and anti-CD28 can be used as a
path to T cell activation, where anti-CD3 is the TCR agonist. Going back to calcium
signaling, it was shown, that combined TCR and CD28 stimulation delayed calcium
signal decay [35].

Given the role of calcium in T cell signaling, investigating and comparing the change
in calcium levels for mechanically and chemically activated T cells could yield valuable
insights into signaling pathways and sensor mechanisms involved in pore-stimulated T
cell activation.

Beyond three dimensional surface structure, cell binding to the substrate surface
is governed by the hydrophilic nature of the cell exterior. Plasma treatment of surfaces
can make substrates more hydrophilic. Hence, surface fictionalization prior to cell
seeding becomes relevant.

Aims and Own Approach

The aim of this thesis is to investigate and optimize T cell activation through
pore-induced mechanical stimuli. To achieve this overarching goal, three specific aims
are defined:

1. Fabrication of Nanopore Arrays in Silicon or Silicon Oxide

The first objective was to produce nanopore arrays in either silicon or silicon oxide (SiO5).
EBL is employed for the precise writing and design of the initial pore structures. These
structures were then transferred into silicon or silicon oxide via dry etching, utilizing
additional hard mask layers. Based on prior studies showing optimal T cell activation
on AAO substrates with pore diameters of several hundreds of nanometers [11], pore
diameters of 150 nm, 300 nm, and 450 nm were selected for fabrication. The smallest
pore distance tested was 25nm, to explore the lower limits of pore spacing that can
induce T cell activation. Higher distance pores, up to 500 nm, were to be produced to
test the boundaries of T cell activation through pore-induced mechanical stimuli. To
enable full microvilli penetration into the pores, a minimum pore depth of 1.5 pm was
targeted, corresponding to an aspect ratio of 1:10 for the smallest pore diameters.
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2. Optimization of Surface Conditions to improve T Cell Activation and
Substrate Storage

Beyond pore production, the second aim was to optimize chemical surface conditions
to enhance T cell activation and produce a modification for long-term storage. This
involves investigating different plasma treatment conditions on AAO surfaces, which are
already established for T cell activation. A key aspect of this objective is to test the
stability of physical plasma modification over several weeks and to optimize the plasma
pressure conditions for better T cell activation outcomes. Achieving a stable activation
after plasma treatment could significantly aid in the implementation of the process in
future applications.

3. Investigation of Calcium Signaling in Pore-Induced T Cell Activation

The third aim was to investigate the role of calcium signaling in pore-induced T
cell activation and compare it to T cell activation induced by T cell receptor (TCR)
agonists. For this purpose, a high-throughput T cell calcium assay was to be developed.
There, T cells are stained with calcium-binding fluorochromes prior to seeding them on
substrates for activation. Unlike traditional methods that rely on microscopy to observe
intracellular calcium, this approach involves using flow cytometry to analyze cells after
they are washed off the substrates. This method is thought to significantly increase
the number of cells analyzed, from tens of cells using microscopy to tens of thousands
per measurement, providing more robust data for understanding the mechanisms of
pore-induced T cell activation.

These three aims collectively seek to advance our understanding of how mechanical
stimuli through engineered pores can be optimized to activate T cells and provide
valuable insights into the underlying cellular mechanisms.



2 State of the Art

We start by looking into how similar goals have been achieved in the recent past. This
provides a good starting point and an overview of what remains to be investigated.

2.1 Microfabrication of Porous Substrates in Silicon and SiO,

Aspect ratios (horizontal feature size/vertical feature size) are defining for etch processes.
For dry etching, gas exchange t relatively deep spaces is reduced and for wet etching
complete drying limited by surface tension effects. Aspect ratios achieved for structures
in silicon range to 200:1 (pillar height/width) for nano-pillars with 200 nm diameter [38]
and 160:1 for 130 nm lines and 120 nm spaces [39]. Those values however were achieved
for Metal assisted chemical etching (MacEtch), where structures are transferred into
silicon by wet etching.

For dry etching, aspect ratios of 67:1 for 600 nm wide slits and 77:1 for 1pm wide
slits have been achieved with DRIE [40]. Depths of more than 500 pm for holes of 25 pm
width have been achieved with the DRIE process [41]. These designs share etch patterns
of higher surface area per individual hole, compared to the 150 nm holes aimed to be
produced in this thesis. The RIE lag leads to height differences between structures of
different surface areas and therefore different aspect ratios. It could be reduced to 1.5%
difference between aspect ratios of 2.5:1 and 10:1 [42]. These results were obtained for
pillars of 50 pm depth, implying again a comparably big surface area.

Etching of down to 280 nm diameter pores, 7pum deep into silicon with an optimized
2-step Bosch process has recently been realized [43]. Although, the pore pitch was no
lower than 1.9 times the diameter and the pore distribution angle optimized for drilling
into silicon crystal [43, 44], this shows general feasibility of etching pores for the work
on T cells with DRIE. Alternative to DRIE, small structures of 34 nm width have also
been produced with HBr based ICP etching [45].

Etches into SiO4 are less prominent in literature. However, high aspect ratio optical
structures have been produced before at the Binnig and Rohrer Nanotechnology Center
(BRNC) where this thesis has been conducted and promising protocols were readily
available. Nonetheless, for higher pore diameters of 2 pm, aspect ratios of 100:1 have
been achieved with electrochemical wet etching in HF [46].

2.2 Calcium Staining of T Cells

Calcium staining of cells is well established. Calcium stains have been used to study
T cell calcium levels with fluorescence microscopy [47]. Plate reader-based and flow
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cytometry readouts of cellular calcium levels have also been performed [48, 49]. Yet,
challenges for the readout of pore activated T cell calcium levels remain. The T cells
for different conditions need to be treated within reduced times, as calcium levels for T
cells seeded on pores have been observed to change quickly by our collaborators (Enrico
Klotzsch, Humbold-University Berlin).



3 Methods

In this chapter, we continue by explaining the process parameters and protocols used
for the experiments. In order to achieve the goals of this thesis, methods from both
microfabrication and cell biology were used. We start by describing microfabrication
process parameters, as this also reflects the first aim that will be discussed in Chapter 4.
The methods used to achieve the aims of this thesis overlap for several aims and are
therefore not sorted by aim.

3.1 Wafers and Clean Room Laboratory

Silicon wafers of four inch diameter from Silicon Materials (Kaufering, Germany) doped
with 2 to 10 and 525 nm thickness were used as substrates.

Oxide layers were deposited onto those four inch silicon wafers. All but one wafer, that is
mentioned explicitly in Section 3.5, were provided together with oxide layers of specified
thickness by Ute Drechsler at the BRNC. The BRNC is a clean room research facility
operated jointly by IBM and ETH Ziirich.

After deposition, the wafers were diced into 20 mm x 20 mm chips.

The lithography and etching steps were executed at the BRNC.

3.2 Pore Images and Image Analysis

In the following, the dimension of the wafer perpendicular to the four inch plane is
referred to as z-dimension, while the plane is referred to as xz-y plane.

Images of the z-y plane were taken with a SU-8230 (Nano Shield) scanning electron
microscope (SEM) by Hitachi, Tokyo, Japan at BRNC. Some additional images were
taken with a Zeiss (Oberkochen, Germany) ULTRA 55 plus SEM at FIRST and will
be marked in the figure caption. If not mentioned otherwise, images were taken in the
center of each patterned field. z profile measurements with focused ion beam scanning
electron microscope (FIB-SEM) were taken with Helios 5 and Helios NanoLab 600i
DualBeam by Thermo Fisher Scientific, Waltham, USA.

Image analysis was conducted in Fiji (ImageJ). A Fiji macro was programmed to
detect the interior of the pores by converting to a binary mask after inverting the
image and executing a Gaussian blur with ¢ = 2 pixels. The pore diameter d was

determined from the recognized pores as d = 2 - \/%, where A is the area of the pore.

The circularity C' was calculated via C = 4;;—54 with the perimeter P. Values for the

minimal pore distance A were determined via subtraction of the pore diameter from
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Table 3.1: Methods for the measurement of layer thickness (1-2) and loss of thickness

during etching (3)

Index Measurement method

1 Only for resist: Scratch with tweezer and measure scratch depth.
Partially cover remaining layer with Resist (AZ1512, baked at 110°C for 1 min

2 or CSAR if already applied), then remove uncovered layer part with wet etch,
consequently strip resist and measure step height. Wet etch for Al,O5: H3PO,.
Above layer is resist. Before etching: Remove part of above layer by scratching

3a it. After etching: Measure thickness of above layer with method 1 and step

height at scratch and take difference of measured heights as thickness loss.
Above layer is not resist. Before etching: Remove part of above layer
3b analogously to method 2. After etching: Strip above layer and measure step
height.

the pattern repetition length I: A = [ — d. Measurements deviating by more than 60%
from the mean area A per image were excluded with Python.

3.3 Layer Thickness Measurements

The layer thicknesses and etch depths after various etch steps were measured with
different methods listed in Table 3.1. The measurements were taken with a DektakXT
profilometer by Bruker, Billerica, USA. For control measurements of the total depth of
the structures written with lithography, markers of 50 pm width were used.

3.4 Resist Patterning and Development

For EBL, a positive CSAR resist was applied as top layer for every test chip via spin
coating. Here, AR-P 6200.09 by Allresist (Strausberg, Germany) was used as CSAR
resist. Other resists mentioned later in Section 3.5 were tested or used for other
purposes, but never exposed to EBL.

Before application of CSAR resist, the chip was cleaned with Oy plasma at 600 W
for 3min. After that, it was dehydrated for 5min on the hot plate at 180°C. The
CSAR was spun at either 4000 rpm to achieve an approximate thickness of 200 nm or
2000 rpm for 300 nm. Spin acceleration was 2500 rpm/s for 200 nm CSAR or 2500 rpm /s
for 300 nm. Spin duration was 40s or longer. The resist was baked for 60s at 150°C
immediately after application. The values for resist thickness will in this chapter be
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Figure 3.1: Sketch of mask design including relevant lengths

used as an approximation and thickness measurements can be found in Chapter 4.

The masks for EBL were designed with KLayout as GDS files. A hexagonal pore
distribution was used. Fig. 3.1 shows the geometry of the mask and the distances used
to design the masks. Chip sizes used for the samples to be used for cell seeding are listed
in Section 3.7. For the remaining test patterns investigated in this section, pore arrays
were patterned onto 200 pm x 200 pm fields spaced apart by 100 pm. If not mentioned
differently, mask pore diameters dj; of 150nm, 300nm and 450 nm were used in all
combinations with mask minimal pore distances of 25 nm, 50 nm and 100 nm.

The electron beam (EB) dosage D for a given developer and the development method
were optimized for low levels of resist residues and high mask transfer accuracy. The
developers and dosages listed in Table 3.2 were tested. Additionally, for sample C
(Table 3.2) different levels of contrast value proximity correction (CPC) were tested.
The levels were provided relative to a standard defined by Antonis Olziersky at the
BRNC who operated the EBL device. AR 600-546 by Allresist was used.
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Table 3.2: Parameters for CSAR development

Electron beam (EB)

Sample Chemical developer Development time in min dosage in nC em—2
A AR 600-546 1 225 - 265, steps of 5
B AR 600-546 3 225 - 265, steps of 5
C Ethyl L-lactate 1 280 - 320, steps of 10

3.5 Etching Pores into SiO,

A layer stack consisting of SiOy, Al;O53 and CSAR from bottom to top as depicted in
Fig. 3.2 was tested as process stack. Different layer thicknesses were used. The Al,O3
layer served as a hard mask for pattern transfer. The final structures were written into
SiOy. Therefore, the stacks are referred to as SiO, stacks.
For the test of the SiO, stack, three diced wafers were used. Table 3.3 shows the layer
thicknesses and the SiO, deposition methods for those wafers.
Here, wafer 01 was produced by myself at FIRST - Center for Micro- and Nanoscience

of ETH Zirich.

For the depositions, a Picosun Sunale R-150B atomic layer

deposition (ALD) by Applied Materials (Santa Clara, USA) and an Oxford Instruments

CSAR

Al O3

Al O3

Figure 3.2: Sketch of SiO, stack layering




CHAPTER 3. METHODS

Table 3.3: Layer thicknesses where left to right is from top to bottom for SiO, stacks,
together with SiOy deposition method

Al,O4 Si0, Al,O4 CSAR Si0O,
Walfer thickness in | thickness in thickness in thickness in deposition
nm nm nm nm method
01 30 2000 30 200 PECVD
02 100 2000 45 300 PECVD
03 0 2000 45 300 thermal

PECVD 80+ plasma-enhanced chemical vapour deposition (PECVD) were used. The
layer thicknesses were determined via deposition times or number of deposition cycles
based on elipsometry measurements of previous users. 30nm of Al,O3 correspond to
250 cycles of Trimethylaluminium (TMA) and H,O at 180°C. 2 pm of SiO, correspond
to 36 min of deposition with SiH, and N5O.

The remaining wafers were provided by Ute Drechsler, as mentioned at the beginning of
this section. The Al,O3 layers for wafer 02 and 03 (Table 3.3) were deposited at 300 °C.
For PECVD deposited layers, a protective ALD layer was used in between silicon and
Si0,, while thermal oxide was produced directly by oxidizing the wafer exterior.

The layers were etched with an ICP in a PlasmaPro System 100 by Oxford Instruments
(Abingdon, UK).

The Al,O4 layer was etched with a BCls/Cly gas mixture of 40sccm BCly and 8 scem
Cl, together with 2sccm Ar at 120 W RF power, 700 W ICP power and 20°C. Gas
pressure was 6 mTorr.

The SiO, was etched with C,;Fg gas at 40sccm together with 3sccm Ar at 85 W RF
power, 2400 W ICP power and 10°C. Gas pressure was 10 mTorr.

The etch rates of these gases for different test layers were measured according to the
parameters in Table 3.4. The 219nm PMMA 600k (AR-P 669.04; Allresist) layer was
applied by spinning with 5000 rpm for 60s with an acceleration of 2500 rpm/s. The
resist was baked for 5min at 180°C. The Al,O5 layers were deposited at 300 °C.

Four versions of etch time patterns were tested. Table 3.5 shows the etch times
applied on various wafers from Table 3.3 for different CSAR development methods from
Table 3.2.

11
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Table 3.4: Etch times and gases for the etch rate measurements

Measurement
Process gas Layer Etch time in s method
(Table 3.1)
200-300 nm
BCl;/Cl, CSAR 60 1
219nm PMMA
BCl;/Cly 600k 60 1
BC]3/012 45nm A].203 60 3a
C4F8 100 nm A1203 420 2
C,Fg 2000 nm SiOq 420 3b

Table 3.5: RIE etch times for SiO, stacks, together with resist development method and
wafer design

BCl;/Cl, etch C,Fyg etch time CSAR Wafer
Sample time in s ins development (Table 3.3)
(Table 3.2) '
vl 150 420 A 01
v2 195 420 A 02
v3 195 360 B 02
v4 195 180 B 02, 03

3.6 Etching Pores into Silicon

Another layer stack as sketched in Fig. 3.3 was tested with different process parameters.
For this stack, the final structures were etched into Silicon. On top of the 525 pm silicon
wafer, a SiO, hard mask of variable thickness was used. On top of that a CSAR resist
layer of 300 nm thickness was applied.

The SiO, layer was etched with a PlasmaPro 80 RIE by Oxford Instruments, with a
12scem CHF5, 38 scem Ar gas mixture at 75 W RF power and 20 °C. The etch rates for
CSAR and SiO, were measured after 15 min, 28 min and 36 min.

For the consecutive etching into silicon, two methods were tested. In the first method,
silicon was etched with a Oxford Instruments PlasmaPro System 100 ICP process with a
HBr, O, gas mixture of different mixing ratios, as listed in Table 3.6. Plasma RF power
was 80 W, ICP power 800 W and temperature 50 °C. Gas pressure was 2mTorr for gas

12
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CSAR

Figure 3.3: Sketch of Silicon stack layering

Table 3.6: Gas pressures for HBr, O,y gas mixture in ICP etch process

Sample HBr gas pressure in sccm 0O, gas pressure in sccm
01 40 0
02 38.5 1.5
03 37 3

mixture 01 and 4 mTorr for gas mixtures 02 and 03. This process will be referred to as
ICP etch. For ICP etch processes with gas mixtures 02 and 03, the etch selectivities
were determined in a separate experiment with 7 min etch time. Therefore wafers with
optical lithography structures in thermal SiO5 on top were used. The SiO4 layer was
produced and the wafer kindly provided by Ute Drechsler. The etch selectivity for gas
mixture 01 was assumed to be 1:3 for SiO, to silicon etch, based on measurements of

previous tool users. Analogously, the etch rate was estimated as 165 nmmin~!.

For the second method, the silicon was etched with a SPTS (Newport, UK)
Omega® LPX DRIE Bosch process. The first step was a 200scem C4Fg passivation
including 1sccm SFg, followed by a 5scem CyFg, 200sccm SFg, 1scem Oy etch and
then a 5sccm CyFyg, 200sccm SFg, 40scem O4 etch. This process will be referred to as
DRIE etch. Both 20 and 25 DRIE cycles were tested. The remaining CSAR resist was
removed by bathing the chips in dimethyl sulfoxide (DMSO) at 125°C for 2 min. After

13
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Table 3.7: Etch times and layer thicknesses for SiO, layers of silicon stacks on different
chips. Different resist development techniques were also used for the different

chips.
resist development
Sample || SiO, thickness in nm | RIE etch time in min (methods from
Table 3.2)
sl 500 48.5 B, D =230 nC/cm?
s2 300 28 (ICP); 30 (DRIE) | B, D = 230 uC/cm?
3 300 30 C, entire dosage
range
C, D =280 nC/cm?,
s4 300 30 80% CPC

this, the chips were cleaned with a 50sccm O, plasma at 100 W RF power and 20°C
for 2min in the PlasmaPro 80 RIE.

The etch times for processing of chips carrying the wafer stacks were determined based
on the thickness of the SiO4 layer. The corresponding thicknesses and etch times are
listed in Table 3.7. For sample s2, an additional 2min RIE etch was applied before
etching with DRIE, compared to etching with HBr based ICP. For sample s4 a special
mask with mask pore diameters dp; of 150 nm, 300 nm and 450 nm in all combinations
with mask minimal pore distances of 30 nm to 110 nm in steps of 10 nm was used.

3.7 Substrate Production

Porous silicon chips were produced with the tools and processes described in Section 3.6
with 300 nm of thermal SiO, and 300 nm of CSAR resist. The resist was written at an
EB dosage D of 280 nC/cm? and with 80% CPC. The resist was developed for 1min
with Ethyl L-lactate, as described in Section 3.4. The SiO, RIE etch time was 30 min
and the silicon was etched for 25 cycles with the DRIE process. The chips were diced in
between SiO4 and silicon etch steps, where the pattern was already transferred into the
hard mask, but not yet at its final depth. AZ® 1512HS Photoresist (Merck Performance
Materials, Southampton, UK; cat. no. 1A001512) was applied as protection by spin
coating at 4000rpm for 40s with 2000rpm/s acceleration. The resist was baked at
110°C for 60s. After that, the chip was diced by Ute Drechsler. Dicing markers were
50 pm wide and spaced 5200 pm x 5600 pm apart. Additional 20 pm at the borders of
every 5200 pm x 5600 pm chip were not structured. After dicing, the AZ® 1512HS resist
was removed by bathing every individual chip for 40s in acetone in ultrasound bath and
then in isopropyl alcohol (IPA) for 20s. Afterwards, the chips were cleaned in an RIE
O, plasma at 100 W for 2 min.

14
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Mask specifications were selected for a variation of pore diameters over dp; = 150 nm,
dy = 300nm and dp; = 450nm at constant pore distance Aj; = 50nm and for a
variation of pore distances over Ay; = 50nm, Ay = 200nm and Ay, = 500nm at
constant pore diameter dy; = 300 nm

The chips were placed into a u-Slide 18 well plate (ibidi, Gréfelfing, Germany; cat. no.
80826). Two silicon chips that were treated and diced identically to those with pores,
but without any structure written into it through EBL, were also placed into the plate
as flat reference. Additionally, four porous AAO FlexiPors (SmartMembranes, Halle,
Germany; cat. no. F1224004) and four flat Aluminum 99.98% pure (SmartMembranes)
samples of 5.2mm x 5.6 mm size were also cut out and placed into unused wells. Due
to time restraints for this thesis, the plate was handed over to Tamara Ziind for future
CD69 readouts.

3.8 Pan T Cell Isolation

Human naive pan T cells or human pan T cells from healthy donors were used.
The use of peripheral blood mononuclear cells (PBMCs) was approved by Kantonale
Ethikkommission Zurich (KEKZH-Nr.2012-0111) and the Buffy Coats were obtained
from Blutspende SRK Zurich.

The PBMCs were isolated from 50 mL buffy coat, diluted in 160 mL phosphate buffered
saline (PBS). The dilution was distributed onto six SepMate™-50 columns (cat.
no. 85450) pre-filled with 15mL density gradient solution Lymphoprep™ (cat. no.
07851) both by STEMCELLS Technologies (Vancouver, Canada). The columns were
centrifuged at 1200 g for 10 min. The top layer containing the PBMCs was poured into
a 50mL tube (Sarstedt, Nimbrecht, Germany; cat. no. 62.547.254). The PBMCs
were obtained as a pellet after centrifuging at 120g for 15min without break and
consequently removing the supernatant. The PBMCs were washed by re-suspending
in 50mL PBS and centrifuging again with the same settings. After counting, the cells
were centrifuged and washed again with 300g for 8 min. The pellet was re-suspended
in fetal bovine serum (FBS) at 100 x 106 cells/mL concentration.

The PBMCs were frozen after adding freezing medium at equal volume. The freezing
medium was prepared as a mixture of 20% DMSO (cat. no D5879) by Sigma-Aldrich and
80% FBS. The cells were frozen at —80°C, while placed inside Mr. Frosty™ Freezing
Container (Thermo Fisher Scientific, cat. no. 5100-0001).

At the day of the experiment or up to two days in advance, the PBMCs were
thawed, added to 250uL of 1mgmL™' Deoxyribonuclease (DNase) (Sigma-Aldrich;
cat. no. DN25) in Dulbecco’s Phosphate Buffered Saline (DPBS) (Gibco™; cat.
no. 14190144) and quickly centrifuged at 500g for 5min in order to wash of the
freezing medium. The cells were re-suspended in pre-warmed T cell medium (TCM)
(Section 3.8.1) at 37°C. Another 200 pL. DNase were added to the suspension, the cells
were counted and then centrifuged at 350 g for 10 min.

For the pan T cell isolation, slightly different protocols were used for naive pan T
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cells and pan T cells. Per 10 x 10°cells, the PBMCs were re-suspended in 30 pL
magnetic activated cell sorting (MACS) buffer (Section 3.8.2) for N cells or 40nL
for P cells respectively. For N cells, 10uL of Biotin-Antibody Cocktail and 10nL
of anti-TCR~/é-Biotin-Antibody Cocktail both from the human Naive Pan T Cell
Isolation Kit (Miltenyi Biotec, Bergisch Gladbach, Germany; cat. no. 130-097-095)
were added per 10 x 108 cells. For P cells, 10 uL of Biotin-Antibody Cocktail from the
human Pan T Cell Isolation Kit (Miltenyi Biotec; cat. no. 130-096-535) were added
per 10 x 10%cells. The respective cell suspensions were mixed and incubated at 4°C
for 5min. Another 30 pL of MACS buffer and 20 pL: of (Naive) Pan T Cell MicroBead
Cocktail of the respective isolation kit were added per 10 x 10%cells. After mixing
everything was incubated for 10 min at 4 °C.

The suspension was separated with LS Columns (cat. no. 130- 042-401) placed in
MACS® MultiStand (cat. no. 130-042-303) both by Miltenyi Biotec. The colums were
rinsed three times with 1 mL of MACS buffer. The cell suspension was inserted into
the LS columns and the flow-through containing the unlabeled (naive) pan T cells was
collected. The tube was washed and the columns rinsed with another 3 mL of MACS
buffer. The collected cells were counted and centrifuged at 350 g for 10 min. The cells
were re-suspended in TCM and cultured at 10° cells/mL in the incubator at 5% CO,
and 37°C.

3.8.1 T Cell Culture Medium

For the culturing of primary T cells, Roswell Park Memorial Institute (RPMI) 1640
medium + GlutaMAX™ (Gibco™ by Thermo Fisher Scientific, Waltham, USA; cat no.
61870036) was used. The medium was supplemented with 10% FBS (Biowest, Nuaillé,
France; cat. no. S1480). Additional Gibco™ supplements were added: 20 mM HEPES
Buffer Solution (cat. no. 15630-056), 1% Penicillin/Streptomycin (Pen/Strep) (cat. no.
15140-122), Minimum Essential Medium non-essential amino acids (MEM NEAA) (cat.
no. 11140-035), 1 mM Sodium Pyruvate (cat. no. 11360-039), 50 uM 2-Mercaptoethanol
(cat. no. 31350-010) and 2mM L-glutamine (cat. no. 11539876). This medium is in
the following referred to as TCM.

3.8.2 MACS/FACS Buffer

The same buffer was used for MACS and fluorescence activated cell sorting (FACS).
It was obtained by supplementing Gibco™ PBS, pH 7.4 (cat. mno. 10010-015),
with 0.5% bovine serum albumin (BSA) (cat. no.  A4503-50G) and 2mM
Ethylenediaminetetraacetic acid (EDTA) (cat. no. EDS-100G) both by Sigma-Aldrich.

3.9 Substrate Preparation and Coating

Coating and calcium experiments were conducted with AAO FlexiPors
(SmartMembranes; cat. no. F1224004) as porous (P) substrates and Aluminum
99.98% pure (SmartMembranes) as flat (F) substrates. Pore diameter provided by
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the manufacturer was 0.26 pm and pore length 5-10pum. For some experiments pores
of 0.13 pm diameter labelled as small and 0.35 pm diameter labelled as big were used.
Surface SEM images of AAO are shown in Fig. S2.

Substrates were placed into 48 well cell culture plates (Sigma-Aldrich; cat. no. 677
180).

For experiments with 24h incubation time or more, the substrates were washed one
day in advance. Therefore, de-ionized HyO containing 0.1% TWEEN® 20 (cat. no.
P1379) was added onto the substrates. The plate was shaken at roughly 100 rpm for
15 min. After removal of the H,O, 70% Ethanol (cat. no. 1.00983) was added onto the
substrates and shaken for 15min. The substrates were then washed with 100% IPA
(cat. no. 67-63-0) and incubated on the shaker for another 15 min after applying 100%
IPA. After this final washing step, the IPA was removed and the plate dried overnight.
The items listed above were produced by Sigma-Aldrich.

In the following, the default parameters for the substrate coating are described.

Before coating, the entire plate was cleaned in a HPT-200 plasma treatment system by
Henniker Plasma (Runcorn, UK) with an air plasma at plasma settings of 4 sccm flow,
100% power and 5min plasma treatment time. For the uncoated substrates, which
here specifies those without antibody coating, PBS was added into the wells to reduce
air exposure after the plasma cleaning. For coating, 2-(N-morpholino)ethanesulfonic
acid (MES) buffer was added to the wells, to cool down the substrates after the plasma
cleaning. A MES buffer consisting of 25 mM MES and 0.05% TWEEN® 20 in H,O at pH
5 was used. After removal of the MES buffer, 10 pg mL~! NeutrAvidin™ Biotin-binding
Protein (Thermo Fisher Scientific; cat. no. 31000) in MES buffer was added. The plate
was shaken at 100rpm for 30min and then the substrates for coating were washed
twice with PBS. Antibodies were added in solution with PBS at 5pugmL~! and the
plate again shaken at 100 rpm for 30 min. The antibodies used were Biotin anti-human
CD28 (CD28.2) (cat. no. 302904) and Biotin anti-human CD3 (OKT3) (cat. no.
317320) both by BioLegend (San Diego, USA). The coating with these antibodies will
be abbreviated as aCD28 and aCD3 or antiCD28 and antiCD3 respectively. After
antibody application, the substrates were again washed twice with PBS.

A naive treatment condition referring to cells seeded in an empty well without substrate
was used as negative control. Flat+aCD34+aCD28 was used as positive control for T
cell activation. For the experiments with 24 h incubation time or more, the plate was
sterilized with ultraviolet (UV) light for 20 min immediately before seeding cells onto it.
For experiments with cells in Hank’s Balanced Salt Solution (HBSS), the substrates
and the wells for naive conditions were washed once with TCM and then with HBSS
before seeding.

For the substrate coating optimization some of the parameters described in the
above paragraph were varied and the resulting IL-2 secretions after 24 h measured. The
parameters for Optimization 01 and 02 are listed in Table 3.8 and Table 3.9 respectively.
Duplicates were measured for every condition. For the vacuum conditions, the plates
were vacuumed with Allpax (Papenburg, Germany) Vakuummaschine P355 immediately

17



CHAPTER 3. METHODS

Table 3.8: Substrate coating parameters varied for measurements of IL-2 secretion, as

Optimization 01

Substrate Coating Derivation from default

Flat aCD3+aCD28 None
Porous aCD28 None
Porous, big aCD28 None
Porous, small aCD28 None
Porous Uncoated (-) None
Naive Uncoated (-) None

Porous aCD28 Vacuum for 21 days

Porous Uncoated (-) Vacuum for 21 days

Porous aCD28 Plasma at 2sccm
Porous aCD28 Plasma at 10 sccm

after plasma treatment. The respective number of days later, the vacuumed bags were
cut open immediately before coating.

3.10 IL-2 Secretion Assay

For the IL-2 readout, the cells were washed off the substrates by pipetting up and
down multiple times. They were transferred into white Nunc™ MicroWell™ 96-Well
Microplates (Thermo Fisher Scientific; cat. no.

136101). A Lumit® IL-2 (Human)

Table 3.9: Substrate coating parameters varied for measurements of IL-2 secretion, as

Optimization 02

Substrate Coating Derivation from default

Flat aCD3 None
Flat aCD28 None
Flat aCD3+aCD28 None
Porous aCD28 None
Porous, big aCD28 None
Porous, small aCD28 None
Porous Uncoated (-) None
Naive Uncoated (-) None

Porous aCD28 Vacuum for 44 days

Porous Uncoated (-) Vacuum for 44 days
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Immunoassay (Promega, Madison, USA; cat. no. W6020) was used for the fluorescent
readout. The cell suspensions were diluted with four units of TCM at one unit of cell
suspension, creating a 1:5 dilution. A standard series was prepared by serially diluting
the Human IL-2 Standard supplied with the Immunoassay at 10pugmL~! in TCM.
Eight concentrations of IL-2 Standard were used: 50000pgmL~!, 25000pgmL~",
8065 pgmL ™!, 2601 pgmL ™!, 839 pgmL~!, 271 pgmL~!, 87.3pgmL ™" and 0pgmL~'.
Standard solutions were added to the plate at volumes equal to those of the samples
and in the following treated identical to the samples. An antibody solution with 1:75
dilution of Anti hIL-2 mAB SmBiT and Anti hIL-2 mAB LgBiT supplied with the
Immunoassay kit was prepared and added to the samples. The antibodies were diluted
in TCM and for 60 nL sample volumes, 15 pL antibody solution was used per well. After
adding the antibodies, the plate was shaken at 100 rpm for 1min and then incubated
at 37°C for 45min. After that, the samples were incubated at room temperature for
another 15min. A detection solution of 18.75nuL per well was prepared by diluting
Lumit® Detection Buffer B supplied with the Immunoassay kit at ratio 1:25 in TCM.
The detection solution was added to the wells and the luminescence was measured with
a Spark® Multimode Microplate Reader by Tecan (Mannedorf, Switzerland).

3.11 Calcium Staining

In order to read calcium levels inside (naive) pan T cells with flow cytometry, a protocol
was established. In the following, a default protocol is described. In the process
of protocol establishment, several of its steps were varied and executed differently
throughout multiple experiments. The modifications are listed one paragraph later.

For the calcium readout at different cell activation conditions, pre-thawed cells
were washed after centrifuging at 350g for 5min and re-suspended in HBSS at a
concentration of 2 x 10° cells/mL. At this concentration, cells were loaded with 4 pM
Fluo-8 (AM) (Focus Biomolecules, Plymouth, USA; cat. no. 10-1322) and incubated at
37°C for 60min. After centrifuging at 350 g for 5 min and washing again, the loaded
cells were re-suspended in HBSS, calcium, magnesium, no phenol red (Gibco™; cat. no.
14025050)and let rest for another 30 min at 37°C. GsMTx4 (20 pM; MedChemExpress,
Monmouth Junction, USA; cat. no. HY-P1410-5MG) for Piezol inhibition and EDTA
(1mM; Sigma-Aldrich; cat. no. EDS-100G) for calcium capture, were added at the
beginning of this resting period immediately after splitting the cell suspension. Yodal
(20 nM; MedChemExpress; cat. no. HY-18723) as Piezol agonist and the Calcium
Ionophore A23187 (10 uM; Sigma-Aldrich; cat. no. C7522), that generically produces
ion transport through the cellular membrane, were added at the end of the resting
period. Yodal aliquots in Ethanol at 10 mM were used. After resting, the cells were
seeded onto the substrates or otherwise also added into empty wells of the 48 well
plates (Sigma-Aldrich; cat. no. 677 180). The plate was centrifuged at 50 g for 1 min
to that cells land onto the substrates and then incubated at 37°C for the specified
activation time. A default activation time of 10 min was used. After that, the cells
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were washed off of the samples by pipetting up and down several times and then added
into Falcon® 5mL Round Bottom Polystyrene Test Tubes (Corning, Glendale, USA;
cat. no. 352054) , referred to as FACS tubes. The FACS tubes were pre-filled with
3uM 4’,6-Diamidin-2-phenylindol (DAPI) (Sigma-Aldrich; cat. no. D9564) in FACS
buffer, such that the final ratio of cell suspension to buffer was 2:1. The tubes were
measured one by one with a FACSymphony™ A1 Cell Analyzer (BD Biosciences, San
Jose, USA). In some cases the same tubes were measured again after resting at room
temperature for a certain time.

For the establishment of the protocol, the following variations were tested: (1) A
time curve of the loading time (corresponding to 60 min in the default protocol) was
measured with times 0 min, 15 min, 30 min, 45 min, 60 min and 160 min. (2) Throughout
the 60 min loading and 30 min resting steps, all combinations of HBSS and TCM were
tested as buffer. This is HBSS-HBSS as in the default protocol, but also HBSS-TCM
and TCM-HBSS. (3) Fluo-4, AM (Thermo Fisher Scientific; cat. no. F14201) was
used instead of Fluo-8. (4) In the resting step, part of the cell suspension was let rest
on ice for the duration of experiments with the other part and only then rested in the
incubator for 10min or 30 min. (5) An additional fixation step was tested, where the
cells suspension was centrifuged at 500g for 5min and washed after the resting step
and then re-suspended at 10 cells/mL in ROTI® Histofix 4% (Carl Roth, Karlsruhe,
Germany; cat. no. P087.6). The cells were left in ROTI Histofix for 10 min at room
temperature and then washed out after centrifuging for 5 min at 500 g and re-suspended
at 10° cells/mL in TCM. (6) The dilution of the cell suspension in FACS buffer was
varied and also tested for a 1:3, 2:5 and 2:3 ratio of cell suspension to buffer.

Both Fluo-8 and Fluo-4 were measured with the BD Horizon Brilliant™ Blue
515 (BB515) channel and DAPI was measured with the BD Horizon Brilliant™ Violet
421 (BV421) channel of the flow cytometer. Cell populations were gated into single,
live lymphocytes as shown for one exemplary naive cell sample in Fig. S3 and for an
Tonophore treated sample in Fig. S4 for the same donor and experiment. The calcium
positive cell gate in Fig. S3 and Fig. S4 was set at the 1% highest intensity population
threshold for naive cells of every experiment. Fig. S5 shows the resulting gating for two
exemplary porous samples for the same donor and experiment. The median fluorescence
intensity (MFI) was normalized over the MFI of the corresponding naive condition and
Calcium positive gated population percentage was taken relative to live gated single
lymphocytes.

3.12 Plotting and Graphics

Plots were created with R or Python, Matplotlib. If not mentioned otherwise, the
default was plotting with R. Graphics were generated with graphics layout engine (GLE).
Compilations of several images, including scale bars were also created with GLE. Tables
were created and this work formatted in TEX .
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4 Results and Discussion

After establishing methods to realize the experimental on the various aims, we now look
into the results. We will look into the results for the three aims separately over the
following sections and at the end of each section discuss what the results mean.

4.1 Production of Porous Substrates

Perhaps the main goal of this thesis was to establish a process for writing pores in the
regime of several hundred nanometers of diameter into silicon or silicon oxide by dry
etching. Silicon and silicon oxide etch quite differently, so different layer stacks have
been designed (Figs. 3.2 and 3.3). The etch results for these stacks will be shown in
Section 4.1.2 and Section 4.1.3, but in order to etch small structures, one first has to
pattern a mask.

4.1.1 CSAR Resist Development

To develop a mask with high resolution and appropriate thickness, several resist
development methods were compared. CSAR resist was chosen because of its
comparably high resolution and dry etch resistance. Resist thicknesses were found to
be on average 224 nm for spinning at 4000 rpm and 288 nm at 2000 rpm.

In the first approach, the development was done according to sample A from Table 3.2
with the official developer AR 600-546 of the manufacturer and 1min development
time. Profilometer measurements showed irregularities in the z-profile of the 50 pum
wide markers. Further investigations of AR 600-546 development were therefore made
with a higher development time of 3min as specified in sample B (Table 3.2), where
these irregularities were less present.

To get a more detailed picture of resist development, SEM images were taken. In
Fig. 4.1 a direct comparison of an image at the default imaging position close to the
pattern center with an image at the pattern edge is presented. Due to EB dispersion,
the patterns in between other writing surfaces can receive more indirect dosage. Indeed,
the patterns looked different at the two different positions over the sample. One can
see less dark spots within the pores and irregularities at their boundaries towards the
pattern edge compared to the pattern center. Those irregularities are resist residues
and are a sign of imperfect resist development and exposure conditions.

In order to optimize for few resist residues at developed sites, the EB dosage was varied,
as energy deposition plays a major role in the modification of resist chemistry. The
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Figure 4.1: SEM images of CSAR resist on sample v3 (Table 3.5) after exposure to
255 1C/cm? EB dosage and development with AR-600 546 for 3min. All
sub-figures show images of fields with pore diameter dj; = 450nm and
minimal pore distance Ajy; = 100nm according to the mask. Images are
taken in the pattern center (A) or at the pattern edge (B) respectively.

exposed parts then became extractable for the developer. Fig. 4.2 shows the resist for
sample B (Table 3.2) after development for different mask parameters and EB dosages.
The dosage scan revealed no major differences in development quality in terms of resist
residues. However, for D = 25011C/cm? and D = 26511C/cm? some pore walls are
broken or incomplete, leading to the fusion of several pores into one. Therefore, a
dosage of D = 23011C/cm? is chosen for further investigations, where those defects are
not present.

After optimizing for dosage and development time, it was checked whether the
development worked equally well for different pore diameters and distances. Fig. 4.3
and Fig. 4.4 show different pore diameters at constant Ap; = 25nm and different
minimal pore distances at constant dp; = 450nm respectively. Although not residue
free, the development showed no major development errors across the spectrum.

To check, if development was matching the mask designs, more detailed analysis of
pore sizes and circularities as introduced in Section 3.2 was conducted. The results are
presented in Table 4.1. The mask pattern length [;; was used for the calculations. The
pores for D = 2651C/cm?, djy; = 150nm and Ay, = 25nm were to irregular to be
analyzed with the given image analysis method. The two entries for D = 2551C/cm?,
dyr = 450nm and Ajp; = 100nm represent according to their order in the table, the
values at the center of the pattern and the pattern edge (Fig. 4.1). For D = 230 pC/cm?
an average difference dj; — d of 31.2nm results from this analysis.

To understand, why this difference might be as big as 20% for some samples, we look
at some images showing the detected pores. Fig. 4.5 shows SEM images for mask
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Figure 4.2: SEM images of CSAR resist on sample v3 (Table 3.5) after development with
AR-600 546 for 3min. All sub-figures show images of fields with minimal pore
distance Ajp; = 25nm according to the mask. Sub-figures show different EB
dosages D and mask pore diameters dy;. A: dy; = 150nm, D = 230 pC/cm?;
B: dy = 150nm, D = 250 nC/cm?; C: dp; = 150nm, D = 2651C/cm?; D:
dy = 450nm, D = 230nC/cm?; E: dyy = 450nm, D = 250 nC/cm?; F:
dyr = 450 nm, D = 265 pC/cm?

SU8209 0.5kV=D x40.0k SE+BSE(TU)

dy = 150 nm dy = 300 nm dyr = 450 nm

Figure 4.3: SEM images of CSAR resist on sample v3 (Table 3.5) after exposure to
230 nC/cm? EB dosage and development with AR-600 546 for 3min. All
sub-figures show images of fields with minimal pore distance Ay; = 25nm
according to the mask. Sub-figures show different mask pore diameters dj;.
A: dp; = 150nm; B: djp; = 300nm; C: dj; = 450 nm
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dy = 450 nm
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Ay = 25nm

Ay =50nm

AM = 100 nm

Figure 4.4: SEM images of CSAR resist on sample v3 (Table 3.5) after exposure to

230 nC/cm? EB dosage and development with AR-600 546 for 3min. All

sub-figures show images of fields with pore diameter djp; = 450 nm according
to the mask. Sub-figures show different mask pore distances Ayr. A: Ay =

25nm; B: Ay = 50nm; C: Ay = 100nm

Table 4.1: Pore diameters (PD) and minimal pore distances (MD) for different mask
layouts and EB dosages for development B (Table 3.2). Differences from the
ideal value djp; — d and circularities of the pores are also listed. The values
are obtained from SEM images in Figs. 4.1 to 4.4 and S6.

Mask PD | Mask MD | 8 408a8¢ || ppy gin | vp A | DHerence | larity
. . D in dy —d in
dp innm | Ay in nm 9 nm nm C
nC/cm nm

150 25 230 112.8 62.2 37.2 0.68
150 25 250 127.9 47.1 22.1 0.71
300 25 230 268.7 56.3 31.3 0.54
450 25 230 413.0 62.0 37.0 0.66
450 25 250 426.2 48.8 23.8 0.69
450 25 265 421.6 53.4 28.4 0.70
450 50 230 425.1 74.9 24.9 0.88
450 100 225 427.7 122.3 22.3 0.73
450 100 230 424.3 125.7 25.8 0.76
450 100 240 442.0 108.0 8.0 0.83
450 100 245 441.3 108.7 8.7 0.81
450 100 250 430.9 119.1 19.1 0.79
450 100 255 441.4 108.6 8.6 0.81
450 100 255 446.0 104.0 4.0 0.73
450 100 260 442.7 107.3 7.3 0.77
450 100 265 438.4 111.6 11.6 0.69
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Figure 4.5: SEM images with applied pore detection mask of CSAR resist on sample v3
(Table 3.5) after development with AR-600 546 for 3 min. Sub-figures show
different EB dosages D, mask pore diameters dp; and pore distances Ayr. A
D = 230nC/cm?, dyy = 150nm, Ay = 25nm; B: D = 230nC/cm?, dy; =
450nm, Ay = 25nm; C: D = 260C/cm?, dyy = 450nm, Ay = 100nm

conditions where detection errors can be observed, with the Fiji detection in yellow on
top. In Fig. 4.5A one can see, that pore shapes change due to distortions in the SEM
image. In Fig. 4.5B, false negative detection of some light spots towards the pore edges
occurs. In Fig. 4.5C, pre-analysis editing of the original SEM image by coloring the
pore centers was necessary to enhance contrast and thereby enable pore detection in
the first place.

Having observed some unwanted resist residues for development with AR 600-546,

(X

SUSZ00 X SR D A0k SE+BSETO) Y (

D = 280 pC/cm? D = 300 pC/cm? D = 320 pC/cm?

Figure 4.6: SEM images of CSAR resist on sample s3 (Table 3.7) after development with
Ethyl L-lactate for 1 min. All sub-figures show images of fields with minimal
pore distance Ap; = 25 nm and pore diameter dy; = 150 nm according to the
mask. Contrast value proximity correction (CPC) level is 80%. Sub-figures
show different EB dosages D. A: D = 280C/cm?; B: D = 300 uC/cm?; C:
D = 320 1C/cm?
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Figure 4.7: SEM images of CSAR resist on sample s3 (Table 3.7) after development with
Ethyl L-lactate for 1 min. All sub-figures show images of fields with minimal
pore distance Aj; = 25nm and pore diameter dj; = 150 nm according to
the mask. EB dosage is D = 280 nC/cm?. Sub-figures show different levels
of contrast value proximity correction (CPC). A: 40% CPC; B: 60% CPC;
C: 80% CPC; D: 100% CPC; E: 80% CPC, image taken at pattern edge

another developer, namely Ethyl L-lactate was tested. Parameters specified for sample
C (Table 3.2) were used. For this developer a different EB dosage was also needed.
Therefore, dosage scan and was repeated, resulting in structures shown in Fig. 4.6.
Additionally, CPC was optimized, to reduce differences between pattern edge and
center. The results are shown in Fig. 4.7. The figures show development at different
dosages and CPC levels respectively. One observes, that for dosages of D = 300 pC/cm?
and D = 32011C/cm? in Fig. 4.6, many individual pores collapsed into bigger pores.
The same was true for CPC levels 40% and 60% in Fig. 4.7. Image analysis revealed
a pore diameter difference to the expected value of dyy — d = 9.4nm for 80% CPC
and dy — d = 25.2nm for 100% CPC (Table S1). Furthermore, circularity for
80% CPC was closer to the circularity one of the ideal circle, than for 100% CPC
(Table S1). Comparison of Fig. 4.7C and Fig. 4.7E showed that pattern quality was
rather constant from center to edge (Table S1). Overall, difference dj; — d was reduced
and circularity enhanced for development with Ethyl L-lactate after EBL at 80% CPC
and D = 28011C/cm? compared to development with AR-600 546 (Tables 4.1 and S1).
Here, these conditions chosen for Ethyl L-lactate were selected as ideal development
conditions among those tested.

Resist development with Ethyl L-Lactate also worked for sample s4 (Table 3.7; Fig. S7).
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Table 4.2: Etch times and gases for the etch rate measurements

Process Laye'r Etch time Btch depth Etclilnrate
gas material in s .1
nm min
1. 2. 3. Average
BCl;/Cly CSAR 60 109nm | 111nm 110 nm 110
BCl;/Cl, Pé\gl(;/llgA 60 201 nm 201 nm 201
BCl3/Cl, Al,O4 60 15nm | 16nm | 14nm | 15nm 15
C,Fg Al,O4 420 24nm 24nm 3.4
C,Fg SiO, 420 1.85pm | 1.87pm | 1.82pum| 1.85 pm 264

Table 4.3: Etch selectivities for SiOy pore production process

Process gas Layer order Etch selectivity
BCl;/Cl, CSAR : Al,O4 73:1
BCl3/Cl, PMMA 600k : Al,O4 134 :1

C,Fg Al,O5 @ SiOg 1:77.6

All together, although unwanted resist residues existed for AR 600-546 development,
development with Ethyl L-lactate at 80% CPC and an EB dosage of 280 nC/cm? showed
good development resolution and distribution. The image analysis method showed
deviations between designed and measured pore sizes.

4.1.2 SiO, Etching with ICP

After establishing resist development conditions and possible defects, we can look at
how those structures were transferred into SiO,. It has to be noted however, that resist
optimization was executed at the same samples used for etch experiments. For the
patterning of SiO,, exclusively resists developed with AR 600-546 were used. To analyze
the etch results, the depth of the etches were first investigated, as it directly correlates
to etch times and process parameters. Therefore, sample described in Table 3.4 were
used.

The measured etch depths, corresponding to the loss of layer thickness in the z-direction,
together with etch rates are shown in Table 4.2. One notices, that CSAR is etched
rather fast compared to the lower Al,O5 layer.

Those ratios or etch rates are given in Table 4.3 as etch selectivities per process gas,
based on the averaged etch rates per gas and material.
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No Tilt

Tilt - 30°

dyr = 450 nm

Figure 4.8: SEM images of sample v2 (Table 3.5) after BCl3/Cl, and C,Fg etch. Images
were taken at FIRST with Zeiss ULTRA 55 plus. EB dosage used for
resist patterning was 22511C/cm?. All sub-figures show images of fields with
minimal pore distance Aj; = 100nm according to the mask. Sub-figures
show different mask pore diameters dj; and tilt angles. A: dj; = 150 nm,
no tilt; B: dpy = 300 nm, no tilt; C: dj; = 450 nm, no tilt; D: dp; = 150 nm,
30° tilt; E: dpy = 300nm, 30° tilt; F: dp; = 450 nm, 30° tilt

The first stack design, which was produced at FIRST, was measured for its Al,Os
thickness. It is described as wafer 01 in Table 3.3. An alumina layer thickness of 17nm
was measured. This was well below the intended thickness of 30 nm.

For sample vl (Table 3.5) where wafer 01 was used, the CSAR resist and the Al,O3
hard mask were entirely removed after both etching steps and part of the SiO, layer was
lost based on the color of the remaining layer. The markers after etching were 31 nm deep.

In contrast, for sample v2 of Table 3.5 with wafer 02 (Table 3.3) structures could be
etched without general SiO, loss. The sample was equipped with a thicker Al,O; mask
explaining this protection. Depth measurements after both etch steps revealed a height
difference between pattern and surroundings of 1276 nm, averaged over different marker
sites. The average marker depth after the BCl3/Cl, etch was found to be 43nm. After
the BCl3/Cl, etch, the remaining resist was measured to be gone, as scratching the
surface did not leave a mark. Note, that marker depth after BCl3/Cl, etch could include
SiO4 etch and does not imply a remaining Al,O5 thickness of this value.

SEM images in Fig. 4.8 revealed, that the holes were transferred into SiO,, where the
pattern length [ matches that of the mask /j;. Yet, the pore geometry is different from
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Figure 4.9: SEM images of sample v3 (Table 3.5) after BCl3/Cl, and C,Fyg etch. EB
dosage used for resist patterning was 230 pC/cm?. Sub-figures show different
mask specifications for pore diameters dj; and pore distances Aps. A: dy =
150nm, Ay = 25nm; B: dyy = 150nm, Ay = 50nm; C: djy = 150 nm,
Ap = 100nm; D: dp; = 450nm, Ay = 25nm; E: dyy = 450nm, Ay =
50nm; F: dy; = 450 nm, Ay = 100 nm

that of the mask presented in Section 4.1.1 and images at 30° tilt revealed that the
pore walls spike into the z-direction at the sites where pore distance is maximal. For
dy = 150nm and Ajy < 50 nm, identification of pores was not possible (Fig. S8).

For sample v3 (Table 3.5) with C,Fg etch time reduced by 60s to 360s, pores still exist
at dpy = 150nm and Aj; = 50nm, but not for dy; = 150nm and Ay, = 25nm. The
corresponding SEM images are shown in Fig. 4.9 over various pore distances Ajs and in
Fig. 4.10 for different pore diameters dj; at constant Ay; = 25nm. Pattern repetition
lengths [ were found to match the specified values within the accuracy of readout, with
4+10nm measurement inaccuracy. Therefore, the values [j; specified in the mask were
used for further calculations. Pore diameter and minimal pore distance are listed in
Table 4.4.

Difference from the mask specifications of up to 285.5nm were observed. For
dyr = 450 nm, the differences djy; — d were constant within the accuracy of measurement.
Apart from that no trend was observed, except that the differences were generally
larger for larger pore diameters dp;. These changes in the z-y pattern appeared only
after the C,Fyg etch, while the structures in Al,Os after the BCl;/Cly etch closely
resembled the resist structures (Figs. S10 to S12). The development residues at higher
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Figure 4.10: SEM images of sample v3 (Table 3.5) after BCl3/Cl, and C,Fg etch. EB
All sub-figures show
images of fields with minimal pore distance Ap; = 25nm according to
the mask. Sub-figures show different mask pore diameters dy;. A: dy =
150 nm; B: dj; = 300nm; C: dp; = 450 nm

dosage used for resist patterning was 230 nC/cm

2

Table 4.4: Pore diameters (PD) and minimal pore distances (MD) for different mask
layouts and EB dosages in sample v3 (Table 3.5) after BCl;/Cl, and C,Fg
etch. Differences from the ideal value dj; — d and circularities of the pores
are also listed. The values are obtained from SEM images in Figs. 4.9, 4.10

and S9.

Mask PD | Mask MD | P2 99588 | ppy gin | MD A in | PO | o ctarity
. . D in dy —d in

dy innm | Ay in nm 9 nm nm C

nC/cm nm

150 50 230 28.6 171.4 121.4 0.79
150 100 230 51.3 198.7 98.7 0.80
300 25 230 65.0 260.0 235.0 0.66
300 100 230 104.5 295.5 195.5 0.79
450 25 230 176.7 298.3 273.3 0.63
450 50 230 171.9 328.1 278.1 0.70
450 100 230 164.5 385.5 285.5 0.81
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Figure 4.11: SEM images of sample v3 (Table 3.5) after BCl;/Cl, and C,Fg etch.
Sub-figures show special image sites for different EB dosages D, pore
diameters dj; and minimal pore distances Ajs as specified by the mask.
A: dy = 150nm, Ay = 25nm, D = 250 pC/cm?, isolated pattern island in
otherwise ablated area; B: dy; = 450nm, Ay, = 25nm, D = 23011C/cm?,
image taken at pattern edge; C: dpy = 450nm, Ap = 25nm, D =
265 nC/cm?, close-up of wall break-through

dosages (250 nC/cm?, 265nC/cm?) were transferred into SiO, and for dy; = 150 nm
and Ay = 25nm the walls are ablated almost entirely (Fig. S13). Yet, effects observed
at different dosages D provided some additional insights and are presented in Fig. 4.11.

There, special image sites of the patterns after the final etch for sample v3 (Table 3.5)
are shown. In Fig. 4.11A an isolated non-ablated island with pore arrays according to
the pattern length was observed. Fig. 4.11B shows the pattern edge at dj; = 450 nm,
Ajpr = 25nm and D = 230 nC/cm?, where a lowering of the structured parts compared
to the surroundings was observed. Fig. 4.11 shows the formation of globular structures
next to a wall break.

Finally, looking also at the z structure of sample v3 (Table 3.5), average marker depths
were found to be 43 nm after BCl3/Cl, etch and 1347 nm after the additional C,Fg etch.

In sample v4 (Table 3.5) the patterning of PECVD oxide and thermal oxide was
compared. This was based on the initial assumption, that PECVD SiO, structure
might have been responsible for the inaccurate pattern transfer. However, the same wall
widening was observed for thermal oxide (Fig. 4.12). The direct comparison for samples
with Ay = 100nm is shown in Fig. 4.12. Different sub-structures were observed on top
of the walls and the differences to ideal pore size dj; — d were slightly smaller for the
thermal oxide (Table S3).

The lowering observed in Fig. 4.11B was checked in sample v4 with the profilometer, by
scanning over the pattern edges for various pore specifications and comparing PECVD
and thermal oxide. The measurements are listed in Table S2. Measurements with this
technique over flat resist structures and observation under the microscope (Keyence,
Urdorf, Belgium; VHX 6000) revealed, that the profilometer itself damages the thin
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Figure 4.12: SEM images of sample v4 (Table 3.5) after BCl3/Cl, and C,Fg etch. EB
dosage used for resist patterning was 230 nC/cm?. All sub-figures show
images of fields with minimal pore distance Ap; = 100 nm according to
the mask. Sub-figures show mask pore diameters dj; in comparison of
Si04 deposited with PECVD and SiO, applied by thermal oxidation of the
wafer. A: dy; = 150nm, PECVD oxide; B: dp; = 450 nm, PECVD oxide;

C: djp; = 150nm, thermal oxide; D: dj; = 450 nm, thermal oxide

walls and might therefore measure a bigger height difference, than the actual value
before analysis. For the data in Table S2, a generally higher height difference for
thermal oxide is observed and the gaps are bigger for thinner walls and in the case of
PECVD oxide also for bigger pores.

The average marker depth after BCl3/Cly and C4Fg etch for sample v4 (Table 3.5) was
810nm for PECVD oxide and 815 nm for thermal oxide.

Summarizing the observations at the SiO, stack, pores widened even for reduced
etch times and lost their structure. Patterns were not correctly reproduced into SiO,.

4.1.3 Silicon Etching with Bosch vs HBr-based ICP Process

After not being able to achieve desired pore functionalities in the SiO, stack design,
etches into silicon with a HBr-based ICP process and a Bosch DRIE process was
investigated. For the first sample (sample s1, Table 3.7), the ICP process was
investigated and a 500nm thick SiO5 mask was used. An ICP etch of 8 min with gas
mixture 01 (only HBr) from Table 3.6 was tested as second etch step after the RIE.
Fig. 4.13 and Fig. 4.14 show SEM images after each of the two steps over different
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Figure 4.13: SEM images of sample s1 (Table 3.7) after either only RIE or RIE and ICP
etch. The ICP etch was executed with the gas mixture 01 from Table 3.6 for
8 min. All sub-figures show images of fields with pore diameter dj; = 450 nm
according to the mask. Sub-figures show different mask pore distances Ajy.
A: Ap; = 25nm, only RIE; B: Ap; = 50nm, only RIE; C: Ay = 100 nm,
only RIE; D: Aj; = 25nm, both etch steps; E: Ay = 50nm, both etch
steps; F: Ap; = 100 nm, both etch steps

pore distances Aj; and pore diameters Ays. While the patterns are transferred cleanly
into SiO, with the RIE, wall thickness is lost during the ICP etch up to complete wall
ablation for the thinnest walls of Ay; = 25nm in Fig. 4.13.

For the following experiments, HBr ICP etch was optimized by adding small amounts
of O, to increase selectivity, but slow down overall etching. The etch selectivities
determined for the ICP gas mixtures 02 and 03 introduced in Table 3.6 with

Table 4.5: Etch selectivities of thermal SiO, to silicon for HBr, O, gas mixtures in ICP
etch process

Gas mixture (Table 3.6)

Mode of acquisition

Selectivity (SiO4:Si)

01

02
03

Data by previous tool
users
Experiment
Experiment

1:3

1:7.2
1:9
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Figure 4.14: SEM images of sample s1 (Table 3.7) after either only RIE or RIE and ICP
etch. The ICP etch was executed with the gas mixture 01 from Table 3.6
for 8 min. All sub-figures show images of fields with minimal pore distance
Ap = 100nm according to the mask. Sub-figures show different mask
pore diameters dp;. A: dpy = 150nm, only RIE; B: dj; = 300 nm, only
RIE; C: dj; = 450nm, only RIE; D: dj; = 150nm, both etch steps; E:
dyr = 300nm, both etch steps; F: dj; = 450 nm, both etch steps

respectively 3.7% and 7.5% O, are listed in Table 4.5. Although gas mixture 03 had
the highest selectivity, the surface at the bottom of the structures was also found to be
very rough with spikes of more than 200 nm height.

Looking at sample sl (Table 3.7), where gas mixture 01 (Table 3.6) was used, etch
selectivity was not measured but data from previous users taken as reference. The
marker depth before the ICP and after the RIE was found to be 521 nm. The average
total depth after both etches was measured to be 1423 nm. The average marker depth
change during the 8 min ICP etch step hence was 902 nm. Here, no CSAR was measured
to remain after 48.5min of previous RIE and SiO5 was still present after the ICP
etch. The etch step therefore corresponded to the difference in SiO, and silicon etch
depth. This etch step change of 902nm was within range for an estimated silicon
etch depth of 1320nm and SiO4 etch depth of 440nm corresponding to a theoretical
difference of 880 nm. This estimation again was based on user data. Gas mixture 02 was
chosen as optimal, as it had the highest selectivity while not yet inducing irregularities.
Particularly for small pores these irregularities could potentially have resulted in pore
blocking.

For sample s2 (Table 3.7), a new wafer with thinner SiO, layer of 300 nm thickness
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Figure 4.15: SEM images of sample s2 (Table 3.7) after RIE and ICP etch. SiO, was
removed with buffered hydrogen fluoride (BHF) before image acquisition.
Sub-figures show different mask specifications for pore diameters dy; and
pore distances Ay for different tilt angles. A: dp; = 150nm, Ay = 100 nm,
no tilt; B: djys = 450nm, Ay, = 25nm, no tilt; C: dyy = 450nm, Ay =
100 nm, no tilt; D: dpy = 150nm, Ay = 100 nm, 45° tilt; E: dpy = 450 nm,
Apr = 25nm, 45° tilt; F: dpy = 450nm, Ay = 100nm, 45° tilt

was used. The ICP etch with optimized gas mixture (gas mixture 02, Table 3.6) was
put to practice and executed for 9min after etching 28 min with RIE. Fig. 4.15 shows
the produced structures after removal of remaining SiO, with BHF by Ute Drechsler.
The structures without the tilt resembled those of sample sl, but images at 45° tilt
revealed, that the pore walls had very irregular heights resulting in pillars around the
sites of maximal pore distance. Despite the thinner SiO, layer compared to sample s1,
a higher total etch depth at the marker of 2247 nm was achieved, as suggested by the
higher selectivity.

Going back one step, RIE etch was also optimized for sample s2. Images of the patterns
after 15min and 28 min RIE times in Fig. 4.16 revealed, that the structures were
transferred with little shape changes into SiO,, constant over different etch times.

The roughness on the wall surfaces seemed to be part of the remaining CSAR resist, as
comparison of images before and after removal of CSAR resist with DMSO in Fig. 4.17
for 28 min etch time showed.

The total etch depths measured for the RIE are listed in Table 4.6. An average etch
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15 min etch

SU8200 0.5kV-D x40.0k SE+BSE(TU)

28 min etch

(518200 0'SkWD x40.0K SE +BSE[TU) )| — 9082000 5kV-D.x40:0k SE+BSE(TU),

dyr = 150 nm, dy = 450 nm, dy = 450 nm,
Ay = 25nm Ay = 25nm Ay =100 nm

Figure 4.16: SEM images of sample s2 (Table 3.7) after RIE of different durations.
Sub-figures show different mask specifications for pore diameters dj; and
pore distances Ays. A: dpy = 150nm, Ay = 25nm, 15min etch time;
B: dy; = 450nm, Ap; = 25nm, 15min etch time; C: djp; = 450nm,
Ay = 100nm, 15min etch time; D: djp; = 150nm, Ap = 25nm,
28 min etch time; E: djy; = 450nm, Ay = 25nm, 28 min etch time; F:
dy = 450nm, Ay = 100 nm, 28 min etch time

Table 4.6: Etch depths and rates of CSAR and SiO, with 75 W RIE with 38 sccm Ar
and 12sccm CHF5 gases. Values are taken for different etch times.

Etch time in min Material Etch depth in Etch rz‘ite_in

nm nm min

15 CSAR 7 5.1

15 SiO, 168 11.2

28 CSAR 159 5.7

28 SiO, 300 10.7

36 CSAR 202 5.6

36 SiO, 496 13.8

36



CHAPTER 4. RESULTS AND DISCUSSION

CSAR present

CSAR removed

QUBQOO 9:5KY-D x40.0k S'E\«BSExTuy \

Ay = 50nm Ay =100 nm

Figure 4.17: SEM images of sample s2 (Table 3.7) after RIE of 28 min. All sub-figures
show images of fields with pore diameter djy; = 450 nm according to the
mask. Sub-figures show different mask pore distances Ajy; compared before
and after CSAR removal with DMSO. A: Ay = 25nm, CSAR present; B:
Ay = 50nm, CSAR present; C: Ap; = 100nm, CSAR present; D: Ay =
25nm, CSAR removed; E: Ay = 50nm, CSAR removed; F: Ay = 100 nm,
CSAR removed

rate for CSAR of 5.5nmmin~! and 11.9nm min~" for thermal SiO, resulted for those
measurements.

The surface was investigated with SEM tilt images of the SiO, mask that showed a
slight surface roughness of the walls up to almost having an array of little spikes for
dyy = 150nm and Ay = 25nm (Fig. S14A-D). The pore walls at the pattern edges
however appeared to continue flat into the surroundings (Fig. SI4E,F).

Next, the Bosch DRIE process was tested on patterns structured properly with RIE.
Fig. 4.18 shows SEM images of sample s2 (Table 3.7) after 30 min RIE and consecutive
20 cycles DRIE. The tilt images revealed that for the samples of pore distance
Ay < 50nm in Fig. 4.18A and Fig. 4.18B, the walls were partially broken at the DRIE
scallops. Comparison of Fig. 4.18D and Fig. 4.18E showed enhanced wall break-through
towards the pattern edges.

Different mask pore distances and pore diameters correctly reproduced different patterns
after DRIE (Figs. S15 and S16).

Next, after this first success, the sample s2 was submitted to Scientific Center for
Optical and Electron Microscopy (ScopeM) of ETH Ziirich for the collection of FIB-SEM
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Figure 4.18: SEM images of sample s2 (Table 3.7) after RIE and DRIE. Sub-figures
show different mask specifications for pore diameters dj; and pore distances
Ay for different tilt angles. A: dp; = 150nm, Ay = 50nm, 45° tilt; B:
dyr = 450nm, Apr = 25nm, 45° tilt; C: dpy = 450 nm, Apy = 100 nm, 45°
tilt; D: dpy = 450nm, Ay = 25 nm, no tilt; E: dyy = 450nm, Ay = 25nm,
no tilt, image taken at pattern edge; F: dy; = 450nm, Ay, = 100 nm, no
tilt

images. By drilling into the pattern and tilting the view, images of the z-profile can
be collected with this tool. FIB-SEM images of the DRIE etched sample s2 (Table 3.7)
were taken after SiO5 removal at ScopeM by Anne Greet Bittermann. The results are
shown in Fig. 4.19 and Fig. 4.20. Fig. 4.19A shows a top view of the holes that were
drilled. Fig. 4.19B-D show the corresponding z images. The average depth according to
the two measurement methods inside holes (yellow) and hole walls (black) are shown in
Table 4.7.

Etch depths were smaller for smaller pores and also for biggest pores well below average
marker depth of 2.233 pm. Wall thickness and position in the pattern did not have a
critical influence on pore depth. Etching with DRIE hence provided a good process
draft to realize the desired parameters.

After this initial success, the DRIE process was further optimized at samples s3
and s4 (Table 3.7). Sample s3 was mainly used to optimize resist development as
described in Section 4.1.1 for Ethyl L-lactate. We therefore looked into transfer of
different resist developments into silicon. Structures of Ay; = 50nm transferred with
dy —d < 40nm for EB dosages 280 11C/cm?, 300 pC/cm? and 32011C/cm? and with
differences of less than 10 nm in between dosages (Table S4 and Fig. S17).
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Figure 4.19: FIB-SEM images of sample s2 (Table 3.7) after RIE and DRIE at 52° stage
tilt with length corrected measurements. All sub-figures show dj; = 450 nm
and Ajp; = 100nm for different pattern positions and stage tilts. Images
were taken by Anne Greet Bittermann. A: no stage tilt, top view; B: 52°
stage tilt, center; C: 52° stage tilt, between edge and center; D: 52° stage
tilt, edge
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Figure 4.20: FIB-SEM images of sample s2 (Table 3.7) after RIE and DRIE at 52° stage
tilt with length corrected measurements. Sub-figures show different pattern
positions. Images were taken by Anne Greet Bittermann. A: dj; = 450 nm,
Apr = 25nm, center; B: djyy = 300nm, Aj; = 100nm, center; C: dyy =
150 nm, Ay = 100 nm, center; D: dy; = 450 nm, Ay = 100 nm, edge
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Table 4.7: Average hole depths per measurement method for various mask pore diameter
(PD) and minimal distances (MD) of sample s2 (Table 3.7). Measurements
are averaged over values inside pores (yellow) and at pore walls (black) with
Figs. 4.19 and 4.20.

Mask PD Mask MD Position in Pore depth inside Pore depth at
dyr in nm Ajps in nm pattern pores in pm walls in pm
150 100 center 1.133
150 100 edge 1.059 1.099
300 100 center 1.295 1.339
450 25 center 1.473 1.554
450 100 center 1.474 1.543
450 100 between 1.462 1.520
450 100 edge 1.493 1.552

The treatment with 100 W O, plasma in the RIE tool smoothed the wall z surface and
removed irregularities at the wall edges (Fig. S18).

Tilt images in Fig. 4.21A, B and pattern edge images in Fig. 4.21C showed that a
SiO4 layer remains on top of the silicon structures identified by the scallops produced
by DRIE and that the pattern transition to the surroundings is flat. Measurements of
scratches to the CSAR resist in between etching and cleaning steps revealed an etch
depth of 26.5 nm into SiO4y throughout the 20 DRIE cycles. This corresponds to 1.3 nm
per cycle. 28.5nm of CSAR were measured to remain after DRIE. This corresponded

SU8200 3.0kV x40. 1k SE(U) —————— SU8200 3.0kV x40.0k SE(U) d —————— 'SU8200 0.5kV-D x40.0k SE+BSE(TU)

Figure 4.21: SEM images of sample s3 (Table 3.7) after RIE and DRIE and a consequent
Oy plasma cleaning step. EB dosage used for resist patterning was
280 nC/cm?. -figures show different mask specifications for pore diameters
dyr and pore distances Apr. A: dyr = 150nm, Ay = 50nm, 45° tilt; B:
dy = 450nm, Ay = 100nm, 45° tilt; C: dyy = 450nm, Ay = 100nm,
image taken at pattern edge, no tilt
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SU8200 0.5kV-D x40.0k SE+BSE(TU) —————— SUB200 0.5KkV/<D x40.0k SE+BSE(TU),

Figure 4.22: SEM images of sample s3 (Table 3.7) after RIE and DRIE. EB dosage
used for resist patterning was 28011C/cm?. All sub-figures show images
of fields with minimal pore distance Ay; = 25nm according to the mask.
Sub-figures show different mask specifications for pore diameters dp; at
different positions in the pattern. A: dp; = 150nm; B: dj; = 150nm; C:
dy = 150nm, image taken at pattern edge; D: dps = 300nm; E: dy; =
300 nm, image taken at pattern edge; F: dp; = 450 nm

to a loss of 96 nm compared to before DRIE or removal of 4.8 nm per cycle.

For sample s3 (Table 3.7) with the described etch parameters, structuring of walls at
minimal pore distances Ay < 50nm resulted in shifts of structured silicon or SiO4
layers relative to each other in x, y directions, as observed in Fig. 4.22. Fig. 4.22B
shows a edge, where the layers were fractured and Fig. 4.22C, E show pillar residues.

Looking at sample s4 (Table 3.7) the limitations for achievable pore distances were
precisely investigated. Fig. 4.23 shows the different pore distances of down to 30 nm for
dpr = 300nm. This is the pore diameter that is closest to AAO activation optimum.
Measured differences between mask design and structure dj; — d in Table 4.8 were
smaller than 40 nm, but bigger than 25 nm.

Additionally, pore depth limitations for 150 nm pores were tested by increasing the
DRIE cycle number to 25 cycles. This did not result in any differences regarding the =z,
y patterning (Fig. S20).

The FIB-SEM image in Fig. 4.24 taken by Michael Stiefel at the BRNC shows an
average etch depth into Silicon of 1.184 pm and that 272 nm of SiO, hard mask remained
after DRIE. This image was obtained for sample s4 (Table 3.7) after 25 DRIE cycles.
This corresponds to a total pore depth of 1.456 pm. Hence, an aspect ratio of 9.7:1 was
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Figure 4.23: SEM images of sample s4 (Table 3.7) after RIE and DRIE. All sub-figures
show images of fields with pore diameter djy; = 300nm according to the
mask. Sub-figures show different mask specifications for minimal pore
distances Apr. A: Apr = 30nm; B: Ay = 40nm; C: Ay = 50nm; D:
Ay =70nm; E: Ay = 90nm; F: Ay = 110nm

Table 4.8: Pore diameters (PD) and minimal pore distances (MD) for different mask
layouts and EB dosages for sample s4 (Table 3.7) after DRIE etch. Differences
from the ideal value dj; — d and circularities of the pores are also listed. The
values are obtained from SEM images in Fig. 4.23.

Mask PD | Mask MD | PDdin | MD A in | DHErnce | oo arity
. . dy —din

dy in nm | Ay in nm nm nm C

nm

300 40 270.5 69.5 29.5 0.89
300 50 272.2 77.8 27.8 0.89
300 70 260.6 109.4 39.4 0.89
300 90 266.2 123.8 33.8 0.89
300 110 268.1 141.9 31.9 0.89
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Figure 4.24: FIB-SEM image of sample s4 (Table 3.7) after RIE and 25 DRIE cycles at
52° stage tilt with length corrected measurements. The image was taken
at the center of the dj; = 150nm and Aj; = 50 nm pattern. An additional
platinum layer was applied with the FIB-SEM that is visible in the image
top. Images were taken by Michael Stiefel.

achieved for the smallest tested pore diameter of 150 nm and 50 nm thin walls.

Therefore, etching with DRIE showed improved features in terms of z-y resolution and z
height distribution compared to HBr ICP etching. However, increased etch selectivities
were found for HBr etched SiO, to silicon for an added 3.7% of Os.

4.1.4 Production of Porous Substrates for T Cell Experiments

With the established process for DRIE, structures were successfully written into silicon,
as specified in Section 3.7. Fig. 4.25 shows the five final geometries with pore
diameters ranging from 150 nm to 450 nm and pore distances between 50 nm and 500 nm.
Those values have been chosen around pore diameters ideal for AAO based activation
and distances providing a huge range of pore densities. Despite proper geometry
development, some irregularities remain even after O, plasma clean (Fig. 4.25).

Looking at the chip sizes of 5.6 mm by 5.2 mm, the diced silicon chips did not fit into the
wells, even though the aluminum samples of same size did. The reason for that was the
comparably high stiffness and thickness. After breaking off approximately 0.2 mm per
chip with tweezers after scratching with a diamond pen, the chips fitted into the wells.
The edge was broken off such, that the chip resulted to measure 5.2 mm by 5.4 mm. A cell
culture plate with the produced substrates together with aluminum and AAO cutouts
for reference measurements was successfully prepared and handed over to Tamara Ziind.
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Figure 4.25: SEM images of final chips for cell seeding after 30 min RIE and consecutive
25 DRIE cycles. Sub-figures show different mask specifications for pore
diameters dj; and minimal pore distance Ays. A: dpy = 150nm, Ay =
50nm; B: dj; = 150nm, Ay = 50nm; C: djy = 300nm, Ay = 50nm; D:
dy = 300nm, Ay = 50nm; E: djyy = 300nm, Ay, = 200nm; F: dy =
300nm, Ay = 500 nm; G: dpy = 300nm, Ay, = 500nm; H: dy; = 450 nm,
Apr = 50nm; I dyy = 450nm, Ay = 50nm
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4.1.5 Discussion

The development of CSAR resist was optimized for minimal irregularities and a close
match to the theoretical mask specifications, achieving ideal results with a 1-minute
development in Ethyl L-Lactate after exposure with an electron beam dosage of
280 1C/cm? and 80% CPC. Under these conditions, the required resolution for 288 nm
CSAR layers was successfully achieved. Comparatively, development with AR 600-546
was more effective with a longer development time of 3 minutes rather than 1 minute,
suggesting that a slower development rate may enhance resolution by allowing more
controlled development of finer features.

However, the image analysis method used for evaluating pore structures demonstrated
limitations in accurately detecting pores in images affected by bright SEM image effects
and distortions. Analysis showed that resist residues resulted in an average deviation
of 31.2nm from the ideal values, suggesting that measurement inaccuracies could be
in the order of 10nm with an additional constant offset. This discrepancy could be
attributed to blurring at image edges, which is filtered out during threshold analysis.
Despite these limitations, this method provided a more standardized approach than
manual length measurements, although the results should be considered relative rather
than absolute representations of pore parameters.

The 13nm discrepancy in Al,O3 thickness produced via ALD at FIRST (Table 3.3) is
likely due to inaccuracies in both the measurement method and the process parameters,
as noted by previous users. Nonetheless, this variance did not significantly impact the
subsequent process optimization.

A comparison of etch depths after BCl3/Cl, and C,Fg etching revealed that the
marker depth for sample v2 was smaller than for sample v3 (Table 3.3), even though
sample v2 underwent a longer etching duration on the same wafer. The only variable
between the two samples was the CSAR development, suggesting that the 1-minute
development for sample v2 may have been incomplete, affecting the overall etch depth.

The layer stacks of Wafers 02 and 03 (Table 3.3) had a CSAR to Al,O3 thickness ratio
of 6.4:1, as measured. Coupled with an etch selectivity of 7.3:1 (Table 4.3), these results
indicate that AlyO3 mask might already be lost after BCl3/Cl, etch. For the etch time
of 195 seconds, CSAR with a thickness of 288 nm is fully removed after approximately
157 seconds, and in the remaining 38 seconds, 9.5nm of Al,Oj is etched away, as
indicated by etch rates in Table 3.4. Despite this, a sufficient Al;O5 mask should remain
for etching 2.716 pm of SiO,, and SEM images confirmed appropriate x-y patterning of
the Al,O5 layer.

Nevertheless, the pores were not accurately transferred into the SiO, layer, as

observed in SEM images. For longer etching times of sample s3 compared to s4
(Table 3.5), the pore walls appeared to thicken while pore diameters decreased.
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Additionally, the lowering of patterns relative to their surroundings indicates that the
etching protocol did not meet the desired criteria. This outcome likely results from
the faster removal of the Al,O3 mask on thinner pore walls compared to the broader
surrounding patterns, explaining the observed height differences. Without sufficient
masking, continuous SiO4 etching may have caused further widening of the walls.

For the process in silicon, CHF3/Ar RIE for 30 minutes followed by Bosch DRIE
for 25 cycles proved effective for producing pores with a minimum depth of 1.51um
and diameters as small as 150nm. However, pore walls with thicknesses of 50 nm or
less were partially broken at DRIE scallops, and those with thicknesses of 30 nm or
less were completely broken. Consequently, the minimal achievable wall thickness was
determined to be 40nm. A difference in etch depth between different pore diameters
was also not avoided. However, going deeper than the desired minimum of 1.5 pm is
expected to be rather beneficial, but not limiting for cell experiments.

In Fig. 4.18D and E, increased wall break-through was observed near the pattern
edge for a mask spacing (Ajs) of 25nm. This effect could be attributed to the
development with AR 600-546, which left fewer residues and consequently produced
thinner structures towards the edge. This observation may also explain why wall
breakage at the pattern center for Ay = 25nm occurred only with the more precise
development using Ethyl L-Lactate.

Finally, the HBr ICP etch produced pillars at the points between three pores. It
is likely, that ICP process etched the thinner parts of the walls in between only two
pores faster leading towards almost spike like structures with peaks at sites of highest
wall thickness. Translating this effect to the ICP etches for the SiO, stack might explain
the predicted fast ablation of Al,O5 at the thin walls.

Additionally, the HBr ICP etch resulted in the formation of pillar-like structures at
points between three pores. It is likely that the ICP process etched the thinner sections
of walls between only two pores more quickly, leading to spike-like structures where the
wall thickness was greatest. This effect might also explain the rapid ablation of Al,O5
at thinner walls observed in the ICP etching of the SiO, stack.

In total, a protocol for etching at aspect ratios of almost 10:1 (pore depth/diameter) was
established and silicon substrates of desired pore geometries produced. This successful
fabrication of silicon substrates with controlled pore geometries can pave the way for
future studies on the effects of pore size, distance, and density on T cell activation,
providing valuable insights for biomedical applications.

4.2 Optimization of Substrate Plasma Coating

After successfully developing a production method for geometry defined nanopores
in silicon, we looked at functionalizing substrate surfaces for ideal T cell activation.
Therefore different plasma treatments were compared and the stability in vacuum tested.
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Figure 4.26: IL-2 activation signal of primary pan T cells in ng pnL ™! for different plasma
treatment conditions. The bar shows the average value and the errorbar the
standard deviation. Black symbols represent the individual measurements.
Data for (a) is from Optimization 01 only, in (b) data of Optimization 01
and 02 is combined. Remark: P = Porous substrate, F = Flat substrate.
One donor was used.

Readouts were done with fluorescence based plate readouts of IL-2. IL-2 is a cytokine
secreted after T cell activation. AAQO substrates were used for these experiments, as
they were conducted in parallel to silicon pore process development.

4.2.1 IL-2 Secretion

Throughout this section, P and F are short for seeded on porous or flat substrates
respectively. The air plasma of 2sccm, 4scem and 10sccm corresponded to pressures
of 0.20 mbar, 0.25 mbar and 0.37 mbar respectively. Standard IL-2 curves in S21a and
S21b were used for respective experimental runs, to determine IL-2 concentrations from
fluorescence intensities.

With the conversions set, different conditions were compared. Naive (untreated) and
Flat+aCD3+aCD28 treated conditions were used as controls, while different treatment
conditions were mainly investigated for porous substrates. First, different coatings and
then different plasma gas flows and plate vacuumation times were compared. Fig. 4.26a
shows the IL-2 values obtained for various coating conditions with combinations of
anti-CD3 (aCD3) and anti-CD28 (aCD28) on flat (F) and porous (P) substrates together
with the negative control (naive). Data from two experiments (Optimization 01 and
02) is presented in this plot. The positive control of Flat+aCD3+aCD28 showed the
expected activation behavior. However, treatment with P+aCD28 was resulting in even
higher IL-2 levels.

In Fig. 4.26b, a comparison of IL-2 concentration for all 260 nm pores is shown. The
values for P+aCD28 in Optimization 01 were however almost twice as high, as those in
Optimization 02. The highest signals were achieved for samples vacuumed after plasma
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Figure 4.27: IL-2 activation signal of primary pan T cells in ng pL ™! for different plasma
treatment conditions. The bar shows the average value and the errorbar the
standard deviation. Black symbols represent the individual measurements.
Remark: P = Porous substrate, F = Flat substrate. One donor was used.

treatment for 21 days and plasma at 2sccm. Note, that due to the high variability in
between experiments, this conclusion is not significant.

The two experiments showed quite different absolute 1L-2 levels, making comparisons
based on Fig. 4.26b, where combined data is presented hard. Therefore, Fig. 4.27a and
Fig. 4.27b show the same conditions as Fig. 4.26b for Optimization 01 and Optimization
02 individually. Additionally, positive and negative controls are plotted. Different
plasma treatments show comparable results and even enhanced activation after 44 day
vacuumation.

Finally, different pore sizes were compared, where small corresponds to 130 nm and big
to 350nm pore diameter, while remaining conditions were treated on 260 nm pores.
Fig. 4.28a shows IL-2 concentrations for different pore sizes in Optimization 02 and
Fig. 4.28b shows plasma pressure data for Optimization 01.

4.2.2 Discussion

For the substrate optimization, the systematic errors are too big and the statistic too
low, to make statements about statistical relevance of differences. However, some trends
were found. Leaving the plates in vacuum after plasma treatment for 21 or 44 days
did not reduce the activation effectiveness of the substrates, as one might expect due
to possible air leakage. This enables time-wise independent substrate preparation and
transportation. The activation of anti-CD28 coated substrates is the strongest, but
the plasma pressure does not play a major role for the activation effectiveness. The
activation on 130 nm (small) AAO pores was reduced compared to 260 nm and 350 nm
(big) pores.
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Figure 4.28: IL-2 activation signal of primary pan T cells in ng pL ™! for different plasma

treatment conditions. The bar shows the average value and the errorbar the
standard deviation. Black symbols represent the individual measurements.
For (a) data is from Optimization 02 and for (b) from Optimization 01.
Remark: P = Porous substrate, F = Flat substrate. One donor was used.

4.3 Calcium Signaling of Mechanically Activated T Cells

The role of calcium signaling in pore-induced activation of T cells was investigated.
Therefore different protocols were compared and the one showing highest contrasts for
activated cells compared to untreated cells selected for measurements of calcium levels for
several donors. The results for protocol optimization are described first in the following

subsection.

4.3.1 Establishment of Calcium Staining Flow Cytometry Protocol

The fluorescence background of unloaded T cells was minimal, approaching zero
(Fig. S22), indicating a low level of autofluorescence. During protocol optimization,

several key findings were noted:

1. Loading Time: The absolute fluorescence signal increased with loading time, but

the rate of increase plateaued between 60 and 160 minutes (Fig. S23). Therefore, a
loading time of 60 minutes was selected to achieve a high fluorescence signal while
minimizing the loading duration.

. Buffer Conditions: Using HBSS in both the loading and resting steps resulted
in the highest fluorescence signal (Fig. S24). The MFI of the calcium stain,
normalized to a naive population treated identically except for the substrate, was
used as the signal.

. Calcium Indicators: Both Fluo-4 and Fluo-8 calcium indicators produced
similar fluorescence signals, although Fluo-8 showed a slightly higher intensity
(Fig. S24a).
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Figure 4.29: (a) Normalized MFTI of calcium stain and (b) percentage of calcium positive
gated cells for primary naive pan T cells over various activation times and
for different substrate conditions. Remark: F++4+ = Flat+aCD3+aCD28
substrate. P- = Porous substrate, P+ = Porous+aCD28 substrate. One
donor was used and mean values of duplicates are plotted.

4. Temperature Effects: Resting cells on ice had a minor impact on the activation
signal, resulting in a slight reduction (Figs. S24a and S24b).

5. Fixation Artifacts: Fixation caused the lymphocyte population to split into two
distinct populations with different calcium signals (Fig. S25).

6. Cell Suspension Ratio: The highest tested ratio of 2:1 cell suspension to buffer
volume ratio provided the highest cell density, reducing the readout time per tube
to as low as 30 seconds. This was beneficial, as both normalized and absolute MFI
were found to decay measurably over 10 minutes.

7. Washing Step: Introducing a washing step with T cell medium for the pores
increased the percentage of live-gated lymphocytes in the flow cytometry from
13.2% to 77.0% for naive cells treated with HBSS in both loading and resting step.

4.3.2 Pore-Induced Calcium Signal

First the effect of the activation time on calcium influx was analyzed. The comparison of
activation times between two different types of data analysis (MFI and gating for calcium
positive cells) revealed a peak in activation at 10 minutes (Fig. 4.29). However, for porous
substrates, the two methods exhibited different maxima, with the calcium-positive
population peaking after just 3 minutes of activation.

We next investigated calcium signals after 10 minutes of activation time under different

treatment conditions. Fig. 4.30 presents calcium signals for different substrate conditions
and coatings. For readouts based on calcium-positive cell populations, a discernible
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Figure 4.30: (a) Normalized MFI of calcium stain and (b) percentage of calcium positive
gated cells for primary naive pan T cells. Comparison of all coating
conditions. The bar shows the average value and the errorbar the standard
deviation. Black symbols represent the mean of individual experiments of
duplicates. Remark: P = Porous substrate, F = Flat substrate. Four
different donors were used.

calcium signal was observed for Flat+aCD3+4aCD28 conditions, which was less apparent
in normalized MFI values. Porous substrates produced a clear calcium signal, potentially
stronger without anti-CD28.

We then compared the influx of calcium of the same experimental and substrate
conditons as for Fig. 4.30 with a condition treated with a calcium ionophore. A
calcium ionophore facilitates the transport of calcium ions (Ca2+) across biological
membranes, thereby increasing intracellular calcium levels. As expected, ionophore
treatment induced high intracellular calcium levels (Fig. S26). We next treated the cells
with GsMTx4 (Fig. 4.31). GsMTx4 is a peptide that selectively inhibits mechanosensitive
ion channels, such as Piezol, by blocking their response to mechanical stimuli, thereby
reducing calcium influx into cells. Supringsingly, treatment of activated cells with
GsMTx4 did not lead to a reduction in cellular calcium levels. Here, “activated” refers to
conditions with calcium levels above those of naive cells. Other laboratory experiments
using aliquots from the same batch of GsMTx4 indicated diminished functionality,
suggesting potential degradation or defects in this lot. Unfortunately, a new batch
of the compound arrived only after the results section of this thesis was completed.

To investigate whether calcium chelation affects pore-induced calcium influx, EDTA
was added to the T cell culture during activation (Fig. 4.32). The results confirmed that
EDTA effectively reduced cellular calcium levels when activated in particular on porous
substrates.

In a next experiment we checked the influnce of Yodal. Yodal is a chemical compound
that specifically activates Piezol ion channels, leading to increased calcium influx
into cells in response to mechanical stimuli. As expected, the treatment with Yodal
increased the influx of calcium on all substrate conditions (Fig. 4.33). The observed
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Figure 4.31: (a) Normalized MFI of calcium stain and (b) percentage of calcium positive
gated cells for primary naive pan T cells. Comparison of conditions with
and without GsMTx4. The bar shows the average value and the errorbar
the standard deviation. Black symbols represent the mean of individual
experiments of duplicates. Remark: P = Porous substrate, F = Flat
substrate. Two different donors were used for data with GsMTx4 and four
different donors were used in general.
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Figure 4.32: (a) Normalized MFI of calcium stain and (b) percentage of calcium positive
gated cells for primary naive pan T cells. Comparison of conditions with
and without EDTA. The bar shows the average value and the errorbar
the standard deviation. Black symbols represent the mean of individual
experiments of duplicates. Remark: P = Porous substrate, F = Flat
substrate. Two different donors were used for data with EDTA and four
different donors were used in general.
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Figure 4.33: (a) Normalized MFTI of calcium stain and (b) percentage of calcium positive
gated cells for primary naive pan T cells. Comparison of conditions with
and without Yodal. The bar shows the average value and the errorbar
the standard deviation. Black symbols represent the mean of individual
experiments of duplicates. Remark: P = Porous substrate, F = Flat
substrate. Two different donors were used for data with Yodal and four
different donors were used in general.

increase in calcium levels with Yodal treatment on porous substrates suggests that
additional mechanisms beyond Piezol activation may further enhance pore-induced T
cell activation.

4.3.3 Discussion

The successful implementation of calcium staining and flow cytometry readout for
pan T cells demonstrated distinct calcium signals between negative controls (naive
treatment) and positive controls (Ionophore treatment). The rapid onset of calcium
influx, observed within just 10 minutes of cell seeding, underscores the effectiveness of
this approach for detecting early calcium signaling events.

The relatively high calcium levels observed in cells seeded on porous substrates
suggest a strong role for calcium signaling in T cell activation in these conditions. The
reduction of calcium signals upon EDTA treatment supports the conclusion that the
observed signal results from calcium influx during the experiment, as EDTA likely
chelates available extracellular calcium before it can enter the cells through open
calcium channels.

The lack of reduction in calcium levels in GsMTx4-treated conditions indicates
that Piezol channels may not be the primary mediators of the observed calcium influx.
If Piezol were responsible, its inhibition by GsMTx4 would have led to a decrease
in calcium levels. However, this result might be due to a defective GsMTx4 variant,
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potentially caused by expiration or other damage.

In contrast, the expected increase in calcium levels following Yodal treatment,
which opens Piezol channels, was observed. The additional increase in calcium levels
for cells on porous substrates treated with Yodal could suggest that not all Piezol
channels are fully activated by Yodal alone. The difference between naive and porous
substrate treatments in Yodal-treated conditions further suggests that another calcium
transport mechanism, beyond Piezol activation, may contribute to the calcium influx
in cells on porous substrates, assuming that Yodal concentration is not a limiting factor.

Overall, these findings highlight the complex interplay of calcium signaling pathways
in mechanically activated T cells and underscore the potential importance of substrate
geometry in modulating T cell activation. Future studies should further elucidate the
roles of different ion channels and signaling pathways in this context.
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5 Conclusion

The results of this thesis successfully provided a foundation for detailed analysis of
pore-induced T cell activation. Several pore production protocols were compared and
one successful candidate was selected for production of pore arrays for T cell seeding.
The respective protocol consists of patterning 288 nm thick CSAR positive EB resist
at a dosage of 280 1C/cm?. Thereafter, structures are transferred into a 300nm thick
SiO4 layer with CHF3/Ar RIE. The final structures are produced with a 25 cycle DRIE
Bosch process. With this process, pore distances as small as 40 nm have been achieved
as critical dimension for resolution. For 150 nm small pores, an approximate etch depth
of 1.5nm was reached. Given the small pore size and the therefore small gas exchange
volume, this corresponds to an aspect ratio of as high as 10:1.

In the second aim, we showed, that vacuumation of plasma treated substrates
keeps substrate functionalization in tact. This enables easier handling of pre-treated
substrates.

Finally, a calcium readout with flow cytometry was established using HBSS buffer for
cell suspensions in loading (60 minutes) and resting (30 minutes steps). This readout
was successfully applied to mechanically activated T cells, revealing highest calcium
levels around 10 minutes after activation. Calcium signaling was found to play an
important role in pore-induced T cell activation. Findings after treatment with Piezol
agonist Yodal indicated that other calcium transport mechanisms beyond Piezol could
be involved in mechanic T cell activation.

Based on these findings, further steps can be taken. Cell experiments on precisely
defined porous nanostructures reamain to be conducted and can potentially reveal
critical connections to pore geometries. Further investigation of available calcium
transport mechanisms and signaling pathways based on the developed readout method
can elucidate the cellular mechanisms for TCR agonist independent T cell activation in
future experiments.
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Figure S1: Amount of CD69 positive cells for different treatment conditions in percent
of total cell number for respective condition. The flat surfaces are made
of aluminium and aCD3 is short for anti-CD3. The figure is based on
preliminary data by Tamara Ziind.
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Figure S2: SEM images of AAO surfaces with different pore sizes. The listed pore sizes
are values provided by the manufacturer SmartMembranes.

Table S1: Pore diameters (PD) and minimal pore distances (MD) for dj; = 150 nm and
Ay = 25nm and different EB dosages in sample s3 (Table 3.7) of CSAR resist
after development. Differences from the ideal value dj; — d and circularities of
the pores are also listed. The values are obtained from SEM images in Figures
Fig. 4.6 and 4.7 for different levels of contrast value proximity correction

(CPC).
EB dosage . . Difference . .
Din CPC .P031t1on 4 in nm MD A in dy — d in Circularity
9 in pattern nm C
nC/cm nm
280 80% Center 138.5 36.5 11.5 0.89
280 80% Edge 140.6 34.4 9.4 0.86
280 100% Center 125.8 50.2 25.2 0.68
300 80% Center 124.2 50.8 25.8 0.72
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Figure S3: Calcium Staining gating into Lymphocytes (top left), thereof single cells (top
right), thereof live cells (bottom left) and thereof Calcium positive or negative
cells. Images generated with FlowJo for one exemplary donor at naive cell
condition.
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Figure S4: Calcium Staining gating into Lymphocytes (top left), thereof single cells
(top right), thereof live cells (bottom left) and thereof Calcium positive or
negative cells. Images generated with FlowJo for one exemplary donor at
naive condition treated with Ionophore A23187.
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Figure S5: Calcium population distribution for two exemplary readouts and one donor.
Images generated with FlowJo for T cells activated on Porous substrates.

Table S2: Height differences between EBL structured patterns of different pore
specifications (lower) and surroundings (higher). Measurements are taken for
sample v3 of Table 3.5 after BCl3/Cl, and C,Fg etch and for samples with an
EB dosage of D = 230 nC/cm?.

Mask PD Mask MD SlQQ. Measurement height in
dp in nm Ajps in nm deposition nm
method

150 25 PECVD 535
150 25 thermal 715
150 100 PECVD 66
150 100 thermal 210
300 25 PECVD 339
300 25 thermal 506
300 100 PECVD 102
300 100 thermal 210
450 25 PECVD 270
450 25 thermal 396
450 50 PECVD 196
450 50 thermal 317
450 100 PECVD 90
450 100 thermal 180
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Figure S6: SEM images of CSAR resist on sample v3 (Table 3.5) after development with
AR-600 546 for 3min. All sub-figures show images of fields with minimal
pore distance Ap; = 100nm and pore diameter dy; = 450 nm according to
the mask. Sub-figures show different EB dosages D. A: D = 225nC/cm?;
B: D = 230nC/cm?; C: D = 240pC/cm?; D: D = 245uC/cm?; E: D =
250 nC/cm?; F: D = 25511C/cm?; G: D = 26011C/cm?; H: D = 2651C/cm?
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Figure S7: SEM images of CSAR resist on sample s4 (Table 3.7) after development
with Ethyl L-lactate for 1 min. Sub-figures show images for different pore
diameters dj; and minimal pore distances Aj; as specified by the mask. A:
dy = 300nm, Ay = 70nm; B: djyy = 300nm, Ay = 90nm; C: dy =
450nm, Ay = 25nm; D: dpy = 300nm, Ay = 110nm; E: dpy = 150 nm,
Ap = 110nm; F: dpy = 450nm, Ay = 110nm

Table S3: Pore diameters (PD) and minimal pore distances (MD) for different mask
layouts in sample v4 (Table 3.5) for different deposition methods after

BClg/ClQ and C4F8

etch. EB dosage for the patterning of the chips was

D = 230 nC/cm? for all table entries. Differences from the ideal value dy; — d
and circularities of the pores are also listed. The values are obtained from
SEM images in Fig. 4.12.

Mask PD | Mask MD 810, PDdin | MDA in | DUHErence | oo arity
. . deposition dy —d in

dy in nm | Ay in nm nm nm C

method nm

150 100 PECVD 69.2 180.8 80.8 0.72
150 100 thermal 117.3 132.7 32.7 0.84
450 100 PECVD 299.3 250.7 150.7 0.84
450 100 thermal 334.8 215.2 115.2 0.90
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Figure S8: SEM images of sample v2 (Table 3.5) after BCl3/Cl, and C,Fg etch. EB
dosage used for resist patterning was 225pC/cm?.  Images were taken
at FIRST with Zeiss ULTRA 55 plus. Sub-figures show different mask
specifications for pore diameters dp; and pore distances Ajps. A: dy =
150nm, Aj = 25nm; B: dy; = 150nm, Ay, = 50nm; C: dy; = 150 nm,
Ap = 100nm; D: dy; = 300nm, Ay = 25nm; E: dyy = 300nm, Ay =
50nm; F: dp; = 300nm, Ay = 100nm; G: dpy = 450nm, Ay = 25nm; H:
dy = 450nm, Ay = 50nm; I dyy = 450 nm, Ay = 100nm
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Figure S9: SEM image of sample v3 (Table 3.5) after BCl;3/Cl, and C,Fg etch. EB
dosage used for resist patterning was 230 pC/cm?. Pore diameter according
to the mask is dj; = 300 nm and minimal pore distance Ay = 100 nm.

dy = 450 nm

Figure S10:

SEM images of sample v3 (Table 3.5) after BCl3/Cl, etch. EB dosage
used for resist patterning was 230 1C/cm?. Images were taken at FIRST
with Zeiss ULTRA 55 plus. All sub-figures show images of fields with
pore diameter dp; = 450nm according to the mask. Sub-figures show
different mask specifications for pore distances Ajps. A: Ay = 25nm; B:

Ay =50nm; C: Ay = 100nm

72



Supplementary Figures and Tables

25 nm

Ay

e sttt Y
‘2;»-0A,‘_l;;’*?3§5
11 1o ks g AN
p »Aoti‘l_;)}”’))‘
;‘. R l.'t,l;i'}‘)’},),‘i}

o ‘,1_‘¢'."; 3 3 5 %

P T T

e o

. .‘u L t‘t' - }—; ’ ’ ’ ’:

P

.’..o & “-"A"li}x,,j’)

o R ERY

133 :

dy = 450 nm

Figure S11: SEM images of sample v3 (Table 3.5) after BCl;/Cl, etch. EB dosage used

Ay =100nm

for resist patterning was 230 pC/cm?. Images were taken at FIRST with
Zeiss ULTRA 55 plus. All sub-figures show images of fields with minimal
pore distance Ay = 25 nm according to the mask. Sub-figures show different

mask pore diameters dy;. A: dpy = 150nm; B: dy; = 300nm; C: dy; =
450 nm

D = 230 uC/cm? D = 250 uC/cm? D = 265pC/cm?

Figure S12: SEM images of sample v3 (Table 3.5) after BCls/Cl, etch. Images were

taken at FIRST with Zeiss ULTRA 55 plus. All sub-figures show images
of fields with minimal pore distance Aj; = 25nm according to the mask.
Sub-figures show different EB dosages D and mask pore diameters dp;. A:
dy = 150nm, D = 230 pC/cm?; B: dy; = 150nm, D = 250 pC/cm?; C:
dy = 150nm, D = 265nC/cm?; D: dyy = 450nm, D = 230 pC/cm?; E:
dyr = 450nm, D = 250 nC/cm?; F: dy; = 450nm, D = 265 1C/cm?
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Figure S13: SEM images of sample v3 (Table 3.5) after BCl3/Cl, and C,Fg etch. All
sub-figures show images of fields with minimal pore distance Ap; = 25nm
according to the mask. Sub-figures show different EB dosages D and mask
pore diameters dy;. A: dy = 150nm, D = 230 pC/cm?; B: dyy = 150 nm,
D = 250nC/cm?; C: dyy = 150nm, D = 2651C/cm?; D: dy; = 450 nm,
D = 230nC/cm?; E: dyy = 450nm, D = 250 nC/cm?; F: dj; = 450 nm,
D = 265nC/cm?

Table S4: Pore diameters (PD) and minimal pore distances (MD) for different mask
layouts and EB dosages in sample s3 (Table 3.7) after RIE etch and 20 DRIE
cycles. Differences from the ideal value dj; — d and circularities of the pores
are also listed. The values are obtained from SEM images in Fig. S17 for 80%
contrast value proximity correction (CPC).

Mask PD | Mask MD | 82 40828¢ || ppy gin | vp A | DIETenCe | larity
. . D in dy —din

dps in nm | Ay in nm 9 nm nm C

nC/cm nm

150 50 280 134.0 66.0 16.0 0.90
150 50 300 139.8 60.2 10.2 0.89
150 50 320 139.2 60.8 10.8 0.89
300 50 280 263.4 86.6 36.6 0.87
300 50 300 269.6 80.4 30.4 0.85
300 50 320 269.2 80.8 30.8 0.86
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Figure S14: SEM images of sample sl (Table 3.7) (A) and sample s2 (Table 3.7)
(B-F) after RIE etch. Sub-figures show different mask specifications for
pore diameters djp; and pore distances Ajps for different tilt angles. A:
dyr = 450nm, Ajy; = 100 nm, 45° tilt, 48.5 min etch time; B: dj; = 450 nm,
Ay = 100nm, 45° tilt, 28 min etch time; C: djy = 150nm, Ay = 25nm,
45° tilt, 28 min etch time; D: dpy = 150nm, Ay = 25nm, no tilt, 28 min
etch time + CSAR removed; E: dj; = 450 nm, Ajp; = 100 nm, no tilt, 15 min
etch time, image taken at pattern edge; F: dy; = 450nm, Ay = 100 nm, no
tilt, 28 min etch time + CSAR removed, image taken at pattern edge

dy = 450 nm

U820 0.5kVAD X40.0k SE#BSE(TU)

$U8200 0.5kV/-Dx40.0k/SE*BSE(TV) || SUB200 0.5k\V=D x40.0k SE#BSE(TU)

Ay = 25nm Ay = 50nm Ay =100 nm

Figure S15: SEM images of sample s2 (Table 3.7) after RIE and DRIE. All sub-figures
show images of fields with pore diameter dj; = 450nm according to the
mask. Sub-figures show different mask pore distances Aps. A: Ay = 25 nm;
B: Ay =50nm; C: Ay = 100nm
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Figure S16: SEM images of sample s2 (Table 3.7) after RIE and DRIE. All sub-figures

= 150 nm

dm
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SU8200 0.5kV3D x40.0k SE+BSE(TU)

D = 280 pC/cm? D = 300 pC/cm? D = 320 pC/cm?

show images of fields with minimal pore distance Ay = 25nm according to
the mask. Sub-figures show different mask pore diameters dp;. A: dp =
150 nm; B: dj; = 300nm; C: dp; = 450 nm

$U8200°0,5k\-D x40.0k SE+BSE(TU) SU820010.5kVD x40.0k SE¥BSE(TU)

'SU8200 0,5kV-D x40/0k SE#BSE(TU) 'SU82000.5k\/<D x40,0k SE+BSE(TU),

Figure S17: SEM images of sample s3 (Table 3.7) after RIE and DRIE. All sub-figures

show images of fields with minimal pore distance Ay = 50nm according
to the mask. Contrast value proximity correction (CPC) level is 80%.
Sub-figures show different EB dosages D and mask pore diameters dp;. A:
dyr = 150nm, D = 280 nC/cm?; B: dyy = 150nm, D = 300uC/cm?; C:
dy = 150nm, D = 320 nC/cm?; D: dy; = 300nm, D = 280 pC/cm?; E:
dyr = 300nm, D = 300 nC/cm?; F: dy; = 300nm, D = 320 uC/cm?
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Figure S18: SEM images of sample s3 (Table 3.7) after RIE, DRIE and DMSO CSAR

removal. The figures in the bottom row show the same patterns as above
after an additional O, plasma cleaning step. EB dosage used for resist
patterning was 280 nC/cm?. Sub-figures show different mask specifications
for pore diameters dj; and pore distances Aps. A: dy = 150nm, Ay =
25nm, no Oy clean; B: dy; = 150nm, Ay = 50nm, no Oy clean; C: dy; =
450nm, Ajp; = 100nm, no O, clean; D: djy;y = 150nm, Aj = 25nm,
0O, clean; E: dy; = 150nm, Ap; = 50nm, Og clean; F: dj; = 450nm,
Ay = 100 nm, Oy clean
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Figure S19: SEM images of sample s4 (Table 3.7) after RIE and 20 or 25 DRIE cycles in
comparison. All sub-figures show images of fields with pore diameter dy; =
300 nm according to the mask. Sub-figures show different mask specifications
for minimal pore distances Aps. A: Ay = 40nm, 20 DRIE cycles; B: Ay =
90 nm, 20 DRIE cycles; C: Ap; = 110nm, 20 DRIE cycles; D: Ay = 40nm,
25 DRIE cycles; E: Ap; = 90nm, 25 DRIE cycles; F: Ay = 110nm, 25
DRIE cycles
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Figure S20: SEM images of sample s4 (Table 3.7) after RIE and 20 or 25 DRIE cycles
in comparison. All sub-figures show images of fields with minimal pore
distance Aj; = 110nm according to the mask. Sub-figures show different
mask specifications for pore diameters dj;. A: dp; = 150nm, 20 DRIE
cycles; B: dj; = 300nm, 20 DRIE cycles; C: dj; = 450 nm, 20 DRIE cycles;
D: djy; = 150nm, 25 DRIE cycles; E: dj; = 300nm, 25 DRIE cycles; F:
dpr = 450 nm, 25 DRIE cycles
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Figure S21: Fluorescence intensity I for standard human IL-2 at different concentrations
c. For each of the two optimization experiments, fits for two different
formulae are shown. Plots were generated with Python, Matplotlib.

80



Supplementary Figures and Tables

120004
5 10000+
17
£
S 8000+
o
[+
(6]
5 6000+
my
2 4000+
£
2
20004
0 T T T T
> > & S
& & & s
S S
S & o
g .3 & O
& & L N
2 S
L N

Figure S22: MFTI of calcium stain (Fluo-4) for T cells measured immediately after loading
for 60 min compared to the background without any loading. Remark: P =
Porous substrate, F = Flat substrate. One donor was used.
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Figure S23: MFT of calcium stain (BB515-A) for T cells measured immediately after
loading with Fluo-4 for time ¢ in HBSS or TCM. The plot was generated with

Python, Matplotlib. Remark: P = Porous substrate, F = Flat substrate.
One donor was used.
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Figure S24: MFI of calcium stain for T cells. Whenever some parameter is not labeled

explicitly, the default protocol was used. Comparison with cells suspended
in a-b with a representing the loading step and b the resting step. HBSS
(H) and TCM (T) were used. Remark: P = Porous substrate, F = Flat
substrate. One donor was used per experiment.
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Figure S25: Lymphocyte population distribution over calcium stain for two exemplary
readouts after fixation with ROTI® Histofix of one donor. Images generated
with FlowJo for untreated T cells on the right and treated with Ionophore
A23187 on the left.
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Figure S26: (a) Normalized MFI of calcium stain and (b) percentage of calcium positive
gated cells for primary naive pan T cells. Comparison of all coating
conditions plus Ionophore. The bar shows the average value and the errorbar
the standard deviation. Black symbols represent the mean of individual
experiments of duplicates. Remark: P = Porous substrate, F = Flat
substrate. Four different donors were used.
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