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Abstract of Dissertation

TMDC-based Soft and Wearable Bioelectronics
Toward Precision Health Care

Driven by the tremendous increasing demand for timely and continuous health
monitoring and recording, precision health care devices on the body and in the home are
gaining attraction for both researchers and the market. Epidermal and wearable sensor
systems with the ability to monitor the physiological signals and the surrounding
environment are gathering significant interest due to their formidable potential for practical
applications in health monitoring. New sensing nanomaterials, such as quantum dots,
nanotube, nanowire, graphene and two-dimensional transition metal dichalcogenide
(TMDC) are recently offering candidates that allow room temperature sensing with high
sensitivity, high selectivity and fast response. Among them, TMDC is now attracting
substantial attention owing to its large surface-to-volume ratio, tunable bandgap, flexibility,
biocompatibility, promising physical, electronic and optical properties.

This work started with the studies on the electrical and optical properties of
Molybdenum Diselenide (MoSe»). Different from currently established synthesis method,
we applied an optimized exfoliation and transferring process to achieve large and thin
layers of the material. Based on the acquired ultra-large nanosheet, transfer length
measurement (TLM) was performed to examine the effect of layer thickness on its

electrical and optical properties. The results provide guidance for selecting an optimal

viii



thickness of MoSe; layers for electronic and optoelectronic applications.

With the optimized layer thickness, an epidermal asthma-triggered gas sensor and a
wearable gas sensor based on MoSe; were demonstrated separately with distinct fabrication
process, circuit design, platform and methods. The gas sensor was used to test NO» and
NH3, which exhibited high sensitivity, selectivity, low power consumption and room
temperature operation property. The two systems were both incorporated with a Bluetooth
embedded wireless connection in order to provide timely warnings, as well as storing cloud
data so that the medical institute can easily access and provide an accurate diagnosis. The
device data was finally used as a training model of the neuron network for predicting and
searching for pollution sources.

In order to further investigate 2D materials in the application of the health monitoring
electronics, more physiological parameters were measured and obtained by a soft smart
contact lens system with embedded sensors based on MoS,. In this design, a temperature
sensor, a photodetector and a glucose sensor are placed on the surface of a contact lens for
data collection from eyeballs and biomarkers in tears. The extremely soft mechanical
property of the smart contact lens match with human eyes, which helps information
acquisition under the epidermis. In this research, mechanical simulations of the device-
curved surface attachment and in-vitro cytotoxicity tests were both examined for higher

reliability performance.
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Chapter 1. Motivation and Introduction

1.1 Motivation and background

Considered to be one of the key aspects of human society, the health care problem is
the most studied and concerned of all modern technologies. From risk assessments at any
stages of life to an integrated health portal, customized monitoring system by implantables,
wearables, smart home and imaging devices are boosted in our daily life to perform
continuous and precise monitoring. Soft bioelectronics intended for application to wearable
and implantable biomedical devices that can be laminated on to the surface of skin or
organs is significantly presented for key health tracing. Those systems include the sensors
that can monitor individual health physiological signal such as body temperature [1, 2],
blood pressure [3], electrocardiogram (ECG) [4], and glucose level [5] for diagnosis and
treatment of diverse diseases. Furthermore, environmental exposures are also important
indicators for continuously monitoring and tracking the incentives of diseases.

Because of the dramatically growing market sharing of flexible and wearable medical
devices, seeking for materials with high sensitivity, flexibility and transparency are
becoming unneglectable. The preferable features of the soft bioelectronics allow minimal
mechanical and biological damage to organs and tissues with low side effects. The

traditional three-dimensional silicon-based sensing materials are rigid, bulky and less



biocompatible. The push for novel and reliable electronics has led to the downscaling of
the feature sizes of the material. To this end research is now seeking for materials with
high-quality soft nanomaterials with zero-dimensional [6], one-dimensional [7] and two-
dimensional [8] structures. Particularly, ultrathin two-dimensional (2D) materials are
attracting much attention for soft bioelectronics with its ultrathin horizontally continuous
layered nanostructure.

A variety of bioelectronic devices that employ soft materials have been proposed and
ultrathin soft two-dimensional (2D) materials have been particularly highlighted. The most
unique feature of 2D materials is their high scalability with a thin layered structure that
provides quantum confinement effect, softness, transparency and flexibility to the
electronic devices. [9] Compared with graphene, TMDC has tunable bandgap and
controllable layers that can be scaled into field effect transistors. [10] Besides their
excellent physical, electrical and optical properties, TMDCs are also excellent candidates
on flexible devices due to the dangling-bond-free surface, charge transport properties and
biocompatibility. [11-13] When designed as sensing materials in soft bioelectronic devices,
these superb material features of the TMDC enable unconventional sensing properties in
electrical, optical and biological therapeutic actuations. In this work, we researched the
layer thickness related physics of the TMDC, as well as the presented design of TMDC-

based bioelectronic devices with high performance for various applications.



1.2 Two-dimensional nanomaterials

Nanomaterials are the material with at least one dimension in the nanometer scale.
[14] At this scale, quantum confinement effect and surface plasmon resonance is taking
place, which is, size-effect properties can be observed. Defined by the confined dimension,
we have a layered shape or 2D material if only one dimension is restricted. Thus, if two
dimensions are confined, a nanowire or nanotube is formed as 1D material. All three
dimensions are limited to build quantum dot, known as 0D material. Even with the same
elements, different dimension confinement materials exhibit very different properties in
every aspect.

Two-dimensional materials, or the van der Waals materials, are layered crystalline
materials consisting of a single layer of atoms. They are proved to have strong in-plane
bonds but weak coupling van der Waals bonds between layers. [15] The name of two-
dimensional materials is for emphasizing their extraordinary thinness and the large surface
to volume ratio. Some of the typical materials include graphene, Boron Nitride (BN) and
Transition-Metal Dichalcogenides (TMDC) (Figure 1.1). Graphene is known as a zero-
bandgap metal-like material formed with carbon atoms, while BN has a bandgap of 5.9 eV,
which shows as an insulator characteristic. Our research focuses on TMDCs, which is
usually semiconductor type with layered materials formed with structure formula MX>
consists of one layer of the transition metal M sandwiched between two layers of chalcogen

X. [16] Although TMD has tunable phases, which 2H phase is semiconducting while 1T is



metallic, [17] semiconducting atom structure is generally applied as the active layer while

the metallic structure will be used as electrode.
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Figure 1.1 Schematic diagram of 2D nanomaterials including graphene, h-BN, and TMDCs
[18]

TMDCs such as MoSz, MoSe; and MoTe; have a direct band gap of 1-2 eV in the
form of monolayer and indirect lower bandgap in few layers. The tunable bandgap
proposed for possible applications in electronics as transistors as well as the direct bandgap
benefits in optics as detectors [18, 19]. The atom layer structure also introduces large on/off
ratio, low power consumption and high mobility in field effect transistors (FETs) [20].
TMDC:s also shows great promise for gas sensing applications due to their high surface-to-
volume ratio, low noise and sensitivity of electronic properties to the changes in the

surroundings [21, 22].



1.3 Transition Metal Dichalcogenides in health monitoring

application

Soft bioelectronics are particularly highlighted because of their extreme mechanical
softness that matches with target organs and multifunctional sensing modalities that are
optimized for target diseases. Specialized biosensing and therapeutic capabilities are
required for different organs and diseased tissue based on their specific mechanical
characteristics and surface morphologies. Therefore, soft bioelectronic devices can be
optimized for each specific part of the human body. Its relative features enable precise
monitoring of the disease-specific physiological, electrophysiological and biochemical
signals from the any cases under long-term device-organ integration. In this situation, 2D
materials provides the unique properties in electrical, mechanical, optical, and chemical
aspect, which are excellent candidates to customize the diagnosis and therapy for specific
organs and disease models. Therefore, The 2D material-based soft bioelectronics have been
widely studied in current wearable and implantable biomedical applications. [9]

The soft tissues or organs in human body dynamically moves with curvilinear shapes.
The organs, such as heart, lung or skin moves continuously which causes mechanical
perturbations to the devices integrated with or pasted on the organs. What’s more, neural
tissue is viscoelastic and extremely soft (~20kPa). It can be easily damaged by a stiff
implant because of the mechanical mismatch between the tissue and the device. Based on

the previous conclusion, conventional bulky and rigid medical devices are difficult to



conformally integrate with the soft human body, especially for long-term bio-integration.
In the contrary, soft bioelectronic devices have mechanical properties that are more aligned
with human body. In order to build soft bioelectronic devices, super soft materials are
highly desirable. Due to their atomically thin layer and high biocompatibility, two-
dimensional materials are among the softest electronic active blocks for fabricating and
building flexible and stretchable bio-electronic devices without immune responses.
Various biofluids acquired from the human body contain biochemicals information
about metabolism and chronic diseases. These biochemical signals are monitored with
biosensors by measuring changes in electrical signal introduced by biochemicals reached
at the sensor surface. With high selectivity, the sensor surface is always functionalized with
receptors or enzymes that are sensitive to the target molecules. In these biosensors, the
sensitivity needs to be improved to detect the trace amounts of target biochemicals for
accurate disease diagnosis. The sensitivity generally depends on the large surface-to-
volume ratio, which leads to larger changes in electrical signals. The adsorbed
biochemicals to receptors on 2D materials induce larger signal changes than conventional
bulky materials because 2D materials have an atom-level thickness. As a result, 2D
material-based biosensors have high sensitivity when detecting the tiny amount of

biochemicals signal. (Figure 1.2)



i) Neural probe

ii) Bacteria sensor

iii) Glucose patch

N
), v) Smart endoscope

iv) Humidity sensor

vii) Cell patch

viii) Bioabsorbable sensor

Figure 1.2 Schematic illustration and photographs of Wearable and implantable soft
bioelectronics using 2D materials.[9]

Another important issue for long-term bio-integration is biocompatibility. By
preventing the progressive increase in impedance caused by immune responses, the
biocompatible interface between the implanted device and the tissue enables continuous
monitoring of bio-signals with high signal-to-noise ratio over long-term bio-integration.
Therefore, the formation of each material in the bioelectronic device should be
biocompatible to avoid severe immune responses. Graphene and MoS; are both good
candidates with biocompatibility and thus form intimate interfaces with organs and tissues.
For example, the excellent interface between the graphene-based device and the biological
tissues enables high-quality biosensing and stimulation. Moreover, a biodegradable sensor
using the MoS> monolayer was applied to the transient electronic system. This MoS>-based

biodegradable sensor is capable of monitoring various of signals including the intracranial

7



pressure, temperature, strain, and motion of animals. The transient device finally

disappeared through hydrolysis in biofluids without any side effects due to its low toxicity.

1.4 Synthesis of TMDC

In order to synthesize high-quality TMDC, considerable efforts have been made in the
synthesis methods of semiconducting TMDCs. The thickness uniformity and the large-
scale growth of a single crystalline monolayer are important concerns for the exploration
of the properties, function, and fabrication of electronic devices. Various methods including
the top-down layer physically and chemically exfoliation from bulk crystals and the
bottom-up synthesis have been developed for the large-scale production of TMDC
nanosheets. Hybrid synthesis, which contains both top-down and bottom-up method is also

studied to further improve the quality of the material.

1.4.1 Top-down approaches

As discussed in the previous sections, TMDC bulk crystals have weak interlayer van
der Waal forces but strong intralayer covalent bond. Top-down approaches rely on a shear
force on the crystal interlayer breaking the weak van der Waals forces between the crystal
lattice and result in slicing layers. Similar to graphene, repeating this exfoliation process
can eventually get monolayer [23]. Top-down approaches can be separated into three
different types (Figure 1.3): micromechanical exfoliations, liquid mediated exfoliation,

chemical intercalation and etching. Micromechanical exfoliation relies on a force to



separate layers by peeling, compression or shear force. A liquid-mediated method refers to
a vibrational energy to the crystal in a liquid medium or in a cavitation field. Chemical
intercalation depends on the insertion of a small atom or molecule within the interlayer
space of the bulk TMDC. Etching technique, a typical top-down approach destructively

remove the upmost bulk layers to produce thin nanosheets on a substrate.

CHEMICAL
INTERCALATION

k
DESTRUCTIVE THINNING
Cavitation AND ETCHING

MICROMECHANICAL LIQUID MEDIATED

Compression

Peeling

» o«
i

Shear

Figure 1.3 Representation of the forces used to exfoliate nanosheets in ‘top-down’
methods.[24]

Since the Nobel prize winner Geim and Novoselov successfully separated single-layer
graphene from graphite with scotch tape and greatly improving the micromechanical
cleavage of the crystals, [24] the isolation of the high-quality two-dimensional nanosheets
including TMDCs begins achievable without a laboratory. The method is based on the
stronger adhesion of a lamellar crystal with the adhesive tape and the basal plane of the
crystal is significantly stronger than the weak van der Waals forces. The peeled monolayer
or few-layer materials can be transferred on a substrate by a stronger van der Waals force
for characterization and device fabrication. Simply rubbing a lamellar crystal is then

described by Novoselov in a way that compression and shear force are also effective



candidates for mechanical approaches. [25] Although well developed, major problems on
the size and the thickness by micromechanical exfoliation are widely reported. The flakes
are usually small (~ 10nm in lateral size), irregular shaped and isolated, while the
monolayers are hidden in groups of bi-layer, tri-layer and thicker areas. Consequently, the
nanosheet presents to be less thickness and shape controllable.

Beyond mechanical methods, researches start to investigate the vibration and
cavitation forces as an exfoliation aid to create large-scale nanoflakes. By ultrasonicating
a liquid sample containing the bulk TMDC crystals, an energetic agitation is developed as
a liquid-assisted exfoliation method [26]. After that, intercalation-assisted exfoliation
method is described by the insertion of atoms or expansion of gas into the interlayer cavity,
results in separating the interlayer and weakening dispersion forces between layers [27].
Thinning and etching techniques are also classified as a top-down approach by further
reducing the vertical dimensions of a pre-exfoliated nanosheet. This kind of destructive

layers removal leaves a nanosheet with a specific thickness [28].

1.4.2 Bottom-up approaches

To improve the scalability and overcome the limitation, bottom-up syntheses which
require the formation of TMDCs by the chemical reaction of chalcogen precursors and
metal have become increasingly popular. In almost all cases the goal is to form reactive
transition metal ions and chalcogen ions directly to form the materials on the desired

substrate. Although various methods are proposed, gas-phase reactions are the most well
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explored and reliable ones. The material grows radiation with monolayer nuclei and
eventually spread on the entire surface of the substrate. As a result, nanosheets shows high-
surface area and layer-controlled properties, while other side effects include less continuity

of the film and relatively poor performance.

J Ar Gas
Ar Gas 1‘ \

T e -—

Figure 1.4 Schematic illustration of the experimental set-up for CVD-growth of MoS:
in reaction chamber [29]

The gas-phase synthesis of 2D TMDCs is becoming more noticeable because of its
compatibility with existing technologies and inherent scalability [29]. The bottom-up
growth of the TMDC nanosheets by gas-phase reactions can be classified into three
categories: two major methodologies are physical vapor deposition (PVD) and chemical
vapor deposition (CVD) reactions. PVD involves sublimating the TMDC precursor
powders and then nucleating to form crystals on a wafer substrate. Chemical reaction
including chemical vapor deposition (figure 1.4), atomic layer deposition and molecular
beam epitaxy generates the TMDC monolayer units in the vapor phase required for
production. The third method is less common but has been well investigated recently,

which relies on the direct sulfurization of metallic and metal-containing thin films.
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1.5 Outline of the dissertation

This dissertation is divided into six chapters including this motivation and
introduction chapter.

In chapter 2, we studied the physics of the MoSe2-based FET with its metal contact
and gate-controlled response. We describe the effect of MoSe2 layer thickness on the
transport properties, contact resistance, sheet resistance and photoresponse in FET devices
where the channel thickness varies from bilayer to bulk. In particular, we found that the
performance raises as the layer thickness increase from 1.4 nm to 10.2 nm. Further increase
in layer thickness causes the performance to decrease, thus defining an optimal device
channel thickness of approximately 10 nm.

Based on the optimized electrical and optical performance, we develop a light,
inexpensive epidermal gas sensor based on ultra-large MoSe> nanosheets in chapter 3. We
obtained large and thin MoSe>; nanosheets with a gold-mediated exfoliation method with
controllable thickness. The high-performance gas sensor for asthma-trigger gas was
fabricated to be intimately integrated onto human skin and showed great stability with up
to 30% tensile strain. The device is able to detect down to 20 part per billion (ppb) with
fast response (< 200 s). The system is wirelessly connected to the external interface and
the data is transported to the cloud-based terminal for effectively providing timely warnings
and accurate diagnosis.

Chapter 4 demonstrates a wearable gas sensor with the ability to locate the pollution

12



sources based on MoSe; nanoflakes. In order to be applicable for children, a smart watch
is developed to monitor toxic and irritant gases. Using the same exfoliation method, gas
sensors with high performance are fabricated and packaged as a wearable electronic device.
In addition to Bluetooth and cloud-based data connection, the sensor data is used as a model
for training the machine to locate toxic gases.

In chapter 5, we demonstrate a flexible top-down approach for the fabrication of a
multifunctional and highly-transparency smart contact lens based on MoS; nanosheets as
the key building block for the hybrid sensors. The contact lens contains multifunctional
sensors including a photodetector for potentially receiving optical data information,
imaging and vision assistance, and a temperature sensor to monitor and diagnose
diagnosing potential some cornea disease. A glucose sensor is placed for monitoring body
glucose level directly from tear fluid. Furthermore, the in-vitro cytotoxicity tests reveal that
the hybrid sensor system possesses presents good biocompatibility and supports the great
potential in soft electronic applications.

Chapter 6 is the conclusion and suggestions for future work.
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Chapter 2. Thickness-dependent study of MoSe;

2.1 Introduction and background

Layered TMDCs have attracted significant interest because of their thickness-
modulated electronic and optical properties, where a single layer exhibits large direct
bandgap and thicker layer exhibits lower indirect bandgap. Thus, thickness dependence of
carrier mobility and other charge transport properties in FETs are introduced. The
emergence of each new material brings excitement and puzzles, as the properties of these
materials are usually very different from each other. In order to broaden the understanding
of this property of the entire TMDC family, such dependence with MoSe: is seeking for
attention beyond the extensively reported MoS; [30-32] and MoTe> [33]. So far, only
limited information indicates that the conductivity decreases monotonically as the
thickness of MoSe2 layer increases from 6 nm to 2700 nm [34], while Chamlagain et al.
[35] studied field effect mobility in MoSe, FETs and found it to be independent of the
thickness in the limited range from 5 nm to 15 nm.

In this case, MoSe; layer thickness-dependent transport properties, contact resistance,
and photoresponse in FET devices are reported. As a result, we found that the field-effect
mobility increases, while the contact resistance and sheet resistance decrease as the layer
thickness increase from 1.4 nm to 10.2 nm. Further increase in layer thickness causes the

mobility to decrease, thus defining an optimal device channel thickness of approximately
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10 nm. Photoresponse measurements further support this conclusion: a faster response with
higher photocurrent is observed for the devices with the optimal channel thickness of ~10

nm.

2.2 Material and Methods

Single-crystalline MoSe> bulk was grown by the Chemical Vapor Transport (CVT)
method for further exfoliation. A variety of processes of crystal growth proceeds via the
gas phase. The Chemical Vapor Transport method is a group of heterogeneous reactions
with the feature of a condensed solid phase has an insufficient pressure for its own
volatilization. A gaseous reactant, the transport agent is then presented and volatilize the
pertinent phase by depositing the crystals on the other side of the ampoule. Typically, the
deposition is carried out at different temperatures to achieve a chemical equilibrium at the

position of crystallization from the position of volatilization. (figure 2.1) [36]

\

Figure 2.1 Scheme of CVT experiments for crystallization of solids in a temperature
gradient. [36]
First, polycrystalline MoSe, powder was synthesized by reacting stoichiometric

amounts of Mo and Se powders in a vacuum-sealed quartz ampoule at 750 °C for 72 h.
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Approximately 1.0 g of MoSe; charge and 0.1 g (5 mg/cm3) of transport agent SeBrs, were
loaded in an ampoule and sealed under vacuum. The ampoule was placed for 168 h in a
horizontal tube furnace with a temperature gradient: the MoSe, charge was held at 980 °C

and the growth section of the ampoule at 890 °C.

2.2.1 Material synthesis and characteristics

In previous sections, we introduced two main approaches (top-down and bottom-up)
of synthesizing TMDCs. From the discussion, top-down approaches are limited by the size
and the thickness of the nanosheet, while bottom-up approaches will face problems when
continuous single- and few-layer are needed. Thus, gold-mediated exfoliation method is
introduced by Desai et al. [37] to further improve the performance of the top-down method.
Compared with previous approaches, the flakes obtained by this method are thin and
uniform over a large area and is important for electrical and optical characteristics. A
histogram shows the advance and success of this method (figure 2.2). The lateral size of
the nanoflakes increases over ten times compared with that exfoliated by the traditional
mechanical method.

Inspired by [38], The gold-mediated exfoliation method relies on the fact that gold
binds to the group VIA elements with super adhesion. By overcome the weak Van de Waals
force between layers, gold can help easily peel off the topmost layer of TMDCs from the
crystal bulk. Secondly, a large mismatch in lattice constants causes strain in the topmost

layer of the TMDCs and gold. [39, 40]
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Figure 2.2 The histogram of comparing area size between traditional mechanically
exfoliation and gold-assist exfoliation method.

In this entire work, MoSe; single-crystalline flakes were transferred onto SiO/Si
substrates using the reported gold-assisted exfoliation method with large lateral dimensions.
(figure 2.3) MoSe: crystals were first exfoliated a few times on adhesive tape, followed by
e-beam evaporation of 120 nm thick gold on top and application of thermal release tape.
Thermal release tape was then placed on top of the gold layer, and then kept on a hot plate
(120 °C) for 1 min until released. The substrate with the transferred Au/MoSe; target was
cleaned with O> plasma followed by etching of gold in the Au etchant (KI/I). Finally, the
substrate with MoSe> nanosheet can be treated by rinsing in Acetone and immersed in DI

water hot bath (60 °C) for 20 mins to get rid of the floating bulks and tape residues.

Bulk MoSe, Au Tape ;
i \ i V\MOSI? .

Adhesive tape Deposit gold Attach thermal release tape
Attach to target substrate Release thermal tape Etch gold
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Figure 2.3 Transfer process of the gold-assisted exfoliated large area MoSe; flake

Following the transfer process of the nanosheet, the material is characterized with an
optical microscope. Figure 2.4(a) shows the optical image of MoSe, monolayer with lateral
dimensions over 100 pm. After identifying the locations with MoSe; layers using an
optical microscope, a Bruker Dimension FastScan atomic force microscope (AFM) was
used to measure their thicknesses, which is generally in few-nanometer range. (Figure 4a
inset) Raman spectroscopy (Laser Quantum DPSS, 532 nm) was used to verify the position

of characteristic MoSe> vibrational modes (Figure 2.4(Db)).

Intensity (a.u.)
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200 220 240 260 280 300
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Figure 2.4 Characterization of MoSe, flakes. (a) Optical image of MoSe> monolayer
exfoliated with the gold-assisted method; fragments of thicker residual layers are seen near
the edges. Superimposed AFM scan in the inset confirms the monolayer thickness of 0.8 +
0.1 nm. (b) Room-temperature Raman spectrum of MoSe, monolayer where A1z mode at

240 cm™! and the E'2, mode at 285 cm™.

2.2.2 TLM method

In semiconductor physics and engineering, the low contact resistance is one of the

18



most desirable features to evaluate the device performance. Ohmic contact or low contact
resistance is extremely important in improving sensors sensitivity and increasing the
signal-to-noise ratio. There are typically two different ways to extract the contact resistance,
which are four-probe measurement and transfer length measurement (TLM). Four-probe
measurement separates the current and voltage electrodes, which results in eliminating the
lead and contact resistance. With fewer leads, TLM can directly extract contact resistance
and sheet resistance by making a series of metal-semiconductor contacts separated by
various channel length. In this measurement, two probes are involved on separate contact
pads. The current goes through the entire circuit from one lead to another lead, including
flow in the contact-semiconductor resistor and the semiconductor sheet resistor. Thus, the
total resistance is a linear combination of the contact resistance on two leads, the sheet

resistance of the semiconductor in-between the contacts, which is represented by:

L

L
Riot = 2R + WRS =2R; + WitorVaVe)

&)

In the formula, R;,; represents total resistance, R, is contact resistance, L and W
are channel length and width of the semiconductor sheet between each two contacts and
Rs represents sheet resistance of the material. Sheet resistance is defined as PTCTRY
where pu is the field effect mobility, C,, is the oxide capacitance and V; and V; are
gate voltage and threshold voltage, respectively. After pairs of contacts separated by
different distances are measured consequently, a linear plot of resistance versus channel

length can be obtained. The contact resistance and the mobility can be determined by the

intercept of the line with the y-axis and the slope of the line.
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2.2.3 TLM based FET and fabrication

The energy band diagram of MoSe: FET is illustrated in Figure 2.5. MoSe2 monolayer
exhibits electron affinity x of 3.9 eV and the band gap of 1.5 eV [41] When p-doped
silicon, Si02 and MoSe; are separated, the energy band is aligned with a solid line and dash
line denote the vacuum and Fermi levels, respectively. The MoSe: attached to the SiO2/Si
substrate aligns the Fermi level in the equilibrium (Vg = 0) condition. No charge is existed
anywhere inside the structure. When a negative gate bias is applied, the application of the
bias raises the Fermi level and causes a negative sloping of the energy band in both
insulator and semiconductor. As a result, the concentration of majority carrier electrons is
decreased and depleted on the semiconductor-insulator interface. In reverse, the application
of positive gate bias causes the Fermi level lowered and a positive slope of the energy band.
The accumulation condition occurs where the majority carrier concentration in greater on

the interface.
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Figure 2.5 FET mechanism Energy band diagrams of MoSe2 FET. The energy band
diagrams along the vertical axis (z) illustrate various gating conditions, including flat-band,
equilibrium (Vg = 0), depletion (Vg < 0) and accumulation conditions (Vg > 0).

TMDC base back-gated field effect transistors rely on the TMDC layer working as a
semiconductor channel. The FET is fabricated to extract field effect mobility, which
consists a SiOz (285 nm)/p-Si substrate served as the global back gate, MoSe; layer
transferred on the substrate as active channel and bilayer Ti (15 nm)/Au (150 nm) work as
source and drain electrical contacts (Schematic illustration in Figure 2.6(a). Ten contacts
are placed on top of the MoSe; layer with different distances to divide channel length for

determining the contact resistance and sheet resistance.
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(a) Ti/Au electrode (Source/drain)

si0, MoSe;

----------

Si (gate) —>

Figure 2.6 (a) Schematic of MoSe» back-gate FET. (b) Optical plan-view image of two FET
devices with the evenly, 5 m spaced, (top device) and with the TLM (bottom device)
electrode geometry.

For FET device fabrication, rectangular 5 um x 70 pm MoSe; channels were
photolithographically patterned and reactively-ion-etched in an Unaxis system. Electrical
contacts were patterned with a SUSS MAG6 photolithography tool and deposited with an
electron-beam evaporator. The contact resistance was extracted using the same bi-layer
metal contacts deposited in a TLM configuration. The plan-view optical image of the
fabricated devices with a fixed channel length (top) and a varying channel length in TLM

electrode geometry (bottom) is demonstrated in Figure 2.6(b).

2.3 Result and discussion

To corroborate the observed thickness scaling effect, we first performed the FET
electrical characterization to examine the field effect mobility as a function of channel
length. The total resistance is measured to extract contact and sheet resistance in FET
devices. TLM measurements are then performed to understand the relationship between

the device thickness and the electrical properties, including contact resistance and sheet
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resistance. Finally, the thickness dependent optical properties are characterized to further

complete the big picture of the physics and the application behind the theory.

2.3.1 Field effect mobility

The carrier mobility is a combination of electron mobility and hole mobility that
characterizes at what rate the carriers can move through a semiconductor under an electric
field. It is the most important electrical parameter that defines the performance of a
semiconductor. Higher carrier mobility transports carriers faster and provides higher
conductivity. The field effect mobility (m,) can be extracted by the gate voltage (V)
versus source-drain current (Lgs). las-Va curve is measured by sweeping gate voltage with
a device parameter analyzer (Agilent BIS00A) under ambient conditions.

Fig. 2.7(a) shows the transfer curves of FETs with varied channel thickness as the gate
voltage sweeps from -60 V to 60 V at a fixed drain voltage of 5 V. In the figure, the
conductance increases distinctly with the increased layer stacking. Notably, FET polarity
changes from ambipolar to n-type with increasing layer thickness: devices with 1.4 nm and
2.2 nm channels are ambipolar with dominant n-type behavior, which is in agreement with
reported characteristics for monolayer MoSe> FET, while 6.8 nm to 25 nm thick devices
become n-type with Ids values reaching the mA range under high gate bias. The on/off ratio

also increases from 10° to 10® with increasing channel thickness.
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Figure 2.7 (a) Transfer curves of MoSe, FETs with channel thickness from 1.4 nm to 25
nm at Vgs = 5 V. (b) Thickness dependent field-effect mobility calculated. The dashed
vertical line serves to visually separate regions with the opposite thickness scaling effects.

Figure 2.7(b) shows the channel thickness dependence of field-effect mobility

calculated using the equation

Al L 11

K= AV, W Vs Con

where the channel length L and width Ware2 pmand 5 pm, respectively. Gate oxide
capacitance Cox for the 285 nm thick SiO> is 12.1 nF/cm?.

For devices in the 1.4 nm to 10.2 nm channel thickness range, increasing thickness
yields three orders of magnitude improvement in mobility from 0.1 cm?V-'s! to 138 cm?V-
Is”! while, for the thicker channels, the mobility drops back to 2.1 cm?*V-!s’!. Notably, a
similar dependence of electron mobilities as a function of the FET channel thickness was
observed for MoS; and MoTe; with mobility values peaking near a similar 5 nm to 10 nm
optimum layer thickness.

Concluded from figure 2.8, we understand that the 2D materials-based FET switched

on with a tunneling effect and with further increasing thickness, the effect of the substrate
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or charge impurities can be mitigated to some extent, leading to a mobility enhancement.

For large layer thicknesses it is the finite interlayer conductivity oint that results in an

effectively lower total mobility of the system.
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Figure 2.8 (a). Energy band diagrams corresponding to the applied gate biases in three

distinct regions: below flat band, below threshold, and above threshold. (b). The extracted

effective field effect mobility as a function of the MoS> layer thickness. The dotted line is

a fit to the experimental data using a model (inset) that includes Thomas—Fermi screening

with A = 3.0 nm and interlayer conductivity with cine = 1 mS. [42]
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Figure 2.9 (a) Mobility versus flake thickness for MoS2 devices measured at 295 K. [32]
(b) Mobility for the six MoTe> samples, calculated from the low frequency noise. [33]

Our result has similar trends in mobility were also found in [32, 33, 42] for MoS; and
MoTe> at room temperature (figure 2.9), due to the Coulomb scattering from charged
impurities (thin layer) and a resistor network mechanism (thick layer).

We calculated the Thomas—Fermi screening length with ko* = 4me?n/kgT. i.e. 1/ko
is given by a familiar formula for Debye length. where no<eY/*sT kg is Boltzmann
constant and T is temperature. In this case, We calculate the Thomas-Fermi screening of
MoSe> is 1.3 nm and get oint = 1 mS from [43]. We further fit the experiment data using
the model that includes Thomas—Fermi screening with A = 1.3 nm and interlayer

conductivity with cint = 1 mS. We plotted the fitted curve with the specific model. (figure

2.10)
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Figure 2.10 Mobility vs. thickness with fitted curve.
Since metal source/drain contacts are connected only directly to the top MoSe; layer,

while access to lower layers involves additional interlayer resistors. Gating on the other
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hand impacts the lowest layers most, and charge screening results in a decreasing number

of charges for top MoSe; layers.

2.3.2 Contact resistance and sheet resistance

When two materials are brought into contact and connected in an electric circuit, a
contact resistance at their junction takes into consideration. Within the circuit, the sheet
resistance is a common electrical property used to characterize thin films of conducting
and semiconducting materials. It is a measure of the lateral resistance through a thin square
of material.

As described in the previous section, TLM is performed to extract the contact
resistance and sheet resistance regarding the variation of the thickness. For the FET with a
10.2 nm thick channel, the total resistance as a function of channel length at different gate
voltages is shown in Fig. 2.11(a). The Rc values were obtained by extrapolating the data
(dashed lines in Fig. 2.11(a)) to zero channel length on the Y-axis, while the R values were
calculated from the slopes. The Rc and Rs dependence on the channel thickness under the
zero-gate bias is shown in Fig. 2.11(b). This dependence is opposite to the thickness
dependence of the mobility in Fig. 2.7(b), i.e., Rs decreases from 17.78 MQ/square to 0.01
MQ/square with increasing thickness up to 10 nm and then increases up to 0.9 MQ/square
for thicker layers. Likewise, Rc decreases from 208 MQ to 0.02 M and then increases up
to 2.4 MQ in the same thickness range. It is worth mentioning that a similar thickness

dependence for Rc and Rs was observed for the non-zero gate voltages. In addition, contact
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resistance for thin, under 10 nm, channels in Fig. 2.11(c) gradually reduces with increasing
gate voltage since an effective Schottky barrier height is expected to reduce with increasing
Vg, as was also demonstrated with the MoS; [44] and MoSe; [45] FET devices. A similar
trend is observed in Fig. 2.11(d) for the Rs vs Vg dependence in the same thickness range
due to an electrostatic doping effect. For thicker, 14.5 to 25 nm, channels, where the total
device resistance increases again, the gate voltage effect on both Rc and Rs diminishes

significantly (see open triangles in Fig 2.11(c) and 2.11(d), respectively).
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Figure 2.11 (a) Total resistance as a function of channel length at different gate voltages
for the FET with 10.2 nm thick channel. Total resistance for each gate voltage was linearly

fitted as indicated by the dashed lines. (b) Sheet resistance Rs and contact resistance Rc vs.
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channel thickness at Vg = 0 V. The dashed vertical line separates left (thin) and right (thick)
regions with different thickness scaling effect on Rs and Rc. (c¢) and (d) Gate voltage
dependence of contact resistance and sheet resistance, respectively, in the 1.4 nm to 25 nm
channel thickness range.

Thus, the thickness dependence of the FET electrical properties in Fig. 2.7(b) and Fig,
2.11(b) can be divided into two thickness scaling regimes: a “thin” region with channel
thickness below 10 nm and a “thick” region for thicker MoSe; layers. The proposed
mechanisms for “thin” vs “thick” regimes for contact and sheet resistance and for
conductivity and carrier mobility have been discussed [31, 46], and are in agreement with
the general model [47]. While the above references describe the thickness scaling effects
only for the MoS, material, their concepts are applicable to the present MoSe> study.
Specifically, in the “thin” regime for one-to-few monolayer channels, an increase of both
the band-gap and the Schottky barrier height due to quantum confinement is supplemented
by enhanced scattering of charge carriers at the surface and interface impurities and defects.
Therefore, a reduction of the MoSe; FET channel thickness from ~10 nm to ~1 nm causes
the mobility to decrease and the sheet and contact resistance to increase, as observed in Fig.
2.7(b) and Fig. 2.11(b), respectively. In the “thick” regime for over ~10 nm layer thickness,
the nature of van-der-Waals interlayer coupling and surface charge depletion results in the
formation of relatively high-resistance top layers between the Ti/Au contacts and
electrically conducting bottom layers. These top MoSe; layers can be viewed as a stack of

series resistors, thus cumulatively increasing the sheet and contact resistance, and
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consequently, reducing the mobility for channel thickness above ~10 nm.

2.3.3 Photoresponse

Band diagram of the MoSe> photodetector presented the effect of the Schottky barriers
at the contacts and explained how photo current was generated (Figure 2.12). The energy
band diagrams along the horizontal axis (x) illustrate Schottky barrier height aligns with
the electrode and MoSe> channel. After applying bias, light is absorbed by the pristine

MoSey, resulting in the excitation of electrons to the conduction band.
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Figure 2.12 Optical mechanism Energy band diagrams of MoSe: UV detector.
The observed thickness dependence of the electrical properties correlates well with
the optoelectronic performance of MoSe> FETs. Fig. 2.13(a) shows photocurrent time-

traces obtained for MoSe; devices illuminated with 365 nm UV light. It is evident that both
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photocurrent amplitude and photoresponse time improve as the channel thickness
approaches ~10 nm and then rapidly deteriorate for the thicker device. Next, we calculated

photoresponsivity R according to the equation

R=tTEE )

where light and lqak are current values under UV illumination and in the dark,
respectively, P is incident light power density and A = LXW is channel area. For all the
FET devices studied here, the photoresponsivity values obtained for Vo =60V and P =71
mW/cm? are in the range of 1.8 kA/W — 7.6 kA/W (see inset in Fig. 10(b)) which is
comparable to or better than the optoelectronic performance of MoSe> photo-FETs reported
in recent literature. [48] The highest photoresponse was obtained for the 10.2 nm thick
device, which also exhibited the highest mobility and the lowest resistance. Fig. 10(b)
shows the gate dependence of photoresponsivity for this device measured at different levels
of UV excitation. For TMDCs photo-FETs, it is often observed that the photoresponsivity

decreases as the illumination power increases, and is attributed to a decrease of the

photoconductive gain due to enhanced recombination of the photogenerated carriers.
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Figure 2.13 (a) Photocurrent time-traces of MoSe> FETs with different channel thicknesses
at Vas= 5V, Vg =0V and P = 426 mW/cm?. (b) Gate dependence of photoresponsivity of
the 10.2 nm thick MoSe; FET at different light intensities, at Vgs = 5 V. Numbers at the
lines denote incident optical power density in mW/cm?. Inset shows photoresponsivity

versus channel thickness at Vgs=5V, V=60 V and P =71 mW/cm?.

2.3.4 Annealing effect

We then extracted the contact resistance and the field-effect mobility by TLM method
before and after thermal annealing. Based on the definition, the contact resistance can be
extracted by the plot of total resistance versus channel length. The intersection with y-axis

equals to 2R . We performed the transfer curve before and after thermal annealing in Figure
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2.14. By desorbing the oxygen and water vapor on the surface, electrons return to MoSe>
channel which causes doping effect. Fermi level moves closer to the conduction band and
thus the Schottky barrier is lowered and the interface traps are reduced. As a result, the
contact resistance is reduced and the mobility is increased. It is proven that Argon annealing
helps improve the performance because contact resistance can be reduced by removing

water vapor and oxygen absorbed by the surface. [11a, 12, 25]

(a) (b) (c)

1E-4 ——Before Annealing 1E-4[ —Goore annealing 5k} ¢ Before annealing
A fter Annealing @ After annealing
s 1E-6 s 186 u=6.2cm2V-'s"
c c R.=1278.9 Ohm mm
[ o 1E-8
5 1E-8 5 [ u=25.3cm2\Ms!
° © 1e10 | Retusomam o
1E-10 L . R R 0 L . N
-80 40 0 40 80 40 20 0 20 40 60 0 4 8 12
Ve (V) Ve (V) Channel length (um)

Figure 2.14 Thermal annealing effect of MoSe; FET. a) Hysteresis curve of MoSe> FET
before and after thermal annealing. b) Transfer curve after thermal annealing shows higher
on/off ratio, higher mobility and lower subthreshold voltage. ¢) Total resistance vs. channel

length is plotted and the contact resistance drops from 1278.9 Qmm to 434.6 Qmm, while

the mobility increased from 6.2 cm?V-'s™! to 25.3 cm?V-ls!,

2.4 Conclusion

In summary, we investigated the impact of channel thickness on electrical properties
and photoresponse in MoSe> FET devices. Electron mobility, UV photocurrent and

photoresponsivity increase as the thickness of MoSe» layer increases from ~1 nm up to ~10
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nm, subsequently declining for thicker layers. The Rs and Rc values follow the opposite
scaling trend, both reaching a minimum at approximately ~10 nm thickness. The optimum
material and device performance near 10 nm MoSe> thickness is an interplay of, on the one
hand, enhanced interface charge scattering and/or quantum confinement for ultrathin FET
channels and, on the other hand, increasing series resistance for > 10 nm thick layers. This
result correlates with thickness scaling effect in related molybdenum dichalcogenides,
MoS; and MoTe», thus providing the guidance for optimizing the TMDC layer thickness

for electronic and optoelectronic applications.
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Chapter 3. Epidermal gas sensing system

3.1 Introduction and background

Recent years, respiratory disease related to the increasing number of automobile and
harmful environmental become more and more severe because of the highly exposed toxic
and irritant gases and irritant gases. [49-51] Monitoring, recording and analyzing high-risk
gases are highly important for tracking disease trigger mechanism and alerting patients
when exposed to a vulnerable environment with inconspicuous gases. Smart gas exposure
detectors with convenient, lightweight and inexpensive features remain as the key
challenges. [52] There is a long history of gas sensor tracking back to the 1920s. The first
embedded household detector was used to monitor air quality and detect hazardous
chemicals in 1980s. Current applications including in-house and portable devices are either
stationary or inconvenient to carry on in daily life. Facing the deteriorating condition and
the increasing number of pollutants, the surroundings must be monitored and evaluated for
disease diagnosis and precaution. In order to unfold the limitations, an inexpensive,
noninvasive and robust wearable sensors capable of capturing and transporting information
is in continuous need. [53, 54] Based on a biocompatible and light weight material, we aim
to provide an inexpensive epidermal gas sensor working under room temperature and the
device can be easily pasted to skin and replaced.

Traditional and classical chemiresistor sensors are built on metal oxide thin film based
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on their high sensitivity and stability. However, they also exhibit drawbacks that they can
hardly be fabricated as flexible sensor and require high operating temperature. Knowing
the limitation, low dimension materials including 0D, [6, 55] 1D [56, 57] and 2D [22, 58]
materials are developed for high sensitivity, high selectivity, high flexibility and room
temperature operated electronic devices. Among them, two-dimensional transition metal
dichalcogenide (TMDC) is now attracting substantial attention owing to its large surface-
to-volume ratio, tunable bandgap, promising physical, electronic and optical properties.
They are also excellent candidates on flexible devices due to the dangling-bond-free
surface, charge transport properties and biocompatibility. [21, 22, 58, 59] We applied the
MoSe; as the effective material since its higher adsorption energy with chemical molecules
makes it a better candidate for high sensitivity gas sensor. [60, 61]

In order to provide timely monitoring and recording analysis, cloud storage and
sharing has acted as a catalyst for the development of scalable Internet-of-Things (IoT)
models and applications. [oT and cloud are closely linked for providing real-time data
acquisition and upload. In the meantime, the device is able to communicate with the

smartphone for personal cognition and awareness.

3.2 Experiment and methods

In this work, we demonstrate the fabrication of epidermal devices with large-area
MoSe; few-layer flakes. We first transfer and synthesis the material with gold-assisted

exfoliation method. We then fabricated two terminal photodetectors and three terminal field
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effect transistors (FET) to optically and electrically characterize the functionality of the as-
exfoliated MoSe> nanosheet. The device exhibited a fast response (~20 s response and 1 s
recovery), high on/off ratio (>100) and high responsivity (1.43 A/W) for photodetection.
The epidermal electronic gas sensor is finally fabricated on a flexible substrate with the
ability to be attached firmly on skin.

The strain test was performed to indicate the reliability of the flexible device. In
addition, we built the device-smartphone IoT interface with our own design of wireless
connection and phone application. The data can be timely sent to the smartphone as well

as uploaded to cloud terminal for further researching, recording, sharing and diagnosing.

3.2.1 Material synthesis and device fabrication

MoSe> crystals were first exfoliated with the gold-mediated exfoliation method
described in the previous section. 120 nm of gold was first deposited on top of the as-
exfoliated MoSe bulk. The top few layers were then picked up by the thermal release tape
and peeled off from the bulk MoSe:> crystal. Finally, the large lateral size material was
transferred to the SiO/Si substrate with the release of the thermal tape and the removal of
the gold.

With this method, a large amount of large area monolayer and few-layer MoSe; was
first transferred to 285nm SiO2/Si substrate. An optical image with optical microscopy
(AmScope) of a single uniform flake (lateral size ~ 120um) is shown in Figure 3.1(a).

MoSe: flakes were characterized by Raman spectroscopy (Laser Quantum DPSS, 532 nm)
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(Figure 3.1(b)) for material recognition and layer definition and transmission electron
microscopy (TEM) (FEI Titan 80-300) indicates the layered and the hexagon structure of

the nanosheet (Figure 3.1c,d).

(d)

Intensity (a.u.)

F7 240 0 0 300
Wavenumber (cm™)

Figure 3.1 (a) Optical image of exfoliated atom layer with the lateral size of ~120 nm. (b)
Room-temperature Raman spectrum of the MoSe, monolayer. Raman peak at 241.27 cm’!
is marked. (c) High-resolution TEM images showing the layer and atomic structure of the
2D layer. (d) TEM image of the flake shows the hexagon structure of the material.

As shown in figure 3.2, the two terminal device was first fabricated on a rigid substrate.
After transferred onto SiO2/Si substrate, the MoSe> served as an effective semiconducting
layer in the device. Metal electrodes (10 nm Ti/150 nm Au) were defined and patterned
with e-beam evaporator and by photolithography as source and drain. The device channel
was then patterned and etched by RIE in SFs and O2. The device was finally annealed by

rapid thermal annealing (RTA) in Ar at 300 °C for 10 mins for better performance.
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Figure 3.2 Fabrication process of two terminal device on SiO»/Si substrate (a) Clean and
prepare SiO2/Si wafer with acetone, IPA and DI water. (b) Gold assisted exfoliate MoSe»
nanosheet and transfer to the substrate. (¢c) Deposit and pattern Ti/Au electrodes on the
flake as source and drain. (d) Pattern MoSe> channel with O, and SFs plasma.

Unlike constructing on rigid substrates, the epidermal devices are built on a flexible
and light weight substrate poly(amic) acid by spin-coating (3000 rpm) and curing a film (=
2.5 pm) of poly(amic) acid (P1-2545, HD MicroSystems). Then the MoSe> flake was
transferred onto the PI substrate with PDMS stamp. Electron beam evaporation was used
to formed an Au (150 nm) layer for further patterned contact metalization. To avoid over-
etch, MoSe> channel was first covered, patterned and wet etched with a thin film (20nm)
of Cr, followed by dry etch of the channel (SFe/O2 plasma, Oxford RIE). An upper
encapsulation layer of Pl was spin-coating and curing using the conditions mentioned
above formed. These two layers of PI placed the metal in the neutral-mechanical plane and

minimized strains due to bending/stretching. Photolithography and RIE are finally applied
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to pattern P1 encapsulation in geometries that match those of the metal traces. The entire
device was released from the glass substrate with buffered oxide etchant (BOE) as the

completion. (Figure 3.3)

Device

Pl PI
%»w By

Clean Spin Pl Transfer MoSe, Deposit metal Spin Pl Pattern Pl Release

Glass

Figure 3.3 Detailed fabrication process of e-GS.

3.2.2 System concept, structure, and design

The epidermal platform introduced in this work consists of an epidermal gas sensing
element based on MoSe> nanosheet, and a Bluetooth low energy (BLE)-capable flexible
print circuit board (PCB) connected with internet for collecting and processing signals with
a cloud-based data analytics system (Figure 3.4(a)). The chemiresistor sensing element
employed gold-assisted exfoliated MoSe; nanosheet (~2 nm) as the semiconductor channel.
The filamentary serpentine gold electrodes (150 nm) of the device were capsuled between
two layers of polyimide (PI, 6um) to minimize physical constrains and increase
strechability. [61-63] Openings in the structure for the lower contact pads were used to
attach to a thin cable [100 pm; anisotropic conductive film (ACF), Elform] for further
flexible PCB connection. The BLE module embedded in microcontroller was capable of
communicating with a wireless gateway. With an Android-based application, the
measurement data can be stored and uploaded to the cloud using a custom software

communication protocol. As displayed in Figure 3.4(b), the soft device was skin-
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compatible, stretchable and compressible.

The serpentine electrodes were designed to lie on a mechanically neutral plane and
provided primary strechability to the sensor. The PI sandwich structure made it inexpensive,
easy to peel off and replace, and water-permeable. The whole platform can then be buried
inside a commercial bandage for easy accessibility and high comfort level (Figure 3.4(c)).
In order to track data on the wireless gateway, the concept of cloud-based IoT system was
brought up from sensor to wireless connection, and finally store and upload timely data to

cloud for early warning, disease tracking and diagnosis (Figure 3.4(d)).

(a)

Bulk MoSe,

(b) (c) (d)

Wireless setup

. Gas sensor

s / Flexible PCB
ndage
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Figure 3.4 Principle of operation of the epidermal gas sensing system with MoSe>-based
nanosheet: (a) [llustration of the wireless-connected layered device with exfoliated MoSe.
b) Compressed human skin demonstrating flexibility and conformity. c¢) Electrical

connection with buried flexible PCB in a bandage. d) The concept of the cloud-based
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system.

The flexible PCB was built using commercial two layers Flexible PCB manufacturing
process (Seeed studio). The circuit consisted of two copper layers which were separated by
one layer of polyimide substrate in the middle, and protected by two layers of polyimide
overlays on the two surfaces. The ICs (the microcontroller and the analog front end) and
passive components (resistors, capacitors, and inductors) were layout on two sides of the
PCB to minimize the foot print. These components were soldered onto the PCB using
reflow technology.

The BLE device utilized the Generic Attributes (GATT) Profile protocol, which is
based on the Attribute protocol (ATT). Sensor information and measurement data are
divided and encapsulated in logical entities called characteristics, and multiple
characteristics are grouped into the service to serve a specific purpose. A simple service
for communication between wearable sensors (BLE peripheral) and a gateway device
(central) was designed and implemented. A custom packet-based communication protocol
was designed for sensor configuration and historical data retrieval. A web-based data
visualization and management system were implemented with an open-source software
Grafana for web-based time series data analytics and monitoring. Data communication
between two BLE devices (central and peripheral) is defined by the Generic Attributes
(GATT) Profile protocol, where data is managed and transmitted in packets of defined
lengths (maximum of 20 bytes of data in every packet). These packets are organized in

logical entities called services and characteristics, identified by various universal unique
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identifiers (UUIDs). A simple service for communication between wearable sensors (BLE
peripheral) and a gateway device (central) was designed and implemented. It consisted of
three major characteristics: one for sensor measurement data in single-precision floating-
point format, and the other two for transmitting and receiving general-purpose data and
configuring the wearable sensor. A custom packet-based communication protocol was
designed for sensor configuration and historical data retrieval.

An Android-app (API level 26) was designed and implemented to use a smartphone
as the gateway device for sensor data retrieval. Once the BLE connection is established
between the wearable sensor and the smartphone, the app continuously reads the
characteristics containing the measurement data from the peripheral device at a frequency
of 1 Hz. This measurement data will be displayed on the smartphone in real-time using the
GraphView library. When internet connectivity is provided, the data will also be uploaded
to a dedicated cloud-based database system (InfluxDB) deployed on Amazon Web Services
(AWS) for centralized data storage and analytics, using open-source software.

An virtual server (Amazon EC2 instance) running Ubuntu Server 16.0 was configured
and created. Being managed remotely with a secure shell (SSH), a time-series database
(InfluxDB) was installed to store the sensor data. Remote gateway devices can upload data
to the database through internet using the InfluxDB HTTP API. Moreover, a data
visualization software (Grafana) was installed and configured with InfluxDB to provide a

web interface for sensor monitoring and data analytics.
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3.2.3 Gas sensing equipment, setup and experiment

The two-terminal depidermal device was tested with two hazard analytic gases (NO>
and NHy) at different concentration and different carrier gases. The device was tested in a
self-assembled setup, figure 3.5 shows the block diagram and the schematic illustration for
the gas sensing set up which was used for all the chemical gas sensor devices.

The deivce was first purged with carrier gas for 30mins from mass flow controller
(MFC1) and then the pulsed target gas flow was applied. The analyte to be sensed was
introduced into the MFC2 in gasous form. By mixed together, a controlled flow of this
mixture was flowed into the gas sensing chamber using MFC3 and the pressure controller.
The concentration of the analyte in the carrier gas was decided by its propotion to the carrier

gas. Since the MFC controls the flow rate (p) of the gas, the target gas concentration is

pMFCl

defined by c = X Co, Where pyrc1 and pyrc, are the flow rate of both MFCs and

PMFC2

co is the concentration of the target gas cylinder.
Vent
Controller
—{wes | s

Pressure Controller

él__..
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Figure 3.5 (a) Block diagram and (b) schematic illustration of gas sensing setup.

The gas system sensing set up is shown in figure 3.6(a), which is house assembled
with a multigas controller (647C, MKS Instruments, Inc.) (figure 3.6(b)), three mass flow
controllers (GE50A, MKS Instruments, Inc.) with different flow rates (1 SLM, 500 sccm
and 100sccm), a pressure controller (640B Absolute Pressure Controller, MKS Instruments,
Inc.) (figure 3.6(c)) and our own designed gas sensing chamber (figure 3.6(d)). For the gas
sensing measurements, the device under test was placed in a stainless steel chamber with a
volume of 0.73 cm?® and a top quartz window for external illumination of the devices. The

multigas controller is connected with Labview for visualization and control.

(a) = N

Figure 3.6 Gas sensing setup. (a) Entire setup. (b) Multigas controller. (¢c) Three MFCs

and one pressure controller. (d) Gas sensing chamber.
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3.3 Result and discussion

3.3.1 Electrical and optical properties

All electrical measurements were performed using a parameter analyzer (Agilent
B1500A) under ambient conditions. For the hybrid MoSe; electronic devices, the UV light
(365 nm) was tuned with the Panasonic NUJ6170/NU6420 light source. The light source
was connected to a fiber optic cable, 600 pm in diameter, which terminated with a
collimating lens placed above the quartz window of the chamber. This set-up provided
uniform intensity over the entire sample surface with different illumination intensities in
the range of 80 mW/cm? to 480 mW/cm?,

In our work, we used a new material and a new transfer method for gas sensor
fabrication. To verify the material qualities, we first characterized the electronic and optical

properties of the obtained MoSe> nanosheets.
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Figure 3.7 Electrical and optical characterization of the device: (a) Three-dimensional
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schematic view of the two terminal devices with UV light on 285 nm SiO»/Si substrate. (b)
Photoswitching behavior of the device, with A = 365 nm, V=15V, P = 160 mW/cm®. (c)
Drain-source characteristic of the photodetector in the dark and under different illuminating
light powers (20 nW~120 nW). (d) Photoresponsivity of the MoSe> photoresistor,
exhibiting a high photoresponsivity of 1.43 A/W for UV power of 20 nW. (e) Three-
dimensional schematic view of the back-gated FET device on a SiO»/Si substrate. (f)
Optical microscopy of the device, channel length varies to perform TLM measurement. (g)
Output curve as the function of VDS with VG swept from 0 to 60V. (h) Transfer curve as
the function of Vg with Vps=5 V, shows on/off ratio of 10°.

We first characterized the two-terminal device with its photoresponse under UV light
to understand its optical properties and to provide potential UV light prevention. MoSe>
acted as a functional channel and gold electrode was deposited on top of the material to
form metal contact. The three-dimensional schematic view is illustrated in Figure 3.7(a).
The optical properties were repeated under different illumination intensities in the range of
80 mW/cm? to 480 mW/cm? with an ultra-violet (UV) illumination (365 nm). The time-
dependent photocurrent excited by pulse UV light (160 mW/cm2) was measured and
presented in Figure 3.7(b). When Vds=5V, the device showed high sensitivity with on/off
ratio >100. The response time (20 s) and recovery time (1 s) were shorter than the value
reported in MoS,. [64] The result can be used as an alternate modality in the detection of
UV exposure on human skin. I4s/Vg4s was then plotted with different incident power (80

mW/cm? to 480 mW/cm?) in Figure 3.7(c).
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From the figure, we revealed that when incident power increased from 80 mW/cm? to
480 mW/cm? and Vgs = 5 V, the on-state current increased from 20 nA to 100 nA while
responsivity decreased from to 1.43 A/W to 0.8A/W (device size area is 25 pm?) (Figure
3.7(d)). It indicates a sublinear responsivity for different incident power. This reduction in
photoresponsivity is caused by the trap states present inside or on the surface of MoSeo.
[65]

We then applied the back-gate metal contact with silver paste to form the FETs on the
Si/SiO; substrate, while the top contact acted as the source and drain and SiO; served as
the gate dielectric. The schematic of FETs is illustrated in Figure 3.7(e) with the source and
drain on top of the MoSe; layers and Si as a back gate. We fabricated 10 nm/150 nm of
Ti/Au as the metal contact and the optical image was shown in Figure 3.7(f). Optical
microscopy in Figure 3f presents four various channel length devices on top and four fixed
channel length devices on the bottom. Typical output curve (Figure 3.7(g) and transfer
curve (Figure 7(h)) were measured to further study the electrical propertied of the MoSe»
nanosheet. We scanned the gate voltage from 0 to 60 V in steps of 10 V and drained voltage
from 0 to 5 V. The output curve provided transistor characterization regions, and the

linearity under low V¢s indicated their ohmic contact properties. The field-effect mobility

AMgsL 1 1
45— ____— where

was then extracted from the transfer curve with the equation: ppp = V- WVeC
G DS “ox

L and W are channel length and channel width (5 pm), respectively, and Cox of 285 nm
thick Si02 is 12.1 nF/cm®. As a result, we determined the on/off ratio >10° and extracted a

high field-effect mobility of 42.6 ¢cm?/Vs for monolayer. The subthreshold swing is
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extracted to be 3 V/dec by the definition of the gate voltage required to change the drain

current by one order of magnitude. [66]

3.3.2 NO; and NH3 response

In order to paste the device on human skin with high strechability, the epidermal gas
sensor (e-GS) is designed with a filamentary serpentine structure. The structure consists of
a pair of thin serpentine metal interconnects (Au, 100 pm width, 150 nm thickness) with
comb structures (20 um finger width and gap), and the corresponding metal bond pad
connected to the external circuit (Figure 3.8a, b). A comb structure based sensor was
fabricated to provide higher current and improved signal-to-noise ratio. The top and bottom
PI layers electrically insulate these traces. E-GS could be successfully attached on

epidermis for functioning (Figure 3.8(c)).
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Figure 3.8 Experiment on human skin and gas sensing properties of NO> and NH3: (a)
Three-dimension schematic of the device structure with PI encapsulation and gold
electrode as a contact pad. (b) Optical image of the device, where the inset shows the OM
image with a comb structure as an electrode. (c) Patch on relaxed human skin to test and
record gas data. (d) Detailed fabrication process of e-GS. (e) Response and (f) Sensitivity
curve to different concentration of NO2, V =5 V. (g) Linear curve fitting of concentration-
response curve, whose slope is used to extract the detection limitation. (h) Response curve
under different carrier gas conditions (air with 25% RH, air with 40% RH and N> with 40%
RH). (i) Response and (j) Sensitivity curve relative to different concentration of NHs, V =
5 V. (k). Linear curve fitting used to extract the detection limitation. (I) Response curve
under different carrier gas conditions.

The device showed fast respond (250 s), fast recovery (150 s) and relatively high
sensitivity compared to some other reported TMDC based gas sensors. [21, 67, 68]
Importantly, the signal recovered mostly to the original baseline value upon removal of the
two different gases, because of the weak charge transfer complex between the toxic gas
and the TMDC surface that stops covalent bond formation. In our study, sensitivity is
defined as the change of the impedance: S = Ag. We presented that the sensitivity can arise
up to near 100% with NO> and NH3 concentration up to 10 ppm and 25 ppm, respectively.
Noticeably, we observed a linear responsivity region at low concentration for both gases.
A linearly fitted curve was extracted to obtain the detection limit by a signal-to-noise ratio

of 3. [6] The theoretical detection limit was calculated by the division of 3RMSise to the
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slope of the fitted curve. From the curve fitting in Figure 3.8(g) and 3.8(k), we obtained
the theoretical detection limit of NO; as 10 ppb, while that of NH3 is 20 ppb. To further
understand the gas sensing mechanism and the effect of relative humidity (RH) in
surroundings, both gases were tested with different carrier gases (air in 25% RH, air in 40%
RH and N> in 40% RH, respectively) (Figure 3.8(h) and 3.8(1)). From the figure, O, and
H>0O showed neglectable effect on the gas sensing because of their high stability and low
binding energy at room temperature. [69] The low current range of sub-micron amperes
places the design into the low power category compared to the commercial sensors. The
strain testing was performed on the device channel with up to 30% of tensile strain at

different concentration for both gases, demonstrating the strechability of the sensor (Figure

3.9).
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Figure 3.9 Strain test for gas sensor. (a) NOz with strain up to 30% under different

concentration. (b) NH3 with strain up to 30% under different concentration.
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3.3.3 Circuit design and cloud data

We showed the complete concept of the circuit and cloud data acquisition in Figure
10a. The sensor data is timely collected and send to a wireless gateway which provides
monitoring and warning of area evacuation for a high concentration of toxic gas. When the
internet is available, the acquired data will be uploaded and stored in a cloud database
system (InfluxDB) for clinical research and diagnosis.

The block diagram of the electronic system design is illustrated in Figure 3.10
(detailed design in Appendix). A Bluetooth Low Energy (BLE) microcontroller (Texas
Instrument, CC2541) with a built-in 12-bit analog-to-digital converter (ADC) with a
footprint of 6 x 6 mm was used to design and prototyping e-GS. The signal of the resistor
type gas sensor was first processed with a voltage divider and was then amplified by Op
amp with analog filter (Analog Devices, AD8232). Afterwards, the amplified output
voltage was quantized by the ADC and transmitted to a gateway device through BLE
communication. Based on this design block diagram, the correspondence microcontroller,
amplifier, and other accessories were blocked and soldered on a flexible PCB for system
level flexibility and applicable buried package. The bendability of the circuit board was
finally tested to fit the human skin.

All electronic components were powered through a 3-volt voltage regulator supplied
by a 110 mAh rechargeable lithium-ion polymer battery (DTP4015245) with built-in

protection circuitry. During our experiments, the lithium battery was recharged using an
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external power supply (Agilent E3631A) with voltage and current limits set to 4.25V and
100mA, respectively. An Android-based smartphone application (Figure 3.10 d, e, f) was
developed to demonstrate a proof-of-concept gateway device. This application has three
major functions: (1) discover nearby BLE devices, (2) request and display data from a
connected peripheral BLE device, and (3) synchronize retrieved data with a cloud-based
database system for data analytics. Once a flexible sensor was connected to the smartphone
app, real-time measurement data (ADC reading) can be acquired by the smartphone via a
pre-defined BLE characteristics at the frequency of 1 Hz. The power consumption is
calculated by the combination of the standby power and the working power. Standby
current is tested to be 47 pA to 100 pA (2000 Keithley Multimeter) while the average
working current is 5.5 mA. The average power consumption was 0.63 mW in a continuous
working mode, resulting in the battery lifetime of 24 days. The acquired data were time-
stamped and stored in the memory of the smartphone. Meanwhile, the collected
measurement data can also be plotted in a time-series graph (GraphView Library) on the

graphical user interface (GUI) of the app.
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Figure 3.10 Circuit and cloud data acquisition: (a) Illustration of the concept of sensor-
BLE connection and cloud data collection. (b) Block diagram of the circuit design for
sensor data processing and delivery. (c) Optical image of the assembly of the device with
flexible PCB under the bandage, and optical image of detailed block circuit on flexible
PCB, where 1 is the voltage divider part, 2 is the amplifier and 3 is the microcontroller. (d)
Gas response on smartphone application under flow of gas. (¢) Gas response on smartphone
application without the flow of gas. (f) Continuous detection of pulsed gas response curve
with the connection of smartphone in 10 mins.

We tested the device on the skin with the entire setup under NH3 in a fume hood under
room temperature. When the gas tube was placed next to the sensor, the current trace on
the mobile application raised and NH3; was detected. Reversely, the curve trace decreased

spontaneously to the baseline as the gas tube was moved away. One cycle within 2 min tab
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was tested to prove the successful connection and detection of the setup (Figure 3.10d, e).
At the same time, a 10 min continuous pulsed gas response was tested and displayed on
the smartphone to prove the reproducibility given the fact that MoSe: is able to absorb gas
to baseline (Figure 3.10(f)).

A cloud-based informatics system based on open-source software was deployed on
Amazon Web Services (AWS) for data storage, visualization and analysis. InfluxDB and
Grafana were used as the central database and user interface. Both software was installed
on an Ubuntu Server 16.04 running in an Elastic Compute Cloud (EC2) t2. microinstance
created and launched via AWS Management Console, with an 8GB Elastic Block Storage
(EBS) general purpose SSD volume (gp2). The results presented here establish a set of
concepts in electrical, mechanical, and materials design as routes to lightweight, wearable
sensors for hazardous gas sensing, monitoring and data acquiring. The versatility and
robustness of the sensing platform enable precise measurements of infectious
environmental harm. The flexible, low power and inexpensive design allow for continuous
use over periods spanning a week, with power and data transmission via Bluetooth that are
available on the various wireless gateways. The cloud-based designed here drive the

pathway to modern IoT system with high accessibility and efficiency.

3.4 Gas sensing mechanism

MoSe> absorbs and react with chemical gas molecules based on the charge transfer

mechanism. NO; acts as an electron acceptor and reduces NO; into NO>", which results in
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p-doping and leads to the resistance increased (positive sensitivity). The NO2> molecules on

the surface of MoSe: bring the Fermi level closer to the valence-band edge. (Figure 3.11)

NH,-eNH;,*

Figure 3.11 Gas sensing mechanism. (a) NO; as electron acceptor. (b) NHj3 as electron
donor.

In contrast to the resistance recorded for NO2 molecules, the resistance of the MoSe;
sensing device decreased with the adsorption of NH3 gas molecules. NH3 acts as an electron
donor and demonstates n-doping properties. In this situation, The Fermi level of the MoSe;
shifts to the conduction-band edge. As a result, the NO> environment will reduce the
current and thus increase the resistance while NH3 works in the opposite way. The
measured overall NH3 sensitivities were lower than those of NO> (Figs. 2b and c¢) because

of the smaller charge transfer of NH3 compared to that of NO. [70]

3.5 Conclusion

A new material and design have been presented for producing e-GS that are simple,

robust, facile, inexpensive, and versatile. The findings reported here demonstrate the
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successful noninvasive system setup of MoSe> in epidermal electronics and its ability to
create high performance customized detectors for monitoring and processing toxic gases.
With the gold-mediated exfoliation method, we transferred and characterized ultra-large
size atomic layer MoSe; on a rigid substrate. We fabricated a functional epidermal
NO2/NHs sensor on the MoSe; atomic layer and were able to wirelessly collect and store
data to the cloud database. We performed TLM on FET devices to study the contact
resistance and the effect of thermal annealing. The results create many opportunities in the
precision recording of different types of hazardous gases. Capabilities of the e-GS system
include detection of subtle changes in environmental harmful gases, early area evacuation

warning for Asthma patients and the technical support for certain clinical study.

57



Chapter 4. A wearable Ag nanoparticle decorated gas
sensor system for gas leakage localization using

machine learning

4.1 Introduction and background

Owing to the rapid acceleration of the industrialization process, accidents with toxic
gas leakage and transmission as a new type of urban pollution source are flooding in current
media news. For example, a gas leak from a newly launched bio-ethanol plant brought
Thanksgiving weekend in 2018 a disaster in Delaware. [71] Only a few days later, an
ammonia gas leakage accident from a chemical plant in India resulted in 14 hospitalized.
[72] Toxic and harmful gases spread in the city with high speed driven by wind and can
easily break the respiratory system. At the same time, the explosion caused by the high
concentration gas leak may cause sudden massive death. Under this circumstance, the fast
and accurate detection, localization and prediction of toxic gas leakage requires urgent
development.

In response to the disastrous effect of toxic gas leakage to public safety and health,
real-time information about the distribution area, leakage rate and leakage source of
hazardous gases in an urban area are needed to ensure public environmental safety. Thus,
gas leakage source estimation and leakage information evaluation in continue to be a major

part of intelligent industrial sensing systems. Conventional leak detection methods include
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two main categories: fixed instrumentation and mobile sensing. [73-75] Fixed
instrumentation represents the traditional monitoring system which consists of high-
resolution sensors with a fixed installation. The emerging size of the urban area and the
chemical plant limits the employment of this method because of its high cost. [76] Mobile
sensors refer to small autonomous robots with high mobility which are used for sensing
continuous objects, measuring the gas density and estimating the direction of the gas
diffusion. [77, 78] Although with promising accuracy, mobility and intelligence, this
method requires highly sensitive detectors with ultra-low complexity and power
consumption.

Along with various technologies in sensing electronic devices, and due to the
advantage of low cost, ease of deployment and energy efficiency, low dimension materials
are developed to minimize the device size and integrate with wearable electronics. As
discussed in the previous section, TMDC is of great significance to develop a highly
sensitive and mobile device for autonomous robots in gas leakage estimation. By applying
and assembling the TMDC based gas sensor in a smart watch or a robot, the device is able
to monitor, detect and provide data for further analysis and gas leakage source prediction.

In addition to the mobile devices with high performance, the leading-edge technology
of source term estimation algorithms is also studied in this work. Considering the complex
behavior of gas at different wind speeds and the unknown leakage rates, the model by
differential equation might be very complicated and not capable to predict the location of

the leakage point. Some research made efforts on using mobile robots to search the leak
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sources and propose the path searching strategies [78]. However, multiple measurements
in different places are inevitable, and there is no guarantee for the convergence of the
algorithms. Experimental approaches provide the measurement data [79] and in wind
tunnel [80], but they are limited to verify the theoretical model or a small spatial scale
rather than predictions. In this complex scenario, we propose a machine learning approach
that generalizes the knowledge from the data and accurately predicates the location of the
gas leakage. To our best knowledge, our proposed approach is the first attempt that is
capable to predict the leakage location based on one local measurement of an array with a

limited number of sensors in the macroscopic scale without knowing the leakage rate.

4.2 System and methods

Here we demonstrate the fabrication and assembly of a cost-efficient smart watch
integrated with TMDC nanosheet for data collection and leakage prediction. The MoSe>
layer is decorated with silver nanoparticles for higher sensitivity on NO2 response. The gas
sensor exhibited a 25% increase in the sensitivity for NO2 detection. The rigid sample is
then wire bonded and connected with external lab-designed PCB, packaged by a 3D printed
watch case. With building the IoT interface with a system gateway, the real-time data can
be timely sent to the smartphones and/or computers for monitoring and tracking. Together
with the analysis and simulation of a certain area, gas concentration information uploaded

to cloud terminal is used for gas leakage source prediction and localization.

60



4.2.1 Fabrication and Ag nanoparticles decoration

Metal nanoparticles are of great interest to gas sensing applications. Among all
metals, Ag nanoparticles are originated with the unique physical, optical, and
chemical properties due to their high surface-to-volume ratio and large numbers of
atoms in the nanoscale size. Ag nanoparticle is superior than gold (Au) and copper
(Cu) with higher efficiency of plasmon excitation. [81] In order to get the best
performance, uniform size and shape are extremely important. We reported on using
direct current (DC) magnetron sputtering for growing Ag nanoparticles on top of

the MoSe; layer with unheated Si/Si0O; substrates.

DC magnetron sputtering is a method of depositing thin films by eroding
material from a target source onto a substrate. It is generally used to deposit thin
films and nanoparticles of various materials. [82] With ultra-low thickness, DC
magnetron sputtering could be a practical and simple technique for synthesizing
metal nanoparticles. We optimize the conditions for growing Ag nanoparticles with
a uniform size of less than 20 nm. The samples are further characterized by SEM

and TEM for size and shape control.

Ag nanoparticles were deposited with a commercial sputtering tool (Denton
Vacuum Discovery 550). The metallic silver target with a purity of 99.99% and a
diameter of 2" is used. The base pressure of the deposition chamber is 2.6 x 10 Pa.

The flow rate of the highly purified Ar gas is kept at 5 sccm. The target-substrate
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distance is set at 40 cm and the sputtering time is 8 s. The discharge was generated
by a DC power supply. A Si/SiO> substrate is used for device fabrication a carbon-

coated copper grid is applied for TEM analysis.

(a) (b)

Ag nanoparticles

.
TMD nanosheét.’
2001w =

Figure 4.1 The characterization of the AgNPs decorated MoSe: film. (a) The structure
illustration of AgNPs sputtered on MoSe: nanosheet. (b) SEM image of the AgNPs with

round shape and radius of less than 10 nm. (¢c) TEM image of a single NP on MoSe;.

The sputtered Ag NPs is deposited on MoSe:; nanosheet and the illustration of
the structure is shown in figure 4.1(a). Clusters of AgNPs are laid on top of the
atomic layer with a round shape. SEM image of the AgNPs is demonstrated in figure
4.1(b), represents a cluster radius of less than 10 nm in the island stage. In figure
4.1(c), the crystalline structure and orientation of the NPs deposited on the MoSe»

with TEM grids are investigated by TEM.

4.2.2 Sensor system architecture and concept - application

The previous chapter introduces a relatively fast response and high sensitivity gas

sensor based on pristine MoSe> nanosheet. In this part of the work, a device with higher
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sensitivity and selectivity is desired for mobile sensing and high accurate prediction. The
decoration of metal nanoparticle (NPs) could tune the electronic properties of the low
dimensional materials and further increase the surface area of the active layer, thus
increasing the sensitivity to a specific gas molecule. [83-86] In order to achieve high
sensitivity for NO,, we select sputtered silver nanoparticles as the decorator for the sensing
material.

The mobile smart wearable device is fully integrated with a PCB and an Ag-MoSe>
based NO» sensor for data acquisition and gas leakage source prediction. Figure 4.2(a)
illustrates the concept and architecture of the gas leakage localization system complied
with TMDC based Nano-sensor. The system consists of three main functions: gas sensing,
data acquiring and leakage analyzing. Specifically, silver nanoparticles decorated MoSe>
nanosheet is used for sensing. Wireless communication is bridged by the Bluetooth and
achieved by cloud-based data transmission. Last but not least, the construction of the
leakage prediction established on machine learning with simulation data as training model
and neural networks as prediction algorithm.

In our work, the smart watch is first developed with gas sensing elements employed
large-area MoSe: nanosheets made through gold-assisted exfoliation method. Figure 4.2(b)
presents the optical image of the watch packaged in a 3D printed case with open holes for
gas absorption. The circuit connected to the sensor is able to collect data, amplify and
transmit to the wireless gateway with embedded Bluetooth setup. Sensing information can

be primarily utilized as continuous monitoring, hazardous gas prevention and sent to cloud
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terminal for further analysis (Figure 4.2(c)). The concept illustration in Figure 4.2(d)
displays the automatic localization robot with the flow of model simulation, neural network
algorithm-based machine learning and cloud terminal shared sensor data. The entire route
of the system provides an approach of artificial intelligence smart devices, which is applied

for hazardous gas prevention from source and surroundings.
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Figure 4.2 Concept of the gas leakage prediction system with mobile sensing devices based
on Ag nanoparticles decorated MoSe> nanosheets. (a) The illustration of the system with
three main parts including sensing, data transmission and analyzing. (b) The optical image
of the assembled smart watch. (c) The concept and structure of the wireless cloud-based

system for continuous monitoring and timely prevention action. (d) The concept and
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illustration of the model simulation and neural network algorithm for machine learning and

leakage prediction.

4.3 Result and discussion

4.3.1 Device characterization and gas response

In order to test the mobile sensor and the functionality of the Ag nanoparticles, a smart
watch is designed with an internal circuit embedded sensor system. The sensor system
consists of a MoSe; layer with Ag NPs on top and a pair of comb electrode (Ti/Au, 4 pm
in finger width, 2 pm in gap and 60 pm in length) (Figure 4.3a, b). The comb structure is
designed for higher current, improved signal-to-noise ratio and higher sensitivity. The
metal contacts are further connected to the external circuit for signal acquisition, analysis
and transmission.

The device is tested with and without AgNPs to specify the sensor performance and
the effect of introducing AgNPs. The Igs-Vas curve is first extracted by a resistor type sensor
under different circumstances. We conclude from Figure 3c that the deposited AgNPs
increases the current thus decreases the resistance of the device by three times. The changes
in electrical properties are the key factors towards the performance improvement.

Due to the change of the resistivity, the gas sensing measurement is taken under
different drain-source voltage (Vas=2V for AgNPs-MoSe», V=5V for pristine MoSe») to

minimize the effect of the signal-to-noise ratio. (Figure 4.3d, e) A single pulse of response

65



with (red) and without (blue) AgNPs under 2 ppm of NO> is shown in figure 4.3(d). The
result presents an increase of response time and sensitivity with the deposition of the Ag
nanoparticles. The response curve to different concentration of NO; (5-25 ppm, 2 cycles
each) is tested in figure 4.3(e). Defined by the change of the impedance S = A?G, the

sensitivity versus concentration curve is illustrated in figure 4.3(f). We presented that the

sensitivity can arise up to over 250% with AgNPs-MoSe; layer. Noticeably, we observed a
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negative linear responsivity region at high concentration for the device, which indicates the
gas saturation under high concentration.

Figure 4.3 Sensor characterization and experimental results of the smart watch in regard of
NO; response:(a) Three-dimension schematic of the device structure with MoSe> on
Si1/S10, substrate, AgNPs deposited on top and gold comb electrode as a contact pad. (b)
Optical image of the device, which shows the patterned material area and comb structure
as an electrode. (c) las-V4s curve of the device without (top) and with AgNPs (bottom). (d)

A single pulse of response with (red, Vq4s= 2 V) and without (blue, V4s = 5 V) AgNP. (e)
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Response and f) Sensitivity curve to different concentration of NO, with (red, Vgs= 2 V)
and without (blue, V4s=5 V) AgNPs.

As shown above, the increase of the sensitivity is attributed to the increase of the
conductivity, thus decrease the noise level and increase the density state. Secondly, the
introduction of AgNPs also increases the surface area, and in turn allows higher interaction
between the gas molecules and the surface. In this case, the MoSe; acts as a transducer
system, while the AgNPs on the surface became the prior sensing part of the device. [87]
Specifically for NO», the NO> molecule provides positive charge and the Schottky defects
at the interface of Ag—MoSe; can reduce the activation energy and accelerate the reaction
rate, resulting in enhancement of the gas-sensing performance. [88] Generally speaking,

the AgNPs deplete hole carriers and enhance the sensitivity. [86]

4.3.2 Circuit design and system testing

We showed the complete circuit design block diagram and system testing in figure
4.4(a). Similar to the previous section, the sensor data is timely collected and send to a
wireless gateway for processing and analysis. Specifically, figure 4a illustrates the
packaging of the sensor, the PCB connection, the place of the battery and the enclosure.
The acquired data can be uploaded and stored in a cloud database system (InfluxDB) for
toxic gas leakage source prediction.

The block diagram of the circuit design is illustrated in figure 4.4(b). A Bluetooth Low

Energy (BLE) microcontroller (Texas Instrument, CC2650) with a built-in 12-bit analog-
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to-digital converter (ADC) is used to processing the sensor information. The signal of the
resistor type gas sensor is first processed with a voltage divider and was then amplified by
Op amp with analog filter (LMP 91000) and connected by I’C. Afterwards, the amplified
output voltage was quantized by the ADC and transmitted to a gateway device through
BLE communication. Based on this design block diagram, the correspondence

microcontroller, amplifier, and other accessories are placed and soldered on a PCB. The
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rigid sensor 1s packaged with a ceramic chip holder by a gold wire bonder, followed by
soldering with the external PCB. The smart watch around the wrist, the frontside and the
backside of the finish system setup and the battery connection are presented in figure 4.4
c,dande.

Figure 4.4 Circuit and cloud data acquisition: (a) [llustration of the packaging of the sensor
and external PCB connection. (b) Block diagram of the circuit design for sensor data

storage, processing and delivery. (¢) Optical image of the assembled device worn around
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the wrist. (d) Frontside and (e) backside of the assembled smart watch with the gas sensor,

PCB and battery.

4.3.3 Simulation result

In order to get a large amount of accurate data as a training set for machine learning,
we use analog simulation to obtain data. By defining different pollution source
concentrations and different wind speeds and wind directions in the model, the gas
concentrations represented by all data points in the response area grid can be extracted as
training sets and test sets. So we got a total of 30 concentration heat maps including 567,930
data points.

The concentration distribution simulated by Comsol are heterogeneous; to further
process the data, a linear triangular interpolation approach [89] is employed to homogenize
the data and increase the resolution. Specifically, in the range of 1 X 2 km area, the
resolution of the interpolation points was increased to 4 X4 m, ie. 250 X 500

interpolation points in total. The example of the interpolated data can be seen in Figure 4.5.
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Figure 4.5 The interpolated gas concentration data with wind speed 1 m/s and source
concentration of 0.1 mol/m?

The simulation is based on the “Convection & Diffusion with Arbitrary Chemical
Kinetics” model. The chemical reaction engineering module associated with defining
material transport in dilute and concentrated solutions or mixtures through convection,
diffusion, and ionic migration of an arbitrary number of chemical species.

In this specific situation, mass transport of NO2 and the flux of wind is described by
the transport and diluted species equation:

V:(=D;Vc¢c;) +u-Vc; = R;
N; = —D;Vc¢; + uc;
Where D represents the diffusion coefficient, which is 1.5¢ m?/s for NO». ¢ is the

concentration of the gas while u is the wind speed.

70



. conc=0.05, ja=1 Surface: C ion (mol/m”)

(a)

windspeed=6, conc=0.05, SourceDia=1 Surface: Concentration (mol/m’)

(C) 30
1
25 ey
08
s
tios
tios
bioa
{03
02
01
0
B -10 [ 10 20

Figure 4.6 The simulation result of the diffusion and convection model of NO>. (a) The

simulation result with the only diffusion of the gas from the source. (b) The concentration
mapping for different source concentration. (c¢) The simulation result with diffusion of the
gas from the source and the flux of wind

The simulation results are shown in Figure 4.6. 4.6(a) and (b) do not consider the
influence of wind direction and wind speed, and describe the diffusion of gas under thermal
equilibrium. It can be seen that the higher the concentration of gas source, the higher the
diffusion intensity. The effect of wind speed is shown in Figure 4.6(c). We conclude that
the convection of the wind has a great influence on the diffusion state of the gas, and the
circular diffusion region becomes a flaming diffusion region along the wind direction.

Therefore, the complex external environment will cause great difficulties in modeling,
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making the method of machine learning extremely important for this research. By
analyzing the above simulation results, we conclude that the diffusion and results of the
source gas depend on the gas source concentration and wind speed. Based on different
concentrations and wind speeds, concentration maps under specific regions are collected

and used in training models in neural networks.

4.3.4 Neural network for pollution localization

Based on the above simulation results, we use the obtained information to train the
model. It is assumed that the wind speed and direction are measurable; therefore, it can be
used as known parameters. We assume that a 7 X 9 gas sensor array or equivalent
measurement is available, which covers a 240 X 320 m area; in each measurement of the
sensor array, the longer (nine-sensor) edge of the array is required to be vertical to the wind
speed. Then let the sensor in the middle of the first row in the array be the pivot sensor. All
the predicted and measured distances between the array and the leakage point are counted
from the pivot sensor to the leakage point. For simplicity, assume the leakage point to be
the origin (0,0) of the 2-D coordinate.

Based on the above assumptions, the prediction of the gas leakage location turns to be
a high dimensional regression problem: the observations (independent variables) of the
regression are the gas concentrations (measured by the sensor array) and the wind speed,
and the predictions (dependent variables) are the location of the pivot sensor.

Mathematically, let the concentration measurement of the sensor array be ¢ € R®3, the
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wind speed be s € R, and coordinates of the pivot sensor as (m,n). The goal of the task
is to seek a function F: R®* — R?, such that F(c,s) is a predictor of the corresponding
value of (m, n). To obtain the data sets for the regression, we sampled the interpolated data
by 7 X 9 arrays with the condition that 32 sensors’ (50% sensors in the array) reading are
above the threshold of the sensitivity (= 10~?) of our new gas sensors.

The simulations and the interpolation provide the gas concentration distribution maps
under various conditions: five different wind speeds from 1 m/s to 5 m/s, and six different
leakage rates from 0.1 mol/m? to 0.6 mol/m?; therefore, 30 concentration maps were obtained.
We chose the data sampled from the map with wind speed of 3 m/s and leakage rate of 0.3
mol/m? as the test set, which generated 15,936 test samples that satisfy the aforementioned
conditions (7 X 9 sensor array, 50% sensor available), and this map was removed from the
data set; the other 29 concentration maps generated 549,000 available samples, wherein
10% samples (54,900 samples) are used as validation set.

As the predicted coordinates ([, 7i]") is not a very high abstraction of the input (c, s),
we choose a small-scale fully-connected network to be the mapping function F(-). The
ANN (Artificial zNeural Networks) has four layers---the input layer has a dimension of 64
(7 X 9 gas sensor array (c) adding the wind speed (s)), the two hidden layers have 150
and 40 perceptrons respectively, and the output layer predicts the coordinates of the pivot
sensor, which is two-dimension. The nonlinear activation functions (f(-)) are Rectified
Linear Unit (ReLU), except the last layer is tanh(:). As a = tanh(f) € (—1,1), the

predicted values are the normalized distances; in the specific case, we normalize +1 km
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into range (—1, 1). Batch normalization is adopted between the second hidden layer and
the output layer to facilitate the network training, and Xavier initialization is used to
initialize the network parameters.

When training the network, we use Adam as the optimizer with initial learning rate of
0.01; the learning rate is decayed by 50% in every 2 epochs. Finally, the best-validated

model of the 20 training epochs is recorded and tested.
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Figure 4.7 (a) The proposed ANN that predicts the coordinates of the pivot sensor. (b) The
concept of input plane converts into a predictable route gas leakage prediction with mobile
devices.

By using the training-testing configuration, we test the regression results on the
15,936 samples on the condition of source concentration of 0.3 mol/m* and wind speed 3

m/s. We emphasize that the testing case is removed from training data, i.e., the ANN has
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never “seen” the testing concentration map and samples before; moreover, the leakage rate
is an unknown parameter for the regressor (ANN), but wind speed is measurable and used
as an independent variable in the regression. We repeated the training of the network five
times, and the obtained the average error for the predicted coordinates is 23.59 + 1.06 m
(average+tstandard deviation). Figure 4.7(b) visualizes the predicted results by the arrows,
which is 1/40 subset in the 15,936 test samples. The length of the arrows indicates the
distance between the pivot sensor at the attached coordinate to the leakage point, and the
arrows point to the predicted direction of the leakage point. One can see in the figure that
both the length and the direction of the predictions match the truth accurately and implies

the effectiveness of the prediction approach.

4.4 Conclusion

A NO:- gas sensor is promoted with AgNPs decorated MoSe2 nanosheet to produce
and design a mobile sensing system that is simple, accurate, inexpensive, and versatile. The
adoption of the AgNPs reported here demonstrates the successful wearable and mobile
system setup for chemical electronics. The high performances in terms of response time,
sensitivity and mobility for monitoring and processing toxic gases are highly needed for
toxic gas source prediction. The prediction of gas leakage location is a complex problem
when wind exists and the leakage rate is unknown; the modeling approach is almost
infeasible in this circumstance. We propose a machine learning and data-driven approach

to predict the location of the gas leakage point in a macroscopic scene. Specifically, an
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ANN is trained and predicts the leakage location. Our proposed approach achieves a
satisfactory prediction accuracy by using one measurement from a local sensor array, which

is more efficient than the existing tracking approaches.
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Chapter 5. Multi-functional sensor system as soft smart

contact lens

5.1 Introduction and background

Driven by the growing demand for monitoring and diagnosing health status,
biosensors and bioelectronics have attracted substantial attention in recent years. [52, 61,
63, 90] Current technologies have witnessed significant research achievements in flexible
and wearable electronics, in view of their formidable potential for practical applications of
smart sensor systems. Soft devices worn directly on or implanted in the human body
provide real-time physiological and/or surrounding environmental signals without
affecting body motions. This group of devices will bring disruptive innovation to the health
monitoring and disease diagnosing methodology by integrating and analyzing a large
amount of live data. [91-94] Specifically, two main functions can be summarized by these
wearable smart sensors: 1) monitoring the physiological parameters such as body
temperature; [95, 96] and 2) measuring the physical and environmental status around and
on bodies such as light, [97, 98] strain [99] and motion. [100]

Among various soft electronics, wearable smart contact lenses have attracted
extensive interests because of their capability of directly monitoring the physiological
information from the eyeball and tear fluids. The smart contact lenses supply a promising

platform for continuously interrogating physiological information, such as biomarker
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levels with higher accuracy. Among all biomarkers, taking glucose as an example, it has
been widely studied due to the increasing number of diabetes. In order to collect accurate
data with a noninvasive method, the glucose level should be tested from the "open" body
fluid instead of blood. Toward this goal, the contact lens equipped with biosensor would
open up the possibility of a noninvasive method to continuously detect biomarkers in tears.
In the meantime, monitoring the intraocular environment helps provide the database to
diagnose and treat ocular disease. For example, a photodetector on the lens is capable of
potentially receiving optical data, testing and utilizing eye blinking, and assisting vision;
temperature sensor can be used to monitor eye temperature and provide more information
for ocular disease diagnosis.

However, the currently reported smart contact lens systems are lack of efficient
sensing modalities and facile fabrication process modality and/or usually with visual field
loss obstruct the field of vision. In addition, the complex fabrication process has made the
technique difficult for commercialization and mass production. First of all, the lens
substrate should be not only highly transparent but also comfortable to eyes. The sensors
are required to stick to the lens and do not fall off upon blinking eyes. All the materials
including lens and sensor should biocompatible to minimize the irritation. In addition to
the flexibility and strechability, the sensor has to be placed in a location where the field of
vision is not obstructed. These specific requirements have formed a grand challenge to
design and fabricate a flexible, stretchable, inexpensive, multifunctional and transparent

smart contact lens.
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5.2 Experiment, methods and results

In this work, we demonstrate a flexible top-down approach for the fabrication of a
multifunctional, highly-transparent smart contact lens based on embedded large-area MoS»
nanosheets as the key building block for the hybrid sensors, overcoming the existing
limitations. The soft contact lenses with hybrid architectures, which are composed of
mechanically polyimide-sandwiched electronic devices, elastic interconnect electrodes and
polydimethylsiloxane (PDMS) lens substrate. The reinforced island with active sensor
layer is made of photo-patternable polyimide, while the elastic parts are formed using a
serpentine gold electrode placed around the outer ring of the cornea to avoid blocking
vision. The contact lens contains multifunctional sensors including a photodetector for
potentially receiving optical data information, imaging and vision assistance; and a
temperature sensor to monitor and diagnose potential cornea disease. The glucose sensor
is placed for monitoring body glucose level directly from tear fluid and presents high
sensitivity. Furthermore, the in-vitro cytotoxicity tests reveals that the hybrid sensor system
possesses presents good biocompatibility and supports the great potential in soft electronic
applications, thus holding promise as next-generation soft electronics for healthcare and

medical applications.
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5.2.1 Characterization of MoS;

Figure 5.1(a) shows the optical image of a single uniform nanosheet (area size
~20,000 um?) acquired by this method. MoS> nanosheets are first characterized by Raman
spectroscopy (Figure 5.1(b)). The Raman spectra of the MoS; presents the A1, mode at 408
cm™! and the E',;mode at 385 cm!, in agreement with the typical vibration modes of MoS..
[101] High-resolution transmission electron microscopy (TEM) image indicates the
vertical view of the hexagon structure of a nanosheet (Figure 5.1(c)). To demonstrate the
advantage of the gold-assisted exfoliation over the traditional exfoliation method, we
counted 100 nanosheets of both types and calculated the statistics of their area sizes. The
histograms in Figure 5.1(d) show that the area size of MoS: nanosheet with this new
method 200 times larger than that with the traditional one.

A back-gated field-effect transistor (FET) is first fabricated with a standard
nanofabrication process as illustrated in the previous chapter, which allows measuring the
electrical characteristics of 2D film. Specifically, source/drain electrodes and active
channel are placed and patterned with photolithography, electron beam evaporator and
reactive ion etching (RIE). As illustrated in Figure 5.1(e), the 5 nm/150 nm of Ti/Au
contacts on top of the MoS; layers work as source and drain electrodes while the 285 nm
of S10; serves as a gate dielectric. The highly p-doped silicon substrate is connected with
silver paste that plays a role as the back-gate electrode, forming the device of FET. As

displayed in the optical image (Figure 5.1(f)), a single uniform MoS> nanosheet is capable
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of hosting several FETs with different channel lengths, providing the platform for
optimizing FET performance. Typical output characteristics (Ins vs. Vps) (Figure 5.1(g))
illustrate the MoS; FETs with an increasing Vg from 0 to 60 V in step of 6 V. The transfer
curves (Ips vs. Vg, black for log scale, red for linear scale) at Vps = 5 V (Figure 5.1(h))

exhibit the n-type property with ON/OFF ratio exceeding 10. The field-effect mobility can

Algs L 1 1

HFE

be extracted with the equation: T Avg WVps Cox, where L and W are channel length

I at

and channel width of both 5 um. The device displays high ON-currents (10 pA pm~
Vps =5 V) and a high field-effect mobility of 9.18 cm?/Vs. Overall, the FET based on gold-

assisted exfoliated MoS> exhibits high performance toward the potential application in

digital devices.
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Figure 5.1 Material characterization and electrical characterization of the exfoliated large-
area MoS; nanosheets. (a) Optical image of exfoliated few-layer MoS» with the lateral size
of ~ 220 nm on Si0; substrate. (b) Room-temperature Raman spectrum of MoS, monolayer
where Alg mode at 408 cm™ and the E'2, mode at 385 cm™. (¢) High-resolution TEM

images of the atomic layer of MoS,, exhibiting hexagon arrangement of the atoms. (d)
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Histogram of comparing area size between traditional mechanically exfoliation and gold-
assist exfoliation method. (e¢) Three-dimensional schematic view of the back-gated FET
device on the Si0,/Si substrate. (f) Optical microscopy of the device, showing the source
and drain configuration from the top view. Different channel lengths are fabricated to
optimize the design. (g) Output curve (source-drain current Ips vs. source-drain voltage
Vps) with the back-gate voltage Vg sweep from 0 to 60 V. (h) Transfer curve (Ips as a

function of V) with Vps = 5 V, shows n-type behavior with on/off ratio of 107,

5.2.2 Multi-functional sensor system structure and fabrication

In our design, a central part is the choice of a suitable sensing material. The traditional
silicon-based sensing materials are rigid and have poor biocompatibility, [102, 103] which
calls for new materials with high sensitivity, flexibility and transparency. Here, we select
two-dimensional transition metal dichalcogenide (TMDC) as the sensing material. The
gold-assisted exfoliation method is also applicable for synthesizing MoS: and providing
large area nanosheets. In order to achieve high flexibility and remove the obstacle of the
vision, the stretchable metal contact with serpentine shape is designed around the central
pupil region with a clear visual field.

The soft, smart contact lens is fully integrated with a soft lens substrate as well as a
flexible hybrid sensor system. Figure 5.2(a) illustrates the structure and layout of donut-
shaped smart sensors laid on the PDMS-based contact lens substrate. The smart sensors

and the filamentary serpentine gold mesh (150 nm) are encapsulated in two layers of
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polyimide (PI, 6 um) to place the effective layer on the mechanically neutral plane and
provide primary strechability.[61-63, 94] Placing a rigid material on the mechanically
neutral plane of a stack is an effective approach to minimize the mechanical strain on the
device channel and metal electrodes. In order to place the electronics on the PDMS contact
lens mould easily and quickly, a PI-Au-PI sandwiches structure is applied for mechanical
support. The structure consists of three pairs of thin serpentine metal interconnects with
different sensor structures. The PI sandwich structure makes it inexpensive, easy to replace
and water-permeable. While using the filamentary serpentine structure with high
strechability in a soft electronic system, we have to identify a thin and dangling-free active
material which can well function under strain. In our work, the photodetection and glucose
sensing elements employ large-area MoS, nanosheets (~ 2 nm thick, 3x10* pm? in lateral
dimensions, made through gold-assisted exfoliation) as a charge-transfer channel. Figure
5.2(b) presents the entire setup of the system and its application on human eyes. The optical
image of the smart contact lens contains photodetector, temperature sensor and glucose
sensor attached to the lens surface (Figure 5.2(c)). The photograph in Figure 5.2(d) displays
the hybrid layer of sensors group on top of PDMS mould with perfect adhesion and bonding
surface. In order to avoid vision block, the geometry of the electrodes in regard to the

artificial eyes and the human eyes is demonstrated in Figure 5.2(e).
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Figure 5.2 (a) [llustration for the hybrid layered structure of the smart lens attached to eyes.
(b) The system and relative setup of the smart contact lens. (¢) The optical image of the
sensor structure. (d) Photograph of the hybrid sensor layer transferred on the PDMS mould.
(e) Ilustration of the smart contact lens placed on artificial eyes and the corresponding
dimensions with human eyes.

Figure 5.3 outlines the key steps of the “pattern-release-transfer” fabrication process
for forming the hybrid, soft, smart contact lens. The entire procedure starts with spin-
coating a bottom layer of polyimide (PI) (~2.5 pm) onto a clean glass substrate, which is
further cured (150 °C for 10 min followed by 250 °C for 1 h) to serve as a temporary carrier.
The MoS: nanosheet is then transferred onto the PI substrate through a transfer printing
process with a PDMS stamp [104], followed by patterning with thin Cr mask and SF¢/O>
RIE. The gold layer is evaporated and patterned on top of the PI film to form a functional
thin gold mesh (150 nm) with serpentine shape electrodes. An upper encapsulation layer of

PI with the same thickness (~2.5 pm) is further spin-coated, cured and patterned with
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oxygen plasma to obtain a sandwich structure of isolated sensor part. The patterned
geometries for two layers of PI match with those of the metal traces, which places the metal
in the mechanically neutral plane. Finally, the entire device is cleaned and chemically
released with buffered oxide etchant (BOE). The design and process can readily implement
flexible and stretchable electronics on elastomeric substrates or curvature surface.

The hybrid sensor system sandwiched by a PI-Au-PI structure was placed on a PDMS
contact lens mould as mechanical support. The mould was mixed with the elastomer and
curing agent at a ratio of 10:1, followed by stirring and de-bubbling in a vacuum chamber.
The mixture was then poured into the gap between two concentric stainless-steel half
sphere mould and cured in a baking oven (StableTemp oven, Cole-Parmer) at 60 °C for 30
min.

In order to form a working hybrid system, we develop a strategy for physical adhesion
which can precisely and firmly attach the released stretchable semiconductors to the
contact lens. The sensor ring is first floated and picked up from the deionized (DI) water
by the soaked as-prepared lens. The width of mesh and the radius of ring are perfectly
designed to match the sphere curvature radius of lens for precise transfer. To ensure good
substrate adhesion, we then bake out the entire system in the baking oven for dehydration
and bubble gap release. In order to avoid enzyme losing efficacy, the device is kept dry and
finally treated with the enzyme solution for glucose sensing. By implementing the
processes, we complete the hybrid smart contact lens with high flexibility, stability and

multiple sensing modalities.

85



a Glass

~¢ m\\/#\fl&/#v‘\{

clean Spin bottom Pl Transfer MoS, Deposit Au
Pl
\A Device
> 4@ =
Pattern electrode Spin top Pl Pattern PI Release

Bake oven
water

Enzyme solution
—, Contact lens \$¢,
» e » ’ » *
Transfer device Bake out .
on the lens In the oven Modify enzyme complete

Figure 5.3 Illustration of the “pattern-release-transfer” fabrication process flow. We begin
with coating bottom PI on a glass substrate. Next, the MoS: layer and gold mesh are
consecutively placed and patterned to form the sensor and electrode layer. Subsequently,
the top PI layer is coated and patterned followed by releasing from the glass substrate.
Finally, the device is picked up by PDMS contact lens, oven-baked and enzyme modified

to complete the process.

5.2.3 Temperature test and result

A metal-based thermal resistance is also integrated with the sensor system, which can
measure one crucial parameter to numerous monitoring applications especially in
healthcare. Although a variety of body temperature sensors has been invented since 1641,
[105] it 1s still a grand challenge to monitor the temperature on eyeballs due to the
tenderness of eyes. However, differently from other body parts, the temperature of cornea

can provide more detailed health information for ocular. [106] For this reason, the demands
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for low-cost, lightweight thermistors on a contact lens which can accurately measure the
temperature changes of cornea are high in biomedical applications. Figure 5.4(a) and 5.4(b)
show the three-dimensional schematic view and optical image of temperature sensor
integrated on the contact lens. The functioning mechanism for the temperature sensor is
based on temperature resistance effect of metal (i.e., the metal resistance alters with the
change of temperature). Typically, gold shows a linear relationship between temperature
and resistance within a certain temperature range. Therefore, the thermal resistance can be
precisely employed to measure temperature based on the change of resistance.

To establish the relationship between temperature and resistance, the thermal
resistance is first calibrated in boiled DI water bath on a hot plate by employing platinum
(Pt)-based resistance temperature detector (RTD, CENTER 376, Taiwan) as a temperature
reference. The calibration temperature spans from 30 to 50 °C, covering the range of human
body temperature. Figure 5.4(c) displays the temperature-dependent resistance by this
temperature sensor, whose slope represents the sensitivity of 0.94 Q/°C and shows good
linearity of the device with respect to temperature. The thermal-electrical properties of the
sensor in response to mechanical strain are further investigated for reliable operation on
soft contact lenses. When the devices on thin PDMS film are stretched up to 30% of
uniaxial tensile strain (Figure 5.4(d)), the resistance under different temperature remains
largely unchanged with a large tensile strain. This suggests that the designed hybrid

structure is a promising component of wearable electronics on soft contact lenses.

87



Top PI

Au electrode

Boﬂo‘m)

n
8
o
Resistance (Q)
b
&

8

I
2
40 0.94 Q/°C
o

" . N .
30 35 40 45 50 [} 5 10 15 20 25 30
Temperature (°C) Strain (%)

Figure 5.4 (a) Schematic illustration and (b) optical image of the temperature sensor. (c)
The temperature-dependent resistance curve for the gold thermal resistor. (d) The strain
versus sensitivity test under different temperatures on the temperature senor, indicating the

strechability of the device.

5.2.4 Optical measurement

The system level detailed layer structure and gold mesh layout are illustrated in Figure
5.5(a). The device system is tested after connected with external print circuit board (PCB)
through ACF cables. The photodetector is first characterized and tested for its optical
properties under illumination of different wavelengths and intensities. Figure 5.5(b) gives
the three-dimensional schematic view for the two-terminal sensor with the top PI window
open for higher sensitivity. The optical image of such a device is shown in Figure 5.5(c).
We record the time-dependent curve based on the photocurrent generation under pulsed
UV (A =365 nm) illumination with different Vps (1 V for the black curve, 2 V for the red
curve and 3 V for the blue curve) (Figure 5.5(d)). The device exhibits excellent on-off
performance to light illumination, with an increase of current by two orders of magnitude

when the device is illuminated. The photocurrent Ipn (Ioh = Ion — loff) increases with the
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higher Vps due to the faster carrier drift velocity. [64] Specifically, the device achieves a
fast response of typical rise time (500 ms) and fall time (500 ms). Together with the high
sensitivity, the device shows excellent performance on optical sensing.

We further perform electrical characterization under different light wavelengths and
illumination intensities. Figure 5.5(e) illustrates the Ips vs. Vps curve under red laser light
(A= 650 nm), a green laser light (A = 532 nm) and UV light (A = 365 nm) with the same
intensity (5 nW). The photocurrent at the wavelength of 650 nm is smaller than that of 365
nm, indicating higher transition probability with a shorter excitation wavelength. The
different response in regard to tunable wavelength provides the device with potential
application in further image recognition. The spectral response is then explored under
different UV illumination intensities in the range from 20 to 80 nW (Figure 5.5(f)). The
external photoresponsivity R at Vps =5 V can be extracted according to the current-power
relevance (Figure 5.5(g)). The photocurrent is promoted from 96 to 172 nA while the
intensity increases from 20 to 80 nW. In this case, the responsivity decreases from 4.8 to
2.15 A/W, followed by a saturation of the photoresponse. This reduction in
photoresponsivity is caused by the trap states given the high surface-to-volume ratio of 2D
layered materials. Under high light intensity, the density of available trapping states is

reduced.[65]
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Figure 5.5 The device characteristics of the optical sensor. (a) Schematic illustration for the
device structure with PI encapsulation and gold mesh as an electrode. (b) Three-
dimensional schematic view and (c) optical image of the two terminal devices for
photodetection. (d) The pulsed photoswitching behavior of the device, with A =365 nm, V
=5V and P = 4 nW. (e) Drain-source characteristic of the photodetector in the dark and
under different illuminating light wavelength (red for A = 650 nm, green for A = 532 nm
and blue for A = 365 nm). (f) Drain-source characteristic of the photodetector under
different illuminating light intensity (20 nW ~ 80 nW). (g) The photoresponsivity of the

MoS; photoresistor, exhibiting a high photoresponsivity of 4.8 A/W for UV power of 20

nW.
5.2.5 Glucose level

We then integrate a glucose sensor on the soft, smart contact lens that can respond to
the change of glucose level by resistance variation. MoS; is able to respond to glucose with

its specific 2D confinement of electron motion and charge transfer function. The alignment
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of atoms in two-dimensional MoS; nanosheets designates a large surface area and a
uniform porous distribution. The structure (Figure 5.6(a)) provides MoS> the high
selectivity to adsorb and immobilize the enzyme for glucose recognition on its surface. The
glucose sensing with sensitivity and selectivity begins with the immobilization of glucose
oxidase (GOx; B-D-glucose from Aspergillus niger) on the MoS; surface. [107-109] The
charge transfer process is attributed to the reaction of H>O> generated by the oxidation of
glucose with GOx. H2O» will then be dissociated in oxygen surroundings and produce
hydrogen ions (H") and electrons (e). The reaction can be described as below:

D — Glucose + H,0 + 0, % D — gluconic acid + 0, + 2H" + 2e~

Similarly to the other sensing modalities on MoS», the free electrons generated by the
reaction of glucose and GOx (Figure 5.6(b)) contribute to the increase of current owing to
the n-type behavior of active channel. The electron transfer on the surface of MoS> works
as an n-doping effect and thus makes the Fermi level shifted toward the conduction band
minimum, reducing the channel impedance.

Based on the mechanism above, the relative change in resistance as a function of
glucose concentration can be tested by the sensor. The glucose sensor possesses a comb
structure as displayed in Figure 5.6(c) which reduces channel resistance and increases
sensitivity. Figure 5.6(d) plots the real-time response of glucose concentration versus
current curve with a fixed bias of 5 V. The test starts with a pure Phosphate-buffered Saline
(PBS) solution by increasing concentration from 0.1 to 0.6 mM. The sensitivity (|JAR]/Ro)

is finally extracted depending on the glucose level as shown in Figure 5.6(e). The result

91



exhibits the high sensitivity by the device, which is capable of detecting human glucose
level range (> 0.2 mM). [110] The selectivity of the glucose sensor is tested with a buffer
solution and an artificial tear solution to identify the effect of other species in human tear.
The sensitivity of the device is not significant varied between these two solutions as shown

in Figure. 5.6(f), proving the selectivity of the sensor.
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Figure 5.6 The glucose sensor and the transmittance of the system. (a) Schematic
illustration for the glucose sensor. (b) Sensing mechanism of the device with the oxidation
of glucose. (c) Optical image of the glucose sensor. (d) Time versus current curve based on
the change of the glucose level. (e) The sensitivity (JAR|/Ro) of the glucose sensor with a
buffer solution. (f) Sensitivity for the sensors with the buffer solution (blue) and the
artificial tear solution (red). Five devices of each are tested and represented by the error

bar.
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5.3 Strain test, simulation result and biocompatibility verification
5.3.1 Sensor system result

The formed hybrid sensor system allows the collection of optical, temperature and
glucose information from the contact lens. While the temperature sensor is formed of gold
wires as a thermal resistor, the MoS»-based device exhibits a fast response (< 1 s), high
on/off ratio (> 10° with UV illumination) and high responsivity 4.8 A/W for photodetection
and high sensitivity (< 0.1 mM) for glucose level test.

Another key parameter to contact lenses is the optical transmittance of the PDMS
substrate (30 um thick), which is measured in the spectrum of visible light in Figure 5.7.
We examine the light absorption of PDMS contact lens to prove its transparency, The
substrate exhibits high optical transmittance of ~93% and low haze of ~ 3% in the entire

wavelength range.
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Figure 5.7 Transmittance test with optical transmittance (black) and haze (red) spectra of

the PDMS substrate.



5.3.2 Strain test

The mechanical properties of device are fully examined, in which the flexibility and
stretchability of the structure on the lens curve are verified.

The substrate exhibits high optical transmittance of ~93% and low haze of ~ 3% in
the entire wavelength range. Furthermore, the optical transmittance and haze of the
substrate remain stable under tensile strain from 0 to 30%. PDMS thickness has a

neglectable effect on the optical properties (Figure 5.8).
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Figure 5.8 The optical transmittance and haze test of the PDMS substrate at 550 nm. (a)
Optical properties under tensile strain up to 30%. (b) The variation of the transmittance and
haze with different thicknesses of PDMS.

When the eyeball moves in the Z direction (0.5 mm), the maximum principal strains
are less than 1% in most locations of serpentine interconnects, and the strains (< 0.3%) in
the region with electronic materials are neglectable. The process is also presented with Z
direction elastration on the device, and the relative resistance change under different

temperature is shown in Figure 5.9.
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Figure 5.9 (a) Photograph of the device under Z direction elastration with displacement of
4 mm from the center. (b) Relative change in the resistance of temperature sensor under

different temperature and Z displacement.

5.3.3 Simulation result

To understand the mechanical properties of devices, we perform finite element
analysis (FEA) to show the strain distributions of stretchable electronic devices with
serpentine interconnect.

The mechanical FEA models are described as following: FEA simulations based on a
commercial software package (Abaqus 6.14) allowed examining the strain distribution of
stretchable electronic devices with serpentine interconnects structure. The electronic
devices with serpentine interconnects structures included 6 pm/150 nm/6 um of PI/Au/PI,
and 6 pm/150 nm/10 nm/6 pm of PI/Au/MoS»/PL. These layers were modeled by the
composite shell element (S4R). The flat contact lens with thickness of 50 pm and diameter
20 mm, and the coronal contact lens with a ball radius of 10 mm, the thickness of 50 um
and crown height of 4 mm were also modeled by shell element (S4R). The eight-node solid

element modeled the eyeball, and the eyeball was regarded as a rigid body. The sensor
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device and contact lens were tied together through Tie constraints in Abaqus. The friction
between the contact lens and the eyeball was neglected. The radial displacement was
applied to the boundary of the contact lens to explore the PI strain distributions of
serpentine interconnects. The stretchable electronic device attached to the contact lens was
adhered to the eyeball by applying Z-direction displacements at the boundary of the contact
lens, with the eyeball fixed. Afterward, the eyeball moved 0.5 mm along the Z-axis while
the boundary of the coronal contact lens was fixed. The Young’s modulus (E) and Poisson’s
ratio (v) of the materials were set as follows: PI, Ep; = 2.5 GPa and vpr = 0.34; gold, Eau =
79 GPa and vay = 0.4; MoS2, Emos2 = 330 GPa and vmoes2 = 0.3; contact lens, Ec = 0.5MPa
and ve = 0.33.

When the system is placed under the radial strain of 25% (Figure 5.10), the maximum
principal strains in most locations are below 1%, lower than the fracture strain of gold
(~3%). The calculated strains in the key regions of electronic material (MoS;) are below
0.5%, significantly lower than the fracture strain of MoS, (~ 20%). As the stretching is
mainly absorbed by the deformations of serpentine interconnects, no mechanical fracture

occurs on the device.
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Figure 5.10 (a) Illustration for the system under radial strain on the two-dimensional
surface (left) and the finite element analysis (FEA) strain map under the radial strain of 25%
(right). (b) The finite element analysis (FEA) performed on the system and the device under
a radial strain of 5%, 15% and 25%. The maximum principal strains in most locations are
below 1%.

Meanwhile, the FEA allows examining the strain distribution of serpentine
interconnects during processes of adhering. As shown in Figure 5.11, the stretchable
electronic device attached to the contact lens is adhered to the eyeball through applying Z-
direction displacements at the boundary of the contact lens. When the displacement is 4
mm, the maximum principal strains in most locations in the electronic materials remain <
1.5% and the strain in the regions with MoS: is below 0.5%. The local buckle occurs as the
modulus distribution is non-uniform; however, no mechanical fracture happens to the

electronic devices.
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Figure 5.11 (a) Illustration of the system under transfer process on the contact lens surface
(left) and the FEA strain map under the transfer process with 4 mm of Z-direction
displacement (right). (b) FEA of the strain distribution during processes of adhering with
the displacement increasing from 0 to 4 mm. The maximum principal strains in most
locations in the electronic materials remain < 1.5%.

We also investigate the mechanical properties of electronic devices in operation.
Figure 5.12 shows the FEA model and the calculated maximum principle strain distribution
of devices attached to an eyeball through coronal contact lens. When the eyeball moves in
the Z direction (0.5 mm), the strain distribution of serpentine interconnects can be mapped.
It indicates that the maximum principal strains are less than 1% in most locations of
serpentine interconnects, and the strains (< 0.3%) in the region with electronic materials

(MoS: and Au) are lower than the failure strain.
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Figure 5.12 Illustration for the system under z direction displacement on the contact lens

surface (left) and the FEA strain map under 0.5 mm of Z-direction displacement (right).

5.3.4 In-vitro test for biocompatibility

To confirm the biocompatibility of contact lens system, in-vitro cytotoxicity tests are
performed on the as-fabricated contact lens hybrid architecture using human umbilical vein
endothelial cells (HUVECsS) that are seeded and cultured for 7 days.

HUVECs was cultured at 37 °C and 5% CO: with endothelial cell basal medium-2
(EBM-2, Lonza) with EGM-2 SingleQuots growth supplement kit (Lonza), were
trypsinized using 0.25% trypsin-EDTA solution for 4 min, centrifuged at 200 rpm for 5
min, resuspended in the cell culture medium, and counted using a blood counting chamber.
Then the cell suspension (containing ~5x10* cells) was seeded in a 35 mm petri dish
containing the electronic device. After adding 5 mL of fresh media, the petri dish was
placed in an incubator with 37°C and 5% CO> (Thermo Scientific Forma 3131). The cell
viability of the HUVECS and the cytotoxicity of the electron device were identified on days
1, 4, and 7 by means of staining the cells with two fluorescence dyes: calcein AM and

Propidium lodide (PI) from Aladdin Industrial Corporation (Shanghai, China). In the
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experiments, the working concentrations of calcein AM and PI were 2 pmol and 10 pg/mL,
respectively. Cells were incubated at 37°C for ~30 min after the two dyes were added and
imaged in an inverted fluorescence microscope (Olympus IX 53). The green-stained cells
are living while the red-stained cells are dead. Cell viability (%) was expressed by the ratio
of the number of living cells to the total number of cells, quantified using ImageJ software.
HUVECs are chosen as the test model system because of their low cost, simple
technique for isolating and application relevance. [111] Figure 5.13 shows the liveness and
mitotic behaviors of micro cells with an optical image with live cells on the substrate (upper)
and corresponding fluorescence images (lower) on days 1, 4, and 7. Two fluorescence dyes
— calcein AM and Propidium lodide (PI) — are used for the live/dead assay study, which
stain live and dead cells to green and red colors, respectively. Figure 13b presents the
average viability of over 95% at different time points, consistent with the regular cell
culture result. The numbers of live (green) and dead (red) cells are defined by the
fluorescence in figure 13c. The number of live cells grows significantly throughout the
duration of experiment while the numbers of dead cells stays low. The result thereby
provides evidence that the hybrid sensor materials are not cytotoxic to human endothelial

cells.
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Figure 5.13 In-vitro cytotoxicity test of hybrid electronic devices. (a) The optical images
(upper) and fluorescent images (lower) of the HUVECs at different time. In a LIVE/DEAD
assay, green and red fluorescence indicate living and dead cells, respectively. (b) The
average viability (percent of living cells) at day 1, 4 and 7. The percentage of living cells
stays the same during the 7-day period. (c) Cell count (number of cells per area) at different

time. The increasing number of living cells produces the cell culture reliability.

5.4 Conclusion

In summary, the soft and wearable bioelectronic system of smart contact lenses offers
new opportunities for extensive study on eye disease and other biomedical applications
involving body fluids. The findings presented here introduce a noninvasive,
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multifunctional, high-performance, reproducible and inexpensive system of smart contact
lenses based on hybrid structure and 2D materials. The hybrid and serpentine architecture
ensures the transparency, comfort of eyes and high strechability. Further in-vitro studies
have shown that this system is biocompatible and non-toxic to human cells. These results
provide an attractive solution for implantable bioelectronic systems. The capabilities of the
system include detection of eye temperature, optical signal and glucose level, which are
essential in ocular-related researches. This work provides insights into wearable smart

sensor design from the viewpoint of device structure and material selection.
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Chapter 6. Conclusions and Future work

6.1 Accomplishments

The accomplishments of this entire work can be summarized as:

1. Ultra-large area TMDCs is obtained with gold-exfoliated method. These high-
performance novel materials can be used for the electronics devices including FETs and
sensor integration. The monolayer property, high yield and extremely large area are
spectacular candidate for other physical characterization and applications.

2. Fabrication recipe for universal two terminal and three terminal TMDC-based
devices has been developed and optimized. These two terminal devices can be used for
multifunctional resistivity-based sensors and the three terminal devices are excellent future
electronics. In this work, two terminal devices are widely applied in multiple sensors while
the three terminal FET presents the great potential replacement of current silicon-based
devices.

3. MoSe; is further researched and characterized to evolutionally complete its
properties map in regard of the electrical and optical aspects. The optimized nanosheet
shows great potential for electronic devices and is subsequentially used as active layer for
sensing in this entire work.

4. Gas sensors have been fabricated by pristine MoSe> nanosheet and further improved

with decorated Ag nanoparticles. The mechanism of the gas sensor is studied. With the high
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performance of MoSe; nanosheet, the decoration technique separates the sensing and
transduction process in the sensor, and thus incredibly increase the performance of the gas
sensor. The device selectivity of the hybrid NP/MoSe. gas sensor devices can be tuned by
changing the functionalizing materials, which allows chemical sensor array for large
variety of chemical analytes.

5. Photodetector and glucose sensor based on MoSe, and MoS; are fabricated,
functionalized and tested. The materials exhibit fast and high photoresponse, high on-off
ratio, wavelength selectivity and high sensitivity on detecting glucose level.

6. Epidermal and wearable devices based on TMDCs are fabricated, testes and
integrated with flexible PCB. The epidermal devices are able to be paste on the skin and
on the contact lens for different physiology information collection. While the wearable
devices are smart watch worn around the waist. The system setup is able to wirelessly
connect to external gateway and send data to cloud terminal for storage, sharing and
analysis.

7. Artificial intelligence and machine learning techniques are applied to the wearable
gas sensing setup for gas leakage source prediction and localization. The smart mobile
device can eventually help continuously monitoring the environment within any map area.

8. The cytotoxicity of MoS; is tested in-vitro and the devices are in use for bio-
electronics applications to improve the study in the field of healthcare. The devices and the
concepts described and illustrated in this work provided a bigger picture for the current loT

network
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6.2 Applications

TMDCs family has now been postulated as the future alternative for silicon-based
devices in health care. This will only be possible if these new materials offer overwhelming
advantages over traditional silicon technology. Since the traditional silicon-based device is
rigid and less biocompatible, the application of TMDC in epidermal and wearable devices
is extremely important. At the same time, other low dimensional materials have their own
limits. For example, pristine graphene does not work as a semiconductor; nanowire or
nanotube, is not capable of providing a large surface-to-volume ratio. To overcome all
these limits and to expand the understanding of the TMDC family, this work is an attempt
to show the different alternatives in the field of 2D materials toward precision health care.

Flexible and wearable devices with new materials are essential and we have shown
that the properties of TMDC are useful for electronic, optical, chemical and biomedical
applications. Both theoretical and experimental results suggest TMDCs are good
candidates in flexible electronic devices. By synthesizing layered 2D materials with a gold-
assisted top-down approach and transferring the materials on different target substrates, we
developed a fabrication process and produced TMDC based FET, photodetector, chemical
gas sensor and epidermal electronics.

Firstly, we showed the studies of the MoSex-based FET with its metal contact, gate-
controlled response and thickness dependent physics. We concluded the effect of MoSe»

layer thickness changes that the performance raises as the layer thickness increase in the
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2D regime. Further increase in layer thickness in 3D regime causes the performance to
decrease. We found the optimal thickness of MoSe> as the boundary of two regimes. We
showed that interfacial water between MoSe: and the SiO> substrate can be critical to the
performance and can be eliminated by thermal annealing.

We also developed MoSe:-based flexible and epidermal gas sensors with optimized
performance. The NO, and NH3 were tested with the high-performance sensor system and
integrated onto human skin. After the tensile strain of up to 30% is an introduction, the
device shows the high sensitivity of down to ppb level. The system is further wirelessly
connected to the external interface and effective in providing timely warnings. The sensing
data are uploaded to the cloud-based terminal so that the medical institute can easily access
and provide a more accurate diagnosis.

In order to be applicable for children, a smart watch is developed to monitor toxic and
irritant gases. Based on the previous techniques and the decoration of the metal
nanoparticles, we further demonstrated a wearable gas sensor with higher selectivity and
sensitivity. We observed a change in the Raman spectra and correlated this with localized
charge transfer from the AgNPs. The as-fabricated sensor has the ability to locate the
pollution sources based on neuron networks study.

Finally, we demonstrated a multifunctional and highly-transparency smart hybrid
contact lens based on MoS> nanosheets. The contact lens contains multifunctional sensors
including a photodetector, a temperature sensor and a glucose sensor for an extended map

of monitoring the body physiological information. The hybrid sensor system is examined
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with live cells and shows good biocompatibility which supports the great potential in soft

electronic applications.

6.3 Future Work

There is a scope for TMDC in building health-related epidermal and wearable
electronic devices. Although some of the parameters of the devices presented in this work
present the capability of application in optical, electrical, chemical and biomedical
detection, some of the preliminary findings need to be further investigated and verified.
Aspects to be considered and improved in the future work on these devices are summarized
for further studies.

1. On the optical aspect, the effect of light intensity on the sensitivity of these optical
sensors needs to be investigated for a broader intensity and wavelength range. The devices
in the current intensity range are not saturated with the increasing intensity. This result
indicates a possible detector with a large detection range. A broader wavelength range
would provide a further understanding of the material energy band and light absorption
properties, which also expand the possible application in color and distance recognition.

2. As for the electrical properties of FET, more parameters should be extracted under
different conditions such as low temperature and high frequency. Low-temperature study
extends the understanding of the Schottky barrier heights and thus provides the physics
explanation of thickness-dependent results. High-frequency analysis of the FET offers

more details about the gate dielectric capacitance and the small signal model.
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3. The most concerned aspects in chemical gas sensor include sensitivity, selectivity
and life time. Although high sensitivity and fast response are declared in our work, the
better performance is desired in environment monitor. Possible methods for improving the
sensitivity, response and recovery time of these sensor devices need to be explored. Higher
selectivity can be achieved by multiple plasmonic decorations and various sensing
modalities. Due to the oxidation and humidification of the material, the life time of the
TMDC becomes the most severe problem. Effective passivation and oxygen release
methods need to be taken into consideration and further determined.

4. Investigation and improvement in the biomedical device require extensive
understanding of the physiology signals. Embolization and stabilization of the enzymes
need to be studied and analyzed for these sensor devices.

5. Additional work will be done to improve the circuit design for lower power

consumption, less complexity and higher flexibility.
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Appendix A - Mask Layout
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Figure A1. Mask design of e-GS structure with blue line as metal electrode and red line as

PI. a) The overview size of the device. b) The geometrical details of gas sensor. c¢) The

geometrical details of the electrode.
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Figure A2. Mask design of the entire contact lens system including the bottom contact pad
with blue line as metal electrode and red line as PI. a) The overview architecture of the
system. b) The schematic details of the photodetector and the inset showing the cross-
sectional view of the structure. ¢) The geometrical details of the glucose sensor. ¢) The flat

structure details of the temperature sensor.
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Appendix B - Circuit Design

Voltage divider Op amp with filter (AD8232)
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Figure B1. Block diagram of detailed circuit design with voltage divider, amplifier and

BLE built-in microcontroller.
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Appendix C - ACF Connection

(a) (b)
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Figure C1. Interconnected sensor interfacing with external circuit. a) Optical image of a
sensor connected with a printed circuit board through an ACF cable. b) The equivalent

circuit diagram.
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Figure C2. The interconnected system that connects with external PCB through an ACF
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cable.

(a)

Li-ion Battery Positive Voltage Microcontroller

Regulator >
3.7V (+3V) (CC2541)

A\ 4

(b) (c)

Figure C3. Power delivery package: a) Power delivery diagram of the system. b)
Photograph of a rechargeable battery module used in the current work (placed next to a
quarter-dollar coin for comparison). c) Representative photograph of the power delivery

package inside a bandage.
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Appendix D - Strain test
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Figure D1. The photograph of the stretched device under uniaxal (y-axis) tensile. a) The

original state. b) The 15% tensile state. c) The 30% tensile state.

124



