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Biocompatible a-SiC:H-Based Bistable MEMS
Membranes With Piezoelectric
Switching Capability in Fluids

Philipp Moll
Sebastian Knafl

Abstract—In this paper, we demonstrate biocompatible micro-
machined buckled membranes for the operation in liquids. The
membranes feature diameters between 600 and 800 wm as well
as integrated piezoelectric thin film actuators, thus enabling
switching between the bistable states. The membrane material is
known to be not biocompatible, hence a hydrogenated amorphous
silicon carbide (a-SiC:H) layer is deposited on the surface.
For demonstration purposes, a 70 nm =3 nm thin a-SiC:H
coating with a specific silicon to carbon ratio was chosen, with
a negligible impact on the overall switching performance of
the bistable membranes. Furthermore, a relation between the
membrane center velocity at the first characteristic resonance
frequency and the switching ability of a membrane in different
viscous fluids is shown. Based on a small signal analysis the
switching behavior can be predicted. The membranes were
successfully switched in liquids with a dynamic viscosity up
to 286 mPa.s. The biocompatibility of the membranes was
examined by growing Caco-2 cells, a human carcinoma cell line,
on a-SiC:H thin films, featuring different carbon contents and
organic surface treatments. The proliferation and adhesion of
the cells on the substrates are examined in an empirical cell
growth and removal study. Only a-SiC:H surfaces pre-treated
with an O2-plasma and coated with Collagen Type I indicated to
provide an environment of improved cell adhesiveness compared
to other surface treatments. The biological investigations resulted
in good cell proliferation, that also depends on the altered
hydrophilicity of the surface, as well as on the carbon content
of the a-SiC:H thin films. This study reveals that a broad range
of biocompatible a-SiC:H surfaces can be prepared, whereby
the cell growth can be tailored in terms of proliferation and
adhesion for different biomedical application scenarios. Finally,
this paper reports on the mechanical features of bistable, buckled
membranes and their suitability as a growth substrate for human
cell cultures, due to the good biocompatibility of a-SiC:H thin
films. We therefore suggest that it will be feasible to grow cells
on bistable MEMS membranes, enabling cell experiments in
liquid medical environments, with both mechanically excitable
and biocompatible surfaces. [2022-0006]
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I. INTRODUCTION

N THE last two decades, biomedical micro-

electromechanical systems (Bio-MEMS) have revolu-
tionized the way medicine is practiced and delivered.
Bio-MEMS have tremendously contributed to the increase
of the quality of life for human patients suffering from
diseases [1], [2]. In the course of this success story a
fully integrated battery-free MEMS pressure sensor for the
detection of arterial stenosis and stroke prevention has already
been presented in 2006 by DeHennis and Wise [3]. Another
prominent Bio-MEMS example are controlled-release systems
for drug-delivery applications. They first appeared in the
1960s and 1970s and were miniaturized and drastically
improved at the turn of the millennium [4]-[6], enabling
vital precise integrated insulin delivery [7]. Giving only these
selected examples, the importance of MEMS in the field of
medicine cannot be denied. However, the direct contact of
MEMS devices with living cells is a challenge, especially
for in vivo sensor systems. This is because common MEMS
devices are often fabricated with standard MEMS materials
such as nickel [8], [9], chromium [10], [11] or aluminum
nitride [12]-[18] as one of the most important piezoelectric
materials for MEMS, making them hazardous for the human
body [19], [20]. Moreover, gallium arsenide or tungsten
are even rated with 3 and 2 in the Hazardous Materials
Identification System (HMIS), impeding their implementation
for medical applications.

Yet, a biocompatible coating on a MEMS device with
adjustable mechanical properties would open new application
scenarios in the biomedical field. Since crystalline silicon
carbide is already well-known as biocompatible material, but
expensive and difficult to integrate into an existing silicon
MEMS device fabrication process [21], hydrogenated amor-
phous silicon carbide (a-SiC:H) is regarded as promising
material system. As a-SiC:H can be deposited as thin film on
MEMS devices, it could be the ideal biocompatible surface
coating, making a standard MEMS device to a truly biocom-
patible Bio-MEMS device.

In previous works we have investigated the switching behav-
ior of piezoelectric micromachined buckled membranes in
air [22], [23] and liquids [24]. Such membranes consist of
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chromium as well as aluminum nitride, which classify them
as non-biocompatible. In this paper we utilize our membranes
to present a biocompatible coating for MEMS devices. Never-
theless, not just the biocompatibility, but also the mechanical
properties of the coating are important. The challenge is to
make a MEMS device biocompatible without compromising
its mechanical performance/function. Specifically, for buckled
membranes the stress window to show buckling and further-
more to exhibit a bistable behavior is very narrow. Leaving
this optimal stress range leads to a significant rise of the
required actuator energy, which should be kept as low as
possible [22]. An advantageous characteristic of a-SiC:H is
that stress and layer thickness can be controlled precisely
by adjusting the gas flow [25]. Furthermore, a-SiC:H can be
deposited at room temperature, which opens the opportunity
to coat MEMS devices with temperature sensitive materials.

The controllable oscillating and switching behavior in com-
bination with biocompatible properties would have a tremen-
dous impact on the field of cell investigation. The substrate
can be used to mechanically stimulate the cells, mimicking
the biomechanical situation in a living body due to pulsating
blood flow or due to breathing.

It is well known that biomechanical factors have a lasting
influence in cell proliferation, differentiation and in their
metabolism [26], [27]. To specifically tailor the capability of
a MEMS device for high or low cell adhesion is crucial for
many applications. On one hand, selected microfluidic cell
applications such as valves for blood flow simulation require
very low cell attachment on the actual membrane working as
microfluidic valves. On the other hand, cell cultures growing in
fast flowing liquid environment require surface topographies,
which cause well-advanced cell attachment.

Therefore, it is of utmost importance to investigate not only
the mechanical parameters of an a-SiC:H-MEMS-membrane
but also the biocompatible characteristics of a-SiC:H with
respect to cell attachment and proliferation. Furthermore,
we will show that the switching behavior of a-SiC:H coated
bistable membranes in liquids with viscosity values up to
286 mPa-s is possible, making buckled MEMS membranes
applicable for experiments in medical liquids.

A. Membrane Technology

State of the art MEMS membranes exist in various
geometries, offering a broad field of applications, ranging
from porous separation membranes [28] over membranes as
pressure-sensitive element [29]-[31] to buckled membranes.
In the latter configuration they are the mechanically moving
part within e.g. switches [32], valves [33] or ultrasonic trans-
ducers [14], [34]. To achieve a buckled state in a membrane
requires a critical value of intrinsic compressive stress oc.

A detailed description of the term bistability as well as the
corresponding potential energy split associated with the two
resulting ground states is stated by Schomburg and Goll [35].
For a bistable switching procedure of buckled membranes,
a mechanical stimulus is required. If an externally applied
force exceeds a specific threshold [35], which is dependent
of basic membrane properties, such as geometry and material

composition, the membrane will switch from its current to its
opposite ground state. Buckled membranes can be actuated via
different mechanisms, such as hydraulically actuated hammer
valves [36], pneumatically coupled membranes [33] or per-
manent magnets utilized in electromagnetic microrelays [37].
Dorfmeister et al. reported on micromachined membranes,
which were excited by the piezoelectric effect [38]. The major
advantage of this membrane actuation technique compared to
those mentioned above is that the actuator is directly integrated
on the membrane. Thus, an actuation cavity [33], [36] or
external components such as magnets [37] are no longer
needed. A precise description of a piezoelectrically initialized
switching processes of bistable membranes in air is reported by
Dorfmeister et al. [39]. Furthermore, piezoelectrically driven
devices stand out with the striking advantage of comparatively
low power consumption. Hence, this makes the piezoelectric
technology very attractive for remote or mobile applications.
To the best of our knowledge, so far only bistable MEMS
membranes with integrated transducers, which are capable
to switch in air have been reported in literature. Extending
the application range of piezoelectrically actuated bistable
membranes to liquid environments enables many exciting
possibilities ranging from cycle controlled fluidic pumps over
valve designs to microfluidic and biomedical applications.

To explore the potential of bistable membranes in the field
of Bio-MEMS, the devices have to feature biocompatible
properties required for intended application. Likewise, the
implemented biocompatible properties must not interfere the
mechanical bistable switching behavior.

B. Biocompatible Cell Environment

MEMS often consist of non-biocompatible materials inhibit-
ing direct substrate to cell contact. In consequence an addi-
tional biocompatible layer must be applied on the substrate.
A biocompatible possibility is crystalline silicon carbide,
although it is difficult to integrate in the fabrication process.
Therefore, we decided to investigate a-SiC:H as biocompatible
material, because its thin film properties such as layer stress
or hydrophilicity can be controlled (by deposition parameters)
[25], [40]. The cell membrane has a surface charge, which
results from the interplay of the membrane chemistry with
its different types of charged amino acids and lipids with
the resulting ion gradients generated by the cell’s ion pumps
between the intracellular and the extracellular space. Hence,
it is reasonable, that the surface potential of a substrate plays
a significant role for cellular attachment. Angelescu et al. [41]
claim that the biocompatibility of a material is related to the
materials electrochemical potential and that compared to pure
silica surfaces a deposition of a thin carbon, or silicon carbide
layer improves the biocompatibility for living cells. For this
study we propose that compared to pure Si an increased carbon
content is an advantage for the viability of human cells, so that
a-SiC:H deposited with a higher carbon content is expected to
display a higher biocompatibility compared to pure Si.

High requirements on the level of biocompatibility of a
MEMS device emerge when the material is in direct contact
with living tissue over an extended period of time. Hence,
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to assess the biocompatibility, the evaluation of the prolif-
eration, differentiation and adhesion of living human cells
is a frequently used approach, that must be addressed to
evaluate the safety as a pre-condition for progressive product
development [42]-[44].

For assessing the biocompatibility of a-SiC:H, the adhesion
and the proliferation of human Caco-2 cells on a-SiC:H layers
was investigated. The Caco-2 cell line is an immortalized,
adherent cell line derived from a human colon adenocarcinoma
established in 1974 by J. Fogh [45]. Depending on the cell
culture conditions, Caco-2 cells spontaneously differentiate
and express several characteristics of the small intestine like
tight junctions and apical microvilli [46], [47]. Therefore, the
Caco-2 model is commonly used as an intestinal barrier model
[46], [48]. Caco-2 cells are also frequently used in drug testing
and toxicity studies [49], [50]. Furthermore, Caco-2 cells have
already been used for biocompatibility and cytotoxicity assays
[51], [52]. Attachment, growth and proliferation of Caco-2
cells are influenced by the material, structure and coating of
the surface [53]-[55]. The attachment of Caco-2 cells can
be supported by applying surface coatings containing fibrous
proteins from the extra cellular matrix (ECM) or by changing
the surface charge state by molecules. Wang et al. [55] has
shown that Collagen type I, which is an ECM protein, and
Poly-D-Lysine, which changes the surface charge condition,
can significantly improve the attachment of Caco-2 cells on
a polydimethylsiloxane (PDMS) surface compared to non-
functionalized PDMS.

The typical growth process of Caco-2 cells shows a lag
phase after seeding in which cell attachment to the surface
takes place. This is followed by exponential cell proliferation
towards an epithelial cell monolayer before a plateau is
reached by confluency of the cell layer. The duration until a
confluent cell layer is reached may vary in individual studies
as it depends on multiple factors including the initial seeding
density and the passage number of the used Caco-2 cell culture
as reported by Briske-Anderson ef al. [56].

In the present study the proliferation, viability and the adhe-
sion of Caco-2 cells on a-SiC:H surfaces with different carbon
concentrations were investigated. Additionally, the influence
of Collagen and Poly-D-Lysine coatings was examined for
different carbon concentrations of the silicon carbide layer.
Targeting future biomedical applications this work addresses
both the mechanical as well as the biological aspects of
our a-SiC:H membranes. In this study we will describe the
fabrication process of biocompatible bistable MEMS mem-
branes, demonstrate successful bistable piezoelectric switching
in liquid media and investigate the biocompatibility of a-SiC:H
covered membranes. Such membranes provide surfaces with
an environment for vital cell proliferation which can be
mechanically excited, enabling aspired stimulated cell culture
growth.

II. EXPERIMENTAL DETAILS
A. Biocompatible a-SiC:H Layer Tuning

To gain knowledge of the degree of biocompatibility of
the a-SiC:H coated membranes we performed cell culturing

experiments on substrates with altered mechanical properties
and biologically tuned a-SiC:H surfaces as described in the
following section. For the plasma enhanced chemical vapor
deposition (PEVCD) of the a-SiC:H thin films an Oxford
Instrument PlasmalabSystem 100 with silane (SiH4) and
methane (CH4) as precursor gases was used. The stress level
of the thin films was controlled by the deposition parameters.
As mentioned above, the stress window for buckled mem-
branes has previously been carefully tailored: on the one hand
the critical stress o. has to be exceeded, but on the other
hand has to be close to o, to keep the required force for
switching low [22]. Thus, as compromise between these two
requirements we targeted stress values of the a-SiC:H layer
close to 0 MPa. According to [25] we set the closed-loop
controlled substrate temperature at 25 °C, the RF plasma
power to 800 W and the chamber back pressure at 30 mTorr.
However, the film stress and the layer thickness were still
influenced by the reactive gas flow ratio of the two precursor
gases methane and silane
JcHa

FCH4 = 77— (D)
fcHa + fsina

whereby fchsa and fsiga represent the gas flows of methane
and silane, respectively.

As a first step and as part of the mechanical membrane
characterization the residual stress of the different a-SiC:H
layers was determined with the wafer bow method influenced
by different deposition times ranging from 5 min to 10 min
and gas flow ratios from 0.05 to 0.95 in varied in 13 steps,
respectively. In a second step, the different surfaces were
additionally treated with O;-plasma for better hydrophilicity
and hence, better cell adhesion [40], [57]. The samples were
processed with a 150 W O»-plasma at a substrate temperature
of 25 °C and 150 mTorr for 5 min in an Oxford Instrument
PlasmalabSystem 100 after a-SiC:H deposition. The altered
hydrophilicity was measured by determining the contact angle
with a Kiisse DSA 30S setup.

Finally, the biological surface properties were modified
using Collagen Type I (Sigma C7661-5MG) and Poly-D-
Lysine (Sigma P7405) surface coatings. The surface coat-
ings were deposited according to the recommendation of the
manufacturer.

B. Cell Experimental Setup

A preliminary screening of the behavior of Caco-2 cells
in terms of proliferation, adhesion and total cell count on
different a-SiC:H thin films was performed, so that the results
can indicate trends, but no statistically significant conclusion
can be drawn from these results. Instead of investigating only
few specific combinations in detail, we decided to design the
experiment in a broader range to screen for the most influential
parameters of a-SiC:H fabrication and post-treatment, in order
to identify the most critical factor influencing the material’s
biocompatibility. The purpose was to reject or confirm several
presumptions and to provide guidance for subsequent experi-
mental planning.

For the characterization of the individual cell behavior the
experiment was designed to be divided in three different parts,
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Fig. 1.  Graphical representation of experimental design representing the
different fabrication conditions of the a-SiC:H versus the applied pre-treatment
procedure before cell seeding. A total of 78 individual surface modifications
were cultivated for different types of investigations. All samples of A) were
cultivated once for the total cell count after 120 hrs. Samples represented
by B) were cultivated four times for the total cell count, proliferation and
adhesion investigations. Samples marked with C) include all investigations of
B) in addition of another cell culture for scanning electron microscopy (SEM)
imaging. Figure 1 will further on act as a reference for a better overview in
the details, as well as the experimental setup. Later, the experimental results
(Figure 10) will be presented in the same graphical representation for better
comparison.

consisting of (1) metabolic cell viability at 3 time points
allowing to calculate the cell proliferation, and (2) the cell
adhesion (Figure 1, red and blue samples) and finally (3) a total
cell count after 120 hrs (Figure 1, all samples). The metabolic
viability measurements (1) took place 72, 96 and 120 hrs post
seeding of Caco-2 cells on to the a-SiC:H surfaces, while
the adhesion investigation (2) and counting of the total cell
number (3) were conducted at day 5 (in vitro) post seeding,
where typically already a dense cell layer can be reached.
A schematic overview of the experimental design and of the
cell culturing scheme is displayed in Figure 1.

For cell culture preparations all samples were sterilized
with 70 % ethanol and placed inside 24-wellplates prior cell
seeding. The growth medium consists of Minimum essential
medium (MEM) (Sigma) supplemented with 20 % Fetal
Bovine Serum (FBS) (Sigma), 1 % Penicillin and Strepto-
mycin (Sigma), 1 % Sodium Pyruvate (Sigma) and 1 %
L-Glutamine (Sigma). The cells are seeded at a density
of 50.000 cells per well and the total amount of growth
medium was 1 ml per well. Incubation took place at 37 °C
and 5 % COx,.

The viability of the cells was examined using a PrestoBlue®
assay after 72, 96 and 120 hrs (first (1) and third (3) part
of the cell experiment). PrestoBlue is a cell viability reagent
based on resazurin, which is cell permeable and reduced
to resorufin by metabolic active cells. When PrestoBlue is
added to the media the reduction inside the cells leads to a
change of the mediums absorbance and fluorescence, which is
proportional to the number of active metabolic cells [58]. After
addition of PrestoBlue, the cells are incubated for 30 min,
before 100 ul of the supernatant is pipetted to a fresh well
plate. A PerkinElmer® EnSpire 2300 plate reader was used to
measure the reduction of the PrestoBlue giving a proportional
number to absolute cell count. A normalization with the cell
count of a silicon reference sample allows to provide a relative
cell count from O (no viable cells) to 1 (as much metabolism
as on the reference sample) as silicon is considered to be a

biocompatible material [59]. Subsequent to the proliferation
test, optical adhesion inspection was performed with the same
batch of cells.

In the second part of the experiment the adherent cells were
detached from their substrate by adding 500 w1 trypsin to each
well. After 5 min £0.5 min the trypsin was inactivated by
adding 500 wul of fully supplemented growth medium. The
trypsin-media-mix was carefully removed and subsequently
the substrate was rinsed carefully by slowly adding phosphate
buffered saline (PBS) to the rim of the well plate avoiding
shear stress to the still attached cells. The PBS rinsing step
is carried out two more times, rechanging the PBS prior to
each step. We propose that with confluent cell layers and
strongly attached cells this enzymatic dissociation is slower
than with patched cell layers of weakly attached cells. Hence,
we suggest that the amount of cells still attached to the surface
after a precisely defined trypsinization duration can also be
interpreted as qualitative cue for the relative biocompatibility
of the corresponding surfaces.

The cells, which are remaining on the substrate were stained
with Fluorescein Diacetate (FDA). FDA is a cell permeable
stain and hydrolyzed to fluorescein, which is fluorescent,
in cells with an active metabolism. In consequence, only living
cells get excited in the fluorescence microscope [60]. The
pictures of FDA-stained cells were taken with a fluorescence
reflected light microscope (LEICA DM6000) and a LEICA
DFC 420c camera system. To confirm the obtained adhesion
results a second batch of cell cultures (Figure 1, red and blue
samples) underwent the process of a wash assay [61] after
120 hrs. Hereby, the cells were carefully flushed off manually
with 100 1 of MEM using a 1 ml pipette. Cells, which were
remaining on the surface after the washing step were also
stained with FDA and pictured as described above.

Finally, for a detailed microscopic investigation by electron
microscopy the Caco-2 cells were grown on a specific selection
of three different surfaces (Figure 1, blue samples) for five
days. The attached cells were primary fixed using a mix
of 2 % Paraformaldehyde (PFA) and 2.5 % Glutaraldehyde
(GA) in 500 ul of PBS. For dehydration of the fixed sample
an Ethanol (EtOH) grade series with 35 %, 50 %, 70 %,
95 % and three times 100 % is used for 10 min each.
Chemical drying is performed by adding a 1:1 mix of EtOH
and Hexamethyldisilazane (HMDS) followed by two times
100 % HMDS with an incubation time of 5 min each. After
incubation the HMDS is discarded and the cells were dried
at room temperature. The dried samples were examined by
scanning electron microscopy (SEM) using a 5 kV electron
beam of a Zeiss Neon Crossbeam system.

C. Biocompatible Membrane Switching Setup

An important part of this work was to sustain a sufficient
biocompatibility of such a-SiC:H layers, while maintaining the
initial functionality of the MEMS device for bistable switch-
ing operation. For this purpose, we utilized buckled MEMS
membranes with integrated piezoelectric transducers. These
membranes were fabricated with diameters ranging from
600 um to 800 um and a thickness of 3.3 xm=0.1 gm. These
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Fig. 2. a) Schematic cross-sectional view of a biocompatible piezoelectric
bistable membrane with a thin layer structure of 1.3 um on top of a 2 um
thin silicon membrane. In b) an optical micrograph shows four membranes
each with 700 um diameter on a 6 X 6 mm? chip. It can be seen that
the electrodes to excite the membrane can be fabricated in different designs
enabling a tailored electrical excitation pattern. Within the scope of this work,
we investigated only the full covering electrode design as represented by the
upper three membranes.

dimensions were previously investigated as the sweet spot to
show buckling behavior and to enable bistable switching [22].
The gold electrodes to excite the piezoelectric transducers
were deposited by thermal evaporation, while the piezoelectric
aluminum nitride (AIN) layer was synthesized by reactive DC
magnetron sputtering. A detailed description of the fabrication
process is given in [38].

As already mentioned, the required effective stress to buckle
the membranes in order to achieve bistable switching behavior
had to be set precisely within a certain range. That range
was determined by the membrane dimensions and was reached
with the AIN layer at oain = —600 MPa +60 MPa. After the
evaluation of all three parts of the cell experiment we covered
our bistable membranes with an a-SiC:H layer specifically
chosen as described below. The results obtained from both, the
cell experiment and the mechanical stress analysis were con-
sidered to select an a-SiC:H layer with intended biocompatible
properties such as low adhesiveness and high cell proliferation
for cell experiments with mechanically oscillating surfaces
while simultaneously maintaining bistable switching of the
MEMS membranes. The desired a-SiC:H layer was deposited
on top of the existing layer stacking with a residual stress of
osic = —170 MPa £25 MPa and a layer thickness of 70 nm
43 nm. The thickness was chosen as a good agreement of
closed layers, which were also as thin as fabricable and mea-
sured optically by a Filmetrics® F20-UVX thin film analyzer.
A schematic cross-sectional view as well as four representative
membrane devices are illustrated in Figure 2.

In order to switch the biocompatible and bistable mem-
branes, an electronic setup scheme was installed as shown in
Figure 3.

Trigger signal

Displacementsignal

Voltage signal

Voltage signal Laserbeam

Fig. 3. Excitation scheme to initiate a switching procedure. The membranes
were optically monitored with a laser Doppler vibrometer (LDV), while
excited electrically with a tailored voltage stimulus. Due to the individual
response of the membranes, the amplitude and duration of the rectangular
signal was customized until a switching operation was achieved. Specific
displacement pattern gave tendencies to alter the excitement parameters in
order to maximize the dynamic membrane amplitude and ultimately initiate
a bistable switching procedure.

TABLE I
FLUID PROPERTIES OF THE USED TEST LIQUIDS

Fluid Dynamic Density Temperature
viscosity [mPa-s] [g/mL] K]
ISO 2.19 0.785 293
D5 5.51 0.840 293
N10 17.53 0.846 293
N35 71.96 0.855 293
N100 286.10 0.866 293
D500 713.40 0.872 293

As a first step the membranes were stimulated with a 0.3 V
0 — 350 kHz periodic chirp signal to measure the resonance
frequency of the fundamental vibration mode fies1 in air in
order to determine switchable membranes. The second step
was to induce switching of the membranes in fluids. To excite
our membranes we used pulsed DC rectangular signals with
individual switching frequencies fswiich Of ~8 kHz below fies1
pictured in Figure 3 and discussed in more detail in [24]. For
clarification it should be noted that fiwitcch 1S the frequency
at which a membrane switches from one ground state to its
opposite state. To cover a broad range of possible fluidic
applications we used liquids from Paragon-Scientific with
dynamic viscosities ranging from 2.2 mPa-s up to 713.4 mPa-s.
A list of the corresponding liquids is given in Table I.
To initialize a switching of a membrane immersed in a liquid
the interaction of excitation voltage, burst count and frequency
must be carefully selected. Each membrane was characterized
with respect to its individual switching behavior, resonance
frequencies fres1, maximum membrane center velocity vres] at
Jres1 and switching frequencies, respectively.

ITI. RESULTS
A. Cell Observation Results
As a part of the a-SiC:H thin film characterization the
wettability was first investigated. The contact angle 8 was

influenced by the corresponding carbon content, which is
directly correlated to rcps, of each sample and whether the
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rena = 0.33
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Fig. 4. Four representing a-SiC:H surfaces with increasing carbon content
were investigated in terms of wettability. Increasing carbon content of the
layer results in a more hydrophobic surface, which can be seen in a).
In b) the additional Op-plasma treatment leads to an oxygen terminated
surface, which increases the hydrophilicity of the a-SiC:H surface.

surface was Op-plasma treated or not. Figure 4 a) gives an
impression of the increasing & of a 2 ml water droplet on
a-SiC:H surfaces with increasing rcpa. Figure 4 b) reveals an
average decrease of the contact angle of A§ = 39.8° after an
O;-plasma treatment for 5 min duration, which led to oxygen
terminated surfaces.

The significant decrease of the contact angle with rcpa
indicates an increasing hydrophilicity due to the O, plasma
treatment, overcompensating the intrinsic hydrophobicity of
the a-SiC:H layer. We assume, that the O»-plasma oxidized
the surface of the a-SiC:H and reduced the carbon-level at the
very surface while leaving the Si in an oxidized state, thus
resembling a SiO;-like surface, thus, enhances cell adhesion
and growth [57].

Next, we investigated the proliferation rate on different
a-SiC:H surfaces as the first (1) part of the cell experiment.
Human Caco-2 cells were seeded on untreated (as-is) surfaces
as well as on pre-treated surfaces. The cell proliferation and
their adhesion to the surface were investigated as previously
described in II. B. A cell viability test performed with an
optical plate reader was used to interpret the cell number:
A high signal intensity correlates with a high cell number of
viable Caco-2 cells. An increase of the viability value with
progressing culturing time (from 72 hrs to 120 hrs in vitro) can
be interpreted as an increase in cell number (i.e. cell count)
and indicates a good cell proliferation on this surface. This
interpretation concerning the cell number is also supported by
optical microscopy results of the Caco-2 coated surfaces. The
viability values were normalized versus the values obtained on
pristine (“no Oz-plasma — no ECM coating”) Si-wafers with an

Batchl
72hrs

Batch2
96hrs

Batch3

12 120hrs b

Standardized cell count

Silicon
No Ozplasma Oplasma

rcha =0.4
Ozplasma  Oplasma
Collagen Collagen Collagen

Surface composition

rcia=0.9
Ozplasma
Collagen

rcha=0.1 rcia = 0.6

No ECM

Fig. 5. Comparison of cells grown on different a-SiC:H thin films with
O;-plasma pre-treatment and Collagen coating and silicon as a reference. The
viability of cells was determined by PrestoBlue assay at 72, 96 and 120 hrs
after seeding. A high viability correlates to a high cell count. A-SiC:H-values
were normalized to the cell count on Si reference samples.

intrinsic SiO; surface, which is known to be a biocompatible
material [44].

Results for (i) pristine a-SiC:H surfaces, (ii) only O,-plasma
treated surfaces and (iii) only ECM coated surfaces without
plasma treatment showed low and inconsistent viability values
(not shown), indicating an unreliable proliferation of these
surfaces. Only for a-SiC:H surfaces, that were dually pre-
treated with both, an O,-plasma and a Collagen Type I coating
resulted in an monotonously cell grow over time and a cell
viability that was almost as high as that of pure Si surfaces
with the biocompatible SiO, surface [44]. The relative cell
count on four a-SiC:H samples fabricated with a different rcpga
ranging from 0.1 to 0.9 and on silicon is illustrated in Figure 5.

All a-SiC:H surfaces portrayed in Figure 5 were dually
pretreated with O, plasma and Collagen Type I coating.
Despite the different carbon contents of these dually pretreated
surfaces displayed no significant difference for the biocompat-
ibility with different rcps-ratios. Optical microscopy of these
samples confirms, that after 120 hrs in vitro the cell layer
was already close to or approaching confluency, i.e. a 100 %
surface coverage with living Caco-2 cells. This permanent
increase of the cell number on the surface between 72 hrs
and 120 hrs is an indicator of a sufficient biocompatibility,
that is well comparable to the biocompatibility of SiO, [44].
We propose that due to the dual pre-treatment all surfaces
regardless of their Si to C-ratio could be made biocompatible.
The operation of MEMS devices pre-treated with this process
is fully maintained.

Figure 6 visualizes the same four samples used to generate
the data for Figure 5. The surfaces with the fluorescent stained
cells were image after 72, 96 and 120 hrs of growth, giving a
qualitative optical confirmation of the conducted cell growth
over time. Optical inspection revealed that the proliferation
rate of the cell cultures was different within the first days, and
some cell cultures were proliferating faster than others. The
images in the right column (120 hrs) of Figure 6, however,
indicate, that despite the different rcpys-values of the a-SiC:H
surfaces after 120 hrs all cell layers on dually pre-treated
surfaces were already close to 100 % confluence. Differences
in the initial growth rates disappeared with longer culturing



378 JOURNAL OF MICROELECTROMECHANICAL SYSTEMS, VOL. 31, NO. 3, JUNE 2022

72 hrs 96 hrs

120 hrs

e = 0.6 reps = 0.4 rena = 0.1

repa = 0.9

Fig. 6.  Optical representation of the cell proliferation of the same four
a-SiC:H surfaces of Figure 5 treated with Op-plasma and Collagen coating
photographed with a fluorescent microscope and a LEICA camera system
under 200 times magnification. FDA-stained cells were imaged after 72, 96
and 120 hrs in vitro. The observed differences in cell proliferation confirmed
the cell count of Figure 5. (Note: The images show the least cultured part of
each sample).
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Fig. 7. Optical images of nine a-SiC:H surfaces (a—i) with FDA stained
Caco-2 cells after 120 hrs of growth time. Each image shows a compar-
ison of cells on the sample before (left side) and after (right side) five
minutes of trypsinization. Again, only the dually pre-treated a-SiC:H surfaces
(a, d, f, i) showed a significantly better attachment of the cells on the
substrates. No correlation with the stepwise increased gas flow ratio from
rcys = 0.1 to 0.9 was observed. (Note: The taken images show the most
populated areas on the sample and are only indicative results).

time. These observations agree with the Presto Blue viability
assay displayed in Figure 5.

As the second (2) part of the cell experiment the adhesion
on different a-SiC:H surfaces (Figure 1, red and blue samples)
was qualitatively characterized with previous described assays.
Therefore, the ratio of detached and remaining cells was deter-
mined as a qualitative indicator for the adhesiveness of Caco-2
cells on their individual surface. The first assay was to loosen
the cells from the substrate by trypsinization. The impact of
different surface properties and pre-treatment procedures is
shown in Figure 7. Only cells grown on O;-plasma pre-treated
and Collagen coated a-SiC:H surfaces showed a comparatively
high Trypsin resistant behavior, compared to other surfaces

Fig. 8. Representatively selected images of remaining cells on the sample
after a wash assay. The number of FDA stained Caco-2 cells were determined
optically and classified in a) “low”, b) “medium” and c¢) “high” numbers
of residual cells. An improvement in cell attachment was only observed on
O;-plasma pre-treated and Collagen coated a-SiC:H surfaces. Only those
samples could be classified as “high”. Different gas flow ratios from rcpyg =
0.1 to 0.9 of the a-SiC:H layer were also taken into account but did not affect
the adhesiveness.

that had either not undergone O;-plasma pre-treatment, or no
collagen coating (Figure 7 b, c, e, g, f).

This preliminary result indicates that — irrespective of the
a-SiC:H fabrication — the surface treatment with O»-plasma
and Collagen coating elevates the adhesion properties of the
surfaces to the cells. Only this specifically treated surface
provided the necessary environment, so that even the enzy-
matic procedure of trypsinization left the cells to some extent
unaffected for the limited period of 5 min. This finding can
also be interpreted as an increased stability against trypsin
provided by the enhanced surface properties for cell adhesion.

To reinforce these results, a wash assay was performed.
Doing so, the cells were carefully rinsed off the surface, so that
shear stress created by the flow working on the adherent
cells was kept at a minimum. The remaining cells, which
were still attached to their surfaces after the wash assay
were imaged and categorized as illustrated in Figure 8. The
number of cells still attached after a consistently conducted
washing procedure was interpreted as an indicator for the
adhesiveness of the surface for epithelial cells and stand in
good agreement with the results of the cell loosening assay
with trypsin. In both experiments the rcps of the a-SiC:H
layer did not influence the adhesiveness. Similar to Figure 7 b)
surfaces with no Oj-plasma treatment and no ECM showed
the weakest adhesiveness and were categorized with “low”
(<10 % remaining cells), as displayed in Figure 8. The highest
adhesiveness with a remaining confluence in the range of
75 % and above was observed for Oj-plasma pre-treated
and Collagen coated a-SiC:H surfaces. Only these samples
were categorized as “high”, indicating their improved adhesion
properties. Every other combination of various surface modi-
fications was classified as “low” or “medium” with maximum
25 % remaining cells on the substrate. (No surface was
investigated with remaining cells between 25 % and 75 %.)

To investigate the increased adhesiveness of Caco-2 cells on
O;-plasma pre-treated and Collagen coated a-SiC:H surfaces,
a SEM analyses was performed. In Figure 9 a) a prominent
cell on an Oy-plasma pre-treated and Collagen coated a-SiC:H
surface with rcgs = 0.6 can be seen (see also Figure 1, blue
samples). The cells have been fixed to maintain their original
morphology throughout the subsequent drying caused by the
SEM vacuum chamber. The SEM image illustrates a flattened
and spread out cell, which indicates an adhesive binding to
the surface. In Figure 9 b) a higher magnification reveals an
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Fig. 9. SEM images of a prominent cell under a) 2000 and b) 20000 times
magnification after 120 hrs. The surface was pre-treated with O,-plasma and
coated with Collagen and the a-SiC:H thin film was deposited with a gas
flow ratio of rcya = 0.8. The cell appears spread-out and flattened. At higher
magnification (b) also the microvilli become visible. Microvilli are a specific
feature of Caco-2 cells and indicate good differentiation and good adhesion
between cell and substrate surface.

increased number of microvilli, which is indicative for good
differentiation of the cell on the surface, explaining the wide
spread of the cell. Surfaces which force such an interaction
of cells with their environment are considered as most viable
surroundings for cells [62].

The following section contains the results of the final cell
count as the third (3) part of the cell experiment. After a
total growth period of 120 hrs on the a-SiC:H surfaces a final
PrestoBlue viability assay was performed. The increase of the
viability readout to previous measurements allows to assess
the proliferation of cells and correlates with the total cell
count on the surface. The optical readout of the fluorescents
emissions of all samples was normalized to a pristine silicon
sample acting as reference sample. The normalized adsorption
of PrestoBlue in all 78 samples (see Figure 1) is proportional
to the number of living cells and illustrated in Figure 10.
The x-axis pictures the variation of the carbon content of the
a-SiC:H thin films represented by an increasing rcp4, assum-
ingly influencing the cell count with altered hydrophilicity
[40], [57] as well as electrochemical surface potential [41].
As shown in Figure 4, the hydrophobicity increases due
to an increased carbon content controlled by rcps. On the
y-axis the impact on the biological properties of the surfaces,
caused by treatments such as O>-plasma and different ECMs,
is given. Two local maxima can be spotted at rcys = 0.05 and
rcaa = 0.4. The first maximum is the sample with no surface
modification, an assumably very low carbon content, close
to pure silicon and therefore an almost unchanged surface
wettability. The numbers of the untreated a-SiC:H samples
with low carbon content matched well with the cell counts
on pure silicon with a normalized cell count of 0.995 for
a-SiC:H. The second maximum was triggered by surfaces only
treated with Op-plasma and without any ECM. Giving these
conditions, the nominally increased carbon content [25] leads
to a more hydrophobic surface (Figure 4). This second maxima
stands in good agreement with literature [41], that cells tend
to favor surface materials such as carbon with +0.33 mV,
which are close to their electrochemical potential. Above a
gas flow ratio of rcya = 0.6 Figure 10 shows a decline in cell
population due to the high hydrophobic characteristic of the
surfaces. Surfaces, which were pre-treated with the O»-plasma
indicated a higher tendency for an increased cell proliferation.
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Fig. 10. Final cell count after 120 hrs via PrestoBlue assay, carried out with
a PerkinElmer EnSpire 2300 plate reader. This method provides as a result
an equivalent and linear proportional number, representing the absolute cell
count. For better presentation, the numbers were set in relation to the count on
silicon. The graphic illustrates, how the mechanical and biological properties
of the modified a-SiC:H thin layers influenced the cell proliferation on such
different surfaces independently of one another. This plot represents the actual
results of the experimental approach presented in Figure 1.

It should be mentioned, that a three times lower contact angle
does not mean three times higher cell proliferation, however
an increase in cell numbers was detectable. The increased
hydrophilicity and enhanced carbon content led to a local
maximum at rcpg = 0.5.

B. a-SiC:H MEMS Application

The biological pre-investigation about the a-SiC:H layers
was necessary to ensure biocompatibility. For fluidic valve
applications, this requests easily detachable cells and high
proliferation. According to the cell adhesion investigations,
the lowest cell attachment appeared on untreated a-SiC:H
thin films without ECM coating. Furthermore, the highest
cell proliferation was found at rcys < 0.3. In addition to
the biological properties it was of major interest to minimize
the impact of this layer on the bistable characteristics of the
membrane. Therefore, the layer thickness was kept as thin as
possible.

The following measurements were conducted to evaluate,
which had the lowest mechanical impact on our buckled
membranes. Figure 11 a) displays the thickness of the thin
films as a function of deposition time and gas flow ratio rcy4.
It is also shown in Figure 11 b) that the increasing compressive
stress with increasing carbon content is almost independent
from layer thickness up to a gas flow ratio of rcpys = 0.67.
To select a thin film transferring minimal mechanical stress
to the membrane at low layer thicknesses, but guaranteeing a
complete coverage of the surface topography, the four most
promising layer compositions were selected. These thin films
A — D were deposited on five membranes each and are given
in Figure 12. The membrane deflection under a sinusoidal
stimulus of 5 V at 2 kHz was measured in air both, before
and after thin film deposition. The resulting amplitudes were
normalized in relation to the initial amplitude without an
a-SiC:H layer. The resulting deviation is a direct measure of
the influence of the altered layer stacking. From that point
on membranes were for further characterization only coated
with thin film “C”, a 70 nm #£3 nm thick a-SiC:H layer
with a residual stress of osic = —170 MPa +25 MPa. This
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Fig. 11. A biocompatible a-SiC:H layer was investigated in terms of layer

thickness and residual stress, depending on the deposition time and different
silane to methane gas flow ratios rcys (T = 25 °C, Pplasma = 800 W,
p = 30 mTorr). Because of the stress dependency from the layer thickness,
it was the goal to achieve constant layer thicknesses of 70 nm =£3 nm.
Therefore, the deposition time was adapted from 5 to 10 min starting at
rcy4 = 0.05 with 5 min and was stepwise increased until rcyg = 0.95 and
10 min (grey line). The inserted lines only serve as guide to eye.
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Fig. 12. Five membranes were coated with four different a-SiC:H layers,

respectively. The initial vibration amplitude of the membrane in air is marked
in the chart at 1.0. A decrease of the amplitude after thin film deposition was
observed compared to the initial membrane amplitude under a 5 V sinusoidal
stimulus. The error value for each coating is printed above its corresponding
bar. Coating C influenced the vibrational behavior the least and was also the
most consistence in terms of repeatability.

additional deposition led to an increase of the first resonance
frequency fres1 by 2 kHz, which is important, when it comes
to membrane switching.

C. Liquid Switching Measurements

In total 30 MEMS membranes were subsequently cov-
ered with an a-SiC:H layer to guarantee biocompatibility.
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Fig. 13. LDV recording of bistable switching procedures from the “lower” to
the “upper” ground state (a, b) or vice versa (c, d). Each figure represents an
increasing viscosity and illustrates its direct effect on the switching behavior
of the membrane. In a) 3 bursts and 30 V were necessary to initiate a bistable
switching procedure, while in b) the burst count was 4 and the voltage
level increased to 40 V. A further increase of required pulses can be seen
in ¢) and d). Exceeding a viscosity level of N100 no further switching was
detected. (Note: A linear drift of the displacement measurements occurred,
because of the quantification and integration of the measured velocity.)

The membranes were introduced in the measurement setup
as shown in Figure 3. As reported in [24] it is important to
cover not just the top surface of the membranes with the test
liquids, but the whole device. Otherwise, surface tensions of
the liquid led to a drift of fies1 towards fies1 in air and made a
precise determination of the resonance frequency impossible.
The membranes were stimulated with individually tailored
rectangular pulses and their switching behavior was character-
ized. Initially, 60 % of the tested membranes showed bistable
switching in air. The percentage decreased to about 33 % after
immersion in isopropanol, which was the testing liquid with
the lowest viscosity. The percentage decreased further until
only a single membrane was capable of bistable switching at
a high viscosity of 286 mPa-s. When increasing the viscosity
of liquids, initially bistable switchable membranes started
to exhibit monostable behavior until no switching could be
achieved. A monostable membrane is able to switch into its
second ground state, but does not remain in the latter state,
but switches back instantaneously. The change from bistable
to monostable to no switching occurred monotonically with
increasing viscosity for all membranes. [24]

To determine if a membrane has the intrinsic ability for
bistable switching and how to predict this feature, optical
measurements of a membrane movement during a switch-
ing procedure in four different viscous liquids were per-
formed as illustrated in Figure 13. With increasing viscosity,
it becomes more difficult to initiate membrane switching.
This was reflected in the corresponding electrical parameters
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Fig. 14.  Graphic representation of the resonance frequency freq1 in each

selected fluid and the related type of switching of the tested membranes. The
frequencies are displayed in ascending order, whereby in a) no pattern in
terms of switchability could be observed. b) compares the same measurement
of membranes in air, revealing a higher chance to show bistable switching
behavior the lower freq1 Was.

such as burst counts and voltage level, but not in frequency.
In Figure 13 a) an almost ideal switching procedure is shown.
Hereby 3 pulses with an amplitude of 30 V initiated switching.
Membranes that could be switched with similar parameters
were likely to be also capable of bistable switching in higher
viscous testing liquids. Due to the higher viscosity the fluidic
resistance increased and more energy was required to initiate
a switching process (see Figure 13 b) — d)). This resulted in
higher voltage levels up to 45 V as well as up to 13 pulses.
A further increase of the viscosity resulted in the membranes
either showing monostable or no switching behavior at all.
Increasing the voltage extended the viscosity range, in which
bistable switching could be triggered. Exceeding the voltage
level of 45 V caused damage to the piezoelectric transducer
elements and thus sets an upper limit on the viscosity, in which
switching is possible.

The observation of the switching capability with an LDV
was a qualitative approach to estimate the basic behavior.
The obvious disadvantage of this method is that the changing
switching behavior does not lead to a quantitative prediction.
To provide a small signal analysis method, we investigated
correlations between other characteristic membrane properties
and its switching ability. In [24] we showed that the deflection
height was independent from the switching parameters due to
given static potential energy well of the two ground states.
Also, the resonance frequency fres1 in each testing liquid gave
no indication, if a membrane is able to switch.

Figure 14 illustrates fres; of the membranes in three repre-
sentative liquids covering a large viscosity range and in air,
respectively. The switching behaviors in liquids point out an
independency of the switching capability and fres1. Compared
to that, in Figure 14 b) can be seen that fes; in air provided
information with 90 % accuracy [24], if a membrane achieves
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Fig. 15. Four representative membranes showing a decrease of the membrane
center velocity vreqq under a 0.3 V periodic chirp signal at fi.g1. This occurred
as expected due to an increase of the viscosity. Falling below of a specific
threshold in each fluid indicated an increased probability not to achieve
bistable switching anymore.

bistable switching or not. Nevertheless, the frequency fresi
depends on the density of the liquid. This was shown by a
linear regression of fies; of all measured membranes in each
testing liquid shown in [24].

As a final characteristic measurement, we determined the
membrane center velocity vres1 at its resonance frequency
Jres1. Figure 15 provides information of the membranes’ vyesi
in each liquid, correlated with the information of switching
capability, respectively. The increasing viscosity suppressed
the movement of the membrane, resulting in decreasing vreg -

Figure 15 gives a tendency for a threshold for a required
Dres1 to achieve mono- or even bistable switching. To the best
of our knowledge this parameter was the only one, which
concludes to a predictive behavior of a membrane’s switch-
ing capability in liquids. The deviations between individual
membranes originated from local inhomogeneities, such as
film stress and membrane thickness.

IV. CONCLUSIONS

In previous works purely electrical low-power switching of
bistable membranes was demonstrated in air [14], [38], [39]
and in different fluids with viscosities up to 286 mPa-s [24].
To expand the field of applications of such membranes to
biomedical applications a cell experiment was conducted
using Caco-2 cells. Several different a-SiC:H thin layers
with different carbon contents were chemically (O»-plasma)
and/or biologically (protein coating/surface charge) modified
and investigated in terms of changes of their biocompatibility
and cell adhesion. Hydrogenated amorphous silicon carbide
surfaces of any carbon content pre-treated with a 5 min
O;-plasma and coated with Collagen Type I representing the
ECM component featured a substantially enhanced adhesive-
ness compared to any other surface modification given in
Figure 1. This is considered a notable improvement of the
surface properties. In addition, the cell growth over time was
the more stable and more homogeneous on these surfaces
compared to other modifications. Based on our preliminary
findings we propose that the contact angle as measure of the
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hydrophobicity of a surface is also associated with the cell
adhesion and cell proliferation on such surfaces. To screen
basic properties, 78 mechanically varying a-SiC:H thin films
were biologically modified and cultured with Caco-2 cells
for 120 hrs. The motivation for this series of experiments
was to identify a potential influence of the carbon content
and of the impact of different surface pre-treatments on the
cell proliferation and adhesiveness. The results of preliminary
experiments revealed that existing devices can be addition-
ally covered with an a-SiC:H layer with carefully selected
parameters, depending on specific application requirements.
Most important we showed that the a-SiC:H layer can be
individually designed in terms of stress level, cell proliferation
and cell attachment independently of each other, giving access
to a broad field of application.

We proved this by covering bistable piezoelectric mem-
branes with an unmodified a-SiC:H layer with low carbon
content. We choose this specific layer composition for good
cell proliferation, but low cell adhesiveness and a low stress
level. This was to minimize any mechanical impact due
to the additional coating on the final device’s performance.
To give another bistable membrane application, the impact
of high acceleration on cells could be a potential field of
investigation [63]. In this case, the a-SiC:H coating would be
designed for best cell attachment as well as proliferation.

A qualitative estimation for the switching behavior of the
membranes was presented, depending on the changing switch-
ing parameters and the related viscous fluid. Furthermore,
a direct connection of the membrane center velocity 0resi
and the corresponding switching ability was pointed out. This
approach enables a small signal analysis method to assess
bistable switching in liquids for MEMS membranes.

The biocompatible membranes showed bistable switching
behavior up to a dynamic viscosity of 286 mPa-s. This value
exceeds the viscosity of e.g. blood with 4.2 mPa-s [64] or
the viscosity of typical MEM solutions with 1.050 mPa-s
40.027 mPa-s [65] by far. As a result, such membranes are
now available for cell experiments in fluidic environments with
controllable mechanical excitation of highly biocompatible
surfaces.
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