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When a human being is infected by viruses or cells are exposed to stress, various molecules are
released as a molecular pattern from the lesion site to the dendrites and macrophages, and their
concentrations gradually change. The comprehensive detection of these biomarkers would enable
patients with brain dysfunction and infections to be treated appropriately according to the progression
of the disease and the probability of mortality and sequelae would reduce. A sensor that can detect a
variety of molecules, from small molecules to macromolecules, regardless of molecular size, should
be developed to detect these molecular patterns. Although various conventional semiconductor sensors
have been developed, a sensor which can comprehensively detect molecules of various sizes in a
biological environment without extending the Debye length has not been realized. The micro-electro-
mechanical system (MEMS) optical interferometric surface-stress sensor proposed by our laboratory
can comprehensively detect low-concentration and small molecules, which have been difficult to detect
using conventional surface-stress sensors, as well as macromolecules exceeding the Debye length by
optimizing the wavelength selectivity and geometry parameters of the interferometer. Therefore, for a
highly sensitive detection of target molecules of various sizes, interferometers with metal half-mirror
and cavity-sealed structures with optimized geometry parameters, which can improve the detection
performance of the sensor, were fabricated and bio-interfaces for adsorbing molecules on the sensor
were constructed. Through the above tasks, this thesis presents the development of the sensor for a
label-free and comprehensive detection of proteins and neurotransmitters in liquids and gas molecules
in air.

First, the MEMS interferometer with metal half-mirrors structure was studied. Assuming this device
is used for blood inspection, Au was selected as the half-mirror material because it has a superior
transparent characteristic in the near-infrared wavelength region, where the absorption coefficient of
blood components is small. Subsequently, we fabricated a MEMS interferometer with Au half-mirrors
and constructed a bio-interface onto the interferometer to immobilize the albumin antibodies. The chip
was immersed in the solution and the response of the sensor was obtained when the sample containing
the albumin antigen molecule was added at a final concentration of 10 ng/mL and when other proteins
were added. As a result, only the former exhibited the deflection of the membrane, suggesting the
possibility of selective detection of macromolecular proteins using the antigen—antibody reactions.
Based on the results of this study, our research group constructed a MEMS interferometer with
optimized geometry parameters and evaluated the concentration dependence and limit of detection
(LOD) for macromolecular proteins. The results indicated that the sensor reacted in a low concentration
range of 100 ag/mL—1 ng/mL, and the LOD was observed to be 100 ag/mL—1 fg/mL. The results
indicated that this is the most sensitive detection of macromolecular proteins in label-free
semiconductor biosensors.

In the early interferometers with metallic half-mirrors structure, the sealing of the interferometer
was incomplete because of the constraints of the fabrication process. Therefore, a new interferometer
with a cavity-sealed structure was studied. Considering the application of this sensor to the detection
of both proteins in liquids and gas molecules, we proposed to use the polymeric material used as the




molecular adsorption layer of the proteins as a gas-reactive layer. Optical and finite element analyses
of the newly proposed sensor were performed and an interferometer with optimized various parameters
was fabricated. Subsequently, a polymer that functioned as a gas-reactive film was deposited on the
interferometer, and the concentration dependence and minimum detection limits for volatile ethanol
were evaluated. We observed that the linear response was acquired in the concentration range of 5-110
ppm, and the LOD was 5 ppm. The result indicates that the sensitivity of the sensor was comparable to
semiconductor-based sensors, which have the highest sensitivity for measuring ethanol at room
temperature; this suggested the feasibility of the sensor that can detect ethanol concentrations of sub-
ppm by optimizing the geometry parameters of the interferometer.

Finally, to demonstrate the detectability of small molecules in the liquid, we studied the use of a
molecularly imprinted polymer (MIP) as a molecular adsorption layer that can adsorb
neurotransmitters. Considering the integration with the sensor, we used electrochemical polymerization
to enable the selective formation of the MIP with the template of dopamine (DA), which is well known
as a neurotransmitter, on a conductive material in liquid, and formed the MIP film. Subsequently, the
sensor was immersed in phosphate buffered saline (PBS) and the time course of the reflection spectrum
was acquired when the DA was added into PBS to bring the final concentration to 1 uM. As a result,
the deformation of the deformable membrane was observed only in the presence of DA, and the spectral
response owing to the adsorption of DA was acquired, suggesting the feasibility of detecting
neurotransmitters.

In this study, we realized the label-free detection of proteins and neurotransmitters in liquids and
gas molecules in air using the proposed sensor and demonstrated the feasibility of a sensor that can
detect molecules of various sizes. We expect that the realization of the device that has no restriction
on the size of detectable molecules and can measure the adsorption process of target molecules in real -
time will become an innovative basic technology in medical research.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Importance of biomolecular detection in disease diagnosis

Because of recent advances in medical technology, lower mortality rates, and
longer life expectancy, the population of seniors aged 65 and older in Japan is
expected to increase rapidly to 37.16 million, or approximately 30% of the total
population, by 2030 according to estimates by the National Institute of Population
and Social Security Research [1]. According to the Ministry of Finance's social
security budget allocation for the 2020 fiscal year, medical care expenditure was
12,154.6 billion yen, equivalent to approximately 34% of the total budget, which
continues to increase each year with a rapidly ageing society. Diseases must be
detected early before they become critical to reduce ever-increasing health care
costs. Considering cancer as an example, which accounts for approximately 30%
of deaths in Japan, the five-year survival rate for stage 1 colorectal cancer is
97.7%, whereas the rate for stage 4 colorectal cancer decreases to 43.9%.
Similarly, for lung cancer, the rate is 87.3% in stage 1 conditions, but is known
to decrease to 17.7% in stage 4 [2]. Therefore, the early detection of a condition
before it becomes severe is essential to reducing health care costs. However, since
the early stages of cancer onset do not exhibit subjective symptoms, detecting it
at an early stage is often difficult because it is often only discovered after a
physical condition is noticed.

The blood concentration of biomolecules, which increase because of certain
diseases contained in the blood, can be measured as an index to identify the
existence and degree of progression of various diseases at an earlier stage. The
biomolecules related to these diseases are called biomarkers, and if these
biomarkers can be detected from a minimal trace of specimens without labelling,
diseases can be diagnosed easily, rapidly, and inexpensively in areas with few
medical staff and small clinics. The demand for such point-of-care testing (POCT)
devices is escalating, and since the global market for POCT devices is expected
to increase to 46.7 billion dollars by 2024 [3], such device development has been
attracting increasing interest.

When a human being is infected with viruses or cells are exposed to stress,
various molecules are released as a molecular pattern from the lesion site to the
dendrites and macrophages (Fig. 1.1), and their concentrations gradually change

[4]. Therefore, the comprehensive detection of these biomarkers would enable
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Chapter 1. Introduction

patients with brain dysfunctions and infections to be treated appropriately with
the progression of the disease and the probability of mortality and sequelae would
be reduced. A sensor that can detect molecules of various sizes should be

developed to detect these molecular patterns.
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Figure 1.1: Schematic diagram of the molecular patterns released when a pathogen

enters the body (left) and when cells are exposed to localized stress (right) [4]
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1.2 Methods used for biomolecular analysis

Methods to detect target molecules in a sample by separating and analysing
each component of a sample or by specifically adsorbing target molecules to a
sensor have been devised. In this section, we introduce the common methods used

to separate or adsorb target biomolecules from a sample.

1.2.1 High-performance liquid chromatography

High-performance liquid chromatography (HPLC) is an analytical method of
identifying components in a sample based on the time response of the sample
solution to component-by-component separation and the arrival of the sample at
the detector. As shown in Fig. 1.2, an eluent is pumped through the pump at a
constant flow rate. Additionally, a component separation layer of silica gel or
synthetic resin packing material of a few pum to a few dozen pm in size, called a
column, elutes the mixture containing the sample over time. Since a time lag
exists between the eluted components reaching the detector (Fig. 1.3), the
concentration of each component can be measured after separating the components
contained in the sample by acquiring the time response of the component-derived
signals. Common detectors include mass spectrometers that ionize the separated
components to obtain the mass-to-charge ratio of the ionized components,
ultraviolet (UV)/visible detectors that can measure substances with absorbing
components in the UV region, and fluorescence detectors that detect the
fluorescence produced by irradiating the sample with excitation light, etc.
Additionally, the appropriate detector must be selected based on the analyte used.
In 2018, according to a report, two diode array detectors and electrochemical
detectors were incorporated into HPLC: tryptophan (TRP), an essential amino acid
present in plasma, and kynurenic acid (KYA), which has been linked to several
diseases such as cardiovascular disease, Alzheimer's disease, and dementia; they
were detected at concentrations of 1-10 and 0.02—1 pg/mL, respectively, and their
limits of detection (LODs) were reported to be 5 and 4 ng/mL, respectively [5].
While it has been widely studied as a high-performance analyser capable of
detecting multiple target molecules, there are problems when detecting several
types of molecules: the temporal resolution is reduced from a few minutes to
several tens of minutes; the real-time response is lost; the appropriate eluent,
column, and detector must be selected for each detection target; and the entire

system is large and not portable.
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Figure 1.2: Schematic diagram of HPLC
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Figure 1.3: Schematic diagram of the time response of the components to be
separated in a column. In a sample with two components mixed in, two signals of

component origin are output in the time response waveform.
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1.2.2 Enzyme-linked immuno-sorbent assay

The enzyme-linked immuno-sorbent assay (ELISA) is a technique to measure
the absorbance of light produced by adsorbing enzyme-labelled antibodies to an
antibody bound to an antigen molecule, and then a solution of chromogenic
substrates (a substance that emits colour by reacting with an enzyme) is added.
The most widely used technique to detect target molecules using the sandwich
method is shown in Fig. 1.4. With this technique, the target molecules are bound
to pre-immobilized antibody molecules on a well microplate and then adsorbed
with secondary antibodies labelled with the enzyme. Dropping a solution
containing the chromogenic substrate into this solution causes an enzymatic
reaction, which changes the pigments of the chromogenic substrate. The
concentration of the target molecule can be measured by the shading of this dye
using an absorbance meter. The volume per chamber of a typical well microplate
is approximately a few pL, and the target molecules that enter this chamber are
measured. Therefore, lower concentrations of target molecules can be detected if
the volume of the chamber is designed to be as narrow as possible to limit the
number of molecules that can enter the chamber to a single molecule. This concept
is called the digital ELISA the signal is counted as 1 when a colour change occurs
in the chamber and 0 when it does not (Fig. 1.5). In the digital ELISA developed
by Kim et al. at the University of Tokyo in 2012, in a device narrowing the volume
per chamber to 1 fL (Fig. 1.6), the prostate specific antigen (PSA), a known
biomarker for prostate cancer was successfully detected with a LOD of 60 ag/mL
[6]. While the detector succeeded in detecting biomarkers with the highest
sensitivity among existing biomarker detectors, it had several problems: a
labelling agent had to be applied to many samples, a proficient technician was
required during the detection process, the device was large and expensive, and
the real-time response of adsorbed target molecules (adhesion process) could not

be obtained.
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1. Antibody 2. Target 3. ELA 4. ER by
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Figure 1.4: Detection principle of target molecules by ELISA. The figure shows
a schematic diagram of the case using the sandwich method.
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Figure 1.5: A digital ELISA concept that enables single-molecule detection by
limiting the chamber volume of the well plate compared to conventional ELISA

methods [7].
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Figure 1.6: Digital ELISA device that narrows the volume per chamber to 1 fL.
(a) Photograph of the device and (b) schematic diagram of the cross-sectional

structure and (c) microscope image when the beads were captured by chamber [6].
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1.3 Label-free biosensors using ELISA

Conventional HPLC and detection methods using labelling agents through
ELISA have several problems: the equipment is very expensive, a proficient
technician is required in the detection process, and the response of the adsorption
process of the target molecule cannot be acquired in real-time. Therefore, we
introduce the detection methods and research trends of various devices, using
ELISA-based label-free biosensors as an example, which are currently being

developed as devices that can easily detect target molecules.

1.3.1 Quartz crystal microbalance

A quartz crystal microbalance (QCM) is a mass-change sensing device that
detects the tiny mass changes that occur uniformly on the surface of electrodes
formed on a crystal owing to the resonance frequency changes caused by the
inverse piezoelectric effect; it is widely used for gases and liquids. When a
substance is adsorbed on the surface of a quartz crystal vibrating at a resonant
frequency, the resonant frequency decreases with its mass and increases with
desorption. The relationship between this resonance frequency and the mass of
the adsorbed material was described in 1959 as Sauerbrey's equation [8]:

268 f

- Am=———0 11
Afopla T 0442X 1054 1.1

Af =

where fy is the fundamental resonant frequency (Hz) and A4 is the effective surface
area (cm?) of the crystal. With respect to the electrochemical measurement device,
referring to the QCM manufactured by BAS, which is widely developed,
manufactured, and sold in Japan, the fy is 7.995 MHz and 4 is 0.196 c¢m?; thus,
the frequency change of 1 Hz corresponds to approximately 1.4 ng. This detection
method can add detection selectivity to the sensor by changing the sensitive film
on the surface of the electrodes, and many applications to biosensors as well as
chemical sensors have been reported [9]-[15]. In 2008, a biosensor integrated
with a flow path on top of a QCM sensor was developed and reported to
successfully detect illegal drugs such as vaporized cocaine ecstasy (Fig. 1.7) [14].
In 2009, it was reported to successfully detect C-reactive protein (CRP), a
biomarker for cardiovascular disease, with a minimum detection limit of 0.130
ng/mL [9]. Additionally, as an example of virus detection, a 2013 study detected
the bird flu virus H5N1 within 30 min [15]. It is already available on the market

as a high-performance sensor because of its versatility. Although the sensor
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performance can be improved by reducing the effective surface areca of the quartz
crystal, reducing the size and array of the crystal is difficult because it is a bulky

device.
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Figure 1.7: Cross-sectional and top view of the QCM biosensor with integrated
flow path (top) and schematic diagram of molecular adsorption and desorption on

the sensing area (bottom) [14].

1.3.2 Surface plasmon resonance

The surface plasmon resonance (SPR) method detects the response of a
molecule to the adsorption on a sensor chip as a change in the angle of loss of
reflected light caused by surface plasmon resonance. When light is irradiated on
media with different refractive indices, if the angle of incidence is greater than
the critical angle, total reflection occurs at the interface between the mediums
and evanescent waves, which are electromagnetic waves, are generated on the
surface of the medium with low refractive indices. Evanescent waves are standing
waves whose intensity decays exponentially with the distance to the interface,
and they stay only near the interface, making them an effective tool for measuring
physical phenomena occurring at the interface of a medium in real-time. As a

sensor that resonates with surface plasmons excited on the metal surface using
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this evanescent wave, a Kretschmann configuration with a prism in close contact
with gold (molecular adsorption layer) is used as shown in Fig. 1.8. By placing a
thin layer of gold between the prism and the liquid, the gold surface plasmons
react strongly to light and generate surface plasmon waves. In scenarios where
the incident light is totally reflected (when the wavenumbers of the two surface
waves coincide), it resonates in combination with the evanescent wave, and part
of the energy of the incident light is used to excite the SPR, thus reducing the
amount of light detected as reflected light. Since the angle at which the SPR is
excited (the resonance angle) depends on the refractive index on the metal film,
the antibody molecules on the gold film capture the antigen molecules and the
refractive index of the interface changes, which changes the resonance angle. The
amount of change in the resonance angle varies with the concentration of the
target antigen molecule, facilitating the quantitative assessment of any antigen

molecule from the sample solution.

S';ifrcte \ Detector a mass change
) Prism\/ >
Gold 4 7 Surface z
vy X WE A LXK A
Microchannel “ & < Antigen Resonance angl(;l ent angle

Figure 1.8: A detection method using surface plasmon resonance. Schematic cross-
sectional structure of the sensor before (left) and after (centre) antigen adsorption
and the angular change in surface plasmon resonance due to the antigen—antibody

reaction (right).

Biomarker detection using this method was reported from 2004 to 2008 with
LODs 0of 0.15-10 ng/mL for PSA, a well-known cancer marker [16]-[21]. In 2007,
a biosensor that integrates microfluidic channels using poly(dimethylsiloxane)
(PDMS) on a glass substrate and images the spatial phase variation of SPR on-
chip was reported (Fig. 1.9) [17]. With this sensor, rabbit IgG was successfully
detected at a concentration of 0.5 pg/mL. Furthermore, in 2012, a smartphone-
based SPR detection device successfully detected anti-human B2-microglobulin in

serum and its LOD was 0.1 pg/mL [22].
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The advantages of these detection methods are that the light does not pass
through the sample solution; therefore, it is not easily affected by the presence
of opaque liquids or bubbles, and only the properties of the medium within 1 pm
from the surface of the sensor contribute to the SPR; thus, the amount of sample
solution used is very small. However, in smartphone-based methods, since the
pixel pitch and pixel design of the screen is different in each smartphone and the
design value of the PDMS coupler must be changed each time to adjust the light-
gathering angle, it lacks versatility. In addition, the prism-based method uses an
optical system that requires detailed alignment, such as a laser or position
sensitive detector (PSD) for the detection system, which makes the equipment
large and difficult to achieve at a low cost. With these detection methods, optical
elements such as bulk prisms and PDMS couplers focus the incident light on a
localized area, which limits the number of biomarkers that can be measured in

one measurement and detecting multiple biomarkers simultaneously difficult.
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Figure 1.9: A two-dimensional array SPR phase imaging device using surface
plasmon resonance[17]. (a) Schematic diagram of the sensor structure and (b)

fabricated device photograph.
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1.3.3 Field-effect transistor

An insulated-gate field-effect transistor (IGFET) is a device that detects
changes in channel electron density caused by changes in charge density at the
gate dielectric surface as the drain current changes. As shown in Fig. 1.10, during
measurement, the probe DNA is immobilized beforehand on the gate insulator film
of the IGFET and immersed with the reference electrode in the sample solution.
In this state, with the substrate side connected to ground, current flows from the
source to the drain of the IGFET. Since the electron density of the channel near
the substrate surface depends on the voltage applied to the reference electrode as
well as the charge of the DNA on the gate insulator, the change in charge density
towing to hybridization can be detected using the electric field effect.

(a) i| RE (b) .
i) G — ;>0

electrolyte ds-DNA 1

S pSi D depletion of carriers
ssnm% %g | f conductance decrease

gate insulator
=

Sourca— El:a;r;u; Draln “) ¢ VG <
p-Si ol g psﬁ{w D accumulation of carriers

— conductance increase
Vsd

Figure 1.10: DNA detection method using planar field-effect transistors. (a)
Schematic diagram of the sensor and (b) Charge density change by DNA
hybridization. [23].

This method detects the charge change in the Debye length, which is formed
in a region of several nanometres from the semiconductor surface, and the Debye

length in the solution can be calculated using the following formula [24]:

A, = 1 (1.2)

/477:[3 ZiPizi2

where /p is the Bjerrum length (= 0.7 nm), p; is the molar concentration per unit
volume of ionic species (mol/L), and z 1is the ionic valence. The Debye length
in a typical phosphate-buffered saline (PBS) corresponds to 0.7-2.2 nm at 1-10
times dilution of salt concentration. Therefore, it is useful for measuring
substances with molecular sizes typically below 2 nm, such as DNA and RNA.
However, in methods using antigen—antibody reactions for biomarker detection,

11
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the typical size of antibody molecules is greater than 10 nm, which causes the
antigen molecules to bind in a region beyond the Debye length. In other words,
detecting large molecules is difficult because of the antigen—antibody reactions
[25]. This is because antibody molecules are typically larger than 10 nm, causing
the antigen to bind in a region beyond the Debye length. Therefore, as shown in
Fig. 1.11, methods of forming nanostructures smaller than the Debye length on
the sensor-sensitive membrane and modifying the side of the nanostructures [26]
or using fragment antibodies or small aptamers isolated only from the adsorption
site of the antibodies as receptors [27] have been reported. In addition to these
techniques, in a 2017 study, the Debye length was extended to 7 nm by diluting
the salt concentration in PBS 100-fold in silicon nanowire field-effect transistor
(SiNW-FET) and PSA was detected with a LOD of 23 fg/mL (Fig. 1.12) [28].
While it has been widely studied as a high-performance sensor, the salt
concentration in the buffer solution must be diluted more than 100 times to extend
the Debye length, which makes measuring in an actual biological environment
difficult. Therefore, it is expected to be applied as an effective tool for the
detection of DNA and neurotransmitters that do not require Debye-length

extension for measurements in a biological environment.

Nano structure
\
\

Fragment
Measurement solution Aptamer Antibody antibody
\ __________________ (1~2nm) (10 ~ 20 nm) (1~2nm)
Debye length - target
probeb@@-\\g)/ Extension reaction =y - - . L L L
Si,N, parallel to gate surface Debve length
sio, M S—__ (~y5 nm? ? *
205252525
p-Si electron

Figure 1.11: Methods for detecting charge density changes within the Debye
length on a FET sensor. Method using the sidewalls of nanostructures [29] and

method using aptamers and fragment antibodies [30].
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Figure 1.12: Detection method using SiNW-FET [28]. (a) SEM image of the
fabricated device. (b) Schematic diagram of the molecularly modified interface using
gold mnanoparticles and fragment antibodies. (c) Relationship between PSA

concentration and output current.
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1.3.4 Surface-stress sensor

A surface-stress sensor is a sensor that detects small changes in adsorption on
a structure with a non-substrate area, such as a cantilever or bridge structure. The
surface of the cantilever has a layer of receptors that adsorb target molecules,
such as antibodies that capture them; when the molecules are adsorbed, stress is
applied to the surface of the cantilever because of molecular interactions, causing
deflection. Two methods are used for this: one to detect the static deformation of
the cantilever at the time of molecular adsorption [31], and the other to detect the
change in resonance frequency due to the change in mass at the time of molecular
adsorption [32]° the former is called the static mode and the latter the dynamic
mode (Fig. 1.13). In the dynamic mode, miniaturizing the system is difficult
because a circuit is required to excite the molecules for detection, and the Q-
value of the resonance is reduced in liquids, which degrades the performance.
Thus, for the real-time detection of molecular adsorption in liquids, the static
mode is preferable. In this section, we present detection methods and the
performance of reflection angle displacement sensors, capacitive readout sensors,
piezoresistive sensors, and optical interferometric sensors for the detection of

cantilever deflection in the static mode.

STATIC MODE DYNAMIC MODE
(surface stress) (microbalance)

Figure 1.13: Cantilever-based surface stress sensors [33]. A method to detect
static displacement (left) and a method to detect resonance frequency change

based on mass change (right) during molecular adsorption.
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1.3.4.1 Optical type

An optical readout sensor is a sensor for the optical detection of the deflection
of a cantilever because of molecular adsorption. The deflection due to molecular
adsorption is detected as the angular change of the reflected light while the
cantilever is irradiated by a laser beam [34]-[39]. An example of biomarker
detection using this method was reported in 2001, where PSA concentrations from
0.2 ng/mL to 60 pg/mL were detected, demonstrating a wide dynamic range (Fig.
1.14) [34]. In a 2005 study, by using single fragment antibodies to fix the
antibodies on a cantilever, the amount of deflection during the antigen—antibody
reaction was increased and a biomarker with a LOD of 15 nM was successfully
detected in 10 min [39]. Furthermore, in 2014, PSA was successfully detected
with a LOD of 0.1 fg/mL using a method that combines the static and dynamic
modes (Fig. 1.15) [40].

Each of the above-mentioned detection methods provides high sensitivity for
biomarker detection as well as shorter detection times and higher detection
reliability. However, the problems are the high cost because of optics requiring
accurate alignment, the difficulty of miniaturization, and the difficulty of
measuring in opaque liquids such as blood. Therefore, sensors developed to solve

these problems are introduced in the next section.
Position-
sensitive
detector Laser

Micromechanical
cantilover

Liquid
input
Glass slide

Thermoelectric
coolar

Temperature
sensor

Figure 1.14: Reflection angle displacement detection system during laser

irradiation [34].
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Figure 1.15: Detection method that combines static mode and dynamic mode [40].
(a) Schematic diagram of molecular modification on a cantilever using a reflective
angular displacement detection system and gold nanoparticles during resonant
driving of a device. (b) Enhancement of wavelength selectivity of scattered light
using internal reflection of the cantilever and its spectral distribution. (c¢)
Relationship between scattered light intensity and biomarker concentration and

error probability for each detection method.
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1.3.4.2 Capacitive type

A capacitance readout sensor is a sensor in which a cavity on Si is encapsulated
by a polymer material with a low modulus of elasticity, and electrodes are placed
at the top and bottom of the polymer material to detect the change in capacitance
between the electrodes corresponding to the deformation of the film upon
molecular adsorption. Conventional surface-stress sensors with a cantilever
structure have the problem of decreasing the amount of deformation when
molecules are nonspecifically adsorbed on the backside of the cantilever [41], but
by selecting a dome structure (Fig. 1.16), which prevents nonspecific adsorption
on the backside, and by selecting a low modulus polymer material as a deformable
film, the deformation of the sensor can be improved [42]. The main parameters
that determine the detection performance of the sensor are the molecular
adsorption layer and the coverage of the gold electrode used as the top electrode
to the polymer material and the air-gap length between the capacitor electrodes.
Since the gold film on top of the polymer material determines the stiffness of the
film, the reduction in membrane deformation can be minimised by decreasing the
coverage ratio. However, since the capacitor capacity is proportional to the area
of the electrode, there is a trade-off relationship with the amount of membrane
deformation. Similarly, the shorter the air-gap length between the capacitor
electrodes, the greater the capacitance, but the adhesion of the polymer material
to the lower electrode during the formation of the hollow structure can result in
device failure. Therefore, in 2006, the above parameters were optimized and a
capacitive readout sensor using parylene C as the polymer material was reported
to successfully detect organic vapour molecules including isopropyl alcohol (IPA)
and toluene entering a nitrogen atmosphere [43]. However, the capacitance change
due to membrane deformation is approximately 0.15 pF at most, which makes the
detection performance low compared with other surface-stress sensors and their
practical use difficult. Surface stress sensors have been reported to successfully
detect Staphylococcus aureus by targeting bacteria that are larger than gas
molecules because the amount of deflection that occurs increases with the size of
the adsorbed object (i.e. the greater the amount of charge of the object to be
measured) [44][45]. In this report, the use of PDMS, which has a modulus three
orders of magnitude smaller than that of parylene C, in the polymer material
shown in Fig. 1.17, resulted in a change in the inverse volume of 4.275 x 102 pF-
' bac/mL. It achieved a performance approximately 10 times higher than
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conventional capacitive readout sensors. Since the cavity of this sensor is not yet
sealed and the sensor is still in its unfinished state, it is hoped that the sealing
process can be established in the future to prevent non-specific adsorption on the
backside of the deformable membrane and make the sensor more convenient for

bacterial detection.

Parylene membrane M A M b M M

Top electrode

Air gap (ga)
9a Bottom electrode

Substrate
Probe Target
Section A- A M "o o

Figure 1.16: Schematic diagram of device structure and capacitance change due

to molecular adsorption in capacitive readout type sensor [43].

1: top electrode

2 and 3: release hole for
dissolution of spacer layer

4: fairlead
5: free standing membrane
6: bottom electrode

Gold electrode
" Silicon substrate
B PDMS thin fim
I Chromium

Figure 1.17: Proposed sensor design and cross-sectional structure in capacitive

readout type sensor using PDMS [44], [45].

1.3.4.3 Piezoresistive type

A piezoresistive sensor is a sensor that detects the change in electrical
resistance by implanting impurities such as B into Si, which causes the band
structure to change when a stress or strain is applied to the impurity-implanted
region. A Wheatstone bridge circuit is used to detect the piezo-resistance change
(Fig. 1.18). The bridge circuit consists of a cantilever to be measured and a
cantilever without a molecular adsorption layer as a reference. When a DC power
supply (Vs) is applied to the bridge circuit, current flows in the diagonal ground
direction; thus, a potential of V; is determined by the resistance ratio of the
measuring and reference cantilevers. As the piezoresistance of the measurement
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cantilever changes because of molecular adsorption, this resistance ratio changes;
thus, Vi changes. By measuring the potential difference between V; and V», the
amount of deflection of the cantilever can be calculated. As an example of
biomarker detection using this method, a study detected PSA and CRP at a
concentration of 10 ng/mL each in 2005 [46]. The method does not require optics;
therefore, it has a low cost, is easy to miniaturize, does not require laser
alignment, does not require metal reflective coatings, and can be used in opaque
liquids, among many other advantages. Since this method was developed, it has
increased the stress sensitivity to 5.7 mN/m by applying parylene C, which has a
Young's modulus two orders of magnitude lower than that of Si, to the cantilever
material to improve the surface-stress sensitivity of the sensor [47]. However, to
support the piezoresistive region, parylene C must be designed with a thickness
of a few micrometres, which makes reducing its thickness difficult, and many
researchers attempted to improve the performance of piezoresistive sensors, but
only a 10% was achieved. However, in 2011, Yoshikawa developed the membrane-
type surface-stress sensor (MSS), which achieved a performance comparable to
that of an optical readout sensor [48]. Yoshikawa reviewed the conventional
cantilever structure and proposed a stress-concentrated structure by forming a
small knot at the fixed end of the cantilever (Fig. 1.19) and proposed a membrane-
type structure with four fixed end stress sensing parts to improve the performance.
In 2012, she developed a second-generation MSS that optimized the film shape
and stressed parts, realized two-dimensional arrays, and improved the sensitivity
of surface stress to 0.1 mN/m, which was three to four times higher than the first-
generation MSS [49]. Since this report, a structure that concentrates stress on the
piezoresistive part by a similar method has been proposed, and in 2014, the
nanomechanical membrane (NMM) sensor (Fig. 1.20) developed by Omidi et al.
could detect PSA with a LOD of 0.6 ng/mL [50]. However, since the diameter of
the membrane was extended to approximately 800 um to increase detection
sensitivity, the degree of integration per unit area is low, which results in a

decrease in throughput.
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Figure 1.19: Membrane-type surface-stress sensor using piezoresistive change

[48]. They proposed a structure that concentrates the stresses near the fixed end.
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Figure 1.20: (a) Schematic diagram and (b) SEM image of the fabricated device

and (c) PSA concentration vs. output voltage [50].
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1.3.4.4 Optical interferometric type

The optical interferometric sensor proposed by our laboratory uses the Fabry—
Perot interferometer, which transmits only light of arbitrary wavelengths from
irradiated light containing various wavelengths, to detect target molecules
adsorbed on the interferometer by outputting the nonlinear change in intensity of
the incident light as a photocurrent using a photodiode. As shown in Fig. 1.21(a),
two reflection mirrors (reflectance r, transmittance ¢) are placed parallel to each
other at a distance of d. When the light E; is injected into these mirrors at an
angle 6 from the perpendicular component, multiple reflections occur between the
mirrors. The light passing through the mirror (E£7) will be a superposition of each
component wavefront transmitted after receiving an even number of reflections.
The transmitted light is maximal when there is no phase difference between each
component wavefronts, and at other wavelengths cancelling interference occurs
between each transmitted component wavefronts and the transmitted light is
reduced. If the film is sufficiently thin such that the effect of light interference
in the reflecting mirror is negligible, the wavelength transmittance (7) of the

transmitted light is expressed as

1 4mmdcos0 ]
T = , 60=—— (m . integer numbers) (1.3)
Ay si 2(6) A
rsin? (5
L))
(1-7)*

where 0 represents the phase difference between adjacent transmitted light. The
relationship between transmittance and wavelength is shown in Fig. 1.21(b),
where the transmittance is greatest for a phase difference of sin(d/2)=0.
Additionally, the higher the reflectivity of the mirror, the better the wavelength
selectivity of the transmitted light.
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Figure 1.21: (a) Schematic diagram of principle of multiple reflections and (b)

characteristics of transmission wavelength in Fabry-Perot interferometer.
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This sensor employs a deformable membrane above a silicon photodiode, which
flexibly deforms towing to surface stress. The Fabry-Perot interferometer
comprises a deformable film, an air gap, and a silicon dioxide layer for
passivation of the photodiode (Fig. 1.22). Surface stress caused by repulsion
between antigen molecules adsorbed to antibody molecules on the deformable
membrane causes the central portion of the membrane to deflect upward ((D-2)).
This mechanical displacement is converted to a change in the transmittance of the
interference spectrum (@) and output as a photocurrent by a photodiode (@),
which enables us to convert the small amount of displacement of the deformable
membrane caused by the adsorption of the target molecules into a photocurrent.
Since this surface-stress sensor can use parylene C with a thin film of
approximately 100 nm as the deformable membrane material, the surface-stress
sensitivity can be expected to increase by more than two orders of magnitude
compared with the piezoresistive sensor using parylene C as a cantilever material

[47], [51], [52].
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Figure 1.22: Schematic diagram and detection principle of the surface stress

sensor based on a MEMS Fabry—Perot interferometer [52].

In our laboratory, we developed a device that integrates microfluidic channels
on a MEMS interferometer which can reduce the time required for the antigen—
antibody reaction by concentrating the antigen in a narrow space between
antibodies. As shown in Fig. 1.23, the specimen is pumped from the inlet by a
syringe pump and the target molecule included in the specimen is adsorbed on the

sensor via microfluidic channels. When PBS and bovine serum albumin antibody
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(anti-BSA) at a concentration of 100 ng/mL were pumped into this microfluidic
channel at 1 pL/min, the photocurrent response (Fig. 1.24), in which the
deformable membrane sinks downward because of liquid pressure and deflects
upward because of changes in surface stress at the time of antibody molecule
adsorption, suggests the feasibility of biosensing in liquids in this sensor [53].
At this stage, the sensor has not yet obtained an output response because of the
antigen—antibody reaction; therefore, establishing an interface to adsorb antigen
molecules onto the sensor will enable arbitrary molecular detection using the

antigen—antibody reaction.

F P

Figure 1.23: MEMS optical interferometric surface stress sensor integrated with
microfluidic channel [53]. (a) Photograph of the device and (b) an optical

microscope image and (c) a magnified view of the sensor.
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Figure 1.24: (a) Pressure response to PBS and (b) surface stress response to anti-

BSA [53]
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1.4 Current status and challenges of biosensors in biomarker

detection

Table 1.1 summarizes the characteristics of the biosensors described until the
previous section. Assuming the application to the screening of diseases by
detecting biomarkers, a sensor, which has a small area per single element and is
capable of multi-biomarker detection, is required. SPR and QCM sensors, which
use bulk prisms and crystals and require detailed alignment optics, also have some
problems: difficulty in simultaneously measuring multiple markers on a single
sensor element and the amount of antibody reagents required for a single
measurement increases, making it difficult to achieve at low cost. Therefore,
detection methods through FET and MEMS surface-stress sensors are considered

to be suitable for biomarker detection.

Table 1.1 Summary of pros and cons in each biosensor

Sensing Multi-
Sensor type 5 biomarker Note Ref.
area (pm°) detection

Detection performance

QCM 6.4 x 107 Difficult decreases in liquid [9]
measurement
Require detailed alignment

SPR N/A Difficult optics [17,18]

(Difficult to miniaturize)

Difficult to detect
FET 6 Possible macromolecules exceeding [28]
Debye length

Difficult to detect small

Surface Stress Sensor molecules.

6.4 x 10° Possible I . . . [54]
(Piezoresistive type) ntegration per unit area 1s
low.
Surface Stress Sensor Detection performance can be
7.9 x 103 Possible improved without expanding N/A
(This study) sensing area

Fig. 1.25 shows the size and type of molecules that each sensor is suitable for
detecting using FET and MEMS surface-stress sensors. FET sensors are suitable
for the detection of small neurotransmitters and gas molecules because the size
of detectable molecules is limited to a few nm owing to the Debye length
limitation. However, the mechanical displacement caused by the repulsive
Coulomb force between adsorbing molecules is limited by the material properties
of the MEMS surface-stress sensor, which makes detecting small displacements
of small molecules difficult. Thus, the MEMS surface-stress sensor is suitable for

detecting high concentrations of gas molecules and macromolecules. Therefore,
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the sensor, which can comprehensively detect a variety of molecules from small
to large ones in a biological environment without extending the Debye length, has
not been realized.

The proposed MEMS optical interferometric surface-stress sensor is expected to
improve the sensitivity of surface stress by two orders of magnitude or more
compared with conventional MEMS surface-stress sensors, and it can detect small
changes in surface stress. In other words, the high sensitivity of the sensor is
expected to enable it to detect small molecules that have been difficult to detect
using conventional surface-stress sensors. We expect that the realization of the
device with no restriction on the size of detectable molecules and can measure
the adsorption process of target molecules in a biological environment in real-
time will become an innovative basic technology in medical research. Such a

sensor can be achieved by improving the detection sensitivity of the sensor.

Detection range of this study
FET sensor MEMS Surface
(within Debye length) Stress Sensor
Gases) |Neurotransmitters Proteins
Ethanol Dopamine PSA
Acetone Adrenaline BSA
IPA Serotnin HSA
< > < > —>
| | | | | | >
10! 102 103 104 10° 106

Molecular weight (g/mol)

Figure 1.25: Detectable molecular size in FET and MEMS surface stress sensors

1.5 Factors determining the deflection amount of the deformable
membrane in the optical interferometric surface-stress

sensor

In a surface-stress sensor, the amount of deflection of the moving part that
occurs during molecule adsorption (Fig. 1.26) is expressed by the following
equation [51]:

’(1-v
OC¥AG

A
z Et2

(1.4)
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where z is the displacement, [? is the area of the movable part, v is the Poisson's
ratio, E is the Young's modulus, t is the thickness of the deformable part, and
o is the applied surface stress. The parameters that contribute significantly to the
amount of deformation are Young's modulus, area, and thickness, which are
derived from the material at a deformable part. Therefore, by reducing the Young's
modulus and thickness, and expanding the deformable membrane's area, the
amount of deflection during molecular adsorption can be increased. However, if
molecules are non-specifically adsorbed on the backside of the deformable
membrane, the amount of deformation is reduced because the surface stress in the
direction prevents the deflection caused by the target molecules adsorbed on the
top surface of the membrane. Therefore, to prevent molecules from adsorbing on
the backside of the membrane, researchers formed a dome-shaped structure to seal

the interior [43] or applied a special blocking treatment to the backside [55].

Static
displacement Az

Nonspecific
@ adsorption molecules

Figure 1.26: Schematic diagram of MEMS surface stress sensor when molecules
adsorption. Static displacement when target molecules adsorption (left) and

reducing the amount of deflection by non-specific adsorption (right).

1.6 Factors determining the limit of detection in the optical

interferometric surface-stress sensor

The proposed interferometric surface-stress sensor outputs the amount of
deflection of the deformable membrane as a current response of the photodiode,
which is caused by the transfer of the Coulomb repulsive force acting between the
adsorbing molecules to the membrane as surface stress. Since the charge of a
molecule in a liquid depends on the pH of the solution, the charge density in the
microdomain increases as the molecule is adsorbed on the sensor, and the Coulomb
repulsion force acting between the adsorbed molecules increases accordingly. As
shown in Fig. 1.27, when the immobilization density of the antibody molecules is

kept constant, the Coulomb repulsion force increases, and large deflection occurs
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when the concentration of the target molecule is high. However, at low
concentrations, the charge density and Coulomb repulsive force within the
microdomain on the sensor are reduced, resulting in a decrease in the surface
stress transferred to the membrane and a decrease in the amount of deflection, i.e.
a decrease in the output current. Therefore, if the photocurrent change
corresponding to the deflection of the membrane becomes difficult to detect
because it is buried in the dark current, that value will be the smallest (LOD) at

which the surface stress change can be measured.

WWW WY Antibody

Movable membrane

High
Coulomb concentration concentratlon
repulsive force

Deflection amount: Deflection amount:
Large Small

Figure 1.27: Effect of difference in concentration of target molecules on the
amount of deflection if the immobilization density of antibody molecules is

constant

In a previous study, to improve the LOD of a sensor by reducing the dark current
of the photodiode, we attempted to increase the photosensitivity of a photodiode
in Si by extending the width of the depletion layer between the impurity region
and substrate and forming a photodiode in a p-type substrate with an n-well layer
with a lower impurity concentration than the conventional n+ layer [56]. By
adopting this method, we succeeded in reducing the dark current from 573 to 200
pA using a light source with an intensity of 10 pW and a wavelength of 650 nm
(Fig. 1.28a). Based on the measured values, we obtained the amount of deflection

using the finite element method and the change in transmittance during deflection
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by optical analysis, and we calculated the LOD, which was estimated to be less
than 0.1 mN/m (Fig. 1.28b).

However, when a small change occurs in the surface stress near the LOD owing
to the adsorption of low-concentration molecules, the amount of change in the
transmitted light intensity to convert this change into a current is low, and the
amount of change in current output is very small (several tens of pA), making it
difficult to obtain a high signal-to-noise ratio for dark current values. To increase
the amount of output current for small surface-stress changes, the wavelength
selectivity of the interferometer must be improved. This problem can be solved
by increasing the gradient of the transmission spectrum of the Fabry-Perot
interferometer, resulting in increasing the amount of change in the transmitted
light intensity at the time of membrane deformation. That is, by designing the
wavelength selectivity of the interferometer, the degree of freedom to control the
signal conversion efficiency is obtained. Therefore, the techniques to improve

wavelength selectivity will be introduced in the next section.
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Figure 1.28: Relationship between (a) photosensitivity and (b) surface stress
change and photocurrent output in an optical interferometric surface stress sensor
[56]. The photodiode's dark current value determines the minimum detectable

surface stress value.

30



Chapter 1. Introduction

1.7 Increasing wavelength selectivity using a metal half-mirror

structure

For techniques to increase wavelength selectivity in structures based on optical
interference, reports on the introduction of dielectric multilayers and thin metal
films into half-mirror materials are available [57]-[60]. The former uses the
glancing angle deposition (GLAD) method, in which materials are deposited from
different angles onto a glass substrate, and a Fabry—Perot interferometer with
refractive index periodicity and high reflectance spectrum is constructed by
stacking high refractive index semiconductor material Ti with nanometre
periodicity (Fig. 1.29). The incident light on the interferometer is multiply
reflected by layers of Ti thin films stacked at nanometre intervals, and the
wavelength selectivity is increased by selectively transmitting light of the same
phase, and the full width at half maximum (FWHM) in the infrared region is

successfully narrowed to 2.56 nm.
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Figure 1.29: Fabry-Perot Interferometer with dielectric multilayers M. (a)

Schematic diagram of the four-layered structure using GLAD and Parylene C and
(b) cross-sectional SEM image. (¢) Transmission spectrum and (c¢) reflected

spectrum for one period in the infrared band.
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In contrast, the latter method proposes Fabry—Perot variable colour filters with
20-nm Au and Ag half-mirror materials deposited at the top and bottom via SiO;
spacers on a glass substrate for application to transmissive displays in the visible
light wavelength range [60] (Fig. 1.30). Half-mirrors deposited above and below
the interferometer increase the multiple reflections of the light incident on the
interferometer and improve the wavelength selectivity of the transmitted light.
Furthermore, by applying a bias between the mirrors, the electrostatic force
causes the movable mirrors to be in contact with the spacers and obtains an
interference colour of the optical path length determined by the thickness of the
spacers. By adopting an Ag mirror with high reflectivity and low absorption in
the visible region, the reproducibility of pixels displaying red and blue is

increased to 22% and 63%, respectively.
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Figure 1.30: Variable Fabry-Perot filter using Au and Ag in the half-mirror
material [60]. (a) the proposed transmissive Fabry-Perot structure and (b)

transmission characteristics in the red and (b) blue wavelength ranges.

Assuming that the optical interferometric surface-stress sensor proposed by our

laboratory is used in blood inspection, light with low absorbance wavelengths
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should be used for haemoglobin, water, and proteins in the blood. In the UV region,
the protein's structure is destroyed by light irradiation [61], [62], and in the near-
infrared region after 1100 nm, light absorption occurs because of the use of light
energy for the vibrational transitions when the OH and CH bonds of the protein
are irradiated to light [63]. In contrast, in the near-infrared region of 800-1100
nm, the higher harmonics and electronic absorption of the protein's CH, OH, and
NH bonds are very weak, and its permeability is excellent, making it suitable for
non-destructive and non-invasive analysis. Since this wavelength region is also
the region of high photosensitivity of Si photodiodes, constructing a Fabry—Perot
interferometer that transmits near-infrared light at 800-1100 nm is desirable. In
optical interferometers, parylene C as a deformable membrane and SiO, as a
protective film on the photodiode serve as the half-mirrors of the interferometer,
but these materials have less than 10% reflectance in the near-infrared wavelength
region; thus, the wavelength selectivity of transmitted light is poor (Fig. 1.31a).
This can be solved by introducing a metal with high reflectivity in the near-
infrared wavelength region into the half-mirror material (Fig. 1.31b). Although
the intensity of the transmitted light is reduced by the introduction of a highly
reflective metal, the reduction in intensity can be compensated for without
affecting the target molecule by adjusting the irradiation intensity using a highly
transmissive light with a wavelength of 800—-1100 nm as the incident light.
Therefore, the optimization of the sensor structure and materials for the
realization of an interferometer with metal half-mirrors was studied to improve

the wavelength selectivity of the interferometer.
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Figure 1.31: Schematic diagram of the cross-sectional structure and interference
characteristics of an optical interferometric surface stress sensor with (a) a
conventional structure and (b) a newly proposed metal half-mirrors with high

reflectivity in the near-infrared region.
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1.8 Aim of this study

In this study, we aimed to develop a sensor that can detect molecules of
various sizes without extending the Debye length. The MEMS optical
interferometric surface-stress sensor proposed by our laboratory can
comprehensively detect low-concentration molecules and small molecules,
which have been difficult to detect using conventional surface-stress sensors as
well as large molecules exceeding the Debye length by optimizing the
wavelength selectivity and geometry parameters of the interferometer. Therefore,
for a highly sensitive detection of target molecules of various sizes, we
fabricated interferometers with metal half-mirrors structure and cavity-sealed
structure with optimized geometry parameters, which can improve the detection
performance of the sensor and constructed bio-interfaces to adsorb molecules on
the sensor. Through these tasks, we aimed to develop a sensor for a label-free
and comprehensive detection of proteins and neurotransmitters in liquids and

gas molecules in air.

1.9 Outline

In this thesis, we develop a MEMS sensor which can detect proteins and
neurotransmitters in liquids and gas molecules in air for a label-free detection of
a variety of molecules from small molecules to large molecules. We evaluate the
effectiveness of the sensor by constructing a bio-interface on which each target
molecule can be adsorbed and obtaining the response of the adsorption of target

molecules. The outlines of each chapter are as follows:

Chapter 1

As a background, we describe the importance of detecting various biomarkers
ranging from small to large molecules and present the research trends and
challenges of conventional biosensors that have been successfully used for
biomarker detection. Additionally, several solutions to improving the detection
performance of the proposed optical interferometric MEMS surface-stress sensor
for the detection of low-concentration and small molecules that have been

difficult to detect using conventional MEMS surface-stress sensors are introduced.
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Chapter 2

The optical design of a MEMS interferometer with a metal half-mirror structure
and optimization of the structure and thickness conditions is introduced, as well
as fabrication of the device based on these findings to confirm the improvement

in wavelength selectivity.

Chapter 3

The construction of a bio-interface onto the interferometer with metal half-
mirrors for detecting macromolecular is introduced. After immobilization of
antibody molecules, the feasibility of biosensing using the antigen—antibody
reaction of this sensor is demonstrated by the acquisition of the reaction in which
the deformable membrane deflects upward because of the change in surface stress
at the time of antigen molecule adsorption. By calculating the difference in the
amount of deflection between selective and non-specific adsorption, the selective
detection of macromolecule is achievable. Furthermore, recent results, in which
a novel interferometer fabricated by our laboratory, that the concentration

dependence and LOD of protein are introduced.

Chapter 4

A cavity-sealed MEMS interferometer with high surface-stress sensitivity is
proposed to suppress the decrease in the surface-stress sensitivity and non-
specific adsorption on the backside of the deformable membrane, which have been
problems for interferometers with metal half-mirrors structures. The shape
parameters in the proposed structure are analysed, and the fabrication of the
device based on the knowledge obtained in the analysis is discussed. Considering
the application to the detection of gas molecules in the air in the fabricated sensor,
a polymer membrane which can be used for the detection of gas molecules in the

air and proteins in liquids is proposed.

Chapter 5

The membrane which has the characteristic of contraction or expansion upon
absorption of gas molecules is formed on the cavity-sealed interferometer. A
response dependent on the air-gap length of the interferometer upon exposure of
volatile ethanol gas to this interferometer was obtained. Furthermore, the

concentration dependence and LOD to volatile ethanol gas is evaluated.
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Chapter 6

The construction of a bio-interface onto the interferometer with a cavity-sealed
structure for detecting neurotransmitter is discussed. A molecularly imprinted
polymer (MIP) film, which can impart the same specificity to the sensor as well
as the antibody molecules, were constructed by forming the template of target
molecules. The composition of this MIP film and the formation of the
neurotransmitter template are evaluated. Using the MIP film which confirmed the
template formation, the detectability of neurotransmitters is mentioned by
comparing the sensor response because of the presence or absence of

neurotransmitters.

Chapter 7

The results obtained by this study and future prospects are summarized.
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Chapter 2. Investigation of metal half-mirror
structure for a MEMS interferometer

with high wavelength selectivity

2.1 Preface

In the MEMS interferometric surface-stress sensor, the LOD is defined as the
point at which photocurrent change corresponding to the deflection of the
membrane becomes difficult to detect because it is buried in the dark current.
When a small change in the surface stress near this LOD occurs, obtaining a high
signal-to-noise ratio for dark current values becomes difficult. This can be solved
by increasing the wavelength selectivity of the MEMS interferometer. By
increasing the amount of intensity change of the transmitted light caused by small
deflection of the membrane by improving wavelength selectivity, the output
response at low concentrations of the adsorbed target molecules is expected to
increase.

This chapter presents the selection of the mirror material and the optical design
of the interferometer for the realization of a metal half-mirrors structure, the
investigation of the coverage to suppress the decrease in the surface-stress
sensitivity of the sensor because of the mirror on the membrane, and the
comparison of the transmission intensity change with and without mirrors when a
small deflection occurs to improve the wavelength selectivity of the MEMS
interferometer. Finally, the fabrication process of the MEMS interferometer that
reflects the findings of these designs, and the results of the evaluation of the

fabricated interferometer's geometry and wavelength selectivity are presented.

2.2 Aiming for the detection of macromolecular biomarker
Various biomarkers exist for macromolecular proteins secreted by cells. As an
example, among patients infected with COVID-19, one of the common features of
patients who suffer respiratory failure and become severely ill is that the
concentration of interleukin-6 (IL-6) exceeds 80 pg/mL, which has been reported
to be highly correlated with severe illness [64]. Therefore, by achieving a
detection sensitivity of 80 pg/mL, it can be used for the screening of patients with
severe diseases. Various surface-stress sensors have been developed, and their
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detection limits and area per single element are summarized in Fig. 2.1. Assuming
the application to a simple Internet of Things (IoT) sensor, a sensor with a small
area per single element and a detection limit of low concentration are desirable.
The most sensitive one among conventional surface-stress sensors has an LOD of
0.1 ng/mL in the size of 10°-10* um? per single element. However, a surface-
stress sensor with an LOD less than 80 pg/mL has not been reported. Although
surface-stress sensors can increase the amount of deformation depending on the
area of the detection part, increasing the sensitivity while maintaining the degree
of integration is difficult since the increase in sensitivity results in a decrease in
the degree of integration. However, our proposed optical interferometric surface-
stress sensor can increase the sensitivity without expanding the area owing to the
design of the wavelength selectivity of the interferometer. Therefore, we aimed
to realize a sensor with a detection limit of less than 80 pg/mL in an area of

approximately 10°-10* pm?, which is equivalent to the area of conventional

devices.
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[34] G. W, et al., Nat. Biotechnol., 19 (2001) [66] M. G. Von, et al., Anal. Chem., 82 (2010)
[50] M. Omidi, et al., Procedia Eng., 87 (2014) [67] M. Yue, et al., Nano Lett., 8 (2008)
[65]J. Bausells, et al., Microele. Eng., 145 (2015) [68] K. S. Hwang, et al., J. Appl. Phys., 8 (2009)

Figure 2.1: Comparison of area per single element and LOD in each surface stress

sensor [34], [50], [65]-[68].
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2.3 Design of the MEMS interferometer
2.3.1 Optical design

Fig. 2.2 shows the proposed cross-sectional structure of the MEMS optical
interferometer with high wavelength selectivity. Parylene C, the Young’s modulus
of which is two orders of magnitude less than that of silicon, was used for the
movable membrane material, and a thin metal half-mirror was implemented as the
top and bottom part of the interferometer. Assuming this device is used for blood
inspection, a metal with high reflectivity is required in the near-infrared
wavelength region, where the absorption coefficient of haemoglobin and water in
blood is small and the responsivity of the photodiode formed in silicon is
sufficient. Fig. 2.3 shows the result of the rigorous coupled-wave analysis
(RCWA) of the relationship between the FWHM of the transmission wavelength
spectrum and the film thickness of Au/Ti, Ag, and Al which are generally used in
the semiconductor process. The film thickness of the mirror and the FWHM of the
transmission wavelength spectrum indicated an inversely proportional
relationship. Although the change in transmitted light intensity with the addition
of a mirror when the deformable membrane was displaced by 10 nm became 3.1%
smaller than the scenario without a mirror, the decrease in intensity without
affecting the molecule to be measured could be compensated for by utilizing light
with excellent transmittance at 800—1100 nm as the incident light. When the film
thickness of each mirror material was 50 nm, we observed that the FWHM was
5.2, 10.2, and 12.8 nm for Ag, Au/Ti, and Al, respectively. The analysis results
indicated that the sharpest interference spectrum can be contained when Ag was
selected as the half-mirror material, but several problems were encountered in
terms of tolerance to the etching gas at the release process, resulting in a
decreasing reflectance of the mirror. Additionally, the surface of the Ag was
oxidized during the dry-etching, which made immobilizing antibody molecules on
the Ag mirror impossible. Therefore, Au was selected as the half-mirror material
for process compatibility, although its wavelength selectivity is inferior to that
of Ag.

Based on the above conditions of half-mirror materials and thickness, Fig. 2.4
shows the optical analysis results for the change in the transmitted light intensity
for the 50 nm-thick Au mirror and no mirror scenarios. Comparing the two

structures, we observed that the spectral gradient increased in the proposed
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structure, and we estimated that the wavelength selectivity could be increased by

10.7-fold with the integration of Au mirrors.
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2.3.2 Mechanical simulation

We assumed that the stiffness of the movable film increases by adding the half-
mirror to the upper part of the deformable membrane and the surface-stress
sensitivity decreases. Therefore, we simulated the surface-stress sensitivity
associated with the coverage ratio of the upper half-mirror through finite element
method analysis using the software ANSYS. Figs. 2.5a and 2.5b show the analysis
model using ANSYS and results of the change in deflection of the deformable
membrane as a function of coverage of the 50 nm-thick Au half-mirror on the
parylene C deformable membrane. The analysis model had a sensing area diameter
of 100 um, and the thicknesses of the parylene C and Au films were 350 and 50
nm, respectively. Surface stress was applied to in-plane direction from the upper
edge of the parylene C film with reference to Yoshikawa's report [48]. Therefore,
surface stress was applied to the whole membrane, and when the Au half-mirror
was formed with a coverage of 10% on the sensing areca, the decrease in the
deflection amount could be suppressed to approximately 6%. For example, this
decrease in the surface-stress sensitivity could constitute a sensor with a
sensitivity equivalent to the initial sensitivity by reducing the film thickness of
parylene C by 10 nm. Thus, by appropriately designing the coverage ratio of the
upper half-mirror, only the wavelength selectivity can be increased without
decreasing the surface-stress sensitivity. Conversely, as the sensor size decreases,
forming a half-mirror with a small coverage rate becomes increasingly difficult;
thus, the MEMS optical interferometer was designed such that the coverage rate
of the upper half-mirror was 25%. This is because the decrease in surface-stress
sensitivity in this scenario can be suppressed to be approximately 20%.
Considering the area of Au to connect to the electrodes, the coverage is 34%, and
the decrease in the amount of deflection in this scenario is approximately 35%.
The simultaneous increase in surface-stress sensitivity and wavelength selectivity
can be achieved by searching for process conditions that increase the patterning

resolution of Au mirrors on parylene C.
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Figures 2.5: (a) Analysis model (b) relationship between the coverage of the Au

half-mirror on the movable film and the deflection amount of the membrane.

For an Fabry—Perot interferometer, a high flatness of the mirror surface is an
important parameter because it can suppress the scattering of the incident light
on the mirror surface and permits more light to enter the interferometer. Therefore,
the effect of the flatness of the mirror above the deformable membrane by the
integration of Au mirrors was evaluated using finite element analysis. Fig. 2.6
shows the difference in the amount of deflection at the centre of the membrane
and at a distance of 25 pm from the centre when the membrane deformed between
a conventional structure without mirrors and a structure with a 25% Au mirror
coverage. Comparing the difference in the amount of deformation between them,
we observed it to be 14.3 nm in the conventional structure without mirrors and
2.5 nm in the structure with integrated mirrors. This difference was due to the
increased stiffness of the film in the mirrored area and the support of the
membrane by the mirror, indicating that a flat upper mirror can be formed by the
integration of Au.

Interferometers with low mirror flatness cause the optical path length
immediately below the mirror to change in the centre and vicinity of the mirror
when the upper mirror is deformed during light illumination (Fig. 2.6a). In other
words, the light transmitted through the interferometer contains a transmitted

light component with reduced optical path length, resulting in a transmission
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spectrum with reduced wavelength selectivity (Fig. 2.6c¢). Therefore, by
integrating the Au onto a deformable membrane, the flatness of the upper mirror
of the interferometer is maintained when the movable film is deformed, permitting

light with highly selective wavelength to be transmitted.
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Figures 2.6: Deflection of the deformable membrane in (a) a conventional
structure without a mirror and (b) an Au mirror with 25% coverage when a surface
stress of 10 mN/m is applied. (c¢) Schematic diagram of transmission spectrum in

an interferometer with low flatness of the mirror.

2.3.3 Analysis of transmittance change to the deflection of

deformable membranes in liquids

To determine the relationship between the amount of deflection of the
deformable membrane and the change in transmitted light intensity when
molecules are adsorbed on the interferometer in a liquid, we calculated the
relationship between them through optical analysis using the analytical model
shown in Fig. 2.7, and the results are shown in Fig. 2.8. In this analytical model,
the analysis was performed under the condition of irradiating light from air while
the sensor was immersed in PBS. The analysis in Section 1.2.2 indicates that the
decrease in surface-stress sensitivity can be suppressed by designing the proper
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coverage of the upper half-mirror and the thickness of the deformable film.
Therefore, in this analysis, the comparison was based on the assumption that the
interferometer with an integrated Au half-mirror is an ideal structure with no
reduction in surface-stress sensitivity. While no significant difference was
observed in the amount of deflection below 1 nm, a maximum increase of 10 nm
in the air gap with increasing deflection was observed to result in a 52.93% change
when Au mirrors are added. The conventional structure without mirrors resulted
in a 4.93% change at the point of highest transmission intensity change. This
result indicated that the change in transmitted-light intensity because of small
displacements can be increased by 10.7-fold because of increased wavelength

selectivity.

PBS 2 um
(refractive index :1.333)

zzzzzzz222<— Au SO0 nm

Parylene C 350 nm
(refractive index :1.639)

<— Air gap 350 nm
<— Si0, 50 nm
vzzzzzz22<— Au 50 nm
<— Si0, 200 nm

<— Si Substrate

Figures 2.7: Optical analysis model of the MEMS interferometer in liquid.
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Fabrication procedure

Fig. 2.9 shows the fabrication procedure of the MEMS interferometer with high

wavelength selectivity. Considering the compatibility of the semiconductor

process for integration with the photodiode, the fabrication process of this

interferometer was based on a process that can be formed at less than 300 °C. The

details of the fabrication procedure are as follows:

(a)

(b)

(¢)

A 200-nm thick SiO; film was formed on a silicon substrate. This film had the
effect of electrically isolating the bottom Au half-mirror of the interferometer
and the n-diffusion layer in the Si substrate when the photodiode was
integrated. To form Au mirrors using the lift-off process, after patterning with
photoresist (THMR-iP3100HS LB 15cp), we used a high vacuum evaporator
(ED-1600, SANVAC) to deposit Ti with a thickness of 5 nm as a binder layer,
and then we deposited Au with a thickness of 50 nm. The wafer was then
immersed in acetone and two ultrasonic rinses were performed to form Au

mirrors while inhibiting the re-attachment of the stripped Au to the substrate.

A 120 nm-thick SiO, film on Au mirrors was deposited using a high vacuum
evaporator capable of low-temperature deposition. Exposure of Au to XeF,,
which was used during the formation of air gaps in the optical interferometer,
would have caused it to be etched; therefore, Si02 films were employed to

prevent this.

Following the SiO, deposition process in (b), the deposition source was
changed to Si in the same apparatus and a 400 nm-thick Si film was deposited.
Si has a property of being etched when exposed to XeF;, and because it
selectively etches only the air-gap region of the interferometer (the sacrificial
layer), the Si was processed into the shape of the sacrificial layer using a
reactive ion etching device (RIE-200F, SAMCO). Since the thickness of this
sacrificial Si film corresponded to the air-gap length of the interferometer,
the peak position of the interference spectrum could be controlled by adjusting
the thickness of the Si film to be deposited. In addition, since the XeF, used
during sacrificial layer etching diffused isotropically, a region that acted as a
side stopper to prevent lateral diffusion of the sacrificial layer was necessary
to form. A plasma chemical vapour deposition (CVD) device (PD-220NS,

SAMCO) using chemical vapour deposition was used to coat the sacrificial
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layer with a 500 nm-thick silicon nitride film, considering the etching

selectivity of XeF,, which enables a high coverage on uneven surfaces.

The Si3zN4 above the sacrificial layer was removed using reactive ion etching.
Before depositing the organic material parylene C to act as a deformable
membrane, the wafer was subjected to silane coupling treatment to improve
the adhesion between the inorganic and organic materials. The Si wafer was
immersed for 15 min in a mixed solution obtained by stirring IPA, deionized
water (DIW), and silane A-174 at a ratio of 100:100:1 for 2 h to apply silane
on it. After this interfacial treatment, a 350 nm-thick parylene C film was
deposited using a parylene coater device (PDS2010). This deposition method
can be used at room temperature and in a vacuum as well as CVD, which
reduces residual stress and permits a uniform film thickness regardless of

surface shape.

A 50 nm-thick film of Au, which served as a half-mirror on top of the
interferometer, was deposited using a high vacuum evaporator. The structure
of the interface between the upper mirror and parylene C was designed to
prevent mirror delamination by performing a silane coupling treatment be fore
Au deposition. Similar to the bottom Au mirror, the top Au mirror was formed
by the lift-off process. Subsequently, to expose XeF, to the sacrificial layer
just below the movable membrane, release holes were opened in a portion of
the movable membrane using a plasma dry cleaner (PX-250M, SAMCO). XeF:
was exposed to the sensor chip using a Si etch device (Xactix, Xetech E1-§)
without removing the photoresist used for this opening. Since the upper half-
mirror was covered by the photoresist and the lower mirror by a SiO; film that
acted as a protective layer against XeF,, and the sidewalls of the sacrificial
layer were covered using a silicon nitride film, XeF, selectively etched the
sacrificial layer Si immediately below the deformable membrane through the

release holes, and the air gap was formed.

The photoresist on top of the deformable membrane was dry-etched using a
plasma dry cleaner. In this process, both the photoresist and the parylene C
of the deformable membrane were etched in the same way; thus, parylene C
was deposited on the film with a thickness of approximately 20 nm larger than

the design value to compensate for the decrease in film thickness.
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In this fabrication process, appropriately designing the thickness of the SiO; in
(b) and the silicon nitride film in (c) was important. The prototype MEMS
interferometer did not have a silicon oxide film on the lower Au mirror and the
silicon nitride film was deposited with a thickness of 300 nm. Since the thickness
of the silicon nitride film was equivalent to the thickness of the sidewall, which
served as a side stopper during the etching of the sacrificial layer, this thickness
caused the sidewall to break before the sacrificial layer of a MEMS optical
interferometer with a 100 pm diameter sensing area was completely etched,
causing XeF; to leak out of the sensor (Fig. 2.10). In the etching of the sacrificial
layer, only a sensor with a sensing area diameter of 50 pm could be formed without
destroying the sidewalls, and its cross-sectional structure was observed using a
scanning electron microscope, which revealed that the lower Au mirror was etched
by XeF; for 22 nm (Fig. 2.11). Therefore, by changing the thickness of the silicon
nitride film to 500 nm and depositing a SiO; film on the lower Au mirror using a
low-temperature deposition method, we successfully formed a MEMS
interferometer with a sensing area of 100 pm in diameter while maintaining the

reflectivity of the Au mirror (Figs. 2.12-13).
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Figures 2.9: Process overview. (a) Patterning a bottom Au half-mirror using a lift-
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off process. (b) Deposition of SiO, to cover the bottom Au half-mirror. (c)
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Patterning a sacrificial layer to form a trench and cover with Si3N4 passivation
layer. (d) Deposition of parylene C with a top Au half-mirror for the movable
membrane. (e) Removing the sacrificial layer by using XeF, to form a free-

standing structure. (f) Finally, removing photoresist by using O, plasma ashing.
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Figures 2.10: The process of sacrificial layer etching with XeF, before process
improvement. The sidewalls of the sacrificial layer are broken and XeF, is leaking

out of the sensor.
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Figures 2.11: The fabricated prototype MEMS interferometer. (a) Optical
micrograph and (b) cross-sectional SEM photograph. The lower part of the Au
mirror is etched by XeF,.
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Figures 2.12: The process of sacrificial layer etching using XeF, after process
improvement. By changing the thickness of the silicon nitride film and depositing
the SiO; film on the lower Au mirror, only the sacrificial layer is etched without

XeF; leaking out of the sensor.

Figures 2.13: Optical micrograph of the fabricated MEMS interferometer. hanging
the thickness of the silicon nitride film that serves as the sidewall of the
sacrificial layer and depositing a silicon oxide film on the lower Au mirror, the
MEMS optical interferometer was successfully formed while maintaining the

reflectivity.
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2.5 Fabrication Results

2.5.1 Structure and geometry evaluation

To evaluate the flatness of the deformable membrane with the thin Au layer, we
measured the surface profile using a white light interferometric microscope
(ContourGT-K, Bruker Nano Inc.) (Fig. 2.14). The height difference between the
centre and edge of the mirror was observed to be 3 nm. This result almost
corresponded to the 2.5 nm in the analysis of the difference in the amount of
deformation in the centre and near the edges of the mirror in Section 1.2.2, which
indicated that a very flat mirror was formed on the deformable membrane. Thus,
this suggested that the fabricated interferometer can sufficiently reduce the
change in the optical path length of the optical interferometer owing to the
position of the light irradiation.
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Figures 2.14: Surface profile of Au half-mirror formed on a freestanding structure
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2.5.2 Evaluation of wavelength selectivity

The wavelength selectivity of an optical interferometer formed on the silicon
substrate can be evaluated through a spectroscopic measurement of the reflected
light when white light is irradiated onto the sensing area and calculating the slope
of the reflection spectrum. As shown in Fig. 2.15, in this experiment, a
spectrometer (Ocean Optics USB4000) and a xenon light source (Asahi Spectra
LAX-C100) were used, and the optical fibre diameter was adjusted to 100 pm, and
a 20x objective was used to enable a light with a spot diameter of 5 um to be

irradiated on the upper Au mirror.
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Figures 2.15: Experimental setup for evaluation of wavelength selectivity of the

fabricated interferometer.

Fig. 2.16a shows the result of spectral characteristics of the fabricated MEMS
interferometer using the above measurement system. Three sharp valleys caused
by optical interference were observed to be near 490, 580, and 780 nm, which
were in good agreement with the simulation curve using an air gap of 379 nm. Fig.
2.16b compares the slope on the reflection spectrum between the Au mirror-
implemented sensor and a conventional one in the near-infrared wavelength range.
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The comparison of the reflection spectral gradients between them indicated that
the gradient of the spectrum increased by 6.6 times, which meant that the
wavelength selectivity of the sensor increased by 6.6 times. Compared with the
analysis of the spectral gradient in Section 1.2.1, the value was 62% of the design
value. An important parameter to determine the reflection spectral gradient of the
interferometer is the thickness of the Au mirrors above and below the deformable
membrane. The thicknesses of each material that constituted the fabricated
interferometer were in good agreement with the optical analysis results using the
analytical model shown in Fig. 2.15(a), and the thicknesses of the films were 20
nm larger for parylene C, 29 nm larger for the air gap and 10 nm larger for the
Si0; film on the lower Au mirror, and the lower Au mirror was 10 nm thinner than
the design film thickness. This 10-nm error during bottom Au mirror deposition
caused a deviation from the design value; thus, by decreasing the deposition rate,
an Au mirror close to the design film thickness could be formed, which was
expected to increase the wavelength selectivity of the MEMS optical

interferometer.
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2.5.3 Effect of change in temperature

Fig. 2.17 shows the result of the air gap change of the MEMS optical
interferometer obtained from optical analysis when the fabricated chip was placed
on a controllable digital hot plate with a resolution of 0.1 °C and the temperature
was changed under a room-temperature environment (20 to 35 °C). The increase
due to the air gap or parylene C expansion with temperature change was 0.11
nm/°C, and the optical path length increased up to 2 nm. Under this temperature
environment, since the membrane deformation amount at the time of molecular
adsorption was several tens of nm, the drift due to temperature change was
considered to be negligible. In addition, even when the deflection of the
deformable membrane occurred with no involvement of antigen—antibody
reactions such as temperature and pressure change, the effect could be eliminated
through a comparison with a reference sensor which was not immobilized with

antibodies.
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Figures 2.17: Impact of change in temperature to the air gap of fabricated

interferometer.
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2.6 Conclusion
In this chapter, the design and fabrication of the MEMS interferometer with Au
half-mirrors structure are presented, and the increase in wavelength selectivity is

discussed. The key points of this chapter are as follows:

[Optical design and analysis results using the finite element method]

1. The wavelength selectivity in the near-infrared region can be increased by
10.7-fold by forming 50 nm-thick Au half-mirrors on the top and bottom of
the deformable membrane in the MEMS interferometer.

2. When the Au mirror at the top of the deformable membrane is formed with a
coverage of 10% for the sensing area, the decrease in the deformation can be
suppressed to approximately 6%, which confirms that only the wavelength
selectivity can be increased without decreasing the surface-stress sensitivity
by designing the appropriate coverage of the upper half-mirror.

3. Since the area on the deformable membrane covered by the Au mirror increases
the rigidity of the film and the mirror supports the membrane, the difference
between the amount of deflection in the centre of the deformable membrane
and edge was observed to be 2.5 nm.

4. When the air gap is increased by up to 10 nm, the transmission intensity
change of 52.93% is obtained for the Au-mirrored structure, which is
estimated to improve the output response to the small deflection of the

deformable membrane.

[Fabrication results]

1. By measuring the surface profile of the Au mirror at the top of the fabricated
MEMS interferometer, the maximum height difference between the centre and
the edge of the mirror was observed to be 3.0 nm. This value was in good
agreement with the analytical value, confirming the formation of a very flat
mirror.

2. The wavelength selectivity of the interferometer was confirmed to be 6.6 times
higher than that of a conventional interferometer with no mirrors by measuring
the slope of the reflection spectrum when the light was irradiated on the

fabricated MEMS interferometer.
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Chapter 3. Acquisition of sensor response for

detecting proteins in liquid

3.1 Preface

For conventional MEMS interferometers without metal mirrors, diX-AM, an
organic film with an amino group on the side chain, is deposited on the sensor
using CVD and antibody molecules are adsorbed through electrostatic interaction.
In contrast, the MEMS interferometer with Au mirrors can immobilize antibody
molecules through self-assembled monolayers widely used in QCM and SPR
biosensors, which utilize Au as a molecular adsorption layer. Since this technique
permits the selective adsorption of antibody molecules on Au simply by immersing
the sensor chip in a specific solution, productivity can be improved and the cost
of the molecular immobilization process can be decreased.

In the experiment described in this chapter, we aimed to obtain the sensor
response because of the adsorption of target molecules. First, a method of
antibody modification using self-assembled monolayers on the upper Au mirror is
described. Next, in the interferometer with a constructed bio-interface, we
performed an experiment to acquire the response caused by antigen—antibody
reactions. Third, the possibility of selective detection of the target molecule is
discussed by comparing the amount of deflection between the target adsorption
and non-specific adsorption. Finally, based on the results of this study, the recent
research by our research group on a MEMS interferometer with enhanced surface-

stress sensitivity to detect lower concentrations of proteins is introduced.

3.2 Consulting bio-interface onto top Au mirror

3.2.1 Molecule modification using self-assembled monolayers

Self-assembled monolayers (SAMs) are organic thin films with a thickness of
several nanometres. When a chip is immersed in a solution of organic molecules
with a high affinity for a particular substance, the organic molecules are
chemically adsorbed on the surface of the chip. These are known that Van der
Waals forces, and hydrophobic interactions between adsorbed molecules in the
process result in a more aggregated action of the molecules, resulting in the
formation of an oriented monolayer [69]. It has a high affinity for devices

fabricated using MEMS technology because it can be covered regardless of the
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surface shape if a gap (a few nanometres) exists for the adsorbed molecules to
penetrate.

The molecules that form the SAM have long-chain alkyl groups between the
sulfur atoms on the adsorbed substrate side and the terminal functional groups,
(Fig. 3.1), and one pair of methylene units (-CH:-) comprising this alkyl group
corresponds to a film thickness of 0.2 nm. Au is often used for adsorbing
substrates because sulfur atoms have a high affinity for transition metals and
chemisorb strongly on metal surfaces. Using this mechanism, an interface that can
capture antigen molecules on the sensor can be constructed by forming SAM on
the fabricated MEMS interferometer followed by attaching antibodies to the
terminal functional groups.

The proposed sensor increases the adsorption density of target antigen
molecules by increasing the immobilization density of antibody molecules, and
the distance between adsorbed molecules is shortened. Since the Coulomb
repulsive force acting between adsorbing molecules is inversely proportional to
the square of the distance between the molecules, the increase in charge density
within the micro-region on the interferometer can be expected to increase the
amount of deformation of the deformable membrane. Because the antibody
molecule binds to the SAM-terminal functional group and is anchored on the
sensor, the immobilization density of antibodies that form on the interferometer
must be increased. The addition of CF3COOH to the organic solvent during SAM
formation has been reported to be an effective method [70]. In conventional SAM
formation methods, SAMs with carboxyl groups at the ends are bonded to each
other through hydrogen bonding, forming a region on the SAMs that cannot be
modified by the molecule, and this is a factor that reduces the immobilization
density of antibody. CF3;COOH prevents the de-ionization of the molecules at the
end of the SAM, creating an electrostatic repulsion between the end molecules
and preventing hydrogen bonding, which is considered to prevent the SAMs from
binding to each other. Therefore, to demonstrate the effectiveness of this
technique in the MEMS interferometer, we discuss the results of our
investigations to improve the immobilization density of antibodies in the next

section.
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Figures 3.1: Conceptual diagram of self-assembled monolayer formed on Au [69].

3.2.2 Formation of SAMs and evaluation of surface condition of

sensor

Fig. 3.2 shows the cross-sectional structure of a chip in the SAM formation and
immobilization procedure of macromolecules. The chip that forms the SAM has a
structure that reproduces the upper mirror of the MEMS interferometer by forming
a through-hole on the backside of the Si substrate using a deep reactive-ion
etching (RIE) device (MUC21-RD, Sumitomo Precision Products), depositing
deformable membrane of parylene C and Au, followed by etching the bulk Si with

XeF;. The immobilization procedure of SAM and macromolecule is as follows:

(a) Surface contaminants of the chip are removed using a low-pressure plasma
device or UV ozone cleaner as preparation for molecular immobilization. This
process generally involves cleaning with sulfuric acid (piranha cleaning).
However, in actual sensors, since the Al wiring is etched, a dry cleaning
process with fewer effects is selected. After removing any contaminants on
the Au surface using UV ozone, a SAM is formed on the Au surface by
immersing the sensor chip for 19 h in mercaptoundecanoic acid (MUA) and a
CF;COOH in ethyl alcohol and rinsed in 10% (v/v) NH3;-H,O/EtOH. To
indicate that the addition of CF3COOH increases the immobilization density
of SAMs, a separate chip with SAMs on the chip without the addition of
CF3COOH was prepared and the subsequent molecular modification process

was also performed under the same conditions.
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(b) The carboxyl group of MUA was activated in a 50 mM 4-
morpholinepropanesulfonic acid (MES) buffer solution (pH 5.5) with 1-ethyl-
3-(3-dimethylaminopropyl) carbodiimide hydrochloride (EDC) and N-
hydroxysuccinimide (NHS) for 30 min and washed in MES buffer solution.
When applying a cross-linking reaction, the addition of NHS to EDC forms a
highly stable NHS ester. This reaction pathway activates the carboxyl group
at the end of the SAM and facilitates the binding of the macromolecule via

amide bonds.

(c) The sensor chip was immersed in MES buffer with the calcium-binding protein
calmodulin (2 mg/mL) as a model protein molecule for 3 h, then it was rinsed
with MES buffer. In this molecular modification process, based on the report
of Gao et al. [71], who performed molecular modification using a SAM on a
surface-stress sensor, calmodulin, a calcium-binding protein, was adsorbed
after SAM formation, but this molecular modification process can also be

applied to antibody molecules.
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Figures 3.2: Cross-sectional structure of the sensor chip and molecular
immobilization procedure on Au surface. (a) After SAM formation. (b) After

adding crosslinker of EDC and NHS. (c¢) After calmodulin adsorption.

Fig. 3.3 shows a comparison of the contact angle between chips with and
without CF3;COOH when 5 pL of DIW was dropped after SAM formation in process
(a). If the carboxyl groups at the SAM ends are not bonded to each other, the
hydrophilicity increases and the contact angle is smaller. If they are bound, the
terminal of SAM becomes a thiol group; therefore, the hydrophilicity decreases
and the contact angle to the carboxyl group increases. Since the contact angle was
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observed to be approximately 30° smaller for the CF;COOH-added chips, the
results suggested that the binding between SAMs is suppressed and a uniform

SAM i1s formed on Au.

Figures 3.3: Contact angle comparison between (a) conventional method and (b)

method using CF;COOH when dropped DI water.

Fig. 3.4 shows the surface condition in a 10 yum x 10 uym chip captured using
atomic force microscopy to observe its surface after adsorption of calmodulin in
process (c). On the surface of the chips with CF;COOH, the molecules were
agglomerated without gaps, while on the surface of the chips without CF;COOH,
the molecules were adsorbed irregularly, and the root-mean-square roughness of
the former was observed to be 3.2 nm lower than that of the latter. These results
suggested that the immobilization density of the SAM formed on Au increased,
indicating that the immobilization density of the SAM on the upper Au mirror of
the MEMS interferometer could also be increased and that the macromolecules

can be bound through the SAM.
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Figures 3.4: Surface roughness comparison between (a) a conventional method
without CF;COOH and (b) a method with CF3COOH after calmodulin adsorption.
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3.3 Acquisition of the response by antigen—antibody reaction
3.3.1 Evaluation of deflection amount by spectroscopic

measurement

To obtain the sensor response during the antigen—antibody reaction with the
fabricated MEMS interferometer, bovine serum albumin (BSA) antibodies were
immobilized to the terminal molecule of the SAM, and the amount of deflection
of the deformable membrane caused by the adsorption of BSA antigen molecules
was evaluated using spectroscopy. As shown in Fig. 3.5, based on the experimental
setup described in Section 2.4.2, spectroscopic measurements were performed by
placing a petri dish filled with PBS onto the stage of a microscope and irradiating
light to the sensing area while the sensor chip was immersed in this solution;
subsequently, the reflected light was guided to the monochromator to acquire the

reflection spectra.
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Figures 3.5: Experimental setup for spectroscopic measurement and schematic

diagram of antigen-antibody reaction on the sensor in liquid.
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Figures 3.6: Immobilization procedure of BSA antibody molecule onto the

fabricated MEMS interferometer. (a) Before molecule immobilization. (b) SAM
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formation. (c¢) Functionalization by crosslinker of EDC and NHS. (d) Adsorption

of BSA antibody molecule.

Based on the molecular modification procedure described in Section 3.3.2, the
bio-interface shown in Fig. 3.6d with a concentration of 100 pg/mL BSA antibody
adsorbed via SAM onto an upper Au mirror was constructed. Fig. 3.7a shows the
reflection spectra obtained when the sensor chip was immersed in PBS with a BSA

antigen concentration of 5 pg/mL.
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Figure 3.7: (a) Typical spectral shift caused by BSA antigen—antibody reaction on
the MEMS interferometer and (b) time course of the deflection of deformable

membrane calculated by optical analysis.

The change in the reflectance at approximately 600 nm was 5.5% after 5 min and
13.6% after 10 min, which was equivalent to the transmittance change to the

substrate. Additionally, the deformation of 64 nm was observed to occur in 30 min
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when the deflection of the membrane obtained was calculated using optical
analysis from the wavelength shift because of the antigen—antibody reaction of
the BSA. In the paper previously reported by our group [72], we have
demonstrated an electrical readout from an optical interferometric surface-stress
sensor which readouts voltage by impedance conversion using a source follower
circuit from the output current of a MEMS optical interferometer integrated with
a photodiode, and a voltage change of approximately 1 V was obtained through a
decrease in the transmission intensity (an increase in the reflection) associated
with 50 nm-deflection of the movable membrane. Because the deflection amount
was larger than our previous report, we expected that a sufficient electrical
readout signal can be obtained through antigen—antibody reactions.

Moreover, through a negative control experiment, we observed that membrane
deflection due to the reflection wavelength shift also occurred when the chip was
immersed in PBS without a BSA antigen. As shown in Fig. 3.8, since the sensor
used in the experiments did not seal the release holes opened during the formation
of the freestanding structure of the interferometer, the liquid diffused into the air
gap of the interferometer when the chip was immersed in PBS. Since the SiO; film
formed by electron beam (EB) deposition on the Au mirror at the bottom of the
deformable membrane is a highly hygroscopic material, it swells with the diffused
liquid and changes the effective refractive index. We considered that this effect
causes a spectral shift in the reflection light because of an increase in optical
path length at the SiO; layer even in the absence of deflection of membrane.
Because the fluctuation in reflectance tends to become saturated after immersing
in PBS for 1 h, this effect can be reduced by beginning measurements after ageing

occurs.

Before immersing !After immersing

Air gap: no change

— Release holes T— Swelling (SiO, layer)
Figure 3.8: Schematic diagram of cross-sectional structure of the MEMS
interferometer used the experiment. The swelling of SiO, occurs due to PBS

entered in the air gap.
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3.3.2 Selective detection of antigen molecules

To evaluate the response of the sensor in the BSA antigen and nonspecific
binding, we used streptavidin molecules with molecular weights of 67-68 kDa,
which are equivalent to the molecular weight of BSA molecules of 66 kDa, and
the bio-interface was constructed using casein, which is the main component of
skim milk, as a blocking agent to suppress the effect of non-specific adsorption.
Based on the molecular immobilization procedure described in the previous
section, BSA antibodies were immobilized on a SAM and rinsed in PBS. The
sensor chip was then immersed in PBS containing casein (5% w/v) for 1 h and
rinsed again with PBS to construct the molecular adsorption layer on the MEMS
interferometer (Fig. 3.9).

After the chips were immersed in PBS for 1 h to remove the effects of
fluctuation of reflectance, the BSA and avidin solution were added to bring the
final concentration of the BSA and avidin to 10 and 100 ng/mL, respectively. Fig.
3.10 shows the time course of the deflection of the deformable membrane
calculated from the reflection spectra from the BSA antigen—antibody reaction
and avidin nonspecific adsorption. When PBS with streptavidin molecules were
added, there was almost no deflection change, while the deflection increased by
17.5 nm for 10 min when PBS with BSA antigen molecules added. Only the BSA
antigen molecules in PBS were captured by the BSA antibodies by the antigen—
antibody reaction, the membrane was considered to deflect upward because the
increase in surface stress transferred to the deformable membrane. These results
suggested that the fabricated MEMS interferometer can be used for selective

detection of target antigen molecules.
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Figure 3.9: Schematic view on the Au mirror after immobilization of antibody

molecules. Comparing the amount of deflection that occurs during the antigen-

antibody reaction with BSA and non-specific adsorption with strept avidin.
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Figure 3.10: Comparison of the deflection amount of deformable membrane

between addition of BSA and avidin molecule solution.
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3.4 Acquisition of sensor output in the cavity-sealed MEMS
interferometer with high surface-stress sensitivity

Based on the results of this study on molecular immobilization and the
acquisition of the amount of membrane deflection by the antigen—antibody
reaction, this section introduces recent research by our research group on the
detection of lower concentrations of proteins in a MEMS interferometer with
improved surface-stress sensitivity [73]. As shown in Fig. 3.11, the structure of
the interferometer was formed using the dry transfer of a deformable membrane
detached from different wafers to a chip and a cavity formed. The amount of
deflection in a surface-stress sensor is inversely proportional to the Young's
modulus and thickness of the deformable membrane and increases in proportion
with the deformed area. Therefore, in the former, polymethyl methacrylate
(PMMA), which has an order of magnitude lower Young's modulus than that of
Au, was introduced as a molecular adsorption layer and the thickness of the
deformable membrane decreased by 150 nm. In the latter, the surface-stress
sensitivity was increased by extending the diameter of the deformable membrane
to 300 um. The MEMS interferometer with a cavity-sealed structure introduced in

this section will be described in detail in Chapter 4.
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Figure 3.11: Cross-sectional view of the cavity-sealed interferometer. (a)

Schematic diagram and (b) SEM image [73].
3.4.1 Immobilization of antibody molecules onto a sensor

In the molecular immobilization method introduced in Section 3.3, amine-
reactive intermediates are formed by adding a cross-linker to the carboxyl group
of the SAM-terminal, and the antibody molecules are immobilized by amide
bonding. This immobilization method assumes that the surface state before the
addition of the cross-linker is a carboxyl group. As shown in Fig. 3.12, the

EDC/NHS cross-linked method cannot be applied to the PMMA in the molecular
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adsorption layer because the terminal structure of PMMA is a methyl group.
Therefore, we solved this problem by introducing a technique to oxidize PMMA
using UV/O; treatment to change the terminal structure to a carboxyl group [74],

and after immobilization of human serum albumin (HSA) antibodies, BSA was
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UV/03 OH NHS/EDC O
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HSA Antibody
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Figure 3.12: Immobilization protocol for detection of the HSA antigen using the

used as a blocking agent.

H3C H3C

fabricated sensor[73]. (a) Surface condition of as-fabricated sensor membrane.
(b) Generation of carboxyl groups according to the oxidation process of the
PMMA surface. (¢) Surface activation by crosslinking treatment using EDC/NHS.
(d) Immobilization of anti-HSA antibody. (e) Surface blocking treatment using
BSA. (f) HSA antigen-antibody reaction.

3.4.2 Selectivity of the sensor

Fig. 3.13 shows the spectral shifts after 15 min of dropping HSA antigen at a
concentration of 1 ng/mL to the sensor with HSA antibody molecules, or PBS,
IgG, and streptavidin as negative controls. When PBS was added, a shift of 9.7
nm occurred because of a temporary pressure change by the PBS addition. The
shifts were 8.7 and 10.9 nm for IgG and streptavidin, respectively. Since the shifts
in the negative control were the same when PBS was added to the sensor, this
suggested that the effect of physical adsorption is negligible. Furthermore, since

the spectral shift of 31.2 nm for the HSA antigen drop was more than three times
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greater than the response to the negative control, this indicated the selectivity of

the sensor.
40

30

20

Spectral Shift [nm]

PBS lgG Strept  HSA
avidin
Figure 3.13: Molecular selectivity for 1 ng/mL IgG, 1 ng/mL Streptavidin, and 1
ng/mL HSA[73]. Response to PBS was obtained as a reference representing the
physical response of the membrane. The reflection spectrum for each reagent was

shifted by 9.7 nm, 8.7 nm, 10.9 nm, and 31.2 nm for 15 minutes.

3.4.3 Concentration dependence and limit of detection

In this experiment, the sensor was immersed in PBS for 30 min to stabilize the
deflection of the deformable membrane because of pressure changes in the liquid.
Fig. 3.14a shows the spectral shift caused by adding PBS with an HSA antigen to
bring the final concentration to 100 ag/mL—1 ng/mL. At each final concentration,
the amount of shift increased depending on the concentrations. In this experiment,
each solution was added 3 min after the beginning of the measurement, and Fig.
3.14b shows the amount of peak shifts caused 15 min after the addition. Fig. 3.13c¢
shows the calibration curve of the obtained spectral shifts. The coefficient of
determination R? of the calibration curve was 0.976, which indicated that the
calibration curve operated well. The amount of shift owing to physical effects
(changes in liquid pressure or temperature) caused by adding PBS without HSA
antigen was 8.1 nm. In contrast, since the shifts of 8.6 and 11.2 nm for the HSA
antigen at a final concentration of 100 ag/mL-1 fg/mL, respectively, a large
response compared with the response of PBS was obtained. In other words, this
suggested that the detection limit of the HSA antigen in this sensor is 100 ag/mL—
1 fg/mL. This result indicated that proteins can be detected at concentrations

200,000 times lower than the detection limit of 0.2—-10 ng/mL [34], [65], [66] in
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conventional MEMS surface-stress sensors. The LOD of digital ELISA, which is
the most sensitive detection method using labelling agents, is 60 ag/mL [6], which
is one order of magnitude smaller than our method; however, in semiconductor-

based label-free biosensors, the most sensitive detection is possible.
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Figure 3.14: Spectral shift results after dropping PBS including no HSA and HSA
at a final concentration of 100 ag ~ 1 ng/mL[73]. (a) The reagent was dropped at
3 minutes and the result of tracking the spectral shift for 17 minutes. (b) Spectrum
shift was measured 15 minutes after dropping the reagent. (c) Calibration curve
in the spectrum shift amount. Spectral shifts value were measured at §.1 nm, 8.6
nm, 11.2 nm, 13.6 nm, 15.1 nm, 17.8 nm, 20 nm, 27.5 nm, and 37 nm for each
reagent, respectively. The response at 1 fg/mL (15 aM) was significantly different
from the physical response to PBS. (Error bar means standard deviation of 3

interferometers)
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3.5 Conclusion

This chapter describes the construction of bio-interfaces that immobilize
antibody molecules via a self-assembled monolayer on a MEMS interferometer
with high wavelength selectivity, and the detection of macromolecular proteins
using the antigen—antibody reactions is demonstrated. In addition, based on the
results of this study, recent research by our research group on the detection of
lower concentrations of macromolecular proteins in a MEMS interferometer with
improved surface-stress sensitivity is introduced. The key points of this chapter

are as follows:

[Investigation on improving the immobilization density of SAM]
1. The addition of CF3COOH during SAM formation resulted in the formation of
a uniform SAM on Au, and the root-mean-square roughness after
macromolecules adsorption was reduced by 3.2 nm compared with the scenario

of SAM formation without the addition.

[ Experimental results]

2. By immersing the sensor with BSA antibodies at the terminal group of SAM
in a BSA antigen solution at a concentration of 5 pg/mL, the deformable
membrane was deformed by the antigen—antibody reaction to 64 nm in 30 min,
resulting in a 13.6% change in transmitted light intensity that would be
expected to be sufficient output current change if the photodiode was
integrated.

3. When a BSA antigen and streptavidin solution was added to the sensor, which
had BSA antibodies at the SAM-terminal to bring the final concentration to
10 or 100 ng/mL, respectively, the deflection of membrane only occurred in
the former scenario, suggesting that the fabricated MEMS interferometer can

be used for the selective detection of target antigen molecules.

[Research work by our research group])

4. The selectivity of the sensor was demonstrated by the amount of spectral shift
caused by an HSA antigen at a concentration of 1 ng/mL being more than three
times greater than the response to the negative control PBS, IgG and
streptavidin (final concentration of 1 ng/mL).

5. The large response to the shift amount of PBS without HSA antigen was
obtained at the final concentration of 100 ag/mL-1 fg/mL, suggesting that the

LOD of the protein in this sensor was 100 ag/mL—-1 fg/mL.
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Chapter 4. Investigation of cavity-sealed MEMS
interferometer with high surface-

stress sensitivity

4.1 Preface

In the early fabricated interferometers with metallic half-mirrors structures,
the sealing of interferometer was incomplete because of the constraints of the
fabrication process. This makes obtaining responses from the adsorption of low
concentration target molecules difficult. This is because suppressing the changes
in effective refractive index is difficult because of the swelling reaction of the
SiO; layer and non-specific adsorption of target molecules to the backside of the
membrane. In addition, the stiffness of the deformable membrane owing to the Au
mirror as a molecular adsorption layer increases, which results in a decrease in
the surface-stress sensitivity. Therefore, a MEMS interferometer with cavity-
sealed structure is proposed to prevent liquid from entering the interferometer.
The results of the detection of proteins in the liquid using the interferometer with
the cavity-sealed structure in our research group have already been presented in
Chapter 3. Thus, in this chapter, considering the application to the detection of
gas molecules in the air, we propose a polymer membrane which can be used to
detect gas molecules in air and proteins in liquids. Next, to increase the surface-
stress sensitivity of the interferometer, the effects of reducing the Young's
modulus and thickness of the deformable membrane are calculated using finite
element analysis. In addition, to improve the spectral response to the deflection
of the deformable membrane, the effect of narrowing the air-gap length of the
interferometer is calculated using optical analysis. Finally, we describe the
fabrication process of the MEMS interferometer that reflects the knowledge
obtained from these designs and present the results of obtaining the reflection

spectra of the fabricated interferometer.

4.2 Aiming for the detection of volatile organic compounds in
the breath
As a less invasive screening technique, volatile organic compounds (VOCs) in

exhaled breath can be utilized as biomarkers to diagnose diabetes and renal failure,
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lung cancer; this method has attracted interest over recent years as a promising
diagnostic method for diseases with low patient burdens [75]-[78]. While the
concentration of volatile ethanol gas in the exhaled breath is reported at 27-216.1
ppb in healthy people, it increases to 64—2160 ppb in patients with lung cancer
and their average value is 0.6 ppm [78]. Therefore, it can be used for patient
screening by achieving an operating range of ppm to sub-ppm. In recent years,
various sensors have been developed to detect ethanol (EtOH), a type of VOC.
Zhang et al. succeeded in detecting a wide dynamic range of 0.001-1000 ppm with
high sensitivity in a gas sensor based on SnO; films as a method of reading out
the resistance change caused by target molecules adsorbed on the gas-reactive
film [79]. Because the oxide semiconductor-based gas-reactive film must be
heated to several hundred degree Celsius for the sensing operation, the heater
must be integrated around the sensing part [80]-[82]. The power consumption of
the heater can be reduced by releasing the sensing areca from the substrate through
a hole, decreasing the heating capacity of the sensing area and preventing
temperature increase in peripheral circuits [83], [84]. However, challenges such
as the complexity of the fabrication process from integrating heaters into a sensor
and an increase in footprint per unit element because of isolated heating parts
from the peripheral circuits persists. Therefore, in recent years, gas sensors
operated at room temperature without a heater have become popular.
Semiconductor-based gas sensors have been reported to operate even at room
temperature, but the LOD decreases to approximately several ppm [85], [86].
Another detection method which can operate at room temperature involves sensors
using ZnO; nanohybrid thin films as gas-reactive films; these sensors can detect
ethanol gas in a concentration range of 10—-100 ppm by detecting the amount of
change in the effective refractive index as a change in the peak shift of the
reflection spectrum when white light is irradiated [87]. Alternatively, MEMS
surface-stress sensors have been reported as gas sensors for room-temperature
operation. An epoxy acrylate film with a gas-reactive film was used to
successfully detect EtOH in a wide dynamic range of 200-16000 ppm [88].
Despite the challenges of detection sensitivity, surface-stress sensors have been
widely studied as bio and gas sensors because they can be used to detect various
target molecules by selecting the appropriate reactive membrane. Generally,
although gas-reactive films have a challenge of the selectivity of gases, gas

species can be identified by acquiring the response patterns of several types of
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gas-reactive films and implementing machine learning [89]. Therefore, sensor
arrays and the coating of several reactive films are practical solutions.

Fig. 4.1 summarizes the LOD and operating temperatures in EtOH detection.
Assuming the application to a simple IoT chemical sensor, a sensor with a low
detection limit is desirable in a detection method that can operate at room
temperature, for which low power consumption is expected. However, a sensor
that can operate at room temperature with a detection limit of less than 0.6 ppm,
which is necessary for the screening of lung cancer patients, has not been realized.
Therefore, we aimed to create such a sensor. Assuming that the above-mentioned
sensors are used for both bio and chemical sensing applications, surface-stress
sensors are the most versatile because they can be used in room-temperature
environments and can respond to bio and gas molecules by changing the
adsorption layer (adsorbed receptor molecules). Therefore, the deposition of a
gas-reactive layer on the MEMS interferometric surface-stress sensor proposed
by our laboratory is expected to enable the detection of volatile ethanol gas in a
room-temperature environment.
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Figure 4.1: Comparison of operating temperature and LOD in each EtOH sensing
sensor[80], [81], [83], [86], [90], [91].
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4.3 Design of the MEMS interferometer

Fig. 4.2 shows the schematic diagram of the cross-sectional structure and
detection principle of an optical interferometric surface-stress sensor. This sensor
is composed of a parylene C deformable membrane and gas-reactive PMMA layer
on a cavity formed in a Si substrate; hence, the Fabry—Perot interferometer
comprises the deformable PMMA/parylene C membrane, air gap, and Si substrate.
When a target gas molecule is absorbed in the gas-reactive layer, the deformable
membrane is subjected to a compressive or tensile stress as the gas-reactive layer
expands or contracts, respectively. The deformable membrane, including the gas-
sensitive layer, is deformed upward in the former and downward in the latter. This
mechanical deflection is observed as a peak shift in the reflection spectrum, which
enables us to detect the small deflection of the membrane caused by the adsorption

of target molecules.
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Figure 4.2. Schematic diagram and detection principle of MEMS optical

interferometric surface-stress sensor.

Because the amount of deflection of the surface-stress sensor is inversely
proportional to the Young's modulus of the material used for the moving part and
thickness of the film [51], an increase in the detection sensitivity is expected
when using a soft material with low Young's modulus and thin film thickness.
Moreover, sensors based on optical interferometry can increase the shift in the
interference spectrum at the time of membrane deflection by narrowing the air
gap of the interferometer. As the detection performance can be improved without
expanding the area of the device by controlling the above parameters, highly
sensitive chemical sensing at room temperature can be achieved while

compensating for the limitations of the piezoresistive sensor.
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4.3.1 Analysis of the spectral shift associated with the

deflection of the deformable membrane

Fig. 4.3 shows the optical analysis results of the ratio of the interference
spectral shift associated with a 30-nm deformation of the deformable membrane
using an optical analysis software (RSoft DiffractMOD). When the air-gap length
of the interferometer is formed with the sub-micron scale, the peak shift involved
with the membrane deflection increases. This means that the peak shift increases
even when the deflection remains the same. Because the spectral shift (AL) is
inversely proportional to the interference order, the response is expected to
improve by the narrowing of the air gap through the reduction in the interference
order to the visible region. In contrast, if the air gap is narrowed, the problem of
stiction of the deformable membrane to the Si substrate occurs easily. Therefore,
to prevent the stiction, we fabricated an interferometer with an air gap of 0.4 pm,
which 1is sufficient for deflection during gas exposure. To validate the

improvements, we also fabricated interferometers with air-gap lengths of 0.8 and

2.6 um.
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Figure 4.3: (a) Optical analysis model of the interferometer and (b) relationship
between air-gap length of the interferometer and ratio of spectral shift to

membrane deflection.

4.3.2 Analysis of the surface-stress sensitivity of the deformable

membrane

Fig. 4.4 shows the analysis model and membrane deflection results with surface
stress applied to the deformable membrane using the finite element method. When
PMMA expands owing to gas adsorption, compressive stress is applied from the
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edge to the centre of parylene C. During contraction, a tensile stress was applied
in the opposite direction. The former is indicated as a red arrow and the latter as
a blue arrow in Fig. 4.4a. The analysis results in Fig. 4.4b shows that the
sensitivity of the deformable membrane to surface stress was larger when the
deflection was smaller. The PMMA employed as a gas-reactive film has the
following advantages: ease to form by spin coating and low Young's modulus,
which is one order magnitude lower than that of metallic films such as Au, which
is commonly used as a molecular adsorption layer in biosensing [44], [92]. In this
design, the total film thickness, including PMMA and parylene C layers, was set
to 300 nm, which was 100 nm lower than that of the conventional structure [93].
In addition, we changed the coverage ratio of the molecular adsorption layer on
the top surface of the deformable membrane, extending the area to apply surface
stress fourfold. Here, the wavelength resolution of the spectrometer (USB4000,
Ocean optics) that evaluated the spectral shift was 0.3 nm, and the interference
spectra were subjected to a 5-point moving average process after the acquisition
of the spectra. Therefore, the lower limit of the measurable spectral shift was 1.5
nm. With the definition of the LOD as the value of the surface stress causing a
1.5-nm deformation, the LOD of the proposed structure was expected to be 7.4

times higher than that of the conventional structure.
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Figure 4.4. (a) Mechanical analysis model using the finite element method and
(b) comparison of surface stress sensitivity between the conventional and

proposed interferometer.
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4.4 Fabrication procedure

Fig. 4.5 shows the fabrication procedure of a cavity-sealed interferometer. The
fabrication process of this MEMS interferometer consists of two wafers: a transfer
wafer to release the deformable membrane and a wafer to be transferred that forms
a cavity. A strong bonding force 1is applied between the parylenes by
simultaneously applying heat and pressure for a certain period with parylene C
layers in contact with each other to seal the cavity of the interferometer [94]. The

details of the fabrication procedure are as follows:

(a) A parylene C thin film was deposited on a Si wafer coated with a surfactant
(Micro-90, International Products Corp.)

(b) Another parylene C layer was deposited on another Si wafer with a pre-formed
cavity by reactive ion etching. Because the cavity depth formed in this process
depended on the interferometer's air-gap length, interferometers with
different gap lengths of 0.4, 0.8, and 2.6 um were formed to compare
differences in the response. The diameters of their sensing areas were
determined to be 100 pm.

(c) Pressure was applied in the two wafers by sandwiching them between steel
plates and applying torque using four screws. The plate area and screw
specifications were selected such that the applying pressure became 1.5 MPa,
similar to that reported in [94]. In addition, heat and pressure were
simultaneously applied by heating at 160 °C for 10 min in an N gas
atmosphere to bond the wafers.

(d) The bonded wafer was immersed in DIW, which reacted with the surfactant to
peel off the Si substrate, leaving the parylene C sheet on the Si wafer with
cavities

(e) Annealing was then performed at 160 °C for 1 h to improve the adhesion
between the transferred parylene C sheet and parylene C layer on the Si

substrate.
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Figure 4.5. Fabrication process of the cavity-sealed interferometric interferometer.

78



Chapter 4. Investigation of cavity-sealed MEMS interferometer
with high surface stress sensitivity

4.5 Fabrication result

Fig. 4.6. shows optical microscope images of interferometers with different
air-gap lengths and results of spectroscopic measurements when white light was
irradiated onto the interferometer. The interference order (m) was obtained as

follows:
2
m = z(nAdA + npdp) (41)

where X is the wavelength of interference peak, na and np are the refractive
indexes of air and parylene C, respectively, da is the air-gap length, and dp is the
thickness of parylene C. The narrow air gap was observed to reduce the
interference order. The obtained spectra EXHIBITED good agreement with the
analytical waveforms with the air-gap lengths of 408, 778, and 2585 nm,
respectively; thus, an interferometer close to the design values in sub-micro to

micro scales was successfully fabricated.
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Figure 4.6. Optical microscope images (top) and reflection spectra (bottom) of
developed Fabry-Perot interferometers. Fitting curves show good agreement with

experimental values.
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4.6 Conclusion

In this chapter, a new cavity-sealed MEMS interferometer with high surface-
stress sensitivity, employing PMMA as a gas-reactive layer, is proposed for the
detection of gas molecules in the air. We designed and fabricated the
interferometer and obtained its reflection spectra, confirming that the
interferometer was formed approximately equal to the design value. The key

points of this chapter are as follows:

[ Analysis results of optical design and finite element method )

1. The spectral response of the deflection of the deformable was confirmed to
increase by narrowing the air-gap length of the interferometer and reducing
the order of the interference in the visible wavelength region.

2. The surface-stress sensitivity increased by 7.4 folds compared with the
interferometer with metal half-mirrors through the change of these
parameters: adopting PMMA with an order of magnitude lower Young's
modulus as a gas-reactive layer, extending the surface-stress area by four-fold,

and reducing the thickness of the deformable membrane by 100 nm.

[ Fabrication result]

3. We introduced a method using parylene bonding for a cavity-sealed MEMS
interferometer and succeeded in fabricating an interferometer with an air-gap
length of 408 nm. To compare the improvement in spectral response with
narrower gaps, we fabricated three interferometers with different air-gap
lengths, and their reflectance spectra were obtained; interferometers of 0.4,
0.8, and 2.6 um were confirmed to be formed, which were approximately equal

to the design value.
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Chapter 5. Acquisition of sensor response for

detecting gas molecules in the air

5.1 Preface

In the experiment described in this chapter, PMMA acting as a gas-sensitive
film was spin-coated on the fabricated cavity interferometer and the response of
PMMA to the absorption of volatile ethanol was acquired. First, we obtained the
response of ethanol exposure to interferometers formed with different air-gap
lengths and confirmed the improvement of the spectral response with narrower
gaps. Next, using an interferometer that exhibited the highest spectral response,
we evaluated the concentration dependence and LOD of volatile ethanol gas.
Finally, we compared our fabricated sensor with other sensors that measure
volatile ethanol in a room-temperature environment and demonstrated the

superiority of the former.

5.2 Improvement of spectral response by narrowing the air-
gap length of the interferometer

To evaluate the performance improvements resulting from narrowing the gap
length, PMMA was spin-coated onto interferometers with gap lengths of 0.4, 0.8,
and 2.6 um. The deflection of the deformable membrane upon exposure to EtOH
gas was measured as a shift in the reflection spectrum. Fig. 5.1 shows the
detection system used in the experiment. Three interferometer chips with different
gap lengths were arranged on a movable stage. The reflection spectrum, at 10 um
from the centre of the deformable membrane, was acquired at 20-s intervals with
white light irradiation. In addition, a small petri dish with 0.4 mL of EtOH
solution (diluted with 50% DIW) was placed near the chips and sealed with a large
petri dish to prevent the leakage of the volatilized EtOH gas into the surrounding.
The EtOH solution was placed in the vicinity of the chips for 9 to 20 min from
the beginning of measurement and then removed. Fig. 5.2 shows the response of
the volatile EtOH gas to the sensor. As shown in Fig. 5.2a, in the sub-micro scale
narrow-gap interferometer, the membrane deflection was obtained as an
interferometric colour change. Fig. 5.2b shows the time course of the reflection
spectra in the interferometer with an air gap of 0.8 um. After exposure to EtOH

gas, the reflection spectrum blue-shifted from (1) to (2). In other words,
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shortening the optical path length caused a downward membrane deformation,
suggesting that the absorption of EtOH caused the PMMA film to shrink. Later,
in the absence of exposure to the EtOH gas, the interference waveform red-shifted
to (3), resulting in overlaps with the interference waveform before the gas
exposure. Fig. 5.2c shows the time course of the peak shifts associated with gas
exposure in all interferometers. When the exposure to EtOH gas was stopped, the
peak shift returned to the initial state, which meant a reversible response due to
the change in gas concentration was obtained in all interferometers. Fig. 5.2d
shows the maximum peak shift during gas exposure in all the interferometers. The
change in the peak shift of the 0.4-um-gap interferometer with reduced
interference order was 2.0 and 11.1 times higher than that of the 0.8 and 2.6 um
gap interferometers, respectively. The value of the 0.8-pm interferometer was
approximately close to the optical analysis value of 2.1, while the value of the
2.6-um interferometer was 1.8 times higher than the analysis value. This meant
that the 0.4- and 0.8-um sensors had the same deflection amount during the gas
response, while the 2.6-pm-gap sensors had a lower deflection. This may be
because of the thickness of the PMMA film used as the gas-reactive film, which
was thicker than that of the 0.4-pm-gap interferometer. Because the surface-stress
sensitivity is inversely proportional to the square of the film thickness, the
surface-stress sensitivity decreased by 1.8 times with a 35% thicker PMMA film
in an interferometer with an air-gap length of 2.6 um. The PMMA layer deposited
by spin coating may have deformed the parylene C membrane downward because
of the immediate pressure from adding the liquid. Because the PMMA on the
deformable membrane with a relatively deep cavity was locally formed thicker
than other areas, it was assumed to have decreased the surface-stress sensitivity
of the 2.6-pm interferometer, thereby decreasing the membrane deflection. The
narrow-gap interferometer demonstrated gas detection by the change in
interference colour with membrane deflection and improvements in the spectral
response.

To evaluate characteristics of the sensor response depending on gas species,
we measured reflection spectra during exposure to 90% dilution of EtOH,
ammonia, methanol (MeOH), and water vapour (92% relative humidity). Fig. 5.3
shows the results of acquiring the peak shifts in the reflection spectrum of the
sensor after exposure to 90% dilution of EtOH, ammonia, MeOH, and water vapour.

The amount of peak shift on the vertical axis was positive for the direction in
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which the spectrum shifted to the shorter wavelength side. The largest peak shift

was obtained for EtOH among the exposed gases, while exposure to gases other
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Figure 5.1: Schematic diagram of the experimental setup
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Figure 5.2: Comparison of interferometers with different air gaps under EtOH
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membrane deflection, (b) typical spectra shift in the interferometer of 0.8 pm gap,
(c) change in peak shift to time, and (d) comparison of change amount in peak

shift in the EtOH exposure.

EtOH resulted in a negative peak shift. In other words, since the deflection of the
membrane occurred in the direction of cavity expansion, the PMMA layer of the
gas-reactive membrane may have absorbed the gas and expanded, resulting in
compressive stress to the deformable membrane. Thus, the expansion rate of
PMMA differed depending on the gas species; we considered that there was a
difference in the amount of peak shift. The result indicated that discriminating
gas species with a single device is difficult, gas species can be distinguished
through machine learning of the differences in the response patterns of multiple
gas-sensitive membranes [82]. Note that we confirmed that the PMMA layer
contracted and expanded during the absorption of EtOH and MeOH, respectively,

which can be useful in discrimination gas species using machine learning.
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5.3 Effect of changes in relative humidity and temperature
We measured the effects of temperature and humidity changes on the sensor.
Under the condition of no ethanol in a petri dish, Fig. 5.4a shows the time course
of the peak shift when the temperature was changed by a hot plate. In this
experiment, the sensor chip was heated at 20 °C for the first 5 min, 27.5 °C for 5
to 22 min, and 35 °C for 22 to 45 min. Immediately after heating, the peak shift
exhibited a negative value by the expansion of the film owing to thermal
expansion, while the peak shift approached zero with time. Therefore, the
deflection of the membrane because of temperature changes could be solved by
ageing. Fig. 5.4b shows the time course of the peak shift of 90% diluted ethanol
exposure at 20 °C and relative humidities of 55% and 92% (measured by a
humidity sensor (HS1101LF, TE Connectivity)), respectively. The amount of
change in the peak shift decreased under high humidity conditions while the
nanomechanical response was obtained even in the high humidity environment.
According to this result, when the relative humidity changed from 55% to 92%,
the peak shift amount decreased by approximately 63%. The output response has
been reported to decrease by 50% or more when the relative humidity changes
from 50% to 90% in a semiconductor-based gas sensor using a heater [84]. Thus,
the decrease in response in high-humidity environments is the same as that of

other gas sensors.
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Figure 5.4: Impact of changes in temperature and humidity in interferometers with
a 0.4 um air gap and a 100 um diameter. Time course of peak shift with (a)

temperature change and (b) humidity change.
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5.4 Concentration dependence and LOD

To evaluate the concentration dependence of the 0.4 um interferometer, which
showed the highest response to ethanol in the above-mentioned experiments, we
performed experiments to obtain the peak shifts with changes in the dilution rate
of ethanol from 60 to 100% (Fig. 5.5). The spectral response to changes in the
ethanol dilution rate, on three interferometers with a 0.4-um gap, was measured
nine times and expressed as the standard deviation using error bars. At a noise
level of 1.5 nm, determined by the spectrometer and moving average processing,
the shift amount of 4.4 nm at a dilution rate of 97.5% was the minimum LOD. In
addition, the MEMS interferometer had an approximately linear response when
the dilution rate was between 60% and 97.5%. To obtain the correlation between
the ethanol concentration and sensitivity, the concentration was identified with a
commercial semiconductor gas sensor (TGS2620, Figaro). As Fig. 5.6a shows, the
semiconductor gas sensor had a linear response in the range below 80% dilution
rate, which is the guaranteed operating range represented by the ratio of resistance
change of 0.18-3.4 [26]. In contrast, the stability was extremely degraded in the
low-concentration range, where the dilution rate exceeded 80%, although the
response changes according to the concentration. Fig. 5.6b shows the result of
estimating the concentration of EtOH from the obtained resistivity for the dilution
rate below 80%, indicating a linear response in the semiconductor sensor.
Assuming the EtOH concentration of 0 ppm at 100% dilution, and extrapolating
the linear response region of the semiconductor gas sensor, the concentration of
EtOH at 97.5% dilution was obtained as 5 ppm, which was the lower LOD of the
MEMS interferometer. Furthermore, in the low concentration range (dilution rate
of 90-97.5%) exceeding the guaranteed operation range of the commercial gas
sensor, a stable response could be obtained with a standard deviation of 0.62—

1.24 compared with 1.72-3.03 for the semiconductor sensor.
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Figure 5.5: Concentration dependence under EtOH exposure in interferometers

with a 0.4 pm air gap and a 100 pum diameter. (Error bar means standard deviation

of 9 interferometers.)
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Figure 5.6: Estimation of the LOD of EtOH in MEMS Interferometer using

semiconductor gas sensor. (a) Output response of semiconductor gas sensor and

(b) correlation between dilution rate and concentration of EtOH. (Error bar means

standard deviation of 3 semiconductor gas sensors.)

87



Chapter 5. Acquisition of sensor response for
detecting gas molecules in the air

5.5 Improvement of LOD by optimizing geometry parameters

For further improvements in minimum LOD, the sensitivity of the MEMS
surface-stress sensor was adjusted by changing the membrane diameter and
thickness. Fig. 5.7a shows changes in the surface-stress sensitivity when the
diameter of the deformable membrane expanded from 100 um to 200 and 300 um.
The surface-stress sensitivity increased by ninefold when the diameter was
extended by a factor of three.

The deformable membrane was further thinned without expanding the diameter.
Subsequently, the surface-stress sensitivity of the interferometers with 50-nm-
thick parylene C and 100-nm-thick PMMA, which are the minimum thickness
formed by dry transfer and spin coating, respectively, were measured. Here, the
surface-stress sensitivity increased by approximately fourfold (Fig. 5.7b), which
was equivalent to 125 uN/m, which was the analysis value of sensitivity when the
diameter was doubled. Therefore, the detection limit was expected to increase by
more than one order of magnitude by simultaneously increasing the area of the
deformable membrane and reducing the thickness. The sensing area size and LOD
of the ethanol sensors operated under room temperature are summarized in Table
5.1. The fabricated interferometer area was more than two orders of magnitude
smaller than that of the conventional piezoresistive surface-stress sensor, and it
had superior detection limits. The sub-micron gap interferometric surface-stress
sensor presented here exhibited ppm-level gas detection, which was almost
equivalent to the performance of the latest semiconductor-based gas sensor at
room temperature. By optimizing the geometry parameters, a sensor that can
detect sub-ppm ethanol concentrations can be developed, which exceeds the

detection performance of conventional room-temperature gas sensors.
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Figure 5.7: Improvement of detection limits by optimizing the surface stress
sensitivity of interferometers. In the case of (a) expanding the diameter and (b)

thinning of the deformable membrane.

Table 5.1 Comparison of EtOH sensing reports at room temperature.

LOD for ];fl)eraf:er
Device type Sensing area (pm?) EtOH stress Ref.
(ppm) (uN/m)
SnO2-rGO
N/A 1 N/A [86]
hybrid film
Piezoresistive 1.2 x 10°¢
. Si bridge structure 200 N/A [88]
cantilever
(1.1 mm x1.1 mm)
) 7.9 x 103
(a) This study
100 um in diameter 5 500 N/A
(Experiment) 300 nm in thickness
(150x smaller than the piezoresistive type)
] 2.4 x 104
(b) This study
300 um in diameter N/A 125 N/A
(Analysis) 300 nm in thickness
(50x smaller than the piezoresistive type)
) 2.4 x 104
(c) This study
300 um in diameter N/A 55 N/A
(Analysis) 150 nm in thickness

(50x smaller than the piezoresistive type)
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5.6 Conclusion

This chapter describes the deposition of PMMA, which acts as a gas-reactive
layer, onto the cavity-sealed MEMS interferometer with high surface-stress
sensitivity, and the concentration dependence and LOD of the sensor to volatile
ethanol exposure is evaluated by obtaining the spectral response. We demonstrate
that the spectral response can be improved by narrowing the air-gap length of the
interferometer to 0.4 pm; we successfully detected wvolatile ethanol at a
concentration of 5 ppm in a room-temperature environment. The results indicated
that the sensitivity of the sensor is comparable to that of a semiconductor-based
sensor, which has the highest sensitivity for measuring ethanol at room
temperature and suggested the feasibility of a sensor that can detect sub-ppm
ethanol concentrations at room temperature by optimizing the shape parameters

of the interferometer. The key points of this chapter are as follows:

[Experimental results]

1. The spectral response of 50% diluted volatile ethanol to interferometers with
different air-gap lengths of 0.4, 0.8, and 2.6 pm was acquired and the
reversible response because of the change in gas concentration was confirmed
for all interferometers.

2. In the interferometer with an air-gap length of 0.4 um, the change in the peak
shift increased by 2.0 and 11.1 times compared with the 0.8- and 2.6-pm
interferometers, respectively.

3. In an interferometer with an air-gap length of 0.4 pum, a linear response
between 5—-110 ppm of volatile ethanol concentration was obtained, and the
LOD of the sensor was 5 ppm.

4. The optimization of the diameter and thickness of the deformable membrane
in an interferometer suggested the feasibility of a sensor that can detect
ethanol at a concentration of sub-ppm order, surpassing conventional gas

sensors that can operate in room-temperature environments.
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Chapter 6. Neurotransmitter detection using the
MEMS interferometer with

molecularly imprinted polymer

6.1 Preface

Thus far, we have demonstrated that the fabricated MEMS interferometers can
detect both macromolecular proteins in liquids and gas molecules in air with
greater sensitivity than conventional sensors. Therefore, if a bio-interface that
can adsorb neurotransmitters can be constructed on the sensor, we can detect small
molecules which have been difficult to detect using conventional surface-stress
Sensors.

As this chapter describes, an MIP was introduced on the cavity-sealed
interferometer to detect neurotransmitters as an example of a small size molecule.
First, a summary of the characteristics of typical MIP is introduced. Next, the
fabrication procedure for forming the MIP onto the cavity-sealed interferometer
is described. Third, the composition of this MIP and the formation of the
neurotransmitter template are evaluated. Finally, using the MIP which confirmed
the template formation, the detectability of neurotransmitters is described by
comparing the sensor response because of the presence or absence of

neurotransmitters.

6.2 Aiming for the detection of neurotransmitters

In the brain, neurotransmitters are released from the presynaptic cell to the
postsynaptic cell, and they have a significant function in the control of the mind.
For example, dopamine (DA) is known to cause excitement, such as joy and
pleasure, noradrenaline to cause anger, anxiety, and fear in response to stress,
and serotonin to regulate the secretion amount of DA and noradrenaline and to
stabilize the mind. The imbalance of these concentrations is known to cause
various diseases, and a decrease in the concentration of DA is highly correlated
with the occurrence of Parkinson's disease [95], which causes impaired motor
function. An excessive increase in DA levels have been reported to cause
Huntington's disease [96], in which the limbs move against their will. Therefore,

if these concentrations can be measured daily, and countermeasures can be
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implemented, the number of patients with these diseases can be reduced. For the
detection of these neurotransmitters, MEMS surface-stress sensors based on
receptor-binding proteins and FET biosensors based on enzymatic reactions have
been developed and their sensitivity has been improved. In the former, by focusing
on the ability of receptor-binding proteins to change their own structure
depending on neurotransmitter's concentration, and detecting surface stress
change because of the structural change, acetylcholine (ACh), which is a known
neurotransmitter, was detected at a concentration of 10 nM [97]. In the latter, by
detecting the change in charge density in hydrogen ion caused by enzyme reaction,
ACh at a concentration of 0.5-1000 uM was detected [98]. However, the receptor-
binding proteins used in the previous report have several problems: the reagents
are expensive, detectable small molecules are limited, and they lack versatility;
thus, there are few examples of detecting neurotransmitters using surface-stress
sensors. The latter method using enzyme also has several problems: lack of
stability, expensive, and require much time to produce, thus not being suitable
for long-term storage [99]. Therefore, MIPs have become popular as alternatives
to these molecular adsorption layers. This technique utilizes the specific binding
of target molecules to the template by forming a template of the target molecule
inside the MIP. The molecular imprinting method has several features: it can be
developed for any template, it is stable in various conditions (pH, temperature,
ionic strength, solvents), cost-effective synthesis, and long term storage without
loss in performance (several months to years) [100]. However, when forming
macromolecular templates, the problem of varying binding affinity is encountered
because of its structural change. Therefore, when detecting macromolecules using
MIPs, the formation of epitope templates, which is the smallest site where the
antibody molecule recognizes the antigen molecule, has been proposed [101].
However, since producing the epitopes is expensive, the antibody-based method
is a practical solution of detecting macromolecules in surface-stress sensors. As
an example of MIP devices, by forming an MIP on the gate-electrode of an FET
and by detecting the change charge density caused by the target adsorption to the
templates, DA, which is known as a neurotransmitter, has been successfully
detected at a concentration of 96 nM [99]. Therefore, if this MIP can be formed
on the MEMS interferometer, low-molecular-weight neurotransmitters that have

been difficult to detect using conventional surface-stress sensors can be detected.
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6.3 Introduction of molecularly imprinted polymers

Table 1 shows typical monomers and formation techniques for MIPs and their
features. Oxidative polymerization [102]-[104], in which MIPs are formed by
supplying oxygen to the reaction solution, can be formed on any substrates, but
forming them with uniform film thickness and density is difficult. Furthermore,
the deformable membrane easily sticks to the Si substrate when the bubbles
generated during oxygen supply touch the freestanding structure, resulting in
device failure. In addition, MIPs using UV irradiation are formed by drop-casting
a mixture of target molecules and cross-linkers in a low-molecular-weight solvent,
followed by the cross-linking of the solvent using UV irradiation [105], [106]. In
this technique, the MIPs can be formed only in the irradiated area by immersion
in a stripping solution after exposure with a shadow mask during UV irradiation.
However, because of the use of the acidic solution in the process of removing the
imprinted molecules, available materials in the sensor are limited. In contrast,
electrochemical polymerization [107]-[110], in which MIPs are formed by
repeated potential sweeping in the reaction solution, is characterized by the easy
control of film thickness and the formation of high-density polymerized films; it
can be used only on conductive materials. In addition, when DA is used as the
imprinting molecule, the DA is removed by immersion in ethanol, and templates
can be easily formed [111]. When forming MIPs on the MEMS interferometer, a
high-density MIP should be formed to uniformly apply surface stress to the
deformable membrane. Furthermore, selecting highly reflective materials for the
mirror surface of the interferometer improves the wavelength selectivity and the
output response when a small deflection of the deformable membrane occurs [93].
Therefore, we selected polypyrrole (PPy) formed using electrochemical

polymerization as the MIP layer to satisfy these conditions.
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Table 6.1. Comparison of MIP-based common monomers and polymerization

procedure, and their properties.

Monomer Polymerization Advantage Disadvantage
Procedure
Dopamine Oxidation Can be formed on any Unable to form uniform
P substrate film thickness and density
Boronic . . S n.
. UV impairs the flexibility
. uv Easy patterning of the movable membrane
acid
Can be formed high-
Pyrrole Electrochemical dlens1t}f polymerized Can be fprmed oqu on
film with easy control conductive materials
of film thickness
6.4 Fabrication procedure

Fig. 6.1 shows the fabrication procedure of the MEMS interferometer with an

MIP film. This MEMS interferometer formed a cavity-sealed structure through the

dry transfer of nanosheets fabricated from conductive materials (e.g. Au) and

parylene deformable membrane to the cavity-formed chip. The details of the

fabrication procedure are as follows:

(a)

(b)

(¢)

(d)

(e)

Cavities were formed using deep RIE on the Si substrate. Since the cavity
depth formed in this process corresponded to the air-gap length of the
interferometer, the cavity depth was selected such that the deformable
membrane did not adhere to the bottom surface through liquid pressure.
After the adhesion on Si was improved through silane coupling treatment,
parylene C was deposited using vapour deposition. This parylene functioned
as a binder when parylene functioning as the deformable membrane was
transferred to the chip with cavities.

Parylene C was deposited on the Si substrate after spin coating with a
surfactant (Micro-90, Products Corp.), and then Au was deposited using a
shadow mask to form the electrode shape.

After the carrier tape was attached to the wafer, the Au/parylene C film was
released from the Si substrate by immersing it in DIW and reacting it with a
surfactant.

The released deformable membrane was transferred to the chip with cavities
on polytetrafluoroethylene (PTFE), followed by the application of heat at
160 °C for 1 h.

94



Chapter 6. Detection of neurotransmitter by MEMS interferometer
with molecularly imprinted polymer

(f) The interferometer was immersed in a mixed solution consisting of KClI
buffer:Pyrrole:DA =100:10:20 mM. By performing a potential sweep for three
cycles in a range of -1-1 V and a speed of 0.04 V/s via a potentiostat, PPy of
MIP films on Au were selectively formed.

(g) The dopamine imprinted inside the polypyrrole layer was removed by
immersion in ethanol and templates are formed in the film.

(h) The carrier tape and PTFE were removed from the chip.

a. Patterning cavity and treating f. Formation of polypyrrole membrane
with silane coupling agent. by electrochemical polymerization.

e

b. Deposition of parylene C

ﬁ_:,_li

c. Sputtering Au after deposition
of parylene C with surfactant.

j | 2ouaIa)ey
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= Py ——
Aut

Micro-90

Si substrate

d. Releasing from bottom wafer g. Formation of DA templates by

by immersing in DIW. immersing in ethanol.

Carrier JEthanoll
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e. Dry transfer onto a chip with
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Figure 6.1: Fabrication procedure of MEMS interferometer with molecular

imprinted polymer film
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6.5 Fabrication results

Fig. 6.2 shows an optical microscope image of the fabricated interferometer
with an MIP film and the reflection spectrum obtained when white light was
irradiated to the interferometer. The area functioned as the deformable membrane
of the interferometer was formed to be 50 um in diameter (Fig. 6.2a). Fig. 6.2¢
shows the reflection spectrum when the light was irradiated at the centre part of
the interferometer using an optical fibre with a diameter of 200 pm and a 20x
objective lens. The obtained reflection spectra are plotted on the graphs with the
optical analysis results based on the optical analysis model of the interferometer
shown in Fig. 6.2b. All the peaks of the analytical waveforms were in good
agreement with the measured values, indicating that the interferometer structure
which was close to the analytical model was formed; the domain structure
observed on the film was considered to be caused by the non-uniform stress
applied to the deformable membrane because of the local deposition of aggregates
of Pyrrole, a monomer of PPy, on Au. This phenomenon could be solved by setting

a slower sweep rate during electrochemical polymerization.

1

PPy 80 nm Fitting curve o /Y / [
Au 42nmy 3 08 ;
Parylene C 210 nm | <o i
Air gap é 0.4 |
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Figure 6.2: (a) Optical microscope image and (b) optical analysis model, and (c)

reflection spectra of developed Fabry-Perot interferometer and analysis curve.

The composition of the PPy film formed by electrochemical polymerization was
evaluated using Raman spectroscopy in the state of presence or absence of DA.
Fig. 6.3 shows the measured Raman spectra. In the previous research [111], peaks
owing to the C=C bond in PPy were reported to appear at 1335, 1414, and 1590
cm’!', and weak peaks at 1265-1269 cm™' and 1479-1495 ¢cm™' owing to the C-O
bond in DA. In the Raman spectra obtained immediately after PPy formation, PPy-
derived peaks (1334, 1416, 1590 cm™') and DA-derived peaks (1267, 1486 cm™!)
appeared, while after removal of DA, only three PPy-derived peaks (1335, 1414,
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1590 c¢cm™') appeared. These results suggested that DA was removed and the

templates were formed in the MIP film.
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Figure 6.3: Raman spectra in molecular imprinted polymer (a) after deposition of

PPy and (b) after removal of DA.

6.6 Acquisition of sensor response to neurotransmitter

Fig. 6.4 shows a schematic diagram of the experimental setup to measure the
response of the adsorption of neurotransmitters. In this experiment, the sensor
chip with DA templates was immersed in PBS for 60 min, and then a PBS solution
containing DA was added to bring the final concentration to 1 puM. In this
condition, Fig. 6.5 shows the time course of the reflection spectra when the light
was irradiated to the interferometer immersed in PBS solution. Immediately after
the DA addition, no variation was observed in the reflection spectrum, but it red-
shifted with time. Figs. 6.6a and 6.6b show the time vs. peak shift amount of the
reflection spectrum in the conditions between the absence and presence of DA.
For the scenario of immersion in PBS without DA, the amount of shift was
approximately 2 nm, whereas with DA, the amount of shift increased gradually
after 20 min of immersion, and the amount of shift increased by approximately 5
nm at 100 min. In addition, the peak shift per unit time increased 1.4-fold to
0.0372 nm/min after DA was added, compared with 0.0269 nm/min for immersion
in PBS without DA. This suggested that DA was gradually captured by the
template in the PPy film by the DA addition, and during the expansion process of
the PPy film, compressive stress was applied to the deformable membrane
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underneath the PPy film, causing the membrane deflection. These results

suggested that we obtained the spectral response due to the adsorption of DA.
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Figure 6.4: Schematic diagram of experimental setup for detecting deflection of

deformable membrane caused by DA adsorption to the template.
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Figure 6.5: Reflection spectral shift after dropping DA in an interferometer with

a 5.45 pm air gap and a 50 pm diameter.
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Figure 6.6: Time course of the amount of peak shift in the reflection spectrum in
an interferometer with a 5.45 pum air gap and a 50 um diameter. (a) Response to

immersion in PBS and (b) response to a DA drop at a final concentration of 1 pM.

However, since the shift amount in the reflection spectrum due to DA adsorption
was small (approximately 5 nm), a new interferometer with an air-gap length of
2.82 um and a diameter of 300 um was fabricated to improve the response, and
the MIP films were formed using electrochemical polymerization under the
conditions described in Section 6.4. Figs. 6.7 and 6.8 show the reflection spectra
and time course of the spectra when the DA-containing PBS solution was added
to the sensor chip to bring the final concentration to 1 uM after the sensor chip
was immersed in PBS solution for 180 min. According to the result, the peak
position of the reflection spectrum did not fluctuate at all during the immersion
in PBS. For the peak shift amount, the peak shift of the spectrum in absence of
DA was observed to be negative by approximately 7 nm within 15 min, and then
it approached zero. This response was considered to be caused by a change in the
pressure of the liquid during immersion, which caused the deformable membrane
to temporarily sink and then return to the initial state. In contrast, for the presence
of DA, the spectrum red-shifted with time. For the amount of the peak shift, we
observed a negative shift of approximately 3 nm immediately after the addition,
and a positive shift occurred after 16 min. This response was considered to be due
to the deformable membrane temporally sunk by liquid pressure, and then the
expansion of the PPy film because of the adsorption of DA and the increase in the
Coulomb repulsive force occurred. Before and after changing the geometry
parameters of the interferometer, the peak shifts that occurred within 180 min

after adding 1 pM DA were approximately 4 nm before and approximately 25 nm
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after the change, and we confirmed that the response amount improved by
approximately 6.3 times. These results suggested the possibility of label-free

detection of neurotransmitters using MEMS interferometer with MIP films.

1.2 1.2

Initial Initial

40 min. later 40 min. later

80 min. later 80 min. later

ot
o]
T
e
(o]
T

—120 min. later —120 min. later

—180 min. later

| —180 min. later

Reflectance (%)
(=)

[@)
Reflectance (%)
o
(@)

=]

~
=
~

e
()

400 500 600 700 800 400 500 600 700 800
Wavelength (nm) Wavelength (nm)

(a) (b)

Figure 6.7: Reflection spectral shift in an interferometer with a 2.82 um air gap

and a 300 pm diameter. (a) Response to immersion in PBS and (b) response to a
DA drop at a final concentration of 1 pM.
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Figure 6.8: Time course of the amount of peak shift in the reflection spectrum in

an interferometer with a 2.82 um air gap and a 300 pm diameter. (a) Response to

immersion in PBS and (b) response to a DA drop at a final concentration of 1 uM.
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6.7 Conclusion

In this chapter, to detect small neurotransmitters in the cavity-sealed
interferometer, a molecularly imprinted polymer (MIP), which can adsorb
neurotransmitters, is introduced. A fabrication procedure for the formation of MIP
on the interferometer was proposed, and a PPy film with a template of the
neurotransmitter DA was formed on the fabricated interferometer using
electrochemical polymerization. In addition, Raman spectroscopy was performed
to confirm the formation of DA templates in the PPy film. In this sample,
differences in the spectral responses were obtained in the presence and absence
of DA, suggesting the possibility of detecting small neurotransmitters. The key

points of this chapter are as follows:

[ Fabrication and experimental results]

1. An 80 nm-thick MIP film (PPy) containing the DA was formed using
electrochemical polymerization onto the interferometer with the cavity-sealed
structure.

2. Using Raman spectroscopy, DA and PPy-derived peaks were observed
immediately after imprinting DA, and only PPy-derived peaks were observed
after immersion in ethanol, suggesting that the imprinted DA was removed
from PPy and the DA templates were formed.

3. After immersing the sensor chip with DA templates in PBS, the time course
of the reflection spectra was obtained when the DA-containing PBS was added
to make the final concentration 1 uM. As a result, the peak shift per unit time
increased 1.4 times to 0.0372 nm/min after DA was added, compared with
0.0269 nm/min when the sample was immersed in PBS without DA.

4. We confirmed that the sensor response of DA at a concentration of 1 pM
increased by 6.3-fold by changing the geometry parameters of the

interferometer.
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Chapter 7. Overall conclusion

7.1 Summary

In this paper, we have described the development of sensors that can
comprehensively detect molecules of various sizes without extending the Debye
length. The MEMS optical interferometric surface-stress sensor proposed by our
laboratory can comprehensively detect low-concentration and small molecules,
which have been difficult to detect using conventional surface-stress sensors, as
well as large molecules exceeding the Debye length by optimizing the wavelength
selectivity and geometry parameters of the interferometer. Therefore, for the
highly sensitive detection of target molecules of various sizes, interferometers
with metal half-mirrors structure and cavity-sealed structure with optimized
geometry parameters, which can improve the detection performance of the sensor,
were fabricated and bio-interfaces for adsorbing molecules on the sensor were
constructed. By conducting the above tasks, we aimed to develop the sensor for a
label-free and comprehensive detection of proteins and neurotransmitters in
liquids and gas molecules in air.

In Chapter 2, the selection of the mirror material and optical design, and
analysis of surface-stress sensitivity of the interferometer for the realization of a
metal half-mirrors structure are presented, and optimized sensor structure and
film thickness conditions are described. According to these design and analysis,
we observed that only the wavelength selectivity can be increased without
decreasing the surface-stress sensitivity by designing the appropriate coverage of
the upper half-mirror, and the wavelength selectivity in the near-infrared region
can increase by 10.7-fold by forming 50 nm-thick Au half-mirrors on the top and
bottom of the deformable membrane. In addition, when the air gap is increased
by up to 10 nm, the transmission intensity changes of 52.93% can be obtained for
the Au-mirrored structure, which is estimated to improve the output response to
small deflection of the deformable membrane. Finally, the MEMS interferometer
with Au a half-mirror structure that reflects the above findings was fabricated,
and we successfully improved the wavelength selectivity of the interferometer,
which was confirmed to be 6.6 times higher than that of a conventional
interferometer with no mirrors.

In Chapter 3, to obtain the sensor response because of the adsorption of target
molecules, a method of antibody modification using an SAM on the upper Au
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mirror is established. By immersing the sensor with BSA antibodies at the
terminal group of SAM in a BSA antigen solution at a concentration of 5 pg/mL,
the deformable membrane was deformed by the antigen—antibody reaction to 64
nm in 30 min, resulting in a 13.6% change in transmitted light intensity that would
be expected to be sufficient output current change if the photodiode is integrated.
Furthermore, when the BSA antigen and streptavidin solution was added to the
sensor, which had the same bio-interface, to bring the final concentration to 10
or 100 ng/mL, respectively, the deflection of membrane only occurred in the
former scenario, suggesting that the fabricated MEMS interferometer can be used
for the selective detection of target antigen molecules. Based on the results of
this study, in recent research by our research group, the selectivity of the sensor
was demonstrated by the amount of spectral shift caused by HSA antigen at a
concentration of 1 ng/mL being more than three times greater than the response
to the negative control PBS, IgG and streptavidin (final concentration of 1 ng/mL).
Additionally, the large response to the shift amount of PBS without HSA antigen
was obtained at the final concentration of 100 ag/mL-1 fg/mL, suggesting that
the LOD of the protein in this sensor is 100 ag/mL-1 fg/mL. This result indicated
that proteins can be detected at concentrations 200,000 times lower than can be
detected using conventional MEMS surface-stress sensors, and the most sensitive
detection was indicated to be possible in semiconductor-based Ilabel-free
biosensors.

In Chapter 4, a new cavity-sealed MEMS interferometer with high surface-
stress sensitivity employing PMMA as a gas-reactive layer is proposed for the
detection of gas molecules in the air. In the optical design of the proposed
interferometer, we confirmed that the spectral response of the deflection of the
deformable can be increased by narrowing the air-gap length of the interferometer
and reducing the order of the interference in the visible wavelength region. In
addition, we confirmed that surface-stress sensitivity increased by 7.4-fold
compared with the interferometer with metal half-mirrors by changing these
parameters: adopting PMMA with an order of magnitude lower Young's modulus
as a gas-reactive layer, extending the surface-stress area by four-fold, and
reducing the thickness of the deformable membrane by 100 nm. We introduced a
method using parylene bonding to realize a cavity-sealed MEMS interferometer
that reflects the above findings, succeeded in fabricating an interferometer with

408 nm in an air-gap length. Furthermore, to compare the improvement in spectral
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response with narrower gaps, three interferometers with different air-gap lengths
were fabricated and their reflectance spectra were obtained, and interferometers
of 0.4, 0.8, and 2.6 pm were confirmed to be formed, which were approximately
equal to the design value.

In the experiment described in Chapter 5, PMMA, which acts as a gas-reactive
layer, was deposited on the cavity-sealed MEMS interferometer with high surface-
stress sensitivity, and the concentration dependence and LOD of the sensor to
volatile ethanol exposure were evaluated by obtaining the spectral response. We
demonstrated that the spectral response can be improved by narrowing the air-gap
length of the interferometer to 0.4 pum, and we successfully detected volatile
ethanol at a concentration of 5 ppm in a room-temperature environment. The
results indicated that the sensitivity of the sensor is comparable to that of a
semiconductor-based sensor, which has the highest sensitivity for measuring
ethanol at room temperature; this suggested the feasibility of a sensor that can
detect sub-ppm ethanol concentrations at room temperature by optimizing the
shape parameters of the interferometer.

In Chapter 6, to detect small neurotransmitters in the cavity-sealed
interferometer, we introduce the MIP, which can adsorb neurotransmitters, onto
the sensor; the fabrication procedure for the formation of MIP on the
interferometer is proposed, and PPy films with a template of the neurotransmitter
DA were formed on the fabricated interferometer through electrochemical
polymerization. In addition, Raman spectroscopy was performed to confirm the
formation of DA templates in the PPy film. In this sample, differences in the
spectral responses were obtained in the presence and absence of DA, suggesting
the possibility of detecting small neurotransmitters.

Through these achievements, in the MEMS interferometer, we demonstrated the
label-free detection of macromolecular protein and neurotransmitter in liquid and
gas molecule in air; this indicated the feasibility of the sensor that can
comprehensively detect molecules of various sizes. We expect that the realization
of the device with no restriction on the size of detectable molecules and can measure
the concentration change of target molecules in real-time will become an innovative

basic technology in medical research.

104



Chapter 7. Conclusion

7.2 Prospects

In this study, although we demonstrated the feasibility of the sensor that can
detect molecules of various sizes by realizing the cavity-sealed MEMS
interferometer with a high surface-stress sensitivity, to make it practical as a

quick and simple inspection device, the following tasks must be solved.

1. [Acquisition of electrical response in MEMS interferometers)

To date, the responses of the sensors acquired have obtained sensor outputs
as a shift amount in the reflection spectrum caused by the deflection of
deformable membranes. However, this method requires a spectrometer to
acquire the reflection spectra and an optical system that requires detailed
alignment, which makes miniaturization difficult and limits the number of
sensors that can be measured at a time. Therefore, by integrating the
photodiode and source follower circuit into the Si substrate, the response from

the sensor can be acquired using a voltage signal and solve the problem.

2. [Development of a robust sensing system that implements a reference sensor
and comparison circuits]

For precise measurements, environmental effects, such as changes in the
intensity of the incident light due to contaminants in the sample and pressure
and temperature changes should be removed, and only the output response
when target molecules adsorb to the sensor should be acquired. This can be
solved by simultaneously acquiring the output by a reference sensor that does

not adsorb antibodies and reading only the differential signal.

3. [Establishment of a patterning method for the simultaneous measurement of
multiple target molecules]

We employed PMMA and polypyrrole as molecular adsorption layers for the
detection of various molecules in the interferometer with cavity-sealed
structures. However, to simultaneously measure different target molecules on
a single chip, a sensor structure with a mixture of these molecular adsorption
layers should be realized. Therefore, PMMA, which is used as a photoresist,
can be solved through photolithography, while polypyrrole, which is formed
on a conductive material, can be patterned using a lift-off process or by a

formation technique using a shadow mask.
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[Optimization of electrochemical polymerization conditions during MIP film
formation)

The conditions for the formation of MIP films introduced to date have not
been optimized, and the number of samples required to confirm the
reproducibility is insufficient. Therefore, after optimizing the conditions,
concentration dependence should be obtained while confirming the

reproducibility.
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Appendix A

Appendix A Process chart for MEMS interfero-

meter with Au half-mirrors

Table Al. Fabrication procedure of MEMS interferometric surface stress sensor

with Au half-mirrors structure for high wavelength selectivity

No. Step Condition Time
1 Photolithography for | (1) Bake before coating 160°C 90 sec
stepper mark (1) (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
2 Stepper mark etching | Si-RIE 10 Pa Parameter 6 5 min
CF4:15 scem [ce(em?)min]
3 Resist removal (1) H2SO4:H,0,=1:3 boil 10 min
(2) DIW 10 min
4 Cleaning before (1) HC1:H20,:DIW=1:1:6,boil 10 min
oxidation (2) DIW 10 min
5 Protective oxidation | OX1 1000°C SiO; 50 nm
before ion (2) Dry (O, = 250 I/hr) 60 min
implantation (3) Anneal (N, = 250 1/hr) 10 min
6 Photolithography for | (1) Bake before coating 160°C 90 sec
n-well formation (2) | (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
7 Ion implantation PHs, 150 keV
for forming n-well Dose amount 1.0x10'?
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8 Resist removal (1) H2SO4:H,0,=1:3 boil 10 min
(2) DIW 10 min
9 Pretreatment of (1) HC1:H,0,:DIW=1:1:6,boil 10 min
drive-in (2) DIW 10 min
10 | Drive-in 0X6 1150°C 9 hours
Anneal (N, = 250 1/hr)
11 | SiO; removal (1) BHF 60 sec
(2) DIW 10 min
12 | Cleaning before (1) HC1:H,0,:DIW=1:1:6,boil 10 min
oxidation (2) DIW 10 min
13 | Field oxidation O0X1 1000°C SiO; 800 nm
(1) Wet (O2 = 250 I/hr + H, =250 1/hr) 4 hours
(2) Dry (O2 = 250 1/hr) 10 min
(3) Anneal (N, = 250 1/hr) 10 min
14 | Photolithography (1) Bake before coating 160°C 90 sec
for active area (2) Spin-coat ip3100 with OAP 85.5 sec
formation (3) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
15 | Field SiO, removal (1) O, plasma 200W, 1 min
O, 100 sccm, 20Pa 30 sec
(2) BHF 9 min
50 sec
(3) DIW 10 min
16 | Resist removal (1) H2SO4:H,0,=1:3 boil 10 min
(2) DIW 10 min
17 | Pretreatment of (1) HCI:H20,:DIW=1:1:6 boil 10 min
protective oxidation | (2) DIW 10 min
18 | Protective oxidation | OX1 1000°C SiO2 50 nm
(1) Dry (O2 = 250 1/hr) 60 min
(2) Anneal (N, = 250 1/hr) 10 min
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19 | Photolithography for | (1) Bake before coating 160°C 90 sec
substrate contact (4) | (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
20 |Ion implantation BF4, 60 keV, 1.0x10"3
21 | Resist removal (1) H2SO4:H,0,=1:3 boil 10 min
(2) DIW 10 min
22 | Photolithography for | (1) Bake before coating 160°C 90 sec
n* formation (5) (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
23 | Ion implantation PH;, 60 keV, 4.0x10"'3
24 | Resist removal 0, plasma 600W 30 min
0O, flow 2.8, 1.6Torr
SAMCO
25 | Resist removal (1) H2SO4:H20,=1:3 boil 10 min
(2) DIW 10 min
26 | Photolithography for | (1) Bake before coating 160°C 90 sec
removal passivation | (2) Spin-coat ip3100 with OAP 85.5 sec
SiO; (6) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
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27 | Removal passivation | (1) O, plasma 100 W, 1 min
Si0; O, 50 sccm, 10 Pa
(2) BHF 2 min
10 sec
(3) DIW 10 min
28 | Resist removal (1) H2SO4:H,0,=1:3 boil 10 min
(2) DIW 10 min
29 | Pretreatment of (1) NH4OH:H;0,:H,0=1:1:6 boil 10 min
oxidation (2) DIW 10 min
(3) HCI:H20,:H,0=1:1:6 boil 10 min
(4) DIW 10 min
(5) HF:H,0=1:50 15 sec
(6) DIW 10 min
30 | Oxidation 0X4 1000°C SiO; 200 nm
(2) Wet (O, = 250 1/hr + H, =250 1/hr) X min
(3) Dry (O, = 250 I/hr) 10 min
(4) Anneal (N, = 250 1/hr) 10 min
31 | Photolithography for | (1) Bake before coating 160°C 90 sec
bottom electrode (2) Spin-coat ip3100 with OAP 85.5 sec
formation (7) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
32 | Au evaporation (1) Ti EB evaporation 5 nm 6 min
(Emission current:50 mA)
(2) Au EB evaporation 50 nm 10 min
(Emission current:70 mA)
33 | Lift off (1) Acetone 60 min
(2) IPA (Ultrasonic cleaning, output 3 min
level:100%)
(3) IPA (Ultrasonic cleaning, output 3 min
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level:100%)
(4) DIW 5 min

34 | Amorphous Si Si EB evaporation 350 nm 56 min
evaporation (Emission current:160 mA)

35 | Photolithography for | (1) Bake before coating 160°C 90 sec
sacrificial layer (2) Spin-coat ip3100 with OAP 85.5 sec
formation (8) surfactant

(3) Pre-bake 110°C 90 sec

(4) Exposure 0.3 sec

(5) Developing with NMD-3, 160 sec
rinse with H,O

(6) Post-bake 120°C 5 min

36 | Amorphous Si F-RIE SF¢ 10 sccm, 10 Pa, 100 W 4 min
etching (Recipe 6)

37 | Resist removal 0O, ashing or Remover PG 10 min

38 | Plasma enhanced PECVD nitride SizNy4, 300 nm 11.5 min
CVD

39 | Photolithography for | (1) Bake before coating 160°C 90 sec
removing nitride at | (2) Spin-coat ip3100 with OAP 85.5 sec
contact and dicing surfactant
line area (9) (3) Pre-bake 110°C 90 sec

(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
40 | Nitride removal F-RIE O, 5 sccm, CF4 20 sccm, 4 Pa, 3 min
100 W
41 | Resist removal (1) Remover PG 60°C 5 min
(2) Remover PG (Ultrasonic cleaning, 2 min
output level:100%)
(3) IPA 2 min
(4) DIW 5 min
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42 | Photolithography for | (1) Bake before coating 160°C 90 sec
contact area (2) Spin-coat ip3100 with OAP 85.5 sec
formation (10) surfactant

(3) Pre-bake 110°C 90 sec

(4) Exposure 0.3 sec

(5) Developing with NMD-3, 160 sec
rinse with H,O

(6) Post-bake 120°C 5 min

43 | Contact area etching | F-RIE CHF3 45 sccm, 3 Pa, 100 W 25 min
(Si0, removal)

44 | Resist removal (1) Remover PG 60°C 5 min

(2) Remover PG (Ultrasonic cleaning, 2 min
output level:100%)

(3) IPA 2 min

(4) DIW 5 min

45 | Pretreatment of F-RIE CHF3 45 sccm 15 sec
sputtering

46 | Al sputtering Ar 5x10°' Pa, RF 1 kW 800 nm 17 min

47 | Photolithography for | (1) Bake before coating 160°C 90 sec
Al wiring (11) (2) Spin-coat ip3100 with OAP 85.5 sec

surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.24 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
48 | Al etching (1) H;PO4:CH3COOH:HNO; = 250:20:3 | ~ 4 min
55+5°C 10 min
(2) DIW
49 | Resist removal (1) Remover PG 60°C 5 min
(2) IPA 2 min
(4) DIW 5 min
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50 | Photolithography for | (1) Bake before coating 160°C 90 sec
nitride removal on (2) Spin-coat ip3100 with OAP 85.5 sec
sensing area, release surfactant
holes, TEG (12) (3) Pre-bake 110°C 90 sec

(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
51 | Nitride removal F-RIE O, 5 sccm, CFs 20 sccm, 4 Pa, 3 min
100 W
52 | Resist removal (1) Remover PG 60°C 5 min
(2) Remover PG (Ultrasonic cleaning, 2 min
output level:100%)
(3) IPA 2 min
(4) DIW 5 min

53 | Photolithography for | (1) Bake before coating 160°C 90 sec
upper electrode (2) Spin-coat ip3100 with OAP 85.5 sec
lift off (13) surfactant

(3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
54 | Au evaporation (1) Ti EB evaporation 5 nm 6 min
(Emission current:50 mA)
(2) Au EB evaporation 50 nm 10 min
(Emission current:70 mA)

55 | Upper electrode lift | (1) Acetone 60 min

off (2) IPA (Ultrasonic cleaning, output 3 min
level:100%)

(2) IPA (Ultrasonic cleaning, output 3 min
level:100%)

(4) DIW 5 min
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56 | Silane coupling (1) IPA:H,0:A-174=100:100:1 15 min
treatment (2) IPA 2 min
(3) Drying at 60~ 80°C 60 min
57 | Parylene-C Parylene-C 350nm 2 hours
deposition
58 | Photolithography for | (1) Bake before coating 160°C 90 sec
parylene etching (2) Spin-coat ip3100 with OAP 85.5 sec
on release holes, surfactant
electrode pad (14) (3) Pre-bake 110°C 90 sec
(4) Exposure 0.3 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 110°C 5 min
59 | Parylene etching O, plasma 150W, O, 40sccm, 10Pa 300 sec
60 | Resist removal (1) Remover PG 60°C 5 min
(2) Remover PG (Ultrasonic cleaning, 2 min
output level:100%)
(3) IPA 2 min
(4) DIW 5 min
61 | Stealth dicing ozawa5-P1~P3 recipe
62 | Sacrificial etching XeF; 2.5 Torr , N2 0 Torr. 30 sec
(Amorphous Si)
63 | Wire bonding
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Appendix B Process chart for cavity-sealed

MEMS interferometer with gas reactive-layer

Table A2. Cavity-sealed MEMS interferometer with high surface stress sensitivity
for gas sensing

Ist wafer (4 inch)

No. Step Condition Time

1 Spin-coating of surfactant | Tween 20, 1st 1000 rpm, 2nd 2000 | 5, 30 sec

rpm

2 Parylene-C deposition Parylene-C 100 nm 2 hours

2nd wafer (4 inch)

No. Step Condition Time
1 Photolithography for (1) Bake before coating 160°C 90 sec
stepper mark (1) (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
2 Stepper mark etching Si-RIE 10 Pa Parameter 6 5 min
CF4:15 scem [ce(em?)min]
3 Resist removal (1) H2SO4:H20,=1:3 boil 10 min
(2) DIW 10 min
4 Photolithography for (1) Bake before coating 160°C 90 sec
sensing area and aligner | (2) Spin-coat ip3100 with OAP 85.5 sec
mark formation (2) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec

rinse with H,O
(6) Post-bake 120°C 5 min
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5 Bulk Si etching Deep RIE, "honma- X cycle
RIE O, 300W" recipe,
Coil RF 300W, SF¢ 130 sccm,
C4Fs 85 scem
6 Resist removal (1) O, ashing, RIE mode, RF 300 sec
200W,
O, 40, CF4 10 sccm 15 min
(2) H2S0O4:H20,=3:1 boil 10 min
(3) DIW
7 Silane coupling treatment | (1) IPA:H,0:A-174=100:100:1 15 min
(2) IPA 2 min
(3) Drying at 60~ 80°C 60 min
8 Parylene-C deposition Parylene-C 100 nm 2 hours
9 Photolithography for (1) Bake before coating 160°C 90 sec
parylene etching on (2) Spin-coat ip3100 with OAP 85.5 sec
cavity pattern (3) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
10 | Parylene etching 0O, ashing, RIE mode, RF 150 W, 180 sec
O, 40 sccm, 10 Pa
11 | Resist removal (1) Acetone 10 min
(2) IPA 2 min
(3) DIW 5 min
12 | Photolithography for (1) Bake before coating 160°C 90 sec
dicing line formation (4) | (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
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13 | Stealth dicing ozawa5-P1~P3 recipe
Bonding process
No. Step Condition Time
1 Parylene-C thermal Bake 160°C, Pressure 1.5 MPa, 10 min
bonding temperature rise rate 30°C/min,
N; 3L/min
2 Releasing from bonded (1) Immerse wafer in DIW
wafer (2) Dry 15 min
3 Spin-coating of (1) Bake before coating 110°C 90 sec
gas-reactive film (2) Spin-coat PMMA 5, 30 sec
(1st 500, 2nd 3000 rpm)
(3) Bake 110°C 60sec
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Appendix C Process chart for cavity-sealed
MEMS interferometer with a molecular imprinted

polymer film

Table A3. Cavity-sealed MEMS interferometer with a molecular imprinted
polymer film

Ist wafer (4 inch)

No. Step Condition Time

1 Spin-coating of surfactant | Tween 20, 1st 1000 rpm, 2nd | 5, 30 sec

2000 rpm
2 Parylene-C deposition Parylene-C 100 nm 2 hours
3 Shadow mask formation OHP sheet, cut by laser
4 Al electrode sputtering Minimal sputtering device
with shadow mask (1) Vacuum 1 Pa

(2) Pre-sputtering

(3) Sputtering emission current 2 min
50 mA, 3 Pa

(4) Vacuum

(5) Purge

2nd wafer (4 inch)

No. Step Condition Time
1 Photolithography for (1) Bake before coating 160°C 90 sec
stepper mark (1) (2) Spin-coat ip3100 with OAP 85.5 sec
surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
2 Stepper mark etching Si-RIE 10 Pa Parameter 6 5 min
CF4:15 scem [ce(ecm?)min]
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3 Resist removal (1) H2SO4:H,0,=1:3 boil 10 min
(2) DIW 10 min
4 Photolithography for (1) Bake before coating 160°C 90 sec
sensing area and aligner (2) Spin-coat ip3100 with OAP 85.5 sec
mark formation (2) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
5 Bulk Si etching Deep RIE, X cycle
"honma-RIE O2 300W" recipe,
Coil RF 300W, SF¢ 130 sccm,
C4Fg 85 scecm
6 Resist removal (1) Oz ashing, RIE mode, RF 300 sec
200W, 02 40, CF4 10 sccm
(2) H2S0O4:H>20,=3:1 boil 15 min
(3) DIW 10 min
7 Silane coupling treatment (1) IPA:H»,0:A-174=100:100:1 15 min
(2) IPA 2 min
(3) Drying at 60~ 80°C 60 min
8 Parylene-C deposition Parylene-C 100 nm 2 hours
9 Photolithography for (1) Bake before coating 160°C 90 sec
parylene etching on cavity | (2) Spin-coat ip3100 with OAP 85.5 sec
pattern (3) surfactant
(3) Pre-bake 110°C 90 sec
(4) Exposure 0.28 sec
(5) Developing with NMD-3, 160 sec
rinse with H,O
(6) Post-bake 120°C 5 min
10 | Parylene etching O, ashing, RIE mode, RF 150 W, 180 sec
O, 40 sccm, 10 Pa
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11

Resist removal

(1) Acetone
(2) IPA
(3) DIW

10 min
2 min

5 min

12

Photolithography for

dicing line formation (4)

(1) Bake before coating 160°C

(2) Spin-coat ip3100 with OAP
surfactant

(3) Pre-bake 110°C

(4) Exposure

(5) Developing with NMD-3,
rinse with H,O

(6) Post-bake 120°C

90 sec
85.5 sec

90 sec

0.28 sec

160 sec

5 min

13

Stealth dicing

ozawa5-P1~P3 recipe

Dry t

ransfer process

Step

Condition

Time

Au/Parylene releasing

(1) Prepare carrier tape
(5.5%5.5 c¢m), stick the tape
on sputtered wafer
(2) Prepare PTFE (2x3 cm),
stick
the tape (5%5 mm) on the
PTFE and put diced chip on
the tape
(3) Shave parylene under the
tape
by tweezers

(4) Immerse in DIW

Dry transfer of
Au/Parylene

(1) Put PTFE with chip on stage
of dry transfer device

(2) Fix released film to the stage
of dry transfer device by
carrier tape

(3) Move up the stage

(4) Bake 160°C

60 min
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Polypyrrole formation by
electrochemical

polymerization

(1) Prepare KCI buffer (0.1 mM)

(2) N2 blowing to KCI buffer

(3) Add pyrrole (10 mM) and
dopamine (1 mM)

(4) Potential sweeping with 3
electrodes (working,

reference, counter)

2 min

X Cycle
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Appendix D Python program to smoothen spectra

data

This program operates in the following steps.

1. Divide the spectra data of three sensors obtained by automatic measurement,
and saves data as "01 sensor_1~3.csv".

2. Calculate the Q point (the steepest point of spectra) by differential, and save
data as "02 differential resultsl~3.csv".

3. Smooth the data by applying Fourier transform/inverse transform and low-
pass filtering.

4. Draw the original and smoothed spectra, and save data as

"03 Smoothing sensorl~3 after differential.csv".

import numpy as np

import matplotlib.pyplot as plt

# Input wavelength data
xaxis = np.loadtxt('wavelength axis T.csv', delimiter=",")

datal = np.loadtxt('3spectra.csv', delimiter=",")

# Delete the wavelength data exists in the first line.
datal = np.delete(datal, 0, 1)
dshape = datal.shape

# Define the number of measurement sensors as n
n=3
sens_number = np.arange(n)

sens_array = np.tile(sens_number, int(dshape[1]/(n)))

# If the number of rows in the repeated array and the number of rows in the
original array are not enough, add the missing array [0,1,2...] to the end.

tarinai = datal.shape[l]-sens array.shape[0]

add = np.arange(tarinai)

sens_array = np.append(sens_array, add)
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# Add an array with a sensor number on line 0 to the original array.

datal = np.insert(datal, 0, sens_array, axis=0)

# Generate arrays to store each sensor number according to the number of columns

in the original data.

temp_ 1 = np.zeros(datal.shape[0]).reshape(datal.shape[0],1)
temp_ 2 = np.zeros(datal.shape[0]).reshape(datal.shape[0],1)

temp 3 = np.zeros(datal.shape[0]).reshape(datal.shape[0],1)

# In the first row of the datal array, extract the columns with 0,1,2,3,4,5 and add
them to the first row of the temp array.
for num in range(0, datal.shape[l], 1):

if datal[0, num] == 0:

temp 1 = np.insert(temp 1, 0, datal[0:,num], axis

1)
elif datal[0, num] ==

temp 2 = np.insert(temp_ 2, 0, datal[0:,num], axis = 1)

elif datal[0, num] == 2:

temp 3 = np.insert(temp_ 3, 0, datal[0:,num], axis = 1)

# Save the data with the sensor number added to the first line of the original data.

np.savetxt('sensor_number.csv', datal, delimiter=',")

# Delete the data in the first row where the sensor number was added and in the
first column where it was first generated.

temp 1 = np.fliplr(temp 1)

temp 1 = np.delete(temp_1, 0, 0)

temp_ 1 = np.delete(temp_1, 0, 1)

temp_ 2 = np.fliplr(temp_2)
temp_ 2 = np.delete(temp_2, 0, 0)
temp_ 2 = np.delete(temp_2, 0, 1)

temp_3 = np.fliplr(temp_3)
temp 3 = np.delete(temp_3, 0, 0)
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temp 3 = np.delete(temp_3, 0, 1)

temp_ 1 = np.insert(temp_1, 0, xaxis.T, axis=1)

temp_ 2 = np.insert(temp_2, 0, xaxis.T, axis=1)

temp_3 = np.insert(temp_3, 0, xaxis.T, axis=1)
np.savetxt('01 _sensor_ 1l.csv', temp 1, delimiter=',")
np.savetxt('01 _sensor_2.csv', temp_ 2, delimiter=',")

np.savetxt('01_sensor_3.csv', temp_ 3, delimiter=",")

# Differentiation Program|

xaxis = np.loadtxt('wavelength axis T.csv', delimiter=',")
data = np.loadtxt('01 _sensor_1l.csv', delimiter=",")

data2 = np.loadtxt('01_sensor_ 2.csv', delimiter=",")

data3 = np.loadtxt('01 _sensor_ 3.csv', delimiter=",")

data.T
data = np.delete(data, 0, 0)

data

motodata = data

data2 = data2.T
data2 = np.delete(data2, 0, 0)
data3 = data3.T
data3 = np.delete(data3, 0, 0)

fig = plt.figure()

# Waveform before differentiation
ax1l = fig.add_subplot(1, 3, 1)
axl.set title("Original data")
axl.set_xlabel("Wavelength (nm)")
axl.set_ylabel("Reflectance (%)")
for num in range(0, 60, 12):
axl.plot(xaxis, motodata[num,:], label = "{0} min".format(num))

axl.legend()

136



# First-order differentiation of data array = extract differences
data = np.diff(data, n = 1)

data2 = np.diff(data2, n = 1)

data3 = np.diff(data3, n = 1)

xshape = xaxis.shape

xaxis = np.delete(xaxis, xaxis[(xshape[0])-1])

# Waveform after differentiation
ax2 = fig.add_subplot(1, 3, 2)
ax2.set_title("Differential data")
ax2.set_xlabel("Wavelength (nm)")
ax2.set_ylabel("")

for num in range(0, 60, 12):

ax2.plot(xaxis, data3[num,:], label = "{0} min".format(num))

ax2.legend()

data = np.insert(data, 0, xaxis, axis=0)

np.savetxt('02 differential resultsl.csv', data.T, delimiter=",")
data2 = np.insert(data2, 0, xaxis, axis=0)

np.savetxt('02 differential results2.csv', data2.T, delimiter=',")
data3 = np.insert(data3, 0, xaxis, axis=0)

np.savetxt('02 differential results3.csv', data3.T, delimiter=',")

# Smoothing program|

xaxis = np.loadtxt('wavelength axis T.csv', delimiter=',")
xshape = xaxis.shape

print(xaxis[(xshape[0])-1])

xaxis = np.delete(xaxis, xaxis[(xshape[0])-1])

data = np.insert(data, 0, xaxis, axis=0)

data2 = np.insert(data2, 0, xaxis, axis=0)

data3 = np.insert(data3, 0, xaxis, axis=0)

data = np.loadtxt('02 differential resultsl.csv', delimiter=',")
data2 = np.loadtxt('02 differential results2.csv', delimiter=",")
data3 = np.loadtxt('02 differential results3.csv', delimiter=",")

137

Appendix D



Appendix D

# Transpose a matrix "data"
data = data.T

data2 = data2.T

data3 = data3.T

dshape = data.shape

# Delete the wavelength data exists in the first line.
data = np.delete(data, 0, 0)

data2 = np.delete(data2, 0, 0)

data3 = np.delete(data3, 0, 0)

# Define matrix before smoothing as "motodata" to compare before and after
smoothing waveform.

motodata = data

dshape = data.shape

# Merge arrays horizontally

# Generate a matrix with all zero data.

# Since the Fourier transform must be aligned with the amount of data to the nth
power of 2, if the amount of data is insufficient for 4096, generate an array with
all the missing data as 0 (dummy data generation).

data = np.hstack((data, np.zeros((dshape[0], 4096 - dshape[1]), dtype=np.float))
)

freqdata = np.fft.fft(data)

freqdata[:,10:] = 0

data2 = np.hstack((data2, np.zeros((data2.shape[0], 4096 - data2.shape[l]), dtyp
e=np.float)))

freqdata2 = np.fft.fft(data2)

freqdata2[:,10:] = 0

data3 = np.hstack((data3, np.zeros((data3.shape[0], 4096 - data3.shape[l]), dtyp
e=np.float)))

freqdata3 = np.fft.fft(data3)

freqdata3[:,10:] = 0
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# Fast Inverse Fourier Transform
smoothed = np.fft.ifft(freqdata)

smoothed2 = np.fft.ifft(freqdata2)
smoothed3 = np.fft.ifft(freqdata3)

# Return only the real part after inverse Fourier transform (imaginary part is
truncated)

smoothed = np.real(smoothed)

smoothed2 = np.real(smoothed?2)

smoothed3 = np.real(smoothed3)

# Delete dummy data generated when Fourier transform.
smoothed = np.delete(smoothed, np.s [dshape[1]:4096], 1)
smoothed2 = np.delete(smoothed2, np.s [dshape[1]:4096], 1)
smoothed3 = np.delete(smoothed3, np.s [dshape[1]:4096], 1)

# Waveform after smoothing
ax3 = fig.add_subplot(1, 3, 3)
ax3.set_title("Smoothing")
ax3.set_xlabel("Wavelength (nm)")
ax3.set_ylabel("")
for num in range(0, 60, 12):
ax3.plot(xaxis, smoothed[num,:], label = "{0} min".format(num))

ax3.legend()

plt.show() # Draw graph

# Insert wavelength data "xaxis" in an initial column
smoothed = np.insert(smoothed, 0, xaxis, axis=0)
smoothed2 = np.insert(smoothed2, 0, xaxis, axis=0)

smoothed3 = np.insert(smoothed3, 0, xaxis, axis=0)

np.savetxt('03 Smoothing sensorl after differential.csv', smoothed.T, delimiter

e V)
b
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np.savetxt('03 Smoothing sensor2 after differential.csv', smoothed2.T, delimit
er=",")
np.savetxt('03 _Smoothing sensor3 after differential.csv', smoothed3.T, delimit

er="',")
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Appendix E Python program for the extraction of

Q points from spectra data

This program operates in the following steps.
1. Input smoothed data "03 Smoothing sensorl~3 after differential.csv".
2. Calculate the time course of the Q point from the input data, and save data as

"04 Peak spectra_sensorl~3.csv".

import numpy as np

import matplotlib.pyplot as plt

datal = np.loadtxt('03_Smoothing sensorl after differential.csv', delimiter=',")

data2 = np.loadtxt('03 _Smoothing sensor2 after differential.csv', delimiter=',")

data3

np.loadtxt('03 Smoothing sensor3 after differential.csv', delimiter=',")
dshape = datal.shape
dshape2 = data2.shape

dshape3 = data3.shape

i =0 # Variable parameter to count Q points

n =18 # Number of Q points in the prior forecast

time number 0 = np.zeros(n*2, dtype = float).reshape(n,-1) # Array to store Q

point 1

time number 1 = np.zeros(n*2, dtype = float).reshape(n,-1) # Array to store Q
point 2
time_number_2 = np.zeros(n*2, dtype = float).reshape(n,-1) # Array to store Q

point 3

lists = list() # Array for temporary storage of Q point values
np.array(lists, dtype = float)
Q point = np.zeros(0, dtype = int)

Q point2 = np.zeros(0, dtype = int)

Q point3 = np.zeros(0, dtype = int)
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# Peak extraction of sensor 1
for hnum in range(1l, dshape[1]-1, 1): # Scan horizontally
for vhum in range(1l, dshape[0]-1,1): # Scan vertically
if datal[vnum, hnum] < datal[vnum+1, hnum] and datal[vnum, hnum] < da
tal[vnum-1, hnum]: # Extraction of spectral valleys
lists.append(datal[vnum,0]) # Add the wavelength of the valley of the
spectrum in an initial column
i=1+1# Record the number of Q points.
Q_point = np.insert(Q_point, 0, i, axis = 0) # Store the number of Q-points in
an array
if len(lists) < n: # If the number of arrays is less than the number of Q points,
add 0 to the end of the array to adjust the number of arrays.
for num in range(0, n-len(lists),1):
lists.append(0)
time_number_0 = np.insert(time_number_0, 0, lists, axis = 1) # Add the value
of Q point to column 0.
print(time number_ 0)
lists[:] = [] # Delete the contents of the array that stores the Q points
i=20

time_number_0 = np.flipud(time_number_0) # Flip the array upside down

time number 0 = np.fliplr(time number 0) # Flip the array left or right

time number 0 = np.delete(time number 0, 0, 1) # Delete all columns with zero

elements in columns 0 and 1 of the array.

time number 0 = np.delete(time_number 0, 0, 1)

# Peak extraction of sensor 2
for hnum in range(1l, dshape2[1]-1, 1):
for vnum in range(1l, dshape2[0]-1,1):
if data2[vnum, hnum] < data2[vnum+1, hnum] and data2[vnum, hnum] < da
ta2[vnum-1, hnum]:
lists.append(data2[vnum,0])
Q_point2 = np.insert(Q_point2, 0, i, axis = 0)
if len(lists) < n:
for num in range(0, n-len(lists),1):
lists.append(0)
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time_number_1 = np.insert(time_number_1, 0, lists, axis = 1)
print(time number 1)
lists[:] =[]
i=20
time_number_1 = np.flipud(time_number_1)
time_number_1 = np.fliplr(time _number_1)
time number_ 1 = np.delete(time_number 1, 0, 1)

time number_ 1 = np.delete(time_number 1, 0, 1)

# Peak extraction of sensor 3
for hnum in range(1, dshape3[1]-1, 1):
for vhum in range(1l, dshape3[0]-1,1):
if data3[vnum, hnum] < data3[vnum+1, hnum] and data3[vnum, hnum] < da
ta3[vnum-1, hnum]:
lists.append(data3[vnum,0])
i=1+1
Q_point3 = np.insert(Q_point3, 0, i, axis = 0)
if len(lists) < n:
for num in range(0, n-len(lists),1):
lists.append(0)
time number 2 = np.insert(time number 2, 0, lists, axis = 1)
print(time number 2)
lists[:] =[]
i=20

time number 2 = np.flipud(time number_ 2)

time number 2 = np.fliplr(time number 2)

time_number_2 = np.delete(time_number_2, 0, 1)

time _number_2 = np.delete(time_number_2, 0, 1)

# Delete useless arrays caused by the difference between the number of Q points
in the set value and in the actual measurement.
for num in range(0, n-max(Q_point)+1,1):

time number 0 = np.delete(time _number 0, 0, 0)

time number 1 = np.delete(time number 1, 0, 0)
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time_number_2 = np.delete(time_number_2, 0, 0)

# Add a time term in column 0, depending on the number of columns in the matrix
time = time_number_0.shape[1]
time_number_0 = np.insert(time_number_0,0,np.arange(time),axis = 0)

time = time_number_1.shape[1]

time number_ 1 = np.insert(time number_ 1,0,np.arange(time),axis = 0)

time = time_number_2.shape[1]

time_number_2 = np.insert(time_number_2,0,np.arange(time),axis = 0)
np.savetxt('04 Peak spectra sensorl.csv', time number 0, delimiter=',")

np.savetxt('04 Peak spectra sensor2.csv', time number 1, delimiter=',")

np.savetxt('04 Peak spectra sensor3.csv', time number 2, delimiter=',")
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Appendix F Python program for smoothing

Raman spectrum data

This program operates in the following steps.

1. Input obtained Raman spectrum data "Spectra.csv" and wavenumber data
"wavelength axis T.csv".

2. Smooth input Raman data by applying the Savizky—Golay filter.

3. Draw the original and smoothed Raman spectra, and save data as

"smoothing.csv".

import numpy as np
import matplotlib.pyplot as plt

from scipy.signal import savgol filter

# Input wavenumber data
xaxis = np.loadtxt('wavelength axis T.csv', delimiter=',")

data = np.loadtxt('Spectra.csv', delimiter=",")

# Transpose a matrix "data"

data = data.T

# Delete the wavenumber data exists in the first line.

data = np.delete(data, 0, 0)

# Define matrix before smoothing as "motodata" to compare before and after
smoothing waveform.

motodata = data

# Moving standard deviation = savgol filter (input data, the number of

_n

approximate data, index of polynomial, mode="wrap")

smoothed = savgol filter(data, 121,1, mode="wrap")

# Figure drawing declaration
fig = plt.figure()
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axl = fig.add_subplot(1, 2, 1) # Set the left side when drawing in 1 row 2 columns.
axl.set title("Original data") # Graph title

axl.set_xlabel("Raman shift (cm-1)") # X axis label

axl.set _ylabel("Intensity (a.u.)") # Y axis label

axl.plot(xaxis, motodata[0])

axl.legend() # Draw a legend in a graph window

ax2 = fig.add_subplot(1, 2, 2) # Set the right side when drawing in 1 row 2
columns.

ax2.set_title("Smoothing")

ax2.set_xlabel("Raman shift (cm-1)")

ax2.set_ylabel("Intensity (a.u.)")

ax2.plot(xaxis, smoothed[0])

ax2.legend()

plt.show() # Draw graph

'

# Insert wavenumber data "xaxis" in an initial column
smoothed = np.insert(smoothed, 0, xaxis, axis=0)

np.savetxt('smoothing.csv', smoothed.T, delimiter=",")
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