Gas sensors for detection of volatile organic
compounds at room temperature

Air quality control & medical diagnosis

Quyen Nguyen Minh

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 1



Thesis committee

Promotor
Prof. Dr C.J.M. van Rijn
Special Professor Microsystem and Nanotechnology for Agrofood and Health

Wageningen University & Research

Other members

Prof. Dr W. G. van der Wiel, University of Twente, Enschede
Dr N. R. Tas, University of Twente, Enschede

Prof. Dr E. ]. R. Stidholter, Delft University of Technology

Prof. Dr E. ]. Woltering, Wageningen University & Research

This research was conducted under the auspices of the Graduate School VLAG
(Advanced studies in Food Technology, Agrobiotechnology, Nutrition and Health
Sciences).

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 2



Gas sensors for detection of volatile organic

compounds at room temperature

Air quality control & medical diagnosis

Quyen Nguyen Minh

Thesis
submitted in fulfilment of the requirements for the degree of doctor
at Wageningen University
by the authority of the Rector Magnificus,
Prof. Dr A.P.J. Mol,
in the presence of the
Thesis Committee appointed by the Academic Board
to be defended in public
on November 152017

at 4 p.m. in the Aula.

514332-L-bw-nguyen-new
Processed on: 16-10-2017

PDF page: 3



Q. Nguyen Minh

Gas sensors for detection of volatile organic compounds at room temperature for air
quality control and medical diagnosis

180 pages.

PhD thesis, Wageningen University, Wageningen, the Netherlands (2017)

With references, and summary in English and Dutch

ISBN: 978-94-6343-704-2

DOI: https://doi.org/10.18174/423305

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 4



Table of contents

Chapter 1  General Introduction 7
Chapter 2  Fluorinated Alkyne-derived Monolayers on Oxide-free Silicon Nanowires
via One-step Hydrosilylation 33
Chapter 3  Preparation and Gas Sensing Properties of Nanocomposite Polymers on
Micro-Interdigitated Electrodes for Detection of Volatile Organic
Compounds at Room Temperature 57
Chapter4  Excellent Gas Sensing Performance at Room Temperature of Nanogap
Interdigitated Electrodes for the Detection of Acetone at Low
Concentration 77
Chapter 5 Improving Detection Limit in Capacitive Sensor Systems 99
Chapter 6  General Discussion 121
Appendix A 135
Appendix B 150
Appendix C 162
Appendix D 165
Summary 169
Samenvatting 171
Acknowledgements 173
Author biography 175
List of Publications 177

514332-L-bw-nguyen-new
Processed on: 16-10-2017

PDF page: 5



514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 6



Chapter 1 - General Introduction

Chapter 1
Y

General Introduction

Nanotechnology will not only be effective in getting advantageous properties of materials
and structures at the nano-scale but it will also minimize the total size of the devices
(miniaturization). Supported by NanoNextNL, this thesis focuses on the investigation and
development of devices based on nanotechnology for health care and real-life applications.
Specially, this thesis will focus on gas sensors from two approaches: air quality monitoring
for human safety and medical diagnosis using nanotechnology. Some background
information on the necessity of gas sensors in industries and medical diagnosis, nanowire
field effect transistor based gas sensors and chemocapacitive gas sensors for the detection

of acetone will be presented in this chapter.
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Chapter 1 - General Introduction

1. Air quality control in laboratory, manufactory, warehouse, etc.

Issues regarding to air pollution are drawing most society and scientists’ attention with
the development of various modern industries. The rise of modern industries leads to the
atmospheric air containing numerous types of natural and artificial chemical species.[1]
Some of these species are vital to our lives while others are considerably harmful to
human health. To improve the quality of our lives, the application of gas sensors is critically
essential to control the contents of hazardous gases in the atmosphere: air pollution caused
by industry and exhausted gases from automobiles; or environmental monitoring during
manufacturing process and in laboratories for human safety. Asphyxiation, explosions and
human health damage are critical incidents related to dangerous substances, toxic and
combustible gases during industrial processes and manufacture. Gas sensors are essential
in manufacturing of many industries (Figure 1), they play an important role in the
prevention of the previously mentioned issues in various modern technology processes
where the detection, analysis and control of gases are necessary.[2] These gases include
both organic and inorganic compounds that are oxygen-deficient and harmful to human
health and ecological system such as CO, COz, SOz, NO2, CHs, C3Hs, ketone, alcohol and other

volatile organic compounds (VOCs), etc.

3. Leather industry

Figure 1. Chemical sensors are widely used in many industries.
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Chapter 1 - General Introduction

[t is very important to study gas-sensing performance towards these VOCs for air quality
control in industrial manufacturing process and laboratories. Developments of gas sensors
with high gas sensing performances have attracted considerable attention, many studies
has been conducted for the detection of toxic, hazardous, flammable and explosive volatile
gases.[3-5] Gas sensors for VOCs can detect an amount of combustible and flammable
gases to a greater or lesser extent. Thus, such sensors can be able to sound the alarm to
prevent accidents due to gas leakages in gas containers, oilrigs and trunk pipelines and
they are highly attractive for gas “on-site” monitoring in industries.[6] In laboratories, gas
sensors can be used as powerful supports in emergency rescue for monitoring air quality,
gas purity and sensing dangerous gas leakages. This helps to save human lives and

expensive equipment and sophisticated systems.

Figure 2. Air quality sensor type MQ5 and VOC sensors MQ138 for IAQ monitor application
(Winsen Electronics) as incorporated components in many gas detecting systems and their

compatible PCB for computer controling systems.

Acetone, one of the most common volatile organic compounds, is commonly investigated
both in biological and environmental samples, and has been widely used for most synthesis
as reaction reagent, solvent and cleaning agent, etc. It is nontoxic at a low concentration (<
10 000 ppm), however acetone can cause harm and danger to human health when the
concentration exceeds to a certain amount and can also affect environmental safety. A high

amount of acetone can cause several syndromes to human body such as fatigue, headache
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Chapter 1 - General Introduction

and nausea when being inhaled,[7] irritated eyes and skin or damage throat when being
exposed when its concentration above 10 000 ppm.[8,9] Therefore, it is highly essential
and significant to effectively detect acetone gas in different ranges of concentration,
especially in industry, in-house environment such as laboratories and warehouses. Gas
sensors that can detect numerous VOCs or toxic gases are of great importance. By
evaluating and controlling the composition of the air these devices make it possible to
control the quality of the surrounding atmosphere. Various methods have been developed
for the determination of acetone in air. A few examples of commercial gas sensors used in
air quality control are given in this chapter. Figure 2 shows an example of gas sensors used
as incorporated components in gas detecting systems from Winsen Electronics. For
instance, MQ138 sensor is developed with SnO. as sensitive material, which has lower
conductivity in clean air. Upon exposure of VOCs, the sensor’s conductivity gets higher
along with the gas concentration rising. Users can convert the change of conductivity to
correspond output signal of gas concentration through a simple circuit. This gas sensor has
high sensitivity to toluene, acetone, alcohol, methanol, also can monitor hydrogen and
other combustible and flammable VOCs. It is a type of low-cost sensor for many gas sensing
applications. In Figure 3, other types of gas sensor as hand-held devices are introduced.
This has great advantages in environment control because of its compact and portable

properties.
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Chapter 1 - General Introduction

Ww410.en.alibaba.com

G Logoele Electronic

Gas alarm controller

(Model: WSP2110 - Toluene, formaldehyde,
benzene, alcohol, acetone )

Figure 3. Several examples of gas sensors operating as hand-held devices for common
gases such as natural gas; propane; butane; methane; acetone; alcohol; ammonia; steam;
carbon monoxide; gasoline; jet fuel; hydrogen sulfide; smoke; industrial solvents; lacquer,

etc. (i.e. from Logoele Elctronic, REED).

Not only being widely used for in-house air quality control but acetone sensors has been
further exploited for medical diagnosis as well. A number of recent investigations prove
that acetone, as one of the biomarkers in human breath; represents for diabetes diagnosis

because of its change in concentration can be an indication of diabetes.[10]

2. Acetone as a biomarker in medical diagnosis for Diabetes

VOCs in diseases prognosis and diagnosis

Breathing is one of the most common and most important functions of human organisms.
Our exhaled breath is a mixture of inorganic compounds and volatile organic compounds
(VOCs) with concentrations ranging from part per billions (ppb) to part per millions (ppm)
(in one standard volume from nano-mole to micro-mole concentration of species). Some
inert gases in our breath are, for instance, Nz, 02, CO2, H20 and thousands of other trace

11
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Chapter 1 - General Introduction

gases.[11,12] These exhaled breath gases include inorganic molecules such as NO, NH3 or
CO and VOCs such as acetone, methanol or isoprene, etc. The VOCs are products of core
metabolic processes[13] and are related to health conditions, or may reflect a potential
disease of the individual or a recent exposure to a drug or an environmental pollutant.[14]
Ever since the century of Hippocrates many scientists have studied and used the difference
among these trace gases, organic and inorganic compounds in human breath to recognize
many diseases. An abnormality in the concentration of certain trace gases could provide
essential clues to diagnose corresponding diseases. For example, a smell of ureum in the
breath is associated with kidney failure, a fishy smell is considered as a result of liver
malfunctioning, and a sweet odor of acetone in human breath is directly related to diabetes.
An early physician word for diabetes is acetone. Table 1 shows a list of potential
biomarkers together with their physiological origin of related diseases, which have been

investigated in the 18th-19th century.[15,16]

Malignacies

Figure 4. Links between volatile organic compounds, various organs in the human body

and exhaled breath samples.[17]

12
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Chapter 1 - General Introduction

Table 1. Some biomarkers and their related diseases with recognition of physiological

ranges in human breath collected by statistical medical research.

Biomarkers Physiological origin

Related diseases

Physiological ranges

in human breath

Ethane Lipid peroxidation Oxidative stress 1-11 ppb
Pentane Lipid peroxidation Oxidative stress Less than ethane
Isoprene Cholesterol Cholesterol 55-121 ppb
biosynthesis metabolic disorder 12-580 ppb
Acetone Decarboxylation of Diabetes mellitus 293-870 ppb
acetoacetate and acetyl- ketonemia 1.2-1880 ppb
CoA
Ethanol Alcohol ingestion Alcohol poisoning 27-152 ppb
13-1000 ppb
Methanol Degradation of natural ~ Methanol 160-2000 ppb
pectin from plants; Intoxication
ingestion
NH;3 Metabolic product of Uremia, 422-2389 ppb
amino acid Kidney impairment ~ 200-1750 ppb
Cco Inhalation from Lung diseases <6 ppm
incomplete burning of
carbon containing fuels,
e.g. smoking
NO L-arginine oxidation Asthma, lung 1-9 ppb, lower

diseases

respiratory

0.2-1 ppm, upper

respiratory

1-30 ppm, nasal level
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Chapter 1 - General Introduction

With these biomarkers, scientists have studied and developed many types of sensor based

on breath analysis to help early disease diagnosis.

Acetone as breath marker in Diabetes diagnosis (the relation of acetone to blood glucose
level)

In the human body, endogenous products are excreted in the blood and transported to all
tissues and organs of the body for normal activities. When starving or during diet, glucose
in the blood is decreasing. Glucagon is released by alpha cells from pancreas and liver
tissue releases glucose backward to blood and achieves normal glucose level in blood that
is used as a source of energy. In normal conditions, ketone bodies occur almost entirely in
both liver, kidney and lung with a small amount. Fasting, diabetes mellitus and strenuous
exercise increase the endogenous generation of ketone bodies. If the glucose level in blood
increases drastically, pancreas will release insulin by Beta cells as a signal for fatty cells to
take in glucose from the blood. The main function of insulin is to help glucose move from
digested food to enter into cells efficiently (glycogenesis). Sometimes, the body stops
making insulin (so-called type-1 diabetes), or the insulin does not work properly (type-2
diabetes). It happens when the metabolism of the body breaks down, the lack of insulin
producing from pancreas for type-1 as well as in type-2, fatty cells cannot take in glucose
from blood normally thus glucose still stays in the blood then causes the problem as high
blood sugar level. As a product of this failure process, an extent amount acetone is formed
by decarboxylation of acetoacetate, which derives from lipolysis or lipid peroxidation (see

Figure 5).

14
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Chapter 1 - General Introduction

Low Blood High Blood
Glucose Glucose
Pancreas
Glucagon Released Insulin Released
by Alpha Cells by Beta Cells
from Pancreas from Pancreas
Liver Releases Fat Cells Take in
Glucose into Blood Glucose from Blood

B

Normal Glucose Levels
in Blood Achieved

Figure 5. Body metabolism in both low and high sugar level in blood.

Together with acetoacetate and f-hydroxybutyrate, acetone occurs naturally throughout
the body, which can be formed in the mammalian body from fatty acid oxidation. In this
process endogenous acetone is produced by hepatocytes via decarboxylation of excess
Acetyl-CoA.[18] Acetone is eliminated from the body either by excretion in urine and
exhaled breath or by enzymatic metabolism. Two of these ketone bodies, acetoacetate and
B-hydroxybutyrate, are organic acids that can cause metabolic acidosis when produced in

large amounts, known as diabetes mellitus.

Acetoacetate  [-hydroxybutyrate
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Chapter 1 - General Introduction

For diabetic patients, insulin deficiency accelerates the movement of free fatty acids in
adipose tissues. A process called intrahepatic metabolism in the body then shifts from fat
synthesis to fat oxidation and ketogenesis. Excessive ketone bodies, acetoacetates, from
ketogenesis are spontaneously decarboxylated to form acetone and leads to the acetone
noticeable concentration in human breath as a result.[19]

The ‘sweet and fruity odor’, a common feature of ketosis of the breath originates from
acetone. The average concentration of acetone for a healthy human body is believed to be
lower than 0.8 ppm and for diabetic patients higher than 1.8 ppm in their breathe.[20]
Therefore, acetone has been widely accepted as a biomarker of diabetes, especially in type-
1 of diabetes[15,21] and in the first stage of diabetes diagnosis for type-2.

For diabetic patients, there are many ways to examine whether the glucose level in their
blood is abnormal or not. One of the most common and efficient methods is to check the
glucose level in patient’s blood by a device known as blood-tester, so-called glucose
monitoring device, which has been investigated and improved in the last decade. By
pricking a drop of blood from the finger of a patient the glucose level in the blood can be
obtained. With the range of glucose level from 100-125 mg/dL or above, it is believed that
the patient has pre-diabetes, whereas a healthy human body has a glucose level from 60-
100 mg/dL. Result from this quick test, patients can determine if they need further medical
treatment such as an insulin injection. Puncturing of the finger is painful with a risk of
infection for all diabetic patients. It is no doubt that scientists and researchers have taken
these disadvantages as the motivation to search for non-invasive techniques to monitor
glucose in diabetic patients’ blood since the first commercial glucose testing devices in the
1970s.[22] The new breath analyzing technique is a non-invasive and indirect glucose
determination for diabetes diagnosis.

The correlation between concentration of acetone in patients’ breath and the glucose
level in their blood has been studied for years. Acetone detection has to satisfy a sensitivity
requirement up to 0.1 ppm accuracy. Beside the sensitivity, a good selectivity is required
for detecting acetone amongst two hundred other VOCs in the breath. For instance, alcohol
and isoprene are also VOCs, which have similar hydrocarbon properties as acetone, and

this will make detection of acetone among these organic compounds more difficult. Or
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Chapter 1 - General Introduction

water vapor in human breath is also a complicating factor. Studies have shown a reduced
concentration of key VOC’s due to their absorption into water condensate in the collective
apparatus.[12] Stability of devices is also needed in breath analyzing sensors to ensure all
parameters involving gas detection under different environmental conditions still maintain
their values and selectivity to distinguish target gas among others exhaled gases.

Therefore, it is necessary to develop a gas-sensor type with high selectivity, sensitivity, fast

response and high stability.

Principal requirement for gas sensors
The most important features for gas sensors are sensitivity, response time, minimum
detectable gas concentration, reproducibility, repeatability (recovery method, recovery
time), and selectivity.
a) Sensitivity: The sensitivity is defined as the ratio of measured parameters after
exposure to the detected gas.
b) Selectivity: Whether the sensor can give a significant signal for a given specific gas.
¢) The minimum detectable gas concentration: The lowest gas concentration that can
be detected.
d) Repeatability: The gas sensors have to be reused many times.
e) Recovery method: The method used to allow the sensor to return to the original
state after sensing gases.
f) Recovery time: The time duration for the parameter to return to its original value.
g) Response time: The time duration for the parameter to change by a certain

percentage of its original value.

3. Acetone detection: From conventional methods to a portable analyzing platform
Sensing mechanism of most gas sensors studied is based on electro-transduction. Some
other gas sensors have been reported based on photoluminescence spectroscopy and
others based on the adsorbed mass using a quartz crystal microbalance. Current methods
have been utilized to analyze trace compound in human exhaled breath including Gas

Chromatography (GC) with flame ionization detection (FID),[23] Mass Spectrometry (MS),
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Chapter 1 - General Introduction

or lon Mobility Spectrometry (IMS).[24] IMS can also be integrated with MS to become
IMMS for enhancement of each other efficiency and accuracy. IMMS can become a powerful
technique in identification of molecular structure and separate such complex composition
in the samples. Many studies have proved that IMMS, with its sourcing power, the region
around 50 to over 100 ppm can be detected the same range in comparison with capillary
gas chromatography (GC).[25] It is because of humidity negative effect to the GC column
damage, these methods still need to extend pretreatment steps of the testing breath before
analysis.[26] Lately, Selected Ion Flow Tube Mass Spectrometry (SIFT-MS)[27,28] has been
investigated and it shows great potential on real-time concentration monitoring of several
breath markers such as acetone, ethanol, ammonia and isoprene. With major advantage in
high selectivity, sufficient sensitivity, low limit detection as a standard diagnostic tool,
SIFT-MS however still presents its disadvantages in high cost and limited portability as
they usually involve measurements with in-situ sampling on sorption tubes, desorption

with a solvent flow and the determination and analysis is only possible in laboratories.[29]

Sample
injector

T regulated oven

Mass

spectrometer
Gas: Column: detector
" packed or
He, Na. F, open tubular
(capillary)

Figure 6. Schematic illustration of GC-MS technique

Proton Transfer Mass Spectrometry, (PMT-MS) is promising to be able to analyze
extremely low concentrations of analyte down to a few part per trillion (ppt). The
mechanism of this technique depends on protonation of the chemical species, which come

18
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Chapter 1 - General Introduction

from transfer of protonated water. This is because almost all VOCs have proton affinities
greater than water; hence, there is a complete transfer.[30] The advantage of this method is
that water does not interfere with gases such as NO, CO2, O2. Usually coupled with GC, PMT-
MS shows its potential in increasing its accuracy for additional separation.[31]

During the last forty years, the identification of VOCs in exhaled human breath has
attracted many researches in analytical chemistry for its application in disease prognosis
and diagnosis. However, there are still many requirements that need to be obtained such as
the ability to detect multiple analytes at the same time and obtain sensitivity of devices

down to trace concentration ppb in variable environments.[32]

3.1. Metal-oxide semiconductor gas sensor

While conventional methods in laboratory are time-consuming, costly, and complex to
use, and also not permit direct sample monitoring, another common trend to be applied to
solve these issues is using metal oxide semiconductors (MOx). Having been widely
investigated as materials of choice, MOx gas sensors can be developed with, for instance,
Sn02[33,34], W03[35,36], TiO2[33,37] and Zn0[37,38] as sensing materials. Further than
that, a numerous diversity of these metal oxides are widely studied for acetone detection
using nanotechnology such as hydrothermal synthesized SnO:-reduced graphene oxide
hybrid composite[39]; Ag-decorated SnO: hollow nanofibers[40]; cuboid WO3
nanosheets[41]; TiO: nanorods decorated with NiO nanoparticles[42]; p-Type Na:ZnO
nanoflowers[43]; a-Fe;03 nanoparticles[44] or porous ZnFe;04 nanospheres[45] and W-
doped NiO hierarchical nanostructure[46], etc. Some of these sensors demonstrate good
detection sensitivity and robustness, and also, they are further developed to monitor a
variety of toxic and inflammable gases (i.e. methanol, ethanol, isopropanol, acetone and
acetic acid) in many air monitoring systems, gas leak detectors in industries and medical
diagnosis equipment.[47] MOx sensors have shown their great competitiveness in
fabrication costs but brought along other drawbacks. For example, generally they require
external heating elements or energy excitement (UV) in their sensor structures and
thereby, may suffer from poor stability and long recovery time. This leads to additional
energy use during gas measurements.

19
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Chapter 1 - General Introduction

3.2. Nanowire field effect transistor gas sensor

An important class of gas sensors is based on a change in electrical conductivity of a metal
oxide surface layer due to the adsorption of gas molecules. The semiconductor metal oxides
contain lattice defects due to an excess or deficiency of metal or oxygen in the lattice.
Association of electrons within these defects following chemisorption of the analyte allows
a certain change of the electrical conductivity of the metal oxide. For polycrystalline
ceramic or thin film devices, only a small fraction of the species adsorbed near the grain
boundaries is active in modifying the electrical transport properties. This results in a lower
sensitivity of the device because of the limited surface-to-volume ratio.[48] Moreover, most
solid-state thin film devices operate at high temperatures (200 - 600 °C) to achieve
enhanced chemical reactivity between sensing materials and targeted gases.[49] One-
dimensional (1D) nanostructures, such as nanowires, have initiated intensive research due
to their unique properties and their potential for fabrication at nano scale in miniaturized
portable devices. 1-D systems have the smallest dimension structure that can be used for
efficient transport of electrons, they also have a high surface-to-volume ratio and may
display quantum effects so that their electrical properties are strongly influenced by minor
adsorption of the analyte. The charge transport in 1D nanostructure potentially enables the
detection of a single target molecule. 1D nanostructures provide a sensing model for label-
free and direct electrical read-out when nanostructure is employed as a semiconducting
channel in a field-effect transistor (FET) configuration.[50] The so-called nanowire FET
sensors have an advantage over resistor-based sensors because the response can be easily
amplified due to current modulation by gate electrode. Furthermore, the control on charge
carrier density by the gate electrode can be exploited to increase sensitivity. Nanowire FET
sensors also exhibit excellent signal-to-noise behavior. This is of great value for clinical
diagnosis and other sensitive bio-detection applications. This type of sensors opens new
capabilities, which are not available in large scale devices, such as studying single molecule

properties, detecting a very small amount of analytes in the range of ppb to ppm, etc.
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SiINW

"1-2
—p —

Background oxide

"3"
—

Figure 7. Schematic representation of a SiNW-based device (top-left), of which the
nanowire has been chemically modified (step 1), followed by the immobilization of
receptors (step 2) and the binding of an analyte (step 3). S and D stand for source and

drain, respectively.[51]

To date, a variety of materials have been used for 1-D gas sensors such as CNT, Si, SnO,
Zn0, In203 nanowires and graphene.[11,15,18-21,23] However, Si-NWs have a unique
place in the development of portable analyzing platform research because silicon is one of
the most characterized materials with respect to structure, size and electronic properties
that can be controlled in a reproducible way.

Therefore, part of this thesis will discuss on studying and developing Gas sensors as

SiNW based FETs for acetone detection in diabetes.

3.3. Chemocapacitor gas sensor

As one of the electrical detection methods, capacitive sensing has been exploited for
many different applications,[52-54] such as displacement sensors,[55] humidity
sensors,[56] acceleration sensors,[57] pressure sensors[58] and finger print sensors,[59]
etc. Notwithstanding, capacitive gas sensors have been employed for the detection of

organic and inorganic compounds for many purposes.[60-65]

Capacitive sensors are well known for its simplicity, given by comb-like or ring-like
structure of multiple pairs of interdigitated electrodes (IDEs) using micro-fabrication

21
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Chapter 1 - General Introduction

process. IDEs show great advantages because of its design and its surface can be
functionalized in sensing applications. In principal, IDEs consist of many arrays of parallel
plate capacitors.[66] The capacitance of a parallel-plate capacitor can be described using

the conventional parallel-plate capacitor formula as below:
C=¢2
= -~ (1)
a1

Where C is the capacitance, € is the relative permittivity of the material multiplied by the
permittivity of the vacuum, A is the electrode area which is finger length times finger
width, (I x w), n number of fingers and d is the distance between plates which corresponds
to the gap between electrodes in a planar capacitor. The larger € s, the larger the resulting
capacitance becomes. Different sensing targets with different relative permittivity leads to
change in capacitance when an analyte is being exposed. A schematic explanation of this

approximation is shown in Figure 8 and Figure 9.

(a) (b)
Material Under Test
Electric Field Lines

W:
Electrode

Figure 8. Top view of a basic IDEs and the electric field lines distributed between each
fingers. Electric fields of the (a) parallel plate capacitor and (b) co-planar interdigitated
sensor. The electric field emanating from the surface of the microelectrodes provides
determination of the change in capacitance due to the change in dielectric properties above

the surface.[67]

22
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(a) o d (b) ﬁccll glass
cctrode
Ry ca [ Ry
Material Under Test Cecttair/coating —\A\\N—

Figure 9. Interdigitated electrode: (a) configuration of the interdigitated impedance cell;
(b) simplified electrical circuit of the interdigitated impedance cell; and (c) analogy

of Figure 8b (previous figure).[67]

The fabrication of IDEs employs great potential in micro and nano-electronics because of
its cost-effectiveness and large-scalability in industries. IDEs can be widely used for sensing
applications in many different ways. For instance, as a chemoresistor, they can be used as a
gas-sensing platform,[68] a humidity sensor,[69] or an integrated DNA chip with
microfluidics channels.[70] For biological purposes, IDEs can also be exploited as a very
effective sensor for impedimetric detection, which measures the change of impedance

instead of resistance.[71,72]

23
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Figure 10. SEM images of (a) the as-grown pattern, (b) the CNT pattern after transfer and

inversion used as a supercapacitor.[73]

Furthermore, with conventional micro-fabrication process, micro IDEs and nanogap IDEs
exhibit their excellence in large scalability, thus promises a new generation of cost-effective

and portable devices (Figure 10 and Figure 11).

Figure 11. A SEM image of an interdigitated capacitor for acetone sensor at room

temperature.[74]

4. Aim of this Research
Despite the fundamental scientific relevance of acetone sensing, many questions remain

unanswered. How can surface functionalization alter the properties of silicon nanowire
24
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channel in field effect transistors with respect to sensing performance of a gas sensor? How
does the polarity / surface energy of the monolayer on silicon nanowires change when
acetone molecules are present? Which problems need to be dealt with when developing an
acetone gas sensor at room temperature? How can acetone be detected by a non-
conductive polymer? In which ways we can develop sensing materials to improve
sensitivity of the devices, regards to low concentration of gas vapor, for example, ranging
from 1000 ppm to less than 10 ppm? How stable are these chemical sensors under
different humid conditions and for long-term storage? How does miniaturization can affect
detection limit factor in the sense of improving structure of device from micro to nano
level? How to improve sensing signals and optimize limiting factors in order to achieve the
desired level of detection? When there are many parameters of a sensor that can be
interfered, which will be the most optimal choice to effectively enhance the quality of
sensing behaviors and cost-efficiency and worthwhile? While several of these questions
have been answered for a selected series of gas sensors, systematic studies are still rare.
The aim of the research described in this thesis is to partly fill this gap, largely address the
above mentioned issues by focusing on three aspects: to study the principle of the
detection of acetone molecule in gas phase by fluorinated monolayers in field effect
transistors system as well as non-conductive polymer in a chemocapacitive platform; to
determine the interference of nanostructure (monolayers and nanocomposite with
nanoparticles embedded in polymer network) in sensing layers of the devices in relation to
the enhancement of analyte’s adsorption into these layers; and finally, to evaluate and
optimize sensing properties of both micro IDEs and nanogap IDEs, with the aim to sense

acetone at a low concentration. Fortunately, these goals have come within reach.

5. Outline of this Thesis

In this thesis, the development of different gas sensors for acetone detection at low
concentration will be presented and discussed with two approaches: acetone gas sensor as
a functionalized SINW-FET and acetone gas sensor as a chemocapacitor using micro and

nano IDEs structure.
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In Chapter 2 the development of SiNWs FETs devices and their sensing performance
toward VOCs at ppm level are described, whereas Chapter 3 and 4 deal with the detection
of acetone by micro and nanogap IDEs devices used nanocomposite as sensing material.
Chapter 5 discussed the optimization of the nanogap IDEs in comparison with micro IDEs

with respect to improving the detection limit of the sensors.

Acetone at ppm level has to be selectively detected amongst more than two hundred
kinds of other VOCs in the exhaled breath. Aiming for a portable device, in Chapter 2, we
investigated the development of acetone sensors with acetone trapping alkyne based Self
Assembled Monolayers (SAMs) provides on a silicon nanowire field-effect transistor
(SINW-FET). Surface characteristics of the nanostructured-functionalized layer will be
studied by Auger system (AES), Scanning Electronic Microscopy (SEM) and Atomic Force
Microscopy (AFM). Nuclear Magnetic Resonance (NMR) and X-rays Photoelectron
Spectroscopy (XPS) are used to assess properties of the surface modified organic
monolayers. Preliminary sensing behaviors of SiNW-FET were performed towards
octanone at 500 ppb. Key desired parameters for gas analysing sensors such as selectivity,
sensibility, stability and response/recovery time were evaluated. The observed results

were further discussed regards to sensing acetone within same regime.

In Chapter 3, we focused on the use of a novel nanocomposite as sensing material for
acetone using a micro-IDEs structure based on chemocapacitive sensing. The
nanocomposite layer contained functionalized silicon nanoparticles incorporated in a
polymer network: poly (4- vinyl phenol) (PVPH). PVPH is sensitive to acetone because of its
high physisorption. Sensing performance of the device as a chemocapacitor at room
temperature were pursued and they were tested with acetone and other different analytes,
for example, acetonitrile and heptane to understand the sensing mechanism of acetone of
the whole system. Stability and durability of the devices were also examined in this study.

To improve the sensitivity of acetone sensor using chemocapacitor structure, in
Chapter 4, we pursue nanotechnology approaches by designing and creating a new
structure of IDEs with nano gaps (50 to 250 nm) using conventional micro-fabrication

process. A thin layer of polymer (PVPH) was then filled in between the nano gaps of the
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IDEs and this could enhance the sensitivity of the device. The nanogap IDEs structure is
particularly of interests for the development of high-performance acetone sensors for
the application of medical diagnosis in Diabetes for its ability in detecting acetone at
sub-ppm level.

To reach the optimal sensing behavior of acetone sensors using nanogap-IDEs, in
Chapter 5, we investigated sensing performance of nanogap IDEs in comparison with
micro IDEs. We discussed the improvement of signal-to-noise ratio of the acetone
responses when using nanogap IDEs. The response towards acetone of nanogap IDEs was
compared with micro IDEs as presented in the previous chapter in different conditions:
when using same material (PVPH) and when the percentage of change remained equal, 0.2
% at 1000 ppm acetone. Furthermore, to study the reliability of these devices as
chemocapacitors and the effect of surrounding ambient environment onto gas sensors, we
extended our measurements with nanogap sensors in different humidity levels at room
temperature and how humidity could interfere the detection limit of the sensors.

Chapter 6 summarizes the most important achievements and places them in a wider
context. Moreover, we address the potential of using of FET, micro-IDEs and nanogap-IDEs
devices towards acetone and other VOCs at low concentrations in industry and medical

diagnosis.
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Abstract

Passivation of oxide-free silicon nanowires (Si NWs) by the formation of high-quality
fluorinated 1-hexadecyne-derived monolayers with varying fluorine content has been
investigated. Alkyl chain monolayers (CisH3o-xFx) with a varying number of fluorine
substituents (x = 0, 1, 3, 9, 17) were attached onto hydrogen-terminated silicon (Si-H)
surfaces with an effective one-step hydrosilylation. This surface chemistry gives well-
defined monolayers on nanowires that have a cylindrical core-shell structure, as
characterized by X-ray photoelectron spectroscopy (XPS), Fourier transform infrared
spectroscopy (FT-IR) and static contact angle (SCA) analysis. The monolayers were stable
under acidic and basic conditions, as well as under extreme conditions (such as UV
exposure), and provide excellent surface passivation, which opens up applications in the

fields of field effect transistors, optoelectronics and especially for disease diagnosis.

This chapter has been published as:

“Fluorinated alkyne-derived monolayers on oxide-free silicon nanowires via one-step hydrosilylation”, Quyen
Nguyen Minh, Sidharam P. Pujari, Bin Wang, Zhanhua Wang, Hossam Haick, Han Zuilhof, Cees ].M. van Rijn,
Applied Surface Science, 2016.
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1. Introduction

Silicon (Si) has been exploited in many applications in the field of semiconductors, such
as optoelectronic devices,[1, 2] molecular electronics[3] and bioelectronics.[4] Particularly,
nanoelectronics with low-dimensional systems based on Silicon (Si)have been extensively
researched, for instance (0D)-nanoparticles,[5] (1D)-nanowires[6] or (2D)-nanosheets.[7]
Si NWs are of considerable interest and widely studied because of their good electrical
conductivity properties for semiconducting devices.[8] Si NWs devices are now subject to
numerous studies in diagnostics based on a selective and sensitive response to analytes
using a functionalized FET channel.[9] One of the approaches is to create an active channel
layer by the chemical adsorption of organic molecules via Si-O or Si-C bonds onto the Si
surface, which passivates the surface of pure Si.[10-13] This strategy improves the surface
properties of the NWs as well as enhances the electron transport in Si NWs based FETs.[14,
15] Since Si surface atoms are easily oxidized, as-prepared Si NWs, as well as other Si
materials, are always coated with a native oxide layer. As a result, the device’s performance
is strongly diminished by charge scattering and trapping in the oxide layer of Si NWs.[16]
Hydrogen fluoride etching can remove the oxide layer, and form a Si-H terminated surface.
However, the Si H-terminated surface is unstable and prone to be oxidized again. To
prevent this, the Si-H surface can be passivized by an organic monolayer to prevent
oxidation.[17] The covalent binding of organic molecules onto the Si surface enhances
device performance by minimizing the charge trapping sites and thereby increasing the
carrier mobility.[18] Previous research has shown that the carrier mobility can be well
controlled by the passivation of Si NWs surfaces via either Si-C or Si-O bonds.[18] In
addition, several studies have concluded that the removal of the oxide layer before covalent
Si-C or Si-O surface bond formation can increase the trans-conductance values[19] and
enhances the performance of FETs with higher on-off ratio.[20]

Silane chemistry, yielding Si-O linked monolayers, is widely used for the functionalization
of Si surfaces.[21, 22] Nevertheless, there are some drawbacks and limitations of this
chemistry, such as unstable monolayers which result in a decreased electrical sensitivity of
devices. Also, other Si-C-linked monolayer-forming methods such as electrochemical

functionalization,[23] and transition metal-catalyzed alkylation[24] are inadequate
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techniques for stable[25] monolayer formation. Alternatively, Bashouti and co-workers
applied a 2-step chlorination-alkylation method to Si NWs.[26] Although this approach
leads to less surface oxidation and more densely packed monolayers, it required rather
harsh preparation conditions. Finally, the attachment of 1-alkenes onto Si surfaces under
UV light is another popular method for Si surface functionalization,[27, 28] which is much
milder again, but also provides only an intermediate electrical passivation. Therefore, all
these cases, either the surface stability and/or passivation is less than optimal or, or the
processes require hazardous chemicals and/or extreme reaction conditions which limits
industrial applications.

Silicon surface modification using alkynes has been shown to be a highly efficient and
mild method to form highly passivating organic monolayers with Si-C=C bonds on a Si
wafer surface.[29, 30] This method not only results in well-defined monolayers on Si
surfaces with good packing density and high surface coverage, but provides stronger Si-C
bonds as well.[30, 31] Therefore, it seemed to have high potential to apply this method to
the surface functionalization of Si NWs. In addition, the mild reaction conditions allow for
the introduction of a range of functional groups on the surface. In this regard, the use of
fluorinated alkynes would provide an easily accessible additional tool, namely the stepwise
variation of the work function of the underlying Si NWs surface.[32-34]

In this study, we investigated the formation of five different 1-hexadecyne-derived
monolayers with a varying number of fluorine atoms (HC=C-(CH2)¢CsH17xFx; x =0, 1, 3, 9,
17) onto oxide-free hydrogen-terminated Si NWs by a one-step hydrosilylation using 1-
alkynes FO to F17 (Scheme 1). These monolayers were characterized in detail by X-ray
photoelectron spectroscopy (XPS), infrared spectroscopy (IR), static contact angle
measurements, scanning electron microscopy (SEM) and transmission electron microscopy
(TEM). The complete passivation of the oxide layer on the Si NWs was studied by UV-VIS
measurements in the presence of Rhodamine B as an indicator. The stability of the
monolayers on the Si NWs surfaces was evaluated under acidic (pH 3) and basic (pH 11)
conditions for 1 week. Finally, preliminary data show their usefulness as components of

electrically active sensing devices.
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Scheme 1. Passivation of Si NWs by the formation of fluorinated hexadecyne-derived

monolayers via a one-step hydrosilylation method.

2. Experimental methods and test procedure

Chemicals, synthesis of fluorinated monomer as well as detailed reaction schemes
towards monolayers on oxide-free Si NWs are described in the Supporting Information in

section 1, 2 and 3, respectively.

Compound F17 (See Supporting Information section 3) was obtained via a four-step
reaction starting from the coupling of a heptadecafluoro-1-iodooctane (CsFi71) to a 5-
hexene-1-ol. Reduction of the product heptadecafluoro-5-iodotetradecan-1-ol (CgF17-CHz-
CHI-(CHz)4-OH) by LiAlH4, followed by reaction with HBr then yields 14-bromo-
heptadecafluorotetradecane (CgFi7-(CHz)s-Br). This is reacted with LiC=CH to finally
provide 1-alkyne F17 (99.98% purity), in a manner that is both more environmentally

friendly and efficient than previous routes.[35]

2.1. Equipment - Surface Characterization Methods

X-ray Photoelectron Spectroscopy (XPS). Using a JPS-9200 Photoelectron
Spectrometer (JOEL, Japan), monolayers on Si NWs were characterized under UHV
conditions with monochromatic Al Ko X-ray radiation at 12 kV and 20 mA, analyzer pass

energy of 10 eV, and an angle between sample and detector (takeoff angle ¢) of 80°.
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Narrow-range (elemental) XPS spectra were corrected with a linear background before
fitting. XPS data were analyzed by Casa XPS software (version 2.3.15). In all XPS spectra,
the alkyl carbon (C-H) C 1s binding energy at 285.0 eV was used as a reference for
spectrum calibration. All other carbon peaks were then fitted with an equal full width at
half-maximum (FWHM) for each individual component.

Static Contact Angle (SCA). An automated contact angle Kriss DSA 100 goniometer was
used to study the wetting of modified surfaces by water, ethylene glycol,
dimethylformamide and hexadecane via measurements of the SCAs of the two sides of a
drop (6uL) within 20 s after drop deposition. At least five droplets were dispensed, and the
SCAs were then determined using the Tangent 1 fitting mode, with error of + 2°,

Scanning Electron Microscopy (SEM). The morphology of Si NWs was observed by a
high vacuum and partial vacuum (10 - 104 Pa) JSM 5600 LV (Japan) Scanning Electron
Microscope at accelerating voltages of 10 kV.

Transmission Electron Microscopy (TEM). Samples were prepared by depositing a 6
uL drop of Si NWs dispersed in ethanol (about 50 pg/mL) onto a carbon-coated copper
grid. The samples were observed with a JEOL JEM-1010 transmission electron microscope
at an accelerating voltage of 80 kV. Pictures were taken with a SIS MegaView III digital
camera (Soft Imaging Systems) and were analyzed by the AnalySISv. 2.0 software.

Fourier Transform Infrared Spectroscopy (FT-IR). To study the formation of
monolayers on nanowires, we measured IR in transmission mode with a Bruker Tensor 27
spectrometer. Samples were sonicated in CCls to obtain nanowire suspensions without
other carbon interference, followed by the addition of oven-dried KBr powder to the
suspension. The mixtures were then dried in a vacuum oven (10-3 bar, 25 °C, 24 h) to
remove remaining solvent, and packed into circular pallets of 1 cm diameter and 1 mm
thick under 8000 psi pressure. The transmittance data of these pallets were collected and
analyzed by OPUS software version 7.2, spectra from 4000 to 400 cm™ (resolution 2 cm,
500 scans).

Ultraviolet Visible Spectroscopy (UV-VIS). To examine the complete passivation of Si
NWs by fluorinated alkyne monolayers, the Si-H NWs and modified Si NWs samples were
tested in a solution of 5 uM Rhodamine B (RhB) in EtOH as an indicator. The Si-H NWs; FO,
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F1, F3, F9 and F17-modified Si NWs (from same fabrication batch that leads to same
density of NWs) were removed from their substrates by mild sonication (1 min in absolute
EtOH), resulting in NWs suspensions. These suspensions were transferred to separate
quartz cuvets containing RhB (5 pM in EtOH). All these samples were then exposed to UV
light using a Camag UV lamp (254 nm, 8 W) at RT, for 1 and 24 h. The UV-VIS spectra of as-
prepared samples and exposed samples were then measured with a Cary 50 scan Varian
spectrometer with a Xenon lamp. The UV-VIS data of these samples were measured and
compared to pure RhB in EtOH at the same concentration which has a typical peak at 550

nm.
2.2. Preparation of Fluorinated alkyne-derived monolayers onto Si-H NWs

After the etching process, the H-terminated Si NWs on the Si substrate (See Supporting
Information section 2) were immediately added into a three-necked glass flask with
flattened bottom containing the fluorinated alkyne (HC=C-(CH2)¢CsH17xFx; x =0, 1, 3,9 or
17) in an inert atmosphere glovebox (RT, N2 atmosphere with < 0.1% 02). The reactor was
preliminarily purged at RT for 30 min using a ~10 mbar vacuum at one side and
continuous refilling with Ar via a thin capillary from the other side. The entire flask was
placed in an 80 °C sand bath, and the reaction was allowed to proceed with no additional
stirring for 22 h. Samples were then taken out of the reactor and washed extensively with
dry hexane and dichloromethane, after which they were completely dried with a stream of
argon (all in the glovebox). Subsequently, further characterization of these functionalized Si

NWs was performed.

3. Results and Discussion
Passivation of Si NWs

Si NWs were prepared on Si (111) surfaces by chemical vapor deposition of B2Hs and
SiH4. This process typically resulted in Si NWs that were significantly contaminated with
organics. The optimal cleaning procedure was obtained by first using organic solvents to

briefly clean the samples and then immerse these samples in piranha for 10 min before
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continuing with etching and surface modification steps (detail information can be found in

Supporting Information).

Table 1. XPS survey scan-based elemental composition (in %) of Si NWs before [a] and

after [b] HF etching in comparison with those after modification.

C1is 01s F1s Si 2p [% SiOx] [
Si NWs
285.0eV 531.0eV  686.0eV 99.0-100.0 eV

Untreated [l 8.9 44.4 0.4 25.8 [20.5]
10 min Piranha then 30

2.4 43 0.6 92.7 [< 0.1]
s HF (2.5 %) etching 0
F3 40.85 6.62 9.09 43.43 [<0.1]
F17 28.34 3.49 25.79 42.37 [<0.1]

[a] Si NWs before etching, [P] Si NWs after etching. [ The Si 2p signal from SiOx at 103.0 -
106.0 eV (in square brackets) was fitted and calculated from the total signal of Si 2p region
from 90.0 - 109.0 eV.

Next, to obtain oxide-free, functionalized Si NWs via H-terminated Si NWs, etching is a
crucial step. Table 1 shows a XPS survey scan-derived element quantification of C, O, F and
Si before and after etching (see Figure S1 for XPS wide scan). This etching was optimized,
using 40 % NH4F and 2.5 % HF solutions. Typically, HF etches much more effectively than
NH4F, as can be seen by comparing Figure 1A. After 15 min of NH4F etching under
conditions that etch planar Si(111) effectively,[35, 36] on the Si NWs an oxide layer was

detected of ~7 % of the total Si 2p signal, which does not diminish further upon doubling
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the etching time (see Figure S2-A for XPS Si 2p data). In contrast, 30 s of HF etching works
effectively, and yields a significant decrease in the SiOx peak at 103.6 eV, from 20.5 % in the
untreated sample to < 0.1 % after HF treatment (see Table 1, Figure 1B and Figure S3-A for
XPS Si 2p narrow scan). The difference between the two etching procedures lies in the pH,
and results in rather different surface compositions. Upon etching with HF (pH 1-2), stable
Si-Hx species (x = 1-3) were mostly found on the surface; on the other hand, etching with
NH4F (pH 12-14) resulted in a significant amount of Si-(0-)x species (x = 1-3). Even at
high NH4F concentration and prolonged processing, this Si oxide layer cannot be removed
completely, because the Si surfaces were negatively charged and stabilized /passivated by
electrostatically attracted NH4* ions.[37] Therefore, HF was subsequently used in our

surface modification procedure of Si NWs.
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B
50 La T T T
—m—Etched by HF 3 Si2p region o
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Figure 1. Decrease of native oxide SiOx on Si NWs as a function of etching time. The
percentage of the SiOx peaks as a fraction of the entire Si content was determined by fitting
the signals observed for SiOx at 103.0 - 106.0 eV and Si 2p at 99.0 - 100.0 eV. (A) - Etchant:
40% NH4F (in black) and 2.5% HF (in red); (B) - XPS Si Zp narrow scan of Si-H NWs surface

after etching.

As observed in the XPS wide scan of Si NWs etched with HF for 30 s (Figure S3-C), a small
amount of oxygen is still present (in all experiments, the oxygen content is < 5 %), possibly
resulting from the physical adsorption of water vapor and other oxygen sources during the
surface modification process.[38] Therefore, we considered a narrow spectrum of Si 2p

region to confirm growth of the silicon oxide layer. Peaks at 103.6 eV were used to identify
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the oxidation of Si at the outer surface of Si NWs. Generally, the absence of this peak was
used as a proof that no Si-0 bond was present on the Si surface (Figure 1B), and Si-H bond

formation had been successful.
Formation of Fluorinated Monolayers by One-step Hydrosilylation on Si NWs

We adapted a one-step modification procedure for grafting 1-alkyne fluoro-hydro
monolayers on planar Si (111) surfaces[35] to the modification of the Si NWs under current
study (see Scheme 2). After HF treatment, samples were immediately transferred into
Schlenk tubes containing an alkyne (FO, F1, F3, F9 or F17). Oxygen levels were minimized
by purging with argon, and the reaction was allowed to proceed for 22 h at 80 °C under

ambient light.

n
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R B ]
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FOerrrerT N F
80°C,22h

H — terminated Si NW

-
m
m
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-

F17 — functionalized Si NW

Scheme 2. One-step hydrosilylation of H-terminated Si NWs using fluorinated-Cis-

alkynes (cross-section configurations of individual NWs).
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Morphology of Molecule Modified Si NWs

After the reaction, the modified Si NWs were cleaned, and analyzed for their morphology
by SEM and TEM. SEM images showed that resulting Si NWs are well recognizable in the as-
synthesized samples (Figure 2A). As shown in Supporting Information Figure S5 compared
to Figure 2A, the morphological difference between the Si NWs before and after surface
modification is insignificant on this scale. Corresponding TEM images show the diameter of

a single wire to be 80-100 nm (Figure 2B).

Figure 2. Representative SEM image of Si NWs after modification with fluorinated alkyne-
derived monolayers (F17) (A) (other SEM images in Supporting Information Figure S5),

and TEM image of a single nanowire with a diameter of 82 nm (B).

Wettability of Modified Si NWs

Static contact angle (SCA) measurements were used to determine the solvent repellence
of surfaces containing monolayer-modified Si NWs. In this study, SCAs were measured for
all monolayer-modified Si NWs and compared to as-fabricated SiOx/Si NWs and Si-H NWs
(etched in 2.5 % HF 30 s). To this aim SCA measurements were performed with solvents of
different surface tension: n-hexadecane (27.5 mN/m), dimethylformamide (DMF; 37.1
mN/m), ethylene glycol (EG; 47.7 mN/m) and water (72.8 mN/m). Typical images of
droplets on SiOx NWs, Si-H NWs and various monolayer-modified Si NWs are shown

together with the SCA results in Figure 3.
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Figure 3. Static Contact Angle (0) at 20 °C of Si NWs with native oxide, hydrogen-
terminated, and FO-, F1-, F3-, F9-, F17- derived monolayers measured with water, EG,

and DMF. For n-hexadecane, all samples had 6 < 10°.

Surfaces covered with unmodified Si NWs (SiOx/Si NWs and Si-H NWs) demonstrated no
solvent repellence, and immediately absorbed all four liquids. The SCAs of these
unmodified samples were all below 10° This superhydrophilic and superoleophilic
behavior is caused by the structure of Si NWs on the substrate surface; Si NWs form a
hierarchical surface structure with sub-micrometer gaps, yielding a “homogenous-rough
surface” which allows rapid penetration of liquid into the Si NWs layer.[39] In contrast, all
Fx-modified Si NWs exhibited both superhydrophobic (> 163° for water) and highly
oleophilic (<10° for n-hexadecane) properties. Water drops roll off easily from these
surfaces by tilting < 1°, the rolling-off movements were captured in videos (see Supporting
Information Video S1 for FO and S2 for F17) according to our previous work.[40] The
hydrophobicity of monolayer-modified Si NWs (from F1 to F17) is typical for the presence
of fluorinated species.[41] As compared to the SCA of fluorinated monolayers on 2D
surfaces, however, the SCA for surfaces covered with our modified Si NWs is significantly
higher (> 165° for Si NWs compared to 125° for 2D), which is caused by the increased

roughness of the surface.[42] In addition to repelling water, the monolayer modified Si
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NWs surfaces also showed repellence towards EG and DMF. For EG, a reduced SCA was
observed for F1 modified Si NWs compared to the other fluorinated Si NWs: 120°
compared to 140°. This is caused by the larger dipole moment of the F1 molecule (due to
the presence of one single polar C-F bond), which makes the surface more polar than the
other fluorinated molecules and even F0.[43] In addition, the work of adhesion (W) of all
monolayers with different test solvents were then calculated using equation S1 (see
Supporting Information Section 6). However, F1 monolayers tested with ethylene glycol
gave the strongest Wa value of 24.1 mJ.m?, in line with the dipole of the C-F bond and
concomitantly higher interaction with polar groups in the liquid.[41, 44] Towards DMF the
F17 and F9 monolayers yield the highest SCA values (112° and 78°, respectively), while FO,
F1 and F3 monolayers show complete wetting (SCA < 10°). This is in agreement with a low
energy hierarchical surface reported by Zhang et al.[45] Moreover, this effect is also caused
by the competition between the hierarchical structure formed by the Si NWs that leads to
complete wetting and the repellence caused by the fluorinated monolayer. For FO, F1 and
F3 the effect of the structure prevails while for F9 and F17 the effect of monolayer is

dominant over the structure effect (see Supporting Information Figure S6).
Surface characterization of the Si NWs

The surface of the monolayer-modified Si NWs was characterized in detail using XPS and
infrared spectroscopy. As a typical example, the XPS data obtained for the F17 monolayer-
modified Si NWs are discussed, and the C1s data are shown in Figure 4 (see Figure S4 for
the other fluorinated monolayers). The wide-range survey spectrum is in line with the
proposed structure of Scheme 2. Notably, the Si 2p data, with the detection limit of our
equipment (< 0.1%), do not show a SiOx oxide peak at 103.6 eV, and the only Si component
present is assigned to pure Si at 99.0 eV. Some oxygen (2-3%) is still present in all cases,
which we attribute to the physisorption of hydrocarbon impurities. This physisorption is
likely enhanced by the ‘forest-like’ structure of the Si NWs on the wafer surface.[38] The
F17-derived C1s spectrum exhibits six distinctive peaks (see Figure 4B), which are a near-
complete overlay with the spectrum obtained for planar F17 modified Si (111)

surfaces[35] (see for a side-by-side comparison Figure 4). A peak which was assigned to Si-

45

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 45



Chapter 2 - Fluorinated alkyne-derived monolayers on oxide-free silicon nanowires

CH=CH- groups at 283.9 eV is observed beside the CHz peak at 285.0 eV. The relative ratio
of the intensity of these two peaks is roughly 7.1 : 1, in excellent agreement with that
expected from the depicted molecular structure (7.0 : 1). The center-to-center difference
between the C-Si peak and the -CH;-CH2 peak was 1.1 eV, as also observed in a previous
study on Si NWs from Bashouti and co-workers.[46] Interestingly, we found that the
center-to-center difference between the -CF,-CH; and -CH>-CH: peak was 1.3 eV, whereas
for planar Si surfaces 0.9 eV was found. Also, the C-F peaks observed for Si NWs occur
consistently at slightly higher values than observations for flat Si (111) surfaces. This holds
not only for F17, but also for F9 and F3, the energy difference (A) was about 0.3 - 0.7 eV
(see Table S3 for C-H region of modified Si NWs with fluorinated alkyne derived
monolayers; Table S3 and S4 for peak shifting assigned to CF3 signals and CF» signals,
respectively). This shift may be related to charging effects of adjacent fluorine atoms of Si

NWs present in the ‘forest’ of Si NWs.

]a 2015 ~CHy-CHy- F17 Si (2D)

Arbitrary Units

T T T T T T T 1
295 293 291 289 287 285 283 281

Binding Energy (eV)

Figure 4. XPS Cls narrow scan of fluoro-alkyne-derived monolayers on Si NWs (F17
NWs) as compared to fluoro-alkyne derived monolayers on a planar surface (F17 Si 2D)

showing peak shifts: CF3- (AeV = 0.7), -CFz- (AeV = 0.7) and -CF2-CH; (AeV = 0.4).
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Figure 5. Infrared spectra (C-H stretching region) of fluorinated alkyne-derived
monolayers (FO, F1, F3, F9, F17) on Si NWs surfaces. KBr pallets were prepared from

suspensions of modified Si NWs.

The quality of the fluorinated monolayers on the Si NWs was evaluated by infrared
transmission-adsorption spectroscopy (Figure 5). Peaks of symmetric and anti-symmetric
CH: stretching vibrations were found around 2920 - 2923 cm and 2850 - 2854 cm'l,
respectively, (see more details in Table S1). The absolute value of the wavenumber at
which these peaks occurred shifted about 3 cm from FO to F17 for Si NWs, equal to
observations for flat surfaces,[35, 44] which is caused by the presence of an increasing
number of fluorine atoms. Furthermore, the peak around 2920 cm! becomes broader for
FO going to F17. This is caused by the increasing electrostatic repellence of FO to F17,
which leads to less ordering and less dense packing when more fluorine atoms are present.
The intensity of this peak starts to decrease from FO to F17 because a number of -CHz-
have been replaced by -CF2- and -CFz. In addition, this peak shifts ~ 3 cm! towards lower
wavenumber compared to corresponding flat F17-coated Si surfaces.[33] This suggests less
short-range ordering of the alkyne chains, which can be attributed to the curvature of the Si
NWs surface[47, 48] (more details in Figure S6). Figure 5 also shows the effects of methyl-

containing contaminants, which decrease with further fluorination as expected. Finally, all
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modified samples display clear peaks corresponding to the Si-C=C stretching vibrations at
1585 - 1615 cm'! (see Supporting Information, Figure S7), confirming the proper monolayer

formation.
Stability of fluorinated alkyne-derived monolayers

The potential use of monolayer-modified Si NWs critically depends on the stability.
Therefore this stability was investigated under two different sorts of conditions: upon
irradiation with UV light, and under acid and basic conditions. In order to assess the
stability of the electrical passivation provided by these fluorinated monolayers on non-
oxidized NWs, we investigated the photo electrochemical degradation of rhodamine B
(RhB) by UV-irradiated (254 nm, with the lamp-to-samples distance of 1 cm) Si NWs. Here
we use the observation that uncoated, including H-terminated, Si NWs display a significant
photocatalytic activity: upon irradiation of uncoated Si NWs in water, OH* radicals are
formed. These oxidize RhB, yielding the transformation of the colored RhB solutions into
colorless ones, a process easily followed by UV-VIS spectroscopy.[49, 50] Therefore, the
stability of RhB solution in irradiated Si NWs is a good indicator of the overall surface
passivation, since coated Si NWs prevent water to come close to the nanowire, and do
accordingly not easily produce OH- radicals.

Figure 6 summarizes the degradation of RhB versus time by normalized absorbance of
Rhodamine B solutions (5 pM, without Si NWs, and in the presence of Si-H, F0, F17 Si NWs
(more detailed timelines, data in Figure S8). Directly after preparation, all samples showed
a similar absorbance at 550 nm. Upon exposure to UV, the absorbance of the RhB solution
stayed constant. However, upon addition of Si-H Si NWs, complete discoloration of RhB
occurs after 24 h of UV irradiation. In contrast, almost no degradation was detected in the
presence of all Fx modified Si NWs, even after prolonging the irradiation time to 24 h.
Apparently, coating with a densely packed Cis monolayer will nearly fully block the
photocatalytic activity, independent of the degree of fluorination. It is known that the
hydrosilylation by 1-alkynes will retain a fraction of the Si-H sites at the Si surface.[30]
Therefore it can be concluded that the packing is so dense that these remaining Si-H sites

atoms on the FO and F17 Si NWs surfaces are effectively shielded from the participation in
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the degradation of RhB, proving long-term photoelectrical passivation, even upon UV (254

nm) irradiation.
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Figure 6. Normalized UV-VIS absorbance data at 500 nm for FO, F17 and Si-H NWs in 5 pM

RhB solution. Absorbance is shown directly after preparation, and after 1 and 24 h of

irradiation at 254 nm.
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Figure 7. Normalized data of C/Si ratio from XPS survey scans studied at pH 11 (A) and pH
3 (B), followed by static water contact angle measurements pH 11 (C) and pH 11 (D) of FO
(black square), F1 (red circle), and F17 (blue triangle) monolayers on Si NWs surfaces after

taking samples out from basic and acidic conditions after the indicated time period.

To determine the hydrolytic stability, the prepared Fx-modified Si NWs were immersed
up to 1 week in acidic (HCI, pH 3) and basic (NaOH, pH 11) media under agitation,[25] and
subsequently cleaned with excess of deionized water and CH:Cl,. The stability of the
samples was evaluated by SCA and XPS. As representatives, the results for FO, F1 and F17
derived monolayers are shown in Figure 7. In general, there is no significant change in SCA
after 1h and 24 h of basic or acidic treatment compared to freshly made monolayers. Only
upon immersion for 7 days, the SCA was slightly reduced (about 6°), although still
maintaining a high monolayer quality and yielding for both F1 and F17 still SCA > 160°. In

50

514332-L-bw-nguyen-new
Processed on: 16-10-2017

PDF page: 50



Chapter 2 - Fluorinated alkyne-derived monolayers on oxide-free silicon nanowires

line with this, the XPS data showed that the C content of the F1 and F17 modified Si NWs
remained almost constant, while for FO-modified Si NWs, the C content decreased notably
in both acidic and basic conditions. These results showed that fluorinated alkyne
monolayers on Si NWs are outstandingly stable, and continue to be superhydrophobic even

under prolonged acidic and basic conditions.

Finally to provide proof-of-concept of the usefulness of thus modified Si NWs for
volatolomics studies,[51] we prepared FETs based on the surface-modified Si NWs for their
sensing of volatile organic compounds (VOCs). As one representative example, a typical lus—
Vy plot of a FET device that uses F9 Si NWs as conducting channel is shown in supporting
information Figure S9A. The F9 Si NWs FET shows p-type transport behavior of the F9 Si
NWs FET with Ilon= 16 pA, which is defined as I4s value at Vg = =40 V, analogous to that of
related silane-based Si NWs FET devices.[10] A gas response of the F9-Si NWs FETs to a
lung cancer-related VOC (2-octanone) shown in supporting information Figure S9B. Using
a gate voltage V,=-25V, this device presented a clear I4s values versus time response upon
exposure to 500 ppb 2-octanone [reference: dry Nz]. The adsorption of the ketone to the
monolayer thus apparently leads to easily discernable changes in the work function of the
Si NWs. Although preliminary, this result shows the potential of the Fx Si NWs FETs to
detect analytes at low concentrations (ppb), which implies an improvement over analogous
devices based on silane chemistry. In combination with their high stability, this opens up
the use of such monolayer-modified Si NWs for a much wider range of sensing and

optoelectronic studies, which are currently ongoing within our laboratories.
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4. Conclusions

Silicon nanowires (Si NWs) can be effectively functionalized using hydrosilylation of 1-
alkynes to yield highly uniform fluorinated alkyne-derived Si-C=C linked monolayers on all
facets of the persistently oxide-free NW. The obtained monolayers on Si NWs display
superhydrophobic behavior, and a high stability under both acidic and basic conditions for
a week, and also under prolonged UV (254 nm) irradiation. The monolayer coating
provides excellent electrical passivation, and - as shown in preliminary experiments -
display significant potential in the use of single-channel FETs, e.g. for the detection of

volatile organic compounds.
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Chapter 3

Preparation and Gas Sensing Properties of Nanocomposite

Polymers on Micro-Interdigitated Electrodes for Detection of

\&latile Organic Compounds at Room Temperature J

Abstract

A room-temperature chemocapacitive gas sensor based on polymeric nanocomposites
(NC), consisting of amine-terminated silicon nanoparticles (Si NPs-NH2) and poly (4-vinyl
phenol), was fabricated on a micro-gap interdigitated electrode (M-IDE) and used for the
detection of acetone. Several polymers were explored to capture acetone, of which poly (4-
vinyl phenol) showed best results. The response of the sensor was significantly improved
by the addition of silicon nanoparticles to the polymer layer. The response characteristics
of the NC film towards volatile organic compounds (VOCs) were determined and compared
with the pristine polymeric layer in this study. It was shown that the polymeric NC layer
could detect acetone at room temperature within one minute. The sensing response
towards acetone at room temperature proved that the turn-on and -off exposure to this
analyte was reversible with good reproducibility (5 % decay) after multiple cycles of gas
exposure. The proof-of-concept results are promising for the development of novel gas

detectors that are applicable in many fields such as industrial and laboratorial security.

This chapter has been published as:

“Preparation and Gas Sensing Properties of Nanocomposite Polymers on Micro-Interdigitated Electrodes for
Detection of Volatile Organic Compounds at Room Temperature”, Quyen Nguyen Minh, Anke Kuijk, Sidharam P.
Pujari, Franc van der Bent, Hien D. Tong, Han Zuilhof, and Cees ].M. van Rijn. Sensors and Actuators B:

Chemical, Elsevier, 2017.
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Abbreviations

General: VOCs, volatile organic compounds; M-IDE, micro-gap interdigitated electrodes; Si
NPs, silicon nanoparticles; NC, nanocomposite.

Polymers: PS, polystyrene; PVDF, poly vinylidene fluoride; PMMA, poly (methyl
methacrylate); PECH, poly epichlorohydrin; PVPH, poly (4-vinylphenol).

Keywords

Micro Interdigitated Electrodes, VOCs, Gas sensor, Nanocomposite, Chemocapacitor,
Acetone, Poly (4-vinyl phenol).
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1. Introduction

Detection of volatile organic compounds (VOCs) is essential in both laboratories and
industrial applications such as air quality monitoring, controlled-industrial processing,
human safety, etc.[1-4] Chemical sensors for VOCs are therefore widely developed in many
varieties, all with the same purpose of use, namely to detect an analyte at any required
concentration. For instance, spectrometry and spectroscopy-based gas sensing techniques
are able to provide most accurate (down to ppb or ppt levels) and selective
measurements.[5-7] However, their disadvantages are obvious: the required equipment is
typically bulky and quite expensive. In addition, most of the measurements and/or
subsequent data analyses are time-consuming. Smaller, more easily applicable sensors
include metal oxide-based chemiresistors [8, 9] and quartz crystal microbalance
sensors.[10, 11] These have also shown good sensitivity/selectivity characteristics
including competitiveness in fabrication costs, yet have their own drawbacks. The metal
oxide-based sensors, for example, generally require external heating elements and suffer
from poor stability and long recovery times. Field effect transistors, especially with organic
sensing layers, remain unstable in the presence of water vapor, as well as when exposed to
oxygen, and additionally, they are costly and have a complicated fabrication process.[12,
13] With a simple design, chemocapacitors are well known for their applications in
humidity sensing,[14, 15] and also have been widely used for the quantitative detection of
organic solvent molecules in the gas phase.[16-18] Moreover, chemocapacitors can be cost-
effectively manufactured at a high production yield. It also combines good long-term
stability and reproducibility with small chances of defects or damage.[19] In general, a
typical chemocapacitor consists of two interdigitated planar electrodes that are covered
with a dielectric sensing layer. Analytes are detected by this structure because they change
the permittivity and thickness of the chemical sensing layer, both of which change the
capacitance of the device. In most cases, polymers are used as sensing materials for VOCs
detection because they provide an excellent linearity of the sensor signal as a result of the
physical sorption of the gas molecules. Additionally, polymer films are known for their
long-term stability and offer a good compromise between response time, selectivity and

reversibility. The low selectivity of polymers is an issue, often solved by using an array of
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sensors, which use different polymer layers to identify vapors. Among various polymers
that have been exploited as active layers for VOCs detection on gas sensors, a
nanocomposite with well-embedded nanoparticles in a polymer network has been shown

to significantly enhance the sensing performance of the device.[20, 21]

Acetone is one of the most common VOCs, is hazardous and may therefore easily damage
the human body i.e. eyes, nose, and nervous system when the concentration exceeds 170
ppm.[3] In order to modulate acetone levels with respect to human safety in (a) air indoor
environment monitoring; (b) storage place of synthetic products (paints, wax and fuels)
and acetone industrial process; or (c) laboratories and chemical industries etc., we aim to

detect acetone vapour by an advanced chemocapacitor.

In this paper, we developed an schematically simple chemocapacitor that circumvents
these disadvantages and that detects VOCs, acetone in particular, in a sensitive and rapid
configuration at room temperature. Here, we present preliminary studies of acetone
adsorption on micro-gap interdigitated electrodes (M-IDEs) coated with different polymers
that are sensitive towards acetone vapor according to previous work [22, 23] (i.e. PS, PVDF,
PVDF-PMMA, PMMA, PECH, PVPH, NIPAM, P2VP). Emphasis is on the development of these
sensors based on nanocomposite (NC) materials of poly (4-vinyl phenol) (PVPH) and
amino-terminated silicon (Si-(NH2)x) nanoparticles. And lastly, based on a combination of
sensor response studies, we provide an indication of the potential of such devices as active

components in robust, sensitive, portable and low power gas sensors.
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2. Material and Methods
2.0. Chemicals

Polystyrene (PS), poly (methyl methacrylate) (PMMA), polyepichlorohydrin (PECH), poly
(4-vinylphenol) (PVPH), poly (N-isopropylacrylamide) (NIPAM); poly (2-vinylpyridine)
(P2VP), absolute ethanol (98 %), acetone (99.8 %), (3-aminopropyl)trimethoxysilane
(97%) and sodium citrate tribasic dihydrate (99%) were purchased from Sigma Aldrich.
Poly vinylidene fluoride (PVDF) was obtained from Alfa Aesar. All reagents were used as

received.

2.1. Synthesis of amino-functionalized silicon nanoparticles (Si NPs) in water

The Si NP precursor solution was prepared by adding 50 mL of (3-
aminopropyl)trimethoxysilane to 200 mL N-saturated aqueous solution dispersed with
9.3 g of sodium citrate tribasic dihydrate (see supporting information Scheme 1),[24] and
the mixture was stirred for 10 min. The resultant precursor solution was transferred into a
transparent glass vessel with a volume of 30 mL. The Si NPs (2 - 5 nm in diameter by DLS
and TEM; maximum emission at 460 nm; see supporting information Scheme S2) were
prepared by a microwave-assisted reaction at 160 °C for 15 min. After that, the Si NP
sample was removed and cooled down to < 30 °C. It is worthwhile pointing out that,
compared to the weak luminescence of the precursor solution, the resultant Si NPs sample

displayed an intense blue-coloured fluorescence under UV irradiation.

2.2. Fabrication of micro gap interdigitated electrode (M-IDE) chemocapacitors

The micro-gap interdigitated electrodes (M-IDE) were fabricated by the vapour
deposition of 110 - 120 nm gold onto a (electrically insulating) boron glass substrate. A
conventional comb structure with 124 fingers was designed and fabricated on this

substrate, with an electrode finger length of 300 pum, a finger width of 10 um and a gap

61

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 61



Chapter 3 - Gas Sensing Properties of Nanocomposite Polymers on Micro-Interdigitated Electrodes

width of 6 um (see Figure 1A). This design allows the formation of a homogenous

polymeric active layer onto the IDE as schematically depicted in Figure 1B.

100 pm

Figure 1. A SEM image of M-IDE (A) and 3D schematic drawing of the IDE with an ideally

coated polymeric active layer (B).

2.3. Preparation and characterization of polymer layers and nanocomposite (PVPH

Si NPs) active layers on M-IDE sensors

In brief, all polymers (PS, PVDF, PVDF-PMMA, PMMA, PECH, PVPH) were dissolved in
sufficient solvent (see Table 1) with a weight concentration (wt.) of 10 % by sonication
and/or stirring for more than 16 h until clear polymer solutions were collected. Solutions
of PVPH were prepared in concentrations of 10, 20, and 30 wt.% to study the effect of layer
thickness on sensitivity. For the nanocomposite active layer (PVPH-Si NPs), synthesized Si
NPs were completely dispersed in polymer solution by means of sonication at room
temperature for about 20 min. The mixture was then stirred for 16 h. The NP content was
varied to yield solutions of 0.1 wt. %, 1 wt. %, 5wt. %, 10 wt. % and 20 wt. % Si NPs. For
gas-sensing measurements, M-IDEs were cleaned by rinsing with ethanol and acetone.
Subsequently, a 6 pL drop of the polymer solution was dropped on the M-IDE followed by
spin coating at 500 rpm for 1 min to form a thin layer. After that, the sample was annealed
at 60 °C for at least 30 min.
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Scanning electron microscopy (JEOL, SEM 5600-LV, Japan) was used to observe the
surface morphology of the sensing layer. In the energy-filtered transmission electron
microscopy (JEOL JEM 2200-FS, Japan), zero-loss electrons were used for the energy-
filtered micrographs with a slit width of 20 eV. Elemental analysis was done in HAADF
mode with a step-size of 1 nm on an Oxford Instruments EDS analyser. The chemical
bonding states were analyzed by using X-ray photo spectroscopy (XPS, JPS 9200, JEOL,
Japan). Fourier transform infrared spectroscopy (FT-IR, model Tensor 27, Bruker, USA)

was also used for the analysis of chemical bonds in NC active layers.

2.4. Sampling setup

A dedicated gas sensor characterization setup was designed to carry out electrical
measurements in controlled environment with the sample mounted on a probe holder
placed inside a designed 4 mL flow chamber (Figure S7). Nitrogen (N2, > 98 % dry) was
used as carrier gas while acetone was used as sensing analyte by bubbling the nitrogen
carrier gas through acetone. The humidity was kept throughout the experiment,
approximately 8 - 10 %. The mixed airflow was regulated with a mass flow controller from
Bronkhorst®, The Netherlands to create an analyte/N: flow of 400 mls/min during the
sensing experiments. This leads to a concentration of 23 % acetone in N2, as was calculated
using vapour pressure. The flow chamber was equipped with a humidity sensor - HIH-
4602-A (0-100% RH, TO-5, HONEYWELL S&C) to measure the relative humidity (accuracy

* 1 %RH) and temperature (accuracy + 0.2 °C).

2.5. Gas sensing measurements

Real-time capacitance of the sensor upon exposure to acetone at room temperature was
consequently recorded with an HP 4192A LF impedance analyser (Hewlett Packard, USA).
The time-dependent capacitance change was measured at a fixed frequency of 30 kHz,
which choice was based on a good and stable signal-to-noise ratio (see supporting
information, Figure S11). The input voltage was 1 V. All capacitance measurements of
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polymer films were performed at room temperature (24 °C). The measurement parameters
and the data acquisition and storage were controlled with LabView™ 2011 software
version 11.0. All reported capacitance graphs show the increase in capacitance with respect

to the capacitance measured in a pure nitrogen environment.

3. Results and discussion
3.1. Polymer-Coated Micro Interdigitated Electrodes

Chemo-capacitive sensors detect gasses by measuring changes in the dielectric constant
of media that are caused by the presence of analyte gasses. In the case of multi-layered
chemocapacitors based on interdigitated electrodes, the capacitance of the device can be
calculated by a parallel partial capacitance technique.[25] In our design (see Figure 1), this
leads to a calculated value of 1.3 pF, while we measured 2.2 pF. Although it is possible to
measure changes in capacitance with these bare IDEs (see Figure 2, blank), sensitivity and
specificity can be significantly increased by coating the IDE surface with a polymer (which
increases the capacitance of the IDE to 5-7 pF). Therefore, to capture and concentrate an

analyte gas (acetone) in the sensor, a polymer layer was applied to the surface of the IDE.

Figure 2 shows the real-time evolution of the change in capacitance during acetone
exposure of various polymers coatings (see for details of gas measurements Supporting
Information Section 3, Figure S7). All curves showed an increase in capacitance when
acetone (with a dielectric constant of 21) is introduced. The tested polymers are listed in
Table 1. These polymers were selected because of their known affinity for acetone in other
types of sensors.[22, 23] From literature, we expected the glass transition temperature (Ty)
of the applied polymers to be important for the response rate of the sensor. At T, well
below the temperature of use (herein room temperature), the analyte molecules that are
absorbed to the polymer layer are expected to diffuse rapidly into the material due to the
mobility of random polymer chains.[26] In general, this contributes to a faster response
and recovery time and also reduces the chance of hysteresis effects. The effect of T; on the

response of the sensor is clearly visible in Figure 2. The PMMA and PS coated M-IDEs (with
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higher Tg) respond much slower than the other polymers such as PVDF, PECH or PDMS,
which have a much lower Tg. However, even though PVPH has a high T (170 - 221 °C), the
response of this polymer to acetone is both fast and strong.[22] In this case, the Ty seems to
be not so important. Of all the polymers we tested, highest acetone responses were

observed from a PVPH coated M-IDE. Therefore, we used this polymer in our further study.

—=—PS (100°C) —*— PVDF (-35°C) —*— PVDF /P MMA (-)
—v—PVPH (170°C to 221°C) PMMA (85°C to 165°C)
—<«—PDMS (-) —>— PECH (-30°C to -17°C) — > — Blank

1.2 4

0.9 A

AC /pF

30 60 90 120 150
Time /s

Figure 2. Time-dependent capacitive responses towards acetone vapor of different
polymers on M-IDEs compared to a blank M-IDE at room temperature, T; (°C) of each
polymer is shown in brackets. All polymer layers were prepared from 10 wt. % solutions.

Acetone was introduced at t = 0 s and continuously supplied during the full 150 s.
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Table 1. Polymers tested for their acetone affinity.

Name Abbrv. Chemical | Solvent Tg (°C) Dielectric
Structure constant (&r)

Polystyrene | PS —_CHEST Toluene 100 2.4-2.7

Poly- PVDF i Dimethyl- -35 8.0-9.5

vinylidene __-E_(,':i_ formamide

fluoride n

Poly- PMMA [ one] Dimethyl- 85to 165 | 2.8-4

(methyl e formamide

metha- -

crylate)

Poly- PECH Vq\c' Tetrahydrofura | -30to-17 | 1.7

epichlorohy *O n n

drin

Poly- PDMS CHz - -125 2.75

dimethyl- ‘{ELS}H

siloxane

Poly (4- | PVPH Ethanol 170 to | 3.5-5[27-29]

vinyl ' 221

phenol) OH

Apart from the difference in affinity towards acetone for different polymers, the thickness
of the polymer layer is also an important parameter for the response of the sensor.
Theoretically, optimal sensitivity is obtained when the polymer layer is thick enough to
enclose the electric field of the IDE.[30] In our configuration, this means a thickness of 15
um. We investigated the influence of the PVPH layer thickness by increasing the
concentration of the polymer solution used for spin coating. The lowest concentration that

was used, 10 wt. %, corresponds to a resulting layer of 1 um as measured by SEM. Figure 3
66
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shows the response towards acetone of M-IDEs coated with varying thicknesses of PVPH.
As expected, the strength of the signal increases with increasing PVPH concentration
(thicker polymer layer). However, at the same time, the response of the sensor is slower.
This is caused by the slower diffusion of acetone throughout the entire polymer layer.[26]
Optimum conditions that lead to a fast response time in combination with a high capacitive
change are reached when a solution of 20 wt. % PVPH is used for coating. Therefore, we
chose 20 wt. % PVPH (herewith PVPH 20) as fixed concentration for our further studies.
Note that with this concentration typically a polymer layer of several microns thick was
obtained. This means that the polymer layer does not include the full electric field of the M-
IDE and the sensor will be susceptible to adsorption of the analyte onto the polymer
surface and swelling/deswelling processes in addition to absorption of the analyte in the
polymer bulk. This explains the shape of the curves in Figure 2 (and see also Figure 5
below): initially, the capacitance increases because acetone adsorbs on the polymer surface
and diffuses into the polymer layer. Subsequently, the polymer layer deswells, which

decreases the capacitance at longer time scales.

2.0{ EEE10% PVPH
I 20 %
I 30 %
50 %
1.5
L
Q
~
(&] 4
310
0.5
0.0 L
5 10 15 20 25

Time /s

Figure 3. Capacitive responses towards acetone of M-IDEs coated with PVPH layers
prepared from solutions of different concentrations. Increasing PVPH concentration
corresponds with thicker polymer layers (10 wt. % PVPH corresponds to a 1 um thick

polymer layer).

67

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 67



Chapter 3 - Gas Sensing Properties of Nanocomposite Polymers on Micro-Interdigitated Electrodes

3.3 Polymer-based nanocomposite as a sensitive layer towards analytes on M-IDE

In order to further increase the sensitivity of our M-IDE sensor, we added amine-
functionalized silicon nanoparticles (Si NPs) to the polymer layer. These NPs could
potentially improve the device in two ways: First, addition of the Si NPs disrupts the
structure of the nanocomposite, and thereby increases the porosity of the polymer layer,
and thus increases the polymer surface available for adsorption and diffusion rates. This
would lead to faster response times and allows for more acetone to be captured in the
layer.[29] Second, specific chemical interactions (from H-bond to imine formation)
between the amine groups on the NPs and acetone might enhance both specificity and

sensitivity of the sensor.

50 nm 50 nm

Figure 4. Cross-sectional SEM images of a pure PVPH layer (A) and a NC film of PVPH with
1 wt. % Si NPs (B). TEM images of pure PVPH (C) and the NC containing PVPH and 1 wt. %
Si NPs (D).
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Figure 4 A and B showed the morphology of both the pure PVPH polymer layer and the
NC film with 1 wt. % of NPs, respectively. As expected, the surface of the polymer layer with
NPs added is rougher after breaking it for SEM measurements than the pristine film,
indicating a higher porosity. A higher porosity after mixing NPs into a polymeric system
was also observed by Chen et al[29] TEM images show that the nanoparticles are well
dispersed in the polymer layer and do not form large clusters (Figure 4D). Further

characterization of the NC layer can be found in the supporting information.

The acetone response of M-IDEs coated with NCs containing different amounts of NPs is
shown in Figure 5A. Indeed, the response increased with an increasing concentration of
NPs present in the polymer layer. Again, the decrease in capacitance measured at longer
time scales is probably caused by deswelling effect of the NC layer. The maximum response
that was measured, a factor 5 increase (from 1 to 5 pF), was measured when 20 wt. % NPs
were added. However, that signal was not stable over time. NC layers with NP
concentrations of 10 wt. % and lower showed more stable responses. Less than 1 wt. % of
NPs in the NC layer did not noticeably enhance the response of the PVPH layer. We
calculated the increase of polymer surface available for the adsorption of the different
samples shown in Figure 5A. The results are shown in Table 3 (for calculation details see
Supporting Information). Assuming the polymer layer is 3 um thick, the surface of the M-
IDE is increased from 0.6 mm? to 73 mm? by the addition of 1 wt. % NPs to the 20 wt. %

PVPH solution used for spin-coating.

Table 3. Calculated surface enhancement due to nanoparticles addition.

NPs (wt. %) 0.1 % 1.0 % 5.0% 10.0 % 20.0 %

Surface enhancement factor | 14 124 560 1008 1677
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Figure 5. Time-dependent capacitive response towards acetone of NC sensing layers on M-
IDEs. Comparison of different concentrations of NPs in 20 wt. % PVPH (A). Comparison of
NC sensing layers containing NH2 functionalized and alkene functionalized NPs. For these

layers 5 wt. % of NPs was added to 10 wt. % of PVPH (B).

Apart from the surface enhancement effect, we tested whether the NH2 groups on the
surface of the nanoparticles led to any additional signal enhancement towards acetone.

This was expected because amine groups are known to react with acetone to yield imines:

o R Equation (1
R—NH, + IC - \N=C/ + H,0 q S
7NN

NH2 groups on the NPs surface thus facilitate chemisorption of acetone on the NPs
surface in addition to the physisorption on the polymer surface. This way, more acetone
can be contained in the NC layer. Whether acetone is present in gas form (left part of
Equation 1) or bound form (right part) is not expected to have an effect on the dielectric
constant of the total. In Figure 5B, the acetone response of NCs containing NH»-
functionalized Si NPs is compared to the response of NPs with alkene chains on their
surface (which are not expected to bind acetone specifically). Figure 5B shows that the
response of the M-IDEs coated with NCs that contain NH:-functionalized NPs does not
differ significantly from M-IDEs coated with NCs that contain Si NPs with alkyl groups on
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their surface. Therefore, we conclude that the enhancement of the acetone response caused
by NH-functionalized Si NPs is due to the increased available surface area of the polymer

layer and not by the specific binding of acetone.

2.5
2.0
w 1.5
o
~
(@]
< 1.0
0.5 A N, N,
z —l— As prepared
0.0 —@— After 8 weeks
T T T T
0 200 400 600 800

Time /s

Figure 6. Anlyzed data of long-term stability of the sensor towards acetone (ACE) sensing
after 8 weeks of storage in ambient environment. The capacitance response of the as-

prepared PVPH 20 with 5 wt. % NPs sensor is also shown for comparison.

For any sensor, stability and repeatability are important. Moisture and oxygen, for
example, could cause the degradation of the polymer layer when samples are stored under
ambient environment.[31] In Figure 6, the capacitance response of the same device before
and after 8 weeks of storage in ambient environment demonstrates the long-term stability
of the NC sensing layer. Also shown in Figure 6 is the reproducibility of the sensor, which is
an essential matter for sensing applications. This was examined by allowing the structure
to undergo multiple injection-evaporation cycles of acetone as a model organic solvent
with a rapid response time. The NC polymer film in our study showed good repeatability

after three consecutive injection cycles, although it suffers from some irreversible damage
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after its first exposure to acetone. When acetone molecules were injected, a response
capacitance change was detected due to the infiltration of gas molecules into the NC film.
When the acetone flow was turned off and N2 was injected, the acetone molecules diffused
out of the NC layer, which quickly reduced the capacitance. As can be seen in Figure 6, 100
s is not enough time to allow all acetone to diffuse out of the NC layer since after exposure
to acetone the capacitance does not return to its initial value completely. Longer recovery
times do lead to a lower capacitance, but after 8 weeks the initial capacitance is still higher
than directly after preparation. This change in capacitance after the first exposure to
acetone is probably caused by the removal of trapped air bubbles that were initially
present in the NC layer. After acetone exposure the layer is denser, which means the
dielectric constant is higher. After the first exposure cycle to acetone, the device does
return to the same capacitance value after every cycle, even after 8 weeks of storage.
Despite these good results regarding repeatability and quick response-recovery
characteristics, a 5 % decay of the measured response was detected after two injection-
evaporation cycles. This decay can also be explained by the removal of air from the NC
layer when it is exposed to acetone. When this happens, less acetone can be contained by
the NC layer, which leads to a lower detected capacitance. The 8-week storage period did
not affect the measured capacitance, since the height of the third peak of the fresh sample is
equal to the first peak after 8 weeks of storage. The NC sensing layer has thus good long-

term storage stability.

4., Conclusion

In conclusion, we have successfully developed a capacitive chemical sensor based on an
M-IDE coated with a polymeric nanocomposite layer consisting of Si NPs and PVPH. Of all
tested polymers, PVPH showed highest affinity towards acetone. The addition of surface-
modified Si nanoparticles led to an increase in polymer surface available for adsorption,
which enhanced the response of the device towards acetone. The sensing response towards
acetone at room temperature proved that the turn-on and -off exposure to this analyte
was reversible with good reproducibility (5 % decay) after multiple cycles of gas exposure.
Furthermore, the sensing response of the NC device remained stable after 8 weeks of
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storage in ambient atmosphere. This indicates reliable response and recovery
characteristics of the sensor. The development of this type of sensor provides an
inexpensive and easy-to-handle device to detect chemical analytes. Nonetheless, much
lower concentrations of analyte should be further studied for a more detailed examination
of the sensor’s sensitivity. Significant work remains towards improving sensing process
and selectivity together with improving nanocomposite materials of the current sensor for

advanced applications.
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Gas Sensing Performance at Room Temperature of Nanogap
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Abstract

A facile approach for fabrication of large-scale interdigitated nanogap electrodes (nanogap
IDEs) with controllable gap was demonstrated with conventional micro-fabrication
technology to develop chemocapacitors for gas sensing applications. In this work,
interdigitated nanogap electrodes (nanogap IDEs) with gaps from 50-150 nm have been
designed and processed at full wafer-scale. These nanogap IDEs were then coated with
poly(4-vinyl phenol) as a sensitive layer to form gas sensors for acetone detection at low
concentrations. These acetone sensors showed excellent sensing performance with
dynamic range from 100,000 ppm to 10 ppm of acetone at room temperature and the
observed results are compared with conventional interdigitated microelectrodes according
to our previous work. Sensitivity and reproducibility of devices are discussed in detail. Our
approach of fabrication of nanogap IDEs together with a simple coating method to apply
the sensing layer opens up possibilities to create various nanogap devices in a cost-

effective matter for gas sensing applications.

This chapter has been submitted as:

“Gas Sensing Performance at Room Temperature of Nanogap Interdigitated Electrodes for the Detection of

Acetone at Low Concentration”, Quyen Nguyen Minh, Anke Kuijk, Hien D. Tong, Franc van de Bent, Pepijn

Beekman, Han Zuilhof, and Cees ].M. van Rijn, Royal Society of Chemistry Advances, 2017.
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1. Introduction

Nanogap devices have attracted numerous fundamental and application oriented studies
because of their great potential in solving challenging problems at molecular and nano
scale.[1] They have widely been employed not only for molecular electronics,[2] optical
plasmonics,[3] but also in tunneling based sensors as biosensors and chemical
sensors.[4,5] Their drawback preventing applications still remains: a reproducible and
cost-effective fabricating process yielding stable electrical contacts. Different methods have
been applied to address these issues with respect to improving fabrication processes [6-9]
and/or modifying nano-electrode structures.[10-12] Nanogap devices are promising to
become a new generation of devices that operate fast with a high sensitivity, consume less

power, and can be applied as portable devices.

Taking into account the rapid progress of gas sensing applications, detection at low
concentration is one of the greatest possibilities in using nanogap devices.[13-19] Up to
now, there are not many studies on the detection of volatile organic compounds (VOCs)
with nanogap devices. To investigate gas-sensing properties of nanogap devices towards
VOCs for air quality control is an appealing challenge. For example, acetone, one of the most
common VOCs, is widely used in the industry and laboratory for synthesis, solvent, cleaning
agents, etc. It is a nontoxic agent at a low concentration, but acetone can cause harm and
danger to human health when it exceeds specific threshold values, and can also affect
environmental safety. A high concentration of acetone can cause to the human body several
syndromes: fatigue, headache and nausea when being inhaled,[20] irritated eyes and skin
or damage throat when being exposed when its concentration are above 10,000
ppm.[21,22] Not only being widely used for in-house air quality control but acetone
sensors have been further exploited for medical diagnosis as well. A number of recent
investigations prove that acetone, as one of the biomarkers in human breath, represents for
diabetes diagnosis because a relatively high concentration can be an indication of
diabetes.[23-25] Therefore, it is essential and significant to effectively detect acetone gas in

different ranges of concentration.
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Inspired by these promising goals in the field of sensing devices, we focused on the
exploration of gas sensing properties of nanogap IDEs. There has been significant progress
in realizing structures for nanogap devices, however, the manufacturing methods can be
significantly simplified using a proper combination of conventional micro-fabrication
techniques. We present here for the first time a new generation of nanogap IDEs featuring a
3D comb structure for the detection of acetone. As a VOC sensitive material of choice, Poly
(4-vinyl phenol) (PVPH) was used as an active material to adsorb acetone vapor with a high
affinity according to previous work.[26,27] The capacitive behavior of nanogap IDEs
devices as a chemo-capacitor was simulated using COMSOL Multiphysics 5.2. Furthermore,
we report our preliminary studies of acetone adsorption on nanogap IDEs at room
temperature. As expected, the device exhibits excellent sensing performance to acetone
vapor at low concentration. The detection of acetone vapor of this device ranges from 1000
down to 10 ppm. Based on characteristics of the active layer PVPH combined with the
corresponding structure of nanogap IDEs, the devices’ performance was also further

examined under different humidity conditions.

2. Material and methods
2.1. Chemicals

Poly (4-vinyl phenol) (PVPH) My ~11,000, and absolute ethanol (98%) were purchased

from Sigma Aldrich. All reagents were used as received.

2.2. Fabrication of interdigitated nanogap electrodes as a chemocapacitor

An overview and a cross section of the nanogap IDEs are shown in Figure 1. The nanogap
IDEs has a patterned area of 1 mm x 1 mm, consisting of 250 top finger electrodes and 250
bottom finger electrodes. Each finger electrode has a width and length of 2 ym and 1000
um, respectively. A distance (the gap) from top to bottom electrodes is determined by an

etching depth of a sacrificial SiOz layer, and a thickness of the bottom electrode.
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C Top finger electrode

Bottom finger electrode

Top electrode

AN

nanogaps Bottom electrode

A B

Figure 1. An overview of the interdigitated nanogap electrodes - (A). A cross section (over
C-C) of one bottom electrode and its two adjacent top electrodes, showing the nano gaps

across the finger electrodes - (B).

Si wafer
Isotropic etching of SiO, to create

nanocavity at the edges of top electrodes

Oxidation of ca. 1000 nm SiO,

: Angled‘ P dEPOSition
for bottom electrode

First metal deposition and metal lift-off
To create a top electrode

]

Figure 2. Fabrication process of an interdigitated nanogap electrodes (nanogap IDEs).
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The process steps of the nanogap IDEs are shown in Figure 2, and are as follows: a 4-inch
{100}-Si is coated with 1000 nm of wet-thermal silicon dioxide (SiO2), followed by
microlithography, a metal deposition and a metal lift-off to form the top finger electrode
array. The deposited metal layer is a layer of ca. 30 nm platinum. Afterwards, the SiOz is
partially and isotropically etched using buffered hydrofluoric acid (BHF; 1:7) to create a

nanocavity at the edges of the top electrodes.

Next a thin-film evaporation under an angle is carried out to deposit ca. 30 nm of gold
(Au) layer on to the substrate and into the nanocavity to create the second electrodes of the
nanogap IDEs. Figure 3 shows SEM images of the fabricated nanogap IDEs. It can be seen
that the top and bottom electrodes are separated with a gap of ca. 250 nm, and an overlap
of the top and bottom electrodes form a capacitor. Please note that to form the nanogap
IDEs capacitor no nanolithography is required and only conventional micro-fabrication is

applied.

Au/Pd
top electrode

. Aubottom electrode

Figure 3. An overview SEM image of several electrodes of the nanogap IDEs on a silicon
chip - (A). SEM image shows top and bottom electrodes and its overlap that creates a

capacitor - (B).

82

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 82



Chapter 4 - Gas Sensing Performance of Nanogap Interdigitated Electrodes

2.3. Polymer coating of nanogap IDEs

PVPH was dissolved in ethanol by sonication for several minutes until a clear polymer
solution was obtained. nanogap IDEs as nanogap capacitors were coated with polymer by
dipping them slowly into the polymer solution, with the electrodes in a vertical position,
until the liquid reached the bottom of the electrodes. The chip was held in this position
until the gaps between the electrodes were filled with polymer solution by capillary action.
This took less than a minute and filling of the gaps could be observed by a changing
reflection of light. When the gaps had been completely filled, the chip was submerged in the
polymer solution completely, after which the chip was spin coated at 3000 rpm for 2

minutes to form a thin layer. Finally, the sample was annealed at 60 °C overnight.

2.4. Acetone gas sensing setup

An experimental Signal Measurement System (SMS) was used to characterize the
behavior of the nanogap IDEs in a clean air atmosphere. The SMS is shown in Figure 4. The
humidity, measured with a calibrated AHT-200-01 sensor (Ohmic Industries), in the
volume controlled chamber (8.3 liter) is computer regulated with high speed inlet and
exhaust valves running through, or by passing, a bubbler. The selected humidity sensor is a
Thermal Conductivity type. This sensor is capable of measuring in an environment with
volatile chemicals such as ketones. A downside of this sensor type is that it does require a
temperature compensation of the output data and this task is programmed and operated
by the PC controller. The temperature in the chamber is regulated with a Peltier element, a
heat sink and a fan both inside and outside the SMS. Overpressure is regulated with an
exhaust valve monitored and recorded with a pressure transducer. When the internal
pressure exceeds ambient levels the exhaust valve will open until the pressure relaxes to

ambient level.
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Figure 4. Setup of the Signal Measurement System for sensing Acetone concentrations.

A bubbler with a diluted acetone concentration also controlled by a high-speed valve was
used to insert acetone. The concentration in the system was measured using a calibrated
PID-AH sensor (alpha sense), capable of sensing range from 0.1 ppm to 6000 ppm of
acetone. The output of this reference sensor was fed into a calibrated DMM operating
under PC control. The data of this reference sensor was used in a software feedback loop of
the SMS. The nanogap IDEs capacitor value was measured at roughly 2 MHz depending on
the nanogap IDEs capacitance, using the Texas Instruments FCD2212. This semiconductor
was placed on an experimental measurement PCB clip, directly next to the pogo pins that
connect to the nanogap IDEs under test. The FDC2212 offers a 300aF resolution with
168dB dynamic range and, was interfaced to the control PC with a Micro Controller Unit
(MCU) and programmed to deliver new readout values on command. The control computer
executes a script file, used for setting the desired temperature, humidity and acetone
concentration values in the SMS. Every line in the script file triggers a read command of all

reference sensors and experimental nanogap IDEs capacitor value and, both wanted and
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current values are stored in an Excel file structure for further analysis. With the script file,
measurements can be designed and repeated as chosen, using the same timing and variable

settings in the SMS.

3. Finite element analysis of nanogap IDEs as a capacitor

The presence of analytes in the sensing layer induces a change in the dielectric constant.
This change is measured as a change in the capacitance value of the nanogap IDEs. The
greater the change in capacitance relative to the total capacitance of the system, the more
sensitive the sensor is. Modelling can give insight into factors maximizing signal and
minimizing parasitic capacitance.[28] Analytical prediction of capacitance is often complex,
because electric fields extend into substrates and different media.[29-31] Also, analytical
models are usually only correct for specific geometries not relevant in this case.[32]
Therefore, we used finite element analysis using COMSOL Multiphysics 5.2 (COMSOL Inc.,
Burlington MA, USA) to show the effect of two electrode designs: a rectangular electrode
array with a micro-gap as used in previous experiments,[33] and the rectangular electrode
array with a nanogap introduced in this paper. In both designs a polymer coating of 800 nm
was applied. Parametric sweeps of geometrical and material parameters were performed.
As the complete chip geometry requires considerable computing power to model, these
simplified models were studied to gain approximations of the expected electric field and

capacitance.
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Top Electrode

Bottom Electrode

il

Substrate——— N

Figure 5. A cross-sectional SEM image of a nanogap (A - left) and its electric field line
distributions as calculated by COMSOL (with illustrative overlay) (A - right). Capacitors are
composed of two electrodes covered in a polymer film, supported by silicon nitride, in air
environment. A typical nanogap capacitor (250 nm vertical spacing, 130 nm horizontal
overlap, 800 nm polymer thickness) (B - left). A typical micro-IDEs (10 um x 0.1 um x
length, 1 um spacing). The field line density is indicative of the electric field strength (B -
right).

From theory, it has been known that electric fields are highest near regions of conductors
with small radius of curvature as a consequence of the high local charge density.[34,35]
Closer to these regions, more charge can be stored as the dielectric is more strongly
polarized.[36] Therefore, it can be concluded that protruding parts of the geometry, like

electrode edges, contribute most to the capacitance of the system. Furthermore, many
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simplified nanogap IDEs models predict that the so called fringe capacitance is more
significant when the electrodes are placed more closely together.[30,37] This implies that
the sensing layer may be made be thicker to include interactions with the electric field and
fluctuations of the capacitance further away from the electrodes.[25] However, this
observation is only valid for electrodes for which the separation is much larger than the
electrode thickness, which does not hold for the design discussed in this work. For our
design, the field in between the upper and lower electrode surfaces dominates the field
outside as shown in Figure 5. Therefore, the thickness of the polymer layer on top of the

electrodes is not expected to influence the response of the sensor much.

2107 Simulated sensitivity of IDE configurations

©
T

|

Sensitivity (dC/de¢)

N}
T

===2D Nanogap
=== micro-IDE

I I L I I L L I L

0
0 100 200 300 400 500 600 700 800 900 1000
Polymer thickness (nm)

Figure 6. Simulated sensitivity of a typical micro IDEs and a nanogap capacitor with a
planar geometry. An arbitrary change in permittivity of the polymer yields a much larger

relative change in capacitance in a two dimensional geometry.

From COMSOL simulations, it became apparent that the electric field in a nanogap
capacitor is much stronger than that of a typical IDEs in comparable circumstances
(voltage, polymer thickness, substrate thickness.[23,24,28] The maximum electric field

strength of a nanogap IDEs was calculated to be 4.47 times higher. Furthermore, the field
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does not extend quite as far into the substrate in case of nanogap IDEs. This implies that
the sensing layer can be thinner and therefore more responsive to changes in the
environment. For the geometries discussed here, an arbitrary change in dielectric constant
of the polymer yields a relative change in simulated capacitance that is 3.14 times lower for
the micro-IDEs, see Figure 6. Compared to a planar IDEs having electrodes with similar
dimensions (250 nm spacing, 2 um width), the field of a nanogap IDEs is 3.68 times higher

and the simulated sensitivity is 1.64 times better.

4., Results and Discussion

4.1. Signal Processing

Signal processing
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Figure 7. Measured signals in acetone sensing experiments: capacitance of the measured

chip, humidity, temperature and acetone concentration - (A) and their signal processing -

(B).
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In our set-up, four variables are measured by separate sensors: the capacitance of the
chip, humidity, temperature and the acetone concentration in the measurement chamber.
Figure 7A shows some typical values during an acetone sensing experiment. The
temperature of the system is kept constant within 0.05 °C and the humidity within 0.4
%RH. The humidity inside the measurement chamber decreases when acetone is
introduced, due to the hygroscopic nature of this vapor, which leads to additional
adjustment of the humidity level. Furthermore, there is a strong correlation between the
measured capacitance of the nanogap IDEs and the humidity of the system: peaks in the
humidity signal coincide with peaks in the capacitance signal. Thus, the nanogap IDEs
responds to water. Measurements showed that there is in fact a linear relationship
between humidity and measured capacitance at low concentrations (see Supporting
information Figure S1), so that it is possible to correct for variations in humidity by
subtracting the humidity signal from our detected capacitance (Figure 7B). After
application of a 10 point moving average filter, the capacitance signal follows the acetone

concentration in the measurement concentration very well.

4.2. Sensitivity

In previous work, we presented an acetone sensor that consists of a micro-gap
interdigitated electrodes (IDEs) coated with poly (4-vinyl phenol) (PVPH).[33] Figure 8A
shows the improvement in acetone sensitivity achieved by the new nanogap design. In this
figure both chips were coated with a 2 pm thick PVPH layer. The acetone sensitivity
increased from 0.028 fF/ppm for the micro-gap chip to 0.97 fF/ppm for the nanogap chip, a
35-fold increase. Figure 8B shows that the sensitivity could be increased further by
enlarging the size of the nanogap IDEs. Here, the increase in sensitivity scales linearly with
the surface area on which the chip was prepared. Furthermore, it has been shown that the
addition of nanoparticles to the PVPH layer improves the sensitivity of the nanogap IDEs

massively.[33]
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Figure 8. Sensitivity towards acetone of several nanogap IDEs in comparison with micro-
gap IDEs. Here, the change in capacitance (AC) that was measured with presence of
acetone, is plotted as a function of acetone concentration. Difference between a micro-gap
IDEs and nanogap IDEs coated with 2 um PVPH. The inset shows the micro-gap signals in
detail - (A). Nanogap IDEs on surfaces of 1 mm? and 3 mm? coated with 1 pm PVPH with

and without nanoparticles - (B).

4.3. Detection Limit

To determine the detection limit of the nanogap IDEs, we applied a step-function with
different levels of acetone concentration (Figure 9A). For high concentrations that are
depicted in this graph, the measured signal follows the reference signal very well. However,
to determine the detection limit of the nanogap IDEs, we need to measure at much lower
acetone concentrations. Unfortunately, our set-up did not allow us to go below 100 ppm. To
obtain information about the nanogap IDE’s response towards smaller concentrations, we
analyzed the small fluctuations in acetone concentration that appear at each step as a result

of the system keeping the concentration at a certain level.
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Figure 9. Details of measured nanogap IDEs chips and reference sensor responses to
acetone. Step-function showing the response of a nanogap IDEs coated with 1 pm PVPH
towards different acetone levels - (A). Detail of (A) showing the acetone response in the
100 ppm step regime - (B). Response of comparable micro-gap IDEs chip coated with 2 pm
PVPH towards a 400 ppm step response - (C). Smallest detected peaks of 6 ppm detected
by a 3 mm? nanogap IDEs chip coated with 1 um PVPH containing nanoparticles - (D).

Figure 9B shows the response of a typical nanogap IDEs to a 100 ppm steps. The
measured signal follows even small steps (about 30 ppm in this case) well and stays within
20 ppm from the reference signal. For comparison, Figure 9C shows the response of a
micro-gap IDEs towards similar step heights. It is clear that the response does not follow

the small step responses detected by the reference sensor, while it stays within 50 ppm
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from the reference signal. So, even though the much higher responses towards acetone of

the nanogap IDEs was accompanied by a higher level of noise, the nanogap IDEs did

respond better to smaller levels in acetone concentration. The smallest changes in acetone
concentrations that were detected this way, were 6 ppm peaks, obtained by a 3 mm?

nanogap IDEs coated with a 1 um PVPH layer containing nanoparticles (Figure 9D).

4.4. Sensor properties: Stability, Response, Recovery and Durability
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Figure 10. Stabilization of a 3 mm? nanogap-IDEs coated with 1 pm of PVPH containing
nanoparticles. In black the response of the nanogap IDEs to subsequently a 100 ppm and
1000 ppm acetone peak, in red the fitted exponential with a decay time of 5 hours (A).
Overlay of signals from the reference humidity sensor (black) and a nanogap IDEs (red)

while no acetone is present (B). Here, the nanogap nanogap IDEs respond faster to small

humidity peaks.

After fabrication the coated nanogap IDEs are stored in ambient air. Consequently, they
are exposed to water vapor. When acetone response is measured, the samples are in an
environment of 15 %RH, much lower than ambient air. Figure 10A shows that the decay
time of the capacitance signal due to adaptation to the humidity level is approximately 5 to

6 hours. This time is needed to remove all water from the polymer layer. While it takes a
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long time to remove all water from the polymer layer (due to hydrogen bonds within the
polymer chains), the chip responds fast to the small humidity changes that are caused by
the system adjusting its humidity level (Figure 10B) In fact, the chip responds even faster
than our reference humidity sensor. The response time towards acetone was determined
by looking in detail to 100 ppm and 200 ppm acetone steps (presented in Figure 11). For a
nanogap IDEs capacitor coated with PVPH without nanoparticles, the response of the
nanogap IDEs occurs at the same time as that of the reference sensor. The response time is
about 1 minute in this case, as can be seen in Figure 11B. When nanoparticles are present
in the PVPH layer, we find a different behavior. Figure 11A shows that the response of the
sensor has a delay of about 20 seconds with respect to the reference sensor. This is clearest

when looking at the small peaks between 04:32 and 04:34. The response time to 100 ppm

acetone is about 4 minutes.
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Figure 11. Response time of nanogap-IDEs coated with 1 pm PVPH with (A) and without

nanoparticles (B).

Here, the nanogap-IDEs coated with PVPH containing nanoparticles responded with a
delay and a longer response time than nanogap IDEs coated with PVPH only. As mentioned
before, the nanogap IDEs containing nanoparticles are also more sensitive towards acetone

and the lowest detection limit was reached using this type of coating. At present it is not
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clear how the nanoparticles improve the sensitivity of the IDEs, and why the improved
sensitivity goes together with a delay in response towards acetone, and a longer response time

than when no nanoparticles are used.

Repeatability of the response of our nanogap IDEs towards a 1000 ppm signal was
already shown in Figure 10. The decaying baseline, visible in Figure A, can be subtracted
from these data, to prove that the response is equally high for every peak. Figure 12 shows
the results for repeated 100 ppm acetone peaks. We find a response of 1.2 pF for every 100
ppm peak.
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Figure 12. Repeated 100 ppm acetone peaks detected by a reference sensor (top) and
nanogap IDEs (bottom).
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5. Conclusions

In summary, we have designed micro and nano IDEs capacitor structures featuring up to
a 35 times improved sensitivity compared to microgap IDEs based on our previous work.
Sensitivity could be further enhanced by increasing the area on which the nanogap IDEs
structure was fabricated. The best performing nanogap IDEs, coated with PVPH containing
nanoparticles, had a response time of several minutes. This type of nanogap IDEs could
detect changes in acetone concentration down to 6 ppm. The sensor could be used multiple
times, as proven by long term repeatability studies. (A detection limit of acetone as low as 6
ppm at room temperature has been demonstrated using these PVPH nanogap sensors.)
Since the desired material is homogenously coated in between the nano gaps, a robust
electric field connection between these nano gaps can be assured to easily detect a very
small amount of analyte. Our approach can also create addressable high-density nanogap
electrodes in large scale by conventional micro-fabrication process. By simply changing the
active layers into specific advanced materials such as non-conductive polymers or nano-
composite, a new generation of nanogap devices is promising to detect a large range of

analytes.
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Abstract

Accuracy in capacitive sensing is determined not only by the sensitivity of the
capacitive sensing element but also by the physical measurement method used in
the experiment. In this study, a highly sensitive measurement setup for capacitive
sensing is presented and we show that the detection limit can be improved when a
nanogap capacitive sensor is brought into close proximity with a custom-built
capacitance interface at room temperature. We tested and compared the sensing
response of various capacitive interdigitated electrodes (IDEs) structures, a micro
IDE versus a nanogap IDE, using poly (4-vinyl phenol) as an acetone sensitive
polymer layer according to our previous work. The nanogap IDEs exhibit an
increase of the signal output by a factor of 12 compared to micro IDEs, while the
percentage of change remained equal (0.2 % at 1000 ppm acetone). Furthermore,
the developed setup was utilized for humidity sensing by using graphene oxide (GO)
coated on nanogap IDEs as the sensing element. A thin GO layer on nanogap IDEs
has been used as an example to investigate the sensing response of IDEs to humidity
changes with sub-femto farad resolutions. It is shown that the GO layer responds
with 1.1 pF capacitance change when the relative humidity is changed by 2 %. The
observed results prove that the signal-to-noise ratio is significantly enhanced when
an IDE with a larger total initial capacitance is employed. It is concluded that the
dectection limit of the system has been significantly improved when using a
nanostructure design for IDEs as a capacitive gas sensor.

This chapter has been published as:

“Improving the limits of detection in capacitive sensors systems.” Franc ].F. van der Bent, Quyen Nguyen

Minh, Hien D. Tong, and Cees ].M. van Rijn. Measurement Science and Technology, 2017.
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1. Introduction

Capacitive sensors have been often used for humidity detection [1] and sensing
organic chemical vapours.[2,3] Semiconductor companies have developed several
techniques for accurately measuring capacitance changes to control electrical
circuits, for example, in the electronic tablet industry and also in the field of
contactless capacitive level sensing. There are now state-of-the-art signal processing
front-end semiconductor chips that are able to measure in the fF range. However, a
major disadvantage with most of these signal interfaces is that they do not have the
capability to accurately record fF changes of a bare nF to pF capacitance, which is
defined as the overall value of the capacitor including parasitic capacitances. The
change of the overall capacitance, or AC, is defined as the changing capacitance
fraction. And for various capacitive sensing applications at very low concentrations,
especially in the medical field, the AC induced by the presence of targeted analytes is
a very small (fF) value. Thus, development of a capacitive sensing system able to
accurately record a very small capacitance change is the desirable target and main

aim of this work.

Capacitive sensing is based on a change of the dielectric permittivity due to the
presence of the targeted analyte within the dielectric layer.[4,5,6] The capacitive
change caused by the analyte usually can be detected in a broad range, for example,
0.483 pF/ %RH [5] with respect to humidity changes, or 45 pF/uL with
chloroform[6] and they are always relative to the bare IDE capacitance. The
conventional 3D-geometry capacitor constructed by two conducting plates with a
dielectric layer in between has not been of interest in capacitive sensing at low
concentration of analyte for two reasons. Firstly, the dielectric materials needed for
the detection of analyte must be deposited between two plates, which requires a
complicated process, especially when the distance between the plates is at
nanoscale. Secondly, the diffusion of analytes into the dielectric layer between the
plates can only occur from their sidewalls, which results in a significant slow

adsorption and diffusion before equilibrium is reached. Therefore a two-
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dimensional structure designed by interdigitated electrodes (IDEs) on a silicon or
glass platform is widely employed as a capacitor with co-planar electrodes. Detailed
calculations for the determination of bare IDEs capacitance have been presented
elsewhere.[4,7,8] Nevertheless, optimisation by enlarging the capacitance within the
boundary of the detection area on the IDEs using nanostructure may greatly

improve the bare IDE capacitance.

We utilized several strategies to increase the limit of detection in capacitive
sensing. We first propose a facile approach to fabricate a nanogap interdigitated
capacitor (so-called nanogap IDEs) that has a relatively large capacitance for being
used as capacitive sensing element. When the bare capacitance of the used sensing
element is increased, AC also increases and resulting in a larger signal. With this
enlargement, the signal-to-noise ratio (S/N) is improved with respect to signal
power levels and to the noise added by the measurement system. However, AC
needs to be a factor higher than the parasitic contribution so that it can be
measureable. Thus, a second approach to improve the sensitivity of the
measurement unit is to minimize parasitic capacitances of the measurement setup.
Special attention is paid to optimize cabling thermal and mechanical stability of the
measurement setup itself. These components could introduce large changes in
parasitic capacitance values. The third approach to enhance the sensitivity is the
improvement of the measurement’s resolution caused by using proper electronics

interfaces, which will be described in detail.

2. Materials and Methods
2.1. Fabrication of Nanogap IDEs

An overview and a cross section of the nanogap interdigitated capacitor are shown
in Figure 1 and its SEM image of ring structure electrodes in Figure 2. Here, the
capacitor has a patterned area of 0.25 mm x 0.25 mm, consisting of 60 top finger
electrodes and 60 bottom finger electrodes. Each finger electrode has its width and

pitch of 2 um and 4 um, respectively. A distance (the gap) from top to bottom
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electrodes is determined by an etching depth of the sacrificial SiO2 layer and the

thickness of bottom electrodes. (See Chapter 4, section 2.2)

Bottom Top Bottom
electrode IC electrode Nanogap electrode

| = /\é

'C

Figure 1. A top-view image of the nanogap-IDEs (left side) and a cross-sectional
image (over C-C) of one bottom electrode and its two adjacent top electrodes,

showing the nanogap capacitor (right side).

| | ey q
EHT = 1.60 kY Signal A = HE-SE2 Date :19 Sep 2016 M Es A+
WD = 33mm Photo No. = 29870 Time :10:40.05

Mag= 9.79KX | Probe = 45 pA NSTITUTE FOR NANOTECHNOLOGY

Figure 2. An overview SEM image of ring structure electrodes of the nanogap IDEs
capacitor on a silicon platform.
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2.2. Experimental Setup

As designed, the nanogap IDEs have a gap at nano-scale, yielding a relatively high
capacitance, and therefore provides thus a high front-end gain. For instance, if the
AC can be brought into the 10 to 100 pF range, the cable interference will be
negligible. On the other hand, if the AC is within the range of 10-1000 fF, changes in
parasitic cable capacitance can be problematic. In our work, acetone measurements
were performed with a 160 pF bare nanoscale IDE capacitance. Also, nanogap IDEs
with a bare capacitance of 30-50 pF were fabricated and coated with graphene oxide

for humidity measurements.[9, 10]

I
I Substrate CP1 C_IDE cP2 Substrale!
|4 Il i il > |
e _

. =

| i |

| ccC1 |

I |

| cL1 cL2 |

| |

| []Ret  Re2[] |

| cc2 |

| II | cable

I |

‘ measuring device

Figure 3. Simplified schematic of resistance, capacitance and inductance circuit

components during measurements.

Figure 3 shows a simplified model of the structure connected to a measurement
device using a cable. The IDE capacitor is formed by the C_IDE, and both parasitic

capacitors CP1 and CP2 have a capacitance towards the substrate. The cable needed
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to connect the IDEs to the measuring device consists of a network of resistors,
inductors and capacitors. [11] This cabling connection is a fundamental limitation of
the AC measurement due to temperature variations,[12] as shown in the
experimental setup. Reducing the cable length to zero can herewith increase the

limits of detection and lead to development of a custom-built capacitance interface.

Since the parasitic capacitances of series CP1 and CP2 are stable over time, they
can be added as a constant to the bare value of IDEs capacitance. Thus, the total bare

IDE capacitance, presented in Figure 1, is equivalent to a circuit consisting of:

Ctotal = CipEs + ((Cpl * CPZ) / (Cpl + CPZ)) + Ccable

2.3. Parasitic Capacitance of Cabling

When a capacitive experiment is in progress, the capacitance of connection cables
can easily fluctuate up to 100 fF when the cable is moved (see Figure 4), this is
consistent with many other findings.[12,13] When the cable is stable during the
measurement, other fluctuations may occur, e.g., the temperature of the measured

ambient.

temperature (°C)

21 . .

time (hh:mm)

-0.05 /

-0.20 -| Cable movementartifact

capacitance (AC pF)
s
s
L

T T T T T T T T T T
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Figure 4. Temperature dependence of one meter RG58.
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In Figure 4, the capacitance change of a standard, 1 meter RG58 with 50 () cable
towards a temperature change of 8 °C measured with a calibrated HP4192A
impedance analyser after a warm-up period of 1 hour at 100 kHz. The added
capacitance to the sensor from this type of cable is approximately 100 pF/m,[11]
and was measured together with the measurement clamp and BNC connector at 126
pF. The limit of detection of the measurement device is then determined by the
parasitic noise of the cable as a result of mechanical stress, and the response of the
cabling due to temperature fluctuations in the surrounding environment. The
ground noise with the resolution of the HP4192A, derived from the data in Figure 4,
is determined at approximately 20 fF. The sensitivity to temperature changes is
calculated to be about 31.25 fF/°C for one meter of cabling, defining the maximum
resolution of the single-ended measurement. Therefore, we propose another
method to improve the detection limit in order to overcome these above-mentioned

fundamental limitations in the coming section.

The response to temperature changes caused by the resonance circuit
components is considered in the system although it is quite small due to the stability
properties of the measurement system. If the temperature-dependence of a sensor
is to be recorded, a compensation method is then needed. Further improvements of
this system may involve a differential measurement approach. In this case a second
sensor may be added to the front end that is passivated for sensing analytes but
responds to humidity and/or temperature changes at the same level as the active
sensor itself. By subtracting both signals using digital signal processing, variations

caused by temperature or humidity can be minimized.

2.4. Improving the detection limit

Figure 5 shows the flowchart of the capacitance readout interface, which was
designed to overcome the issue with cable interference (See Appendix D for detailed

information on this interface). The heart of the interface is the FDC-2212
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semiconductor from Texas Instruments [14] with a 168 dB dynamic range
comparator resulting in a resolution of 0.3 fF/bit. This semiconductor is capable of
handling capacitors up to 250 nF; therefore it is suitable for measurements of
nanostructure IDEs with a large range capacitance (20 - 200 pF).

External
‘ oscillator

LC oscillator
tank RS$232

i Oscillation 28 bit 12C interface Interface to
T circuit | comparator—|  logic | —— Mcu |-controller PC

Experimental
Micro gap
capacitor

Figure 5. Capacitance interface flowchart.

A custom printed circuit board was designed to interconnect the circuits and
herewith stabilise the parasitic capacitance to a steady value. The double-sided
metalized printed circuit board is made of standard FR4 material with gold plated to
form the electrical contacts. The collected data and their settings are managed by an
ARM?7 MCU that interfaces to the IDEs using the I2C protocol. The controller PC in
Figure 5 collects the data from the MCU using the RS232 protocol through an USB
cable. The FDC2212 is configured to handle an external crystal oscillator of 33
MHz/1ppm that was placed outside the chamber to minimize the temperature

variations of the reference.
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Figure 6. Capacitance interface, front view with nanogap IDEs and pogo pins.

In order to verify the response of the system to humidity changes, the capacitance
interface was placed in the signal measurement system without the nanogap IDEs
(Figure 6). As shown in Figure 7, the humidity changes between 20 and 75 %RH
according to a pattern of the pre-defined script when the temperature is set at 25 *
0.06 °C. The data collected by the computer controller was then analysed using
Microsoft Excel and AC was calculated and plotted as in Figure 4. The data shows a
maximum variation of 3 fF, this will be set as the ground noise of the system. After
determining the ground noise of the system (Figure 7), the nanogap IDE is
connected in a parallel circuit to the oscillation tank as shown in Figure 5. At this
time the tank frequency is at higher value compared to other research at 10
kHz.[15] The capacitor used to stabilise the tank has a value of 33 pF incorporated
with an added parallel parasitic capacitance (23 pF) caused by the printed circuit
board routing and the pogo pins while the inductor of the tank is a high-frequency
inductor (18 puH). The frequency of the tank is then determined by equation (1):
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1

2*m*4/(L*C) D

Where L is the inductance in Henry, C is the capacitance in Farads and Fres is the

Fres =

tank resonance frequency in Hz. At 18 puH and 56 pF, the tank’s resonance frequency
is 5 MHz. When a nanogap IDE (for example, with GO layer) is placed in the tank
circuit, the capacitance increases, thereby decrement of the resonance frequency of

the tank occurs.

humidity (Rh%)
B
N
L

capacity (Afemto Farad)

T T T T T T T T T T T T
13:07 13:16 13:25 13:34 13:43 13:52 14:01

time (mm:ss)

Figure 7. Capacitance interface response to humidity change of 50 %RH with an

open circuit without IDES, resulting in a 3 fF noise level.

3. Results and Discussion
3.1. PVPH Micro and Nanogap IDEs
In this experiment, a highly selective polymer layer with a relative low dielectric

change is used on both a micro and nanogap IDE to improve the device’s detection
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limit with respect to capacitance change. In order to control the amount of acetone
vapour in the measurement system, the standard system was then upgraded to
enable these tests. An acetone inlet, which is controlled by a high-speed valve,
indicated in Figure 8, was used from a calibrated gas cylinder with an acetone
concentration of 1000 ppm. The vapour concentration in the system was measured
using a calibrated PID-AH sensor as a reference sensor from Alphasense® with
detection range of acetone is of 0-1000 ppm. The output of this sensor was fed into a
calibrated DMM to be digitated by the control PC. The data from this reference
sensor was used in a software feedback loop of the signal measurement system. The
script file, necessary for setting values in the system, was enhanced with a line

describing the desired concentration of acetone in ppb.

% Test chamber

controller and MCU
capacitance controller
with external clock

=

Pressure sensor exhaust

Heat Exchange

clean air Dry M .y

C3HgO
Capacitance
@ interface with
T, Rh% sensor, interdigitated

acetone PID-AH capacitor
sensor

clean air Wet

Figure 8. Setup of the measurement system for acetone.

Two identical micro IDEs were prepared with a PVPH polymer layer in order to
perform measurement of acetone detection at concentrations of up to 1000 ppm.
Together with these micro IDEs, a total bare IDE capacitance of 8.1 pF was

measured as reference signal. Figure 9 shows the sensing response of micro IDEs to

109

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 109



Chapter 5 - Improving Detection Limit in Capacitive Sensors

an acetone input in increments of 100-200-400-700-1000 ppm over a total time
interval of 2 hours. Here, we observed a response according to the acetone inputs
and another response to fluctuations in the humidity set at 15.2 %RH since the
polymer is also sensitive to humidity changes. The temperature was kept stable at
25 £ 0.1 °C during all measurements. The peak value of these micro IDEs at 1000

ppm acetone is 22 fF while the response to humidity changes of 0.5 %RH does not

exceed 2.5 fF.
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Figure 9. Response of the 8 pF micro IDES with 10 % PVPH polymer to acetone

input.
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To improve the dynamic range of the measurement, or sensor output, the same
experiment was conducted using a nanogap IDE. Because of the increased density of
the electrodes, the capacitance increased to 135 pF while PVPH is used as a
dielectric sensing layer. The same script pattern used for the experiment as in

Figure 9 was also executed at the same humidity and temperature.
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Figure 10. Response of a 135 pF nanogap IDE coated with 10 % PVPH polymer to

acetone inputs.
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Figure 10 shows the response of the nanogap IDE to variations of acetone vapour.
Although the response of this sensor to acetone inputs and observed fluctuation in
humidity change is similar to those when measuring micro IDEs, the signal
amplitude increased by a factor of 12 compared to that in the case of using micro
IDEs. The value of AC is 275 fF at 1000 ppm acetone while the dynamic range of the
capacitance interface was maintained. Both IDE types (micro and nano structure)
showed a 0.2 % change of the capacitance in response to 1000 ppm of acetone. The
micro IDEs gave a significant response in AC with value of 22 fF (on a 8 pF bare
capacitance) while the nanogap IDEs showed a response in AC with value of 275 fF

(ona 135 pF bare capacitance) to 1000 ppm acetone.

3.2. Graphene Oxide IDEs (36 pF capacitance)

Recent developments in advanced semiconducting technology have brought up
many great possibilities to measure capacitance changes in the femto-farad range.
Some of them have shown the sensing response of graphene oxide and is based on
the change of the dielectric properties of the sensing layer as it ad/absorbs water
vapour, the non-linear behaviour corresponds with current findings,[15-17]
although the central frequency of 3.1 MHz used in these experiments is higher by a
factor of 300 than that reported by Bi et al. in 2013, see also Figure 13. An
experimental setup was constructed to study sensing behaviours of the nanogap IDE
in a clean air atmosphere. The measurement system is shown in Figure 11.
Measured with a calibrated thermal conductive AHT-200-01 humidity sensor from
Ohmic Industries, the humidity in an 8.3-litter chamber is controlled by a PC with
high-speed inlets and exhaust valves by passing a bubbler. This sensor can survive
in an environment with volatile chemicals such as ketones and alcohols. The
humidity sensor was chosen to withstand in an acetone environment, as used in the
previous experiment, and without deterioration over time. The detection principle
of most commercially available humidity sensors is based on their polymeric

sensing layer. This type of sensor is available in factory-calibrated versions with
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good precision (> 0.5 %RH) and is equipped with a digital interface for easy readout.
A drawback of this sensor type is that it requires temperature compensation of the
output data. The temperature in the chamber in this set up is regulated with a
Peltier element, a heat sink and a fan. Overpressure is also controlled with an
exhaust valve regulated by a pressure transducer. When the internal pressure

exceeds ambient levels the exhaust valve opens until the pressure reaches ambient

conditions.
Test chamber
controller and MCU
capacitance controller
with external clock
Heat Exchange
Clean Air Dry /f Iy
Pressure sensor exhaust
. Inlet

Clean Air wet

Capacitance
| interface with X
interdigitated
T, Rh% sensor capacitor

FAN

Figure 11. Setup of the signal measurement system for graphene oxide.

GO was deposited on the sensing area of the IDEs by drop casting (20 mg of GO
was dissolved in 20 ml purified water and stirred for 3 hours at 25 °C). Three layers
of GO were deposited subsequently and each layer was dried in vacuum at 50 °C for
60 minutes. The bare IDE capacitance of a nanogap IDEs was 36 pF with >20 MQ
resistance measured with a calibrated Keithley 2000 DMM. After depositing the GO
layer, the resistance was measured again at 2.15 M{). The prepared experimental

nanogap IDEs were placed in the capacitance interface that connects to the tank
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circuit using two 0.8 mm spear tip pogo pins, as shown in Figure 6. After the
nanogap IDE is loaded into the interface, the oscillator tank frequency is determined
by the inductor and a parallel circuit of the capacitor placed on the capacitance

interface, the nanogap sensor used GO as dielectric environment.
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Figure 12. Humidity and temperature response of the GO prepared nanogap sensor.

After GO was deposited on the nanogap sensor the capacitance increased to 90 pF

measured in air at 25 °C with an ambient relative humidity of 53 %RH. The value of

114

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 114



Chapter 5 - Improving Detection Limit in Capacitive Sensors

the nanogap IDEs capacitance was measured with a calibrated Agilent 4262A LRC
meter at 10 kHz. The resonance frequency is determined by the parallel combined
capacitance of the interface (56 pF) and GO IDEs (90 pF) and is approximately 3.1
MHz. This was verified by measurement with a Tektronix TDS2002 sensor. After the
IDEs and capacitance interface were placed into the chamber, a triangular humidity
change from 55 to 74 %RH was programmed (Figure 12, middle graph) while the
signal measurement system temperature was kept at 25 *+ 0.06. Figure 12, bottom
graph shows the sensing response of the nanogap IDEs with GO layer in fF to
humidity change. A total measured span of approximately 1100 fF is then observed.
The observed resolution of the interface is given in Figure 10, showing a detail of

Figure 12 starting at 18:00.

As shown in Figure 13, the response of the GO to humidity as a dielectric material
is non-linear. This effect was further explored by a nine-fold repetition of the above-
described experiment. The results from these measurements are shown in Figure
14, where the measured humidity of the reference plotted versus AC. Figure 14 also
presents the data, which is fitted to an exponential function including error bars,

indicating a 0.97 standard deviation.
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Figure 13. High-resolution detail of the measured capacitance (shown previously in

Figure 12).

The GO measurement shows sensing responses of the coating material of 1.2 pF
within the proposed humidity change. When the dielectric change of the sensing
layer becomes smaller and the signal-to-noise ratio becomes insignificant, the
detection limit of the measured capacitance interface will also reach the limit of the

hardware. To summarise, the data in this experiment showed a bare IDE
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capacitance between 3 pF and 10 nF with pF resolution and these measurements
were performed with a comparable capacitance, while the limit of detection
presented here is smaller by a factor of 1000, in the fF range. Reproducibility of all
measurements is assured. Furthermore, the limit of detection has improved,
enabling the use of comparatively small detection areas. The response time of the
GO sample is in the same range as the reference humidity sensor. A change of 100 fF
is observed as a result of a humidity change in 3 %RH. The response of the nanogap
sensors is exponential and reproducibility of measurement excels also at both low

and high regions. Calibration of the sensor is possible when using exponential fitting

with a standard deviation of 0.97.
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Figure 14. Fitted exponential behaviour of the graphene oxide layer with error bars.
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4., Conclusions

When the features of IDEs are reduced from micro to nano scale, the bare IDE
capacitance increases and so does AC. Thus, a larger dynamic range of the
capacitance measurement device can be applied; therefore, the signal-to-noise ratio
can be drastically improved. Furthermore, to minimize the change of parasitic
capacitance of cabling due to temperature changes and other cabling system
connections, the measurement is suggested to be carried out as close to the IDE as
possible. The detection limit in capacitive IDE sensors at room temperature depends
on the thermal and mechanical stability of the cabling and the resolution of the
measurement system. Sensing measurements can be conducted at femto farad level
with high resolution (0.3 fF) while reproducibility is maintained. Using this method,
the ground noise was measured at 3 fF with 0.3 fF resolutions, with a 100 pF IDE
capacitance comprising the GO sensing layer. When the IDE feature size is reduced
to nanoscale, the device’s capacitance and corresponding signal amplitude are
significantly enhanced. The improved capacitance measurement system in
combination with nanostructure of the high-density IDEs resulted in a 12-fold

improvement of the detection limit.
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General Discussion

This chapter gives a brief overview of the most striking achievements as presented in this

thesis. In particular, acetone sensors based on Si NW-FET and IDE structures will be
discussed. Their sensing materials, sensing performance in different conditions and
stability of devices will be reviewed for various approaches in real-life applications.
Furthermore, we will focus on some preparation methods and highlight the results
obtained for specific sensing behaviors to achieve targeted acetone level detected below
ppm level, for instance, the optimal design of nanogap IDEs. Remaining questions,

additional ideas, and recommendations will also be addressed for further research.
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1. Remarks and future work

Here we discuss in more detail the possible areas of applications as well as approaches of
use for gas sensors and their classification across requirements of VOCs detection at sub-
ppm level. It is essential to produce gas sensors at a high quality including good sensitivity,
high selectivity toward typical gases, and reproducibility with a fast response (e.g. within a

minute) and long-term storage.

As presented previously in Chapter 2, we have succeeded in the formation of stable
fluorinated monolayers on Si NWs, which enhanced sensing properties of FET devices
towards VOCs detection with 2-octanone as a primary target. Fluorinated monolayers
could be formed chemically stable and with a high density; also, their predicted physical
structures were discussed. As a single channel in FET system, Si NWs can be effectively
functionalized. Hydrosilylation of 1-alkynes was used to yield highly uniform fluorinated
alkyne-derived Si-C=C linked monolayers on all facets of the persistently oxide-free NWs.
The obtained monolayers on Si NWs display superhydrophobic behavior, a high stability
under both acidic and basic conditions and under extreme condition (UV irradiation, 254
nm). The monolayer coating provides excellent electrical passivation and displays
significant potential in the use of single-channel FETs. Furthermore, this type of fluorinated
monolayers can be altered when using different number of fluorine atoms with same
carbon chain C16 (Figure 1). This results in monolayers on Si NWs with different surface
energy. This means that the interaction between monolayers and analytes can be
addressed in a specific manner with respect to detecting volatile compounds. Simply, to
sense an analyte, we can choose the most effective monolayer based on its number of
fluorine atoms. This approach also creates potential in the detection of many other types of
VOCs based on their polarity of functional groups such as alcohols, ketones, aldehydes and
acids. Surface functionalization with fluorinated monolayers could also be further applied
in different structures, for example, a nanogap organic field-effect transistor (OFET).
Pfaehler et al. [1] has proposed planar highly doped silicon nanogap electrode devices,
functionalized with organic monolayers using tethering by aggregation and growth (T-

BAG) method (Figure 2). With a nanogap structure and using the above-mentioned
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fluorinated monolayers, the sensing performance of FETs could be enhanced since the
conductivity of the modified nanogap is greatly improved. Therefore, we are confident that
if a different coating with low-surface energy were used, similar results would be obtained
with their structures as well. The application of these functional monolayers with high
density and same chain length is greatly useful and enhances sensitivity of biosensors

and/or gas sensors.

mmm T
M nmnTm M om
mTTm M M| M

\Y \N N\ N\ A\

FO F1 F3 F9 F17

Figure 1. Fluoro-hydro alkynes employed in monolayer formation.|[2]
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Photolithography,
a) 8 nm buried SiO, metal evaporation
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3 pum p+ Si (100)
p+Si
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200 nm~—1pum (111)

i «

Monolayer Deposition via T-BAG HF and KOH wet etching

b)

Figure 2. Schematic of a fabrication process of nanogap electrodes using as OFET. Here, a
typical spacing between two metal pads is 3-5 um. Subsequent anisotropic etching resulted
in nanogap structures with triangular-shaped cross-section, and a monolayer is grown in
the gap via the T-BAG process - (A). SEM image of a finished nanogap structure (at an angle
of 80°) - (B).[1]

The efficiency of electrical detection of bio-molecular interactions in nanogap or single
channel of FET would drastically increase. When the proof of principle was achieved,
together with pattern recognition structured with arrays of sensor units, these (bio-)/gas
sensors with organic surface modification are promising candidates for a new generation of
devices using e-nose concept for determining the corresponding biomarkers in human

exhalation for medical diagnosis (Figure 3).

Possessing an easy-to-handle and quick response device to detect chemical analytes is
essential for air quality monitoring in laboratories and industrial process, etc. to save lives
and protect human health. As described in Chapter 3, of all tested polymers for sensing
materials, PVPH showed highest affinity towards acetone. A conventional method, spin

coating, is a low-cost and scalable industrial fabrication to be used. Using this method, a
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capacitive chemical sensor based on an M-IDE coated with a polymeric nanocomposite
layer consisting of Si NPs and PVPH was successfully achieved. However, the sensitivity of
this device could be further improved by using a different thin layer preparation method:
spray coating, presented in Figure 4. This method shows excellent homogeneity of coated
polymer layers on a surface, especially, with micro IDE on glass substrates, the thickness of
PVPH layer could be well controlled. This resulted in an active layer that enhanced the

adsorption as well as desorption of analyte (acetone). This could generate a faster response

and higher sensitivity of gas sensors.
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Figure 3. Schematic representation of the links between the different frameworks of

breath marker-prints and the appropriate sensing approach (specific vs cross-reactive
approach).[3]
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As shown in this study, the addition of surface-modified Si nanoparticles led to an
increase in polymer surface available for adsorption, which amplifies the response of the
device towards acetone. The sensing response towards acetone at room temperature
proved that the turn-on and -off exposure to this analyte was reversible with good
reproducibility after multiple cycles of gas exposure. Moreover, the sensing response of the

NC device remains stable during long-term storage in ambient atmosphere.

Vs
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Figure 4. Spray coating can be applied for depositing polymer layer at larger scale for mass

production of device during manufacturing process.

Nonetheless, detection of much lower concentrations of analyte should be further
investigated for a more detailed examination of the sensor’s sensitivity. Significant work
regarding to the improvement of nanocomposite materials in gas sensors is required for
advanced applications. The use of different types of nanostructures for acetone and other
VOCs gas sensing is presented in Figure 5. Based on properties of nanostructure of both
device’s configuration and sensing materials, gas chemocapacitors could achieve excellent
sensing performance towards numerous of analytes. However, to preserve the unique
characteristics of chemocapacitive sensors, there are two requirements: these sensing
materials need to be designed in such a way that the devices operate at room temperature,

and there should be no dependency on external stimulus for sensor’s response/recovery.
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500m
—

500 nm

500 nm

Figure 5. A variety of nanomaterials have been applied as sensing materials for the
detection of acetone and other VOCs. Several examples are given: 1. a) SEM image of a
PAni-TiO; nanocomposite after electropolymerization. b) TEM micrograph of PAni-TiO; in
dark-field. TiO2 nanoparticles are visible as white spot; 2 SEM image of NiO-decorated TiO>
nanorods.[4]; 3 SEM images of (A) SnOz nanofibers produced by electrospinning.[5] (B)
Sn0; nanoribbons synthesized by direct oxidization. [6] (C) On-chip fabrication of SnO:
nanowires grown on Au deposited Pt interdigitated electrdes by thermal evaporation.[7]

(D) Sn02-Zn0 hybrid nanofiber by electrospinning.[8]; 4 - SEM images of W03 cuboid for
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acetone sensing.[9]; 5 - SEM images; of hierarchical ZnO spheres prepared; 6 - illustration
of acetone sensing mechanism on ZnO spheres and (002) polar facets of hierachical ZnO

sensor.[10]

In Chapter 4, we have designed an nanogap IDE structure with an improvement of
sensitivity by a factor of 35 compared to micro IDEs designs based on our previous work.
However, the sensitivity of sensing device could be further enhanced by increasing the
sensing area of the nanogap IDEs with a ring structure. Also, the ring structure for nanogap
IDEs is believed to have an advantage in coating sensing materials in circular motions since
using dip coating or drop coating methods, the circular structure on the surface of coating
areas tends to be evenly covered because of the wettability between polymer solutions and

the coating surface (Figure 6-7).

Heater (Ti/ Pt) Heater Pad

Figure 6. Another optimal design of nanogap IDEs with ring structure could amplify the
total capacity of the device - (A). Ring structure was also widely used as heater elements in

other types of gas sensors - (B). [11]
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Figure 7. A design of nanogap IDEs with ring structure has been proposed (chapter 5) and
was used to develop capacitive gas sensors for acetone - (A). A high-resolution SEM image

shows a gap in nano scale (indicated by a red circle) - (B).

Since the desired material is homogenously coated in between the nano gaps, high local
electric field between these nano gaps can be assured to easily detect a very small amount
of acetone, which shows the excellence of nano devices. This method can address high-
density nanogap IDEs also in wafer scale by conventional micro-fabrication process. Yet
again, by simply changing the active layers into specific advanced materials such as non-
conductive polymers or nanocomposite, this generation of nanogap devices is promising to
detect a large range of any desired analyte. Furthermore, this type of device has great
potential to further evolve using electrochemical methods by using different electroplating

solutions for further applications.

Moreover, IDE geometry plays an important role since its capacitance and corresponding
signal amplitude increased drastically when scaled down. The sensing area of nanogap
IDEs has been increased which leads to the improvement of bare capacitance of the device
compared to micro IDEs. Therefore, a larger dynamic range of the capacitance
measurement device can be performed and the signal-to-noise ratio has been enhanced. At
room temperature, the detection limit of nanogap capacitive sensors depends heavily on

the thermal and mechanical stability of cabling connection that causes the change of
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parasitic capacitance and the resolution of the measurement is thereby interfered (chapter
5). The combination of the improved capacitance measurement system and using

nanoscale configuration could further improve detection limit of devices at sub-ppm level.

2. Applications

Detecting acetone concentration is important to human safety and health protection.
Especially, it is necessary to inspect toxic and inflammable gases and/or other volatile
poisonous chemical leakages for environmental monitoring in industries, warehouses and
laboratories. Several examples of acetone gas sensors and other types of gas are given in
Figure 8. Either as a type of compact alarm detector or as a sensor node integrated with a

PCB to be embedded into a gas chamber or gas systems.

Figure 8. Gas sensors system, some examples in industries and laboratories.

In human breath, acetone has been found to be an indicator for diabetes mellitus. At high
blood glucose levels the liver will break down fatty acids and will also deaminate amino
acids. In this altered metabolism state, called ketoacidosis, the ketones acetoacetic acid and
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B-hydroxybutyrate are being produced. Ketoacidosis can be smelled on a person's breath.
This is due to acetone, a direct by-product of the spontaneous decomposition of acetoacetic
acid. Current detection of diabetes based on breath analysis attracts a lot of interest
because of its non-invasive property. It contributes to an improvement of quality of life for
patients. Figure 9 shows several examples of breath analysers that are commercially
available for the detection of alcohols and some have incorporated version with wireless
sensor nodes. The study on acetone sensors using FET devices as well as chemocapacitors
promise a new generation of portable devices for prognosis and diagnosis of diseases such
as diabetes, lung cancer and gastro-intestinal, etc. that are non-invasive and patient

friendly.

Take a reading

ARV Re)

[m]

'y

Figure 9. Examples of gas sensor as portable breath analyzer for disease diagnosis. [12,13]

3. Conclusions

The research described in this thesis encompasses the development of acetone gas
sensors and their sensing properties for gas detection at low concentration. Many studies
on acetone sensors have been carried out in this research focusing on sensing materials,
structures, sensitivity and selectivity, stability of the device in different conditions,

reproducibility, optimization of measuring systems, etc. The main goal of this research is to
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detect a 0.5 - 2 ppm level of acetone mainly for the detection of acetone in human breath
which is a biomarker applicable to diabetes diagnosis. On one hand, we have successfully
reached ~ 0.5 ppm using nanowire system (Si NW FET device) to detect 2-octanone. We
proposed another type of acetone sensors with micro and nanogap structure (IDEs) using a
chemocapacitive-sensing mechanism. Promising results have been achieved and acetone is
detected at 1000 ppm and below 10 ppm with and without presence of humidity. This
promises to bring progress in the scientific world and also enables a wide range of sensors
in sensor technology that is of interest for a variety of indoor and outdoor uses as well as in

medical applications to improve the quality of life.
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Appendix

A. Fluorinated-Alkyne derived Monolayers on Oxide-Free

Silicon Nanowires via One-step Hydrosilylation

1. Chemicals

Hexadec-1-yne (F0), 16-fluorohexadec-1-yne (F1), 16,16,16-trifluorohexadec-1-yne (F3),
and 13,13,14,14,15,15,16,16,16-nonafluoro-hexadec-1-yne (F9) were synthesized
following a  known  procedure.[1] The details of the synthesis of
9,9,10,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadecafluoro-hexadec-1-yne (F17)
are described in the Supporting Information, Section S1.In brief, compound F17 was
obtained via a four-step reaction (see for details Supporting Information Scheme S1). The
radical chain addition of heptadecafluoro-1-iodooctane to 5-hexene-1-ol using sodium
dithionite (Na2S:04) (in acetonitrile and water, RT, 4 h) yielded heptadecafluoro-5-
iodotetradecan-1-ol, and was followed by the reduction of the iodide using lithium
aluminium hydride (LiAlH4) (in dry ether, 0 °C, 24 h) to give heptadecafluorotetradecan-1-
ol. Next, the alcohol was brominated using hydrobromic acid (HBr) (in presence of sulfuric
acid, 100 °C, 18 h) to yield 14-bromo-heptadecafluorotetradecane. Finally, a nucleophilic
substitution with lithium acetylide (in dimethyl sulfoxide, 0 °C, after which tetrahydrofuran
was added, 50 °C, 4 h), resulted in heptadecafluorohexadec-1-yne (F17). The critical
difference with a previous route3> was that this one is environmentally friendly, required
less harsh conditions, and most importantly this method provided as improvement that no
internal alkene was obtained as a side product. In the end, this route resulted in a typical
yield of 45% of the final desired alkyne, which was used in a purity of 99.98%.

Acetone (Sigma Aldrich, semiconductor grade VLSI PUNARAL Honeywell 17617), ethanol
(EtOH, Sigma Aldrich), and dichloromethane (DCM, Sigma Aldrich) were used for cleaning

before modification, Milli-Q water (resistivity 18.3 MQ x cm) was used for rinsing Si NWs
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samples after the etching process. Ethylene glycol (EG), dimethylformamide (DMF), and n-
hexadecane (C16, 99%) were obtained from Sigma Aldrich and used as received to
determine the critical surface tension in contact angle measurements. Hydrogen peroxide
(Sigma Aldrich, 50%) and sulfuric acid (Sigma Aldrich, 96%) were used to make piranha
solution (3:1 v/v) during pre-treatment to remove carbon contamination from the
nanowire surfaces. HF (Sigma Aldrich, 49% in water) and NH4F (Riedel-de Haén, 40 %,
semiconductor grade VLSI PURANAL Honeywell 17600) were used as etchants. Carbon
tetrachloride (CCl4) (Sigma Aldrich, > 99.5%) and potassium bromide (KBr) (Sigma Aldrich,

> 99.5%) were used as received.

2. Synthesis of Heptadecafluorohexadec-1-yne (F17)

21. 7,7889910,10,11,11,12,12,13,13,14,14,14-heptadecafluoro-5-iodotetradecan-
1-o0l (1a)

A mixture of 6.00 g of heptadecafluoro-1-iodooctane (11.00 mmol), 0.92 g 5-hexen-1-ol
(9.16 mmol), 1.60 g of sodium dithionite (9.16 mmol) and 0.770 g of sodium
bicarbonate(9.16 mmol) in 30 mL of acetonitrile and 10 mL of water was stirred at room
temperature for 4 hours. Afterwards the mixture was diluted with 100 mL of water and
extracted three times with 30 mL of ethyl acetate. The organic layers were combined and
washed with brine (30 mL), dried over sodium sulfate and filtered. The filtrate was
concentrated under reduced pressure yielding 4.72 g of the product (6.60 mmol, 72%). 1H-
NMR(400 MHz, CDCl3, §(ppm)): 1.39-1.70 (m, 5H), 1.88 (m, 2H), 2.87 (m, 2H), 3.69 (t, J=
6Hz, 2H), 3.43 (m, 1H).

2.2. 7,7889910,10,11,11,12,12,13,13,14,14,14-heptadecafluorotetradecan-1-ol
(1b)

An amount of 8.12 g (10.88 mmol) of 1a was dissolved in 40 mL of dry diethyl ether. The
mixture was cooled to 0 °C and 6.5 mL of a lithium aluminium hydride solution (4.0 M in

diethyl ether) was added drop wise. The mixture was stirred overnight, after which the
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reaction was quenched by adding water. The resulting suspension was filtered and the
filtrate was concentrated under reduced pressure yielding the crude product, which was
recrystallized in toluene. Yield: 4,10 g (7.88 mmol, 72%). 'H-NMR(400 MHz, CDCl;3,
S§(ppm)): 1.27 (t, J= 5.2 Hz, 1H) 1.40-1.43 (m, 4H), 1.58-1.68 (m, 4H), 2.01 (h, J]= 8Hz, 2H),
3.58 (q, J= 6.4Hz, 2H).

2.3. 14-bromo-1,1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8-heptadecafluorotetradecane (1c)

An amount of 2.5 g (5.3 mmol) of 1b was dissolved in 25 mL of hydrobromic acid. To this
mixture, 2.5 mL of sulphuric acid was added. The mixture was stirred at 100 °C for 18 hrs.
Afterwards, 100 mL of water was added and the mixture was extracted three times with
heptane. The organic layers were combined and washed 2 times with a saturated sodium
bicarbonate solution and 2 times with brine. The organic layer was separated, dried with
sodium sulphate and filtered. The filtrate was concentrated under reduced pressure. The
product was isolated via column chromatography using heptane as eluent. Yield: 2.50 g
(4.28 mmol, 80%).'"H-NMR (400 MHz, CDCls, 6(ppm)): 1.37-1.51 (m, 4H), 1.63 (q, J= 8 Hz,
2H) 1.88 (q, J= 8Hz, 2H), 2.08 (h. ]= 8Hz, 2H), 3.41 (q, J= 6.4 Hz, 2H).

24. 9910,10,11,11,12,12,13,13,14,14,15,15,16,16,16-heptadecafluorohexadec-1-
yne (1d)

A solution of 1.18 g (12.85 mmol) of lithium acetylide in 6 mL in dimethyl sulfoxide was
prepared in a dry and argon purged three-necked flask. The mixture was cooled to 0 °C,
after which a solution of 1¢ (5.00 g (8.57 mmol)) in 15 mL tetrahydrofuran was added drop
wise. After the addition, the mixture was heated to 50 °C and stirred for 4 hrs. After cooling
to room temperature, an amount of 100 mL of water was added to quench the excess of
lithium acetylide. The aqueous mixture was extracted 3 times with 50 mL n-heptane. The
organic layers were combined and washed with brine (3 x 50 mL) and dried over sodium
sulfate. After filtration and concentration under reduced pressure, the product was
obtained via column chromatography using n-heptane as eluent in a yield of 2.00 g (3.7
mmol, 45%). tH-NMR(400 MHz, CDCl3, §(ppm)): 1.39-1.65 (m, 8H), 1.95 (t, J= 2.4Hz, 1H),
2.07 (h, J= 8Hz, 2H), 2.01 (m, 2H).

137

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 137



Appendix

Na,S,0,4
NaHCO3 FRFRFRFRF
F FRFR FERF MeCN, H,0 g
F N RT OH
FWHL O T T R FRFFFF |
F FFFFFF Yield=72% 1a

J. Fluorine Chem. LiAIH,
112, 2001, 101-108 Et:er (Dry)
r

1c a
q. HBr
FFFFFF FRF H,S0, FRFRFRFRF
Br 100°c_F
FE FrFFFE 24he F "
o F FFFFFF
H, Yield=80% ) o
Ne 1b  Yield = 72%
THF, | — Li']
DMSO N
Hy

FRFRFRFFRF

R
F A

FFFFEFFF 44 vield=45%

Scheme S1. Synthetic routes for Heptadecafluorohexadec-1-yne (F17)

3. H-terminated Si NWs
3.1.  Preparation of H-terminated Si NWs

Si NWs Formation. Si NWs were prepared onto Si(111) wafers by chemical vapor
deposition of SiHs and B2H¢ (B/Si atom ratio 1:20000) as precursor gases and gold as a
catalyst; the details of the Si NWs synthesis and properties have been published

elsewhere.[2]

Surface Cleaning and Pre-treatment of Si NWs (Scheme 1). After the growth of the Si
NWs, organic contaminants have to be removed from their surface. To this aim, Si (111)
wafers with Si NWs grown onto them were cut into 5mm x 5 mm pieces, subsequently
rinsed with Milli-Q water, ethanol, acetone and DCM, and then dried under a stream of
argon (Ar). This was followed by a treatment with piranha solution (CAUTION: extremely
corrosive!; 50% aq. H202 : 98% H2S04 (1:3 v/v) for 15 min) to remove all organic

contaminants. Samples were then rinsed with excess amounts of Milli-Q water and dried
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under Ar. Finally, the samples were treated by either an ambient air or oxygen plasma to
remove any final traces of carbon contamination. The HF or NH4F etching process was
started directly after this. The effects of these treatments were studied and compared by
wide-range XPS survey scans (See Table S1). Before any covalent surface modification, the
small C1s peak attributed to native hydrocarbon contamination was always observed, and
is unavoidable in ambient atmosphere. Evidently, plasma treatment helps to minimize this
carbon contamination to the lowest level (typically ~1%), but, of course, at the price of
significant oxidation of the Si NWs. Upon plasma cleaning the intensity of the oxygen peak
increased from 44.4% (native oxide from untreated samples) to 50.8%. Piranha cleaning
without plasma yielded less surface oxidation (46.1%), but was also less effective in

reducing the carbon contamination (down to ~ 2.4%).

Anisotropic Etching of Si NWs to form Si-H Species. To remove any oxides that are
present at the Si NWs surface, a series of possible etching procedures was tested. To this
aim, samples were immersed in etching solution for a specified time, which was followed
by thorough washing with excess water (Milli-Q) and drying under a stream of Ar for about
10 s. During the etching process, the samples were occasionally swirled to remove gas
bubbles that were trapped between the Si NWs on the surface. This process was executed
at room temperature, 25 © C (RT) in a N2 environment glovebox with less than 0.1% 0. All
solvents were bubbled by an Ar stream for at least 15 min in order to reduce oxygen
concentration. Etching studies with freshly prepared etchants were executed with 40%
NH4F and 2.5% HF solutions, using different time intervals (typically minutes with NH4F
and seconds with HF) to optimize the removal of the silicon oxide layer (SiOx) and produce
hydrogen-terminated (H-terminated) Si NWs while minimizing the damage by dissolution

of the Si NWs during the etching process.
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Table S1. Surface treatment before etching step and modification

Si NWs C1s 01s F1s Si 2p
Surface treatment  285.0 eV 531.0eV 686.0eV  99.0-100.0
eV
[% SiO«]
1. Air plasma 5 min 1.1 49.7 0.7 24.2 [24.3]
2.0z plasma 5 min 1.2 50.8 1.8 22.0 [24.2]
3. Air plasma 5 min and 0.7 50.6 0.3 23.9 [24.5]

piranha 10 min

4. Piranha 10 min 2.4 46.1 <0.2 27.4 [22.9]

= =
A Name Pos. FWHM  Area At% B Name Pos. FWHM  Area At% @ C Name  Pos. FWHM  Area At% L
Si2p  99.00 2.08) 4911459 5136 Si2p  99.00 1.818 2835830 83.0 Ols  532.00 2432 662720 399 &
O1s  533.00 2389 166817.59 48.64 O1s 53200 2492 20790.57 169 Si2p  100.00 2193 4447301 9601 @
: 5 ° 3
z z z
£ g Z
2 2 3 @
= o - - —
< & < z
& =]
— —T—T ——1—
900 600 300 900 600 300 900 600 300
Binding Energy (eV) Binding Energy (V) Binding Energy (V)

Figure S1. XPS survey scan of Si NWs samples on Si substrate with native oxide SiOx (A),
and after etching process by immersing in NH4F (15 min) (B); by HF (30 sec) (C) to create

hydrogen termination onto Si NWs surfaces.
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Figure S2. Normalized XPS spectra of Si NWs surface etched by NH4F.
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4. C1s XPS narrow scan of fluorinated alkyne derived monolayers on oxide-free

SiNWs
10 (10
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Figure S4. XPS narrow scan C 1s region of freshly prepared fluoro-hydro derived

monolayers on Si NWs F0-(A), F1-(B), F3-(C), F9-(D).
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5. Surface morphology of Si NWs “forest” by SEM

Figure S5. SEM images of Si NWs are shown before (A) and after modification: F1-(B), F3-

(C), F9-(D). No change has been observed between samples before and after modification

6. Wettability

Equation S1. [W4 =YL(1 + cos0a)] ..cccuvnee. eq.(1)
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Table S4. Static contact angle () measurement of modified and non-modified SINWs with

different liquid surface tension (y.) in mN.m1: n-Hexadecane, DMF, EG and water. Symbol

(-) indicates SCA below 10°.

Liquid surface

n-Hexadecane DMF EG Water
tension
27.5 36.8 47.7 72.8
yL (mN.m-1)
F17 - 112 +2 149 +1 168+ 2
F9 - 78 + 2 149+ 1 169 + 2
F3 - - 141 +1 170+ 2
F1 - - 120 +2 169 +1
FO - - 141 1 163 +2
SiOx - - 11+2 -
Si-H - - - -

7. Fluorinated alkyne derived monolayers by FT-IR

A B

v x

Figure S6. Multiple oriented-growth orientation (A); Monolayer on single Si NWs (B) and
2D lateral electronegative interaction of fluorine atoms between molecules on planar Si

surface (C).
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Table S2. C-H region of modified Si NWs with fluorinated alkyne derived monolayers

FO F1 F3 F9 F17
-CH3 2956.2 2958.6 2959.7 2960.8 -
-CH2(Vs) 2920.1 2922.2 2922.5 2922.6 2923.4
-CHz(Va) 2850.8 2851.2 2852.1 2852.8 2854.1

Table S3. Energy shift of C-F signal (CFz group) in C 1s narrow scan between Fx-planar Si
and Fx-Si NWs

Modified Si C-F signal (CF3 group) C-F signal (CF: group)
NWs
NWs Planar Si | Energy shift | NWs | Planar Si [Energy shift (A)
a)
F17 294.4 293.7 0.7 292.2 291.5 0.7
F9 294.3 293.8 0.5 292.1 291.6 0.5
F3 293.4 293.1 0.3 - - -
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Figure S7. Infrared spectra of fluorinated alkyne-derived monolayers (FO, F1, F3, F9, F17)
on Si NWs surfaces region 1100 - 1800 cm! by transmittance measurements of Si NWs in

KBr pallets prepared from suspensions of modified Si NWs.

8. Stability of fluorinated alkyne derived monolayers on Si NWs by UV-VIS

n.c. RhodamineB .,

3 8sr
N 0. ~N
~

3
HiC - O ‘ Nt
I COOH

As-prepared ﬁ Mild sonication
.0 —_— > —_—

SiNWs on Si substrate RhB 5 LM in EtOH Suspension
SiNWs in RhB

Scheme S2. Preparation of Si NWs suspensions in RhB (using EtOH as solvent)
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Quartz vessels (SUPRASIL, HELLMA Analytics) with the transmission band ranging from
200 nm to 2500 nm were used for every UV measurement are same as they had been used
for UV exposure. The intensity of UV irradiation was determined by using an UV lamp with

a power of 8 Waats which was placed to create direct exposure with a distance between

lamp and all samplesis 1 cm.

=)

A ——RhEB as prepared Si-H as prepared [A)
|| —rne | Si-H 1h (B}
——RhE 1day . Si-H 1 day [C)

Si-H (AU)

Abs (AU)

T T T T T T T T T T
200 300 400 500 600 700 300 200 300 400 500 600 T00 800

Wavelength (nm) Wavelength (nm)

——F17 as prepared (d)

C ——F17 1h [e)

] ——F17 1 day ()
5 1
=
w
=
2 4

200 300 400 500 600 700 800

Wavelength (nm)

Figure S8. UV-VIS spectra of (A)- pure RhB, (B)- Si-H NWs and (C)-F17-Si NWs in RhB at
conc. of 5 uM in absolute ethanol as in fresh-prepared (black), after 1 hour (red) and 1 day

(blue) irradiating with UV at 254 nm, lamp power 8 Watts.
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9. Surface modified Si NWs-based Field Effect Transistors (FETs)

Surface modified Si NWs were dispersed into ethanol by ultra-sonication. These Si NWs
suspensions were spray coated on Si with a 300 nm oxide layer to form an aligned array.
The source/drain electrodes (Ti/Au, 30 nm/100 nm) were prepared using
photolithography and e-beam evaporation. The width of metal electrodes and distance
between two electrodes was 3 um. A Keithley 2636A source-meter was employed to test
the electrical properties of the surface modified Si NWs FETs. The source/drain current Igs
was measured at constant source/drain voltage (Vgs = 2 V) while scanning gate voltage (Vg)

from 40 V to -40 V with -0.2 V step.
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Figure S9. Linear (black line) and logarithmic (blue line) scale l4s—Vj plot of F9-modified
Si NWs FETs (A) and time-dependent I4s response of F9 modified Si NWs FETs at V, = -25
V exposure towards 2-octanone at 500 ppb to reference air (dry Nz) (B).
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B. Preparation and Gas Sensing Properties of Nanocomposite
Polymers on Micro-Interdigitated Electrodes for Detection of
Volatile Organic Compounds at Room Temperature

1. Preparation of nanoparticles.

(A) Si NPs -NH, (B) Si NPs -alkene

[o] o
\\__0\ o} Na [0} ONa
O—ISI"\_,\ NaO ONa \\_—0\ ONa
o N
/- NH, o I ODISI—‘\; Nao” 71 I

Microwave [
160 °C i Microwave

15 min 100 °C

15 min

NH,

H,N

H,N

Nucleation stage

160 °C 16 min © & Ce 2ccnm  365Nm

Figure S1. Schematic Illustration of Bottom-up One-Pot Synthesis of amine terminated

SiNPs. After synthesis photos were taken with irradiation with a hand-held UV lamp.
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Figure S2. The DLS (dynamic light scattering) size distribution, TEM (transmission

electron microscopy) overview image (B), and enlarged TEM image (C) of amine

terminated Si NPs.

2. Characterization
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Figure S3. The partial FT-IR spectra of the pristine PVPH (black curve) and PVPH NPs
nanocomposite with the concentration of SiNPs: 0.1 % (red curve), 1 % (green curve), 10 %

(blue curve) and 100 % (pink curve).
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Figure S4. XPS spectra of Cls of pure SiNPs-NH: (A), Cls spectra of 10% SiNPs-NH2 in
PVPH (B), N1s spectra of pure SiNPs-NH: (C) and 10% SiNPs-NHz in PVPH and O1s spectra
(pure SiNPs-NH2, 10 % SiNPs, 1 % SiNPs, 0.1 % SiNPs and pure PVPH) (D).

To check the polymer coating of the M-IDE chip, we measured the static contact angle

(SCA). Using a 20 wt. % solution of PVPH in ethanol for spin coating, we obtained an SCA of

65° (See Figure S5), which corresponds well with the values reported in literature

(between 56° and 72°).[1-4] When NPs are added in significant amounts (> 1%) to the

polymer layer, the SCA starts to decrease. This decrease can be explained by the

hydrophilic -NH2 functional groups on the NPs surface which increase the hydrophilicity of

the PVPH layer.
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Figure S5. Water static contact angle (0) of a glass surface coated with pure PVPH and

PVPH - Si NPs nanocomposite in EtOH at different concentration (wt. %).

153

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 153



Appendix

Electron Image C Kal

100 nm 100 nm
Si Kal O Kal

100 nm 100 nm
Figure S6. Regional SEM image of PVPH - Si NPs in EtOH (A) and its elementary scanning

EDS images for: carbon region in light-green area (B), silicon region in red area (C) and
oxygen in dark-olive area (D). As shown, carbon (B) and silicon (C) are partially present in
the scanning area while oxygen is spreading widely all over the place since it takes part in

the composition of PVPH as well as Si NPs.

Elementary scanning EDS images also support our characteristic studies of the
nanocomposite. Figure S6 shows a zoom-in area of the PVPH - Si NPs system with the

silicon region in red (Figure S6C) showing that Si NPs are present in the nanocomposite as
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confirmation to what has been observed via TEM technique. Furthermore, the presence of
NPs in the polymer was confirmed by FT-IR and XPS measurements (supporting
information Figure S3 and S4 respectively). XPS measurements also show a shifting O1s
and N1s binding energy peak for PVPH with different amounts of SiNPs-NH2, which

indicates interaction between the NPs and the polymer.

3. Gas measurement

Figure S7. Gas chamber for sensing measurement

Individual experiments were also carried out by exposing target gas vapour onto the
front sensing layer of the sensor. In all experiments, the capacitance response was
measured as the change of the real capacitance value of sensor with respect to the
reference value at the point when target gas presents. The capacitance first reached its
maximum value when the sensing layer is “completely wetted” with the analyte. Then,
capacitance remained almost same value so-called “saturated state” when no more gas
molecule could be captured in the sensing layer that caused the increase in capacitance

signal.

To acquire comprehension of sensing behaviour, the sensor was examined in turn-on and
-off mode of gas exposure. Prior to gas injection (turn-on mode), the sensor was allowed to
stabilize for about few seconds at dry state. Afterwards, the sensor was exposed to target

gas for 120 seconds to reach the maximum capacitance value and saturated state It has
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been observed that after gas exposure (turn-off mode), the evaporation of analyte from the
sensing layer of the device takes place, giving a rapid return of the capacitance to its
original value, correspondent with dry state of the sensor (see more detail in Figure S8).
The reversible responses to original value suggest that the recovery feature of the sensor is

comparable with other types of chemocapacitive sensor. [5, 6]
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Figure S8. Capacitive response of sensor to acetone (ACE) in red and humidity level in blue
line (measured by separate humidity sensor). After 200 sec of exposure, the acetone
stream was turned off and the M-IDE responses to humidity in ambient environment. As
can be noticed, at this level, humidity does not affect the adsorption of ACE into the

polymeric layer since the capacitive signal drops while humidity level increases.
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Figure S9. Adsorption and evaporation behaviour corresponding with an acetone injection
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shown in right side images.
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4. Calculation of surface increase by NPs

Our IDE has a sensitive surface area of 300 (length fingers) times (124 x (10 + 6))
(number of fingers x (width fingers + gap width) = 595200 umZ or 0.6 mm?Z.

Assuming the polymer layer is 3 um thick (resulting thickness for a 20 wt. % PVPH

solution), the volume of the layer is 0.002 mm3.

Using the density (p) of silicon (2.3 g/ml) and that of PVPH (1.16 g/ml) we can calculate the
volume fraction of the NPs in the final polymer layer from the wt. % they take in the initial
dispersion:

wt.% NP

wt.% PVPH = wt.% NP
( + ) Pnp
PpvpPH Pnp

vol.% NP =

Since we know the volume of the layer (Viger) and the radius (r) of the NPs, we can first
calculate the number of nanoparticles (Nnp) in the polymer layer and from that the total

surface area of these nanoparticles (Anp):

VlayerXUOI- % NP 3 VlayerXUOI- % NP

r

Nyp = Ayp = Nyp X472 =

3
FTT
3
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C. Excellent Gas Sensing Performance at Room Temperature
of Nanogap Interdigitated Electrodes for the Detection of

Acetone at Low Concentration

The response of the sensor towards water (humidity) was measured by consecutive up
and down ramps of humidity. Here, one ramp from 5 to 55 %RH was done in 30 minutes.
Figure S1 shows two curves going up in humidity and two going down. The figure clearly
shows some hysteresis. For increasing humidity, the capacitance shows a linear increase
with humidity. The slope of the curve was fitted to 0.15 fF/%RH, with an r2 of 0.999. When
decreasing humidity, the capacitance also decreased, but slower than expected based on

the upward curve.

2,104

2,104

2,102

C (pF)
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Figure S1. Capacitance as a function of humidity for a nanogap sensor coated with PVPH.

Two upward and two downward curves are displayed.
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Figure S2: Electric field intensity (color map), electric field lines and potential (color map
on lines) composed of two electrodes (white) covered in a polymer film, supported by
silicon nitride, in air environment. Left: a typical nanogap capacitor (250nm vertical
spacing, 130nm horizontal overlap, 800nm polymer thickness). Right: a typical micro-IDE
(10 pm x 0.1 pm x length, 1 um spacing). The color maps have the same scale: the maximum

field intensity inside the nanogap is a factor of ~3 higher and the volume is much larger.
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Figure S3: SEM images of cross-section at a pair of electrodes shown nanogap: Side view -

(A) and top view at an angle of 60 degree - (B). Close-up SEM images of several defects
during nanogap IDEs fabrication process that leads to capacitive short-circuits of the

devices, thus production yield decreases at larger scale.
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D. Improving the Limits of Detection in capacitive sensors

systems

Measurement Results of the Capacitance Interface

A series of software acceptance test was designed in order to test the capacitance

interface. These tests consisted of:

* Determining the resolution of the sensor (goal <10 fF)
* Determining the speed of the conversion (goal = 4 samples per second)
* Determining the noise floor of the sensor (goal <10 fF)

* Determining the linearity of the converter (goal: to be able to linearize the output)

In order to measure this data, test software was developed to obtain a stream of data.
This RS232 output data was logged and fed to Excel for further analysis. The output data of
the register of channel A0 is represented in a 28 bit word. This data can be used to calculate
the added capacitance or capacitance change. Figure 3 shows the tank circuit of the FDC,
consisting of a known capacitance (C) together with the parasitic capacitance of the PCB

and inductance (L). Together these components will resonate at certain frequency given by:

Fres = m (1)

Where L is the inductance and C is the combined capacitance. The datasheet suggests an
operating frequency between 10 kHz and 10 MHz and used an inductor of 18 pH and a
capacitance of 33 pF with additional 20 pF as a result of PCB wiring, resulting in a
resonating frequency of 5.15 MHz. After initialization of the FDC this frequency was
verified using an oscilloscope, keeping in mind that the probe adds capacitance and
therefore influences the tank frequency. The 40 MHz internal master clock was used for
comparison of the result of the output buffer. The output register of channel A0 can now be

used to verify this.

freference *DATA_REGAO
Fsensorao = 228 (2)
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Where freference is the internal oscillator frequency of 40MHz and DATA_REGAQO is the value
from the output register. This value provides the current frequency of the tank. This
frequency can be used to calculate the additional capacitance of the tank when Equation (1)

is rewritten to:

1

L#(2*Tt*F sensorao)?

(3)

Csensor

Where L is the inductance, FsensorAO is the calculated value of Equation 2 and C is the
calculated combined bare IDE capacitance. When a delta value of the capacitance is
required, first the L and combined C are measured, and this value is subtracted from any
new measurement. Note that because a delta capacitance (AC) value is used, the

capacitance variance can also be negative.

12

y =0.6528x - 0.1301
10 R*=1

—@— pf

......... Lineair (pf)

0 5 10 15 20
Measured Capacitance by the FDC

Figure S1. Linearization graph of the FDC2212 against the Hameg H8018

The interface is used to measure acetone concentrations, meaning that the absolute
capacitance is not an issue but the linearity is and must therefore be measured. This was
done by adding a known capacitance to the LC tank and calculating the results. Five
capacitors were selected in the range of 1 to 10 pF and measured with a Hameg H8018 LRC

meter. The output data of the FDC was fed through a five-tab moving average filter (MAF)
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to smooth the output. Figure S1 shows the result of these measurements plotting the

Hameg results against the FDC.

Here we observe that the standard deviation is equal to one, suggesting that the system
does not need linearization. After this, the code was modified to constantly output values
on the terminal with a frequency of 4 Hz while logging the data for further analysis. The
data shows that the interval frequency of 4 Hz, well within the minimum conversion speed
of 26 ms per sample, is stable. The FDC can handle faster speeds, up to 100 samples per
second (Sps) at the cost of resolution. The FDC is set to maximum resolution in this
application and kept at this setting for the rest of the measurements. Then, the FDC2212
was placed in open space and samples were collected over a period of 30 seconds. This
data was modified using the method described above in order to obtain a value for AC. This

data was plotted in Figure S2 to estimate the noise figure in open space.

0.8

36:00

0.8
Time (s) (MAF=5 bins)

Figure S2. Noise figure of the FDC 2212 in femto farads
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It was observed that during this interval the AC was a little under 1.3 fF, a factor 7.5
better than the minimum goal of 10 fF. The smallest resolution step at the highest tank
frequency (48 MHz) is 0.3 fF. This minimum resolution would improve with a lower LC

oscillator value.

This concludes the measurements on the capacitance interface. At this time this noise
figure and its resolution and noise floor are acceptable and this configuration was deemed

acceptable for use in the SMS.
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Summary

The need of detecting acetone in ambient environment in laboratories and factories to
monitor leakage and prevent accidents for human safety and health protection has
involved numerous studies. Also, in human breath, acetone at ppm level is present
amongst more than two hundred kinds of other volatile organic compounds. The
development of reliable gas sensors for breath analysis is aimed to detect acetone at
sub-ppm level in human breath for diabetes diagnosis. Field effect transistor based gas
sensors have shown great potentials in detecting analytes at molecular level.

In a first approach fluorinated-terminated monolayers have been formed on silicon
nanowires, that can detect an organic gas (2-octanone) at 0.5 ppm level. Surface
formation and stability of these fluorinated monolayers on silicon nanowires have been
characterized; Preliminary results towards VOCs have shown high-quality monolayers in
various extreme conditions with good surface passivation.

As a second approach new nanogap IDEs structures have been developed for acetone
detection, and sensing performance could be enhanced by using a nanocomposite
(PVPH) sensing layer. Adding functionalized silicon nanoparticles in the PVPH polymer
network, a higher sensitivity has been obtained. The IDE-PVPH devices demonstrated
good reproducibility after multiple cycles of gas exposure. By reducing the gap-width to
the nanoscale, the sensitivity of the device in acetone detection is increased drastically. A
detection limit with nanogap IDEs is found to a level of 10 ppm when using PVPH as the
sensing layer. Both micro and nano-gap IDEs operate at room temperature and show a
good stability even after long-term storage. At room temperature, the detection limit of
nanogap capacitive sensors depends heavily on the thermal and mechanical stability of
other (parasitic) components that limit the resolution of the measurement. Emphasis is
given on the nanostructure of nanogap IDEs; this type of capacitive sensors provide a
larger dynamic range of the capacitance as compared to micro IDEs and herewith the
signal to noise ratio is considerably improved. The results illustrate an improvement in
measurement resolution from pico farads to femto farads. When using nanogap

structures, a larger absolute change in capacitance will improve thus the detection limit.

169

514332-L-bw-nguyen-new
Processed on: 16-10-2017 PDF page: 169



Summary

Both micro and nano gap sensors showed a relative change of 0.2 % with respect to the
bare IDE capacitance and the limit of detection increased by a factor of 12. Further
downscaling feature sizes in micro and nano IDE structures are promising for the
development of novel portable gas sensors that are applicable in many fields such as
industrial and laboratorial security. They promote a new generation of gas sensors for
detection of a variety of VOCs at low concentrations in environmental air monitoring as

well as disease diagnosis.
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Samenvatting

Samenvatting

Er zijn verscheidene onderzoeken gedaan naar het meten van aceton in laboratoria en
fabrieken, om de veiligheid en gezondheid van de mensen die daar werken te
waarborgen. In onze adem is aceton aanwezig in ppm hoeveelheden, tussen meer dan
tweehonderd andere vluchtige organische verbindingen. De ontwikkeling van
betrouwbare gassensoren voor ademanalyse in deze thesis is gericht op het bespeuren

van aceton in adem op sub-ppm niveau voor diagnose van diabetes.

Eén aanpak was het ontwikkelen van nieuwe nanogap IDE (elektrodeparen met een
kleine onderlinge afstand). De gevoeligheid nam toe na het toevoegen van een gevoelige
laag bestaande uit nanocomposiet, poly(4-vinylphenol) (PVPH). Het toevoegen van
gefunctionaliseerde silicium nanodeeltjes had een aanvullende verbetering tot gevolg.
Zelfs na herhaaldelijke blootstelling aan gas, gaf deze methode reproduceerbare
resultaten. Door de sensoren te verkleinen tot op de nanoschaal, waren we in staat om
de gevoeligheid drastisch te vergroten. De detectielimiet van nanogap IDE werd
vastgesteld op 10 ppm bij het gebruik van PVPH als gevoelige laag. Zowel micro- als
nanogap IDEs werken bij kamertemperatuur en laten goede stabiliteit zien, zelfs op
lange termijn. De detectielimiet van nanogap sensoren bleek sterk afthankelijk van de
thermische en mechanische stabiliteit van, parasitaire componenten. Dit limiteerde de
resolutie van de metingen. Maar de verkleining naar de nanoschaal van de structuren in
de sensor heeft ook grote voordelen. Deze innovatieve sensoren hebben een groter
bereik in capaciteit dan conventionele IDE op microschaal, hetgeen het signaal
aanzienlijk verbetert; de resolutie van het signaal steeg van picofarad naar femtofarad.
In nanogap IDE heeft eenzelfde absolute verandering in capaciteit een grotere relatieve
verandering tot gevolg; derhalve verbetert dus de detectielimiet. Deze kon met een

factor 12 worden verbeterd.
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Een andere aanpak was het vormen van gefluorineerde monolagen op silicium
nanowires. De vorming en stabiliteit daarvan is gekarakterizeerd. Het leverde monolagen
van hoge kwaliteit op met goede oppervlakte-passivatie onder verschillende extreme
omstandigheden. Deze sensoren konden een gas (2-octanone) waarnemen bij een

concentratie van 0.5 ppm.

Het toepassen van physische fenomenen die exclusief plaatsvinden op de nanoschaal is
een belangrijk instrument in het ontwikkelen van de volgende generatie draagbare
sensoren voor de detectie van organische verbindingen bij lage concentraties in zowel
atmosferische controle als medische diagnostiek. Er zijn uiteenlopende andere
toepassingen denkbaar, bijvoorbeeld in het waarborgen van gezondheid en kwaliteit in

zowel industriele als academische sectoren.
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