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Abstract

Biosensors are widely used to expedite the estimation of vital health signatures and pro-
vide techniques that aid in the continuous health monitoring of patients. Over the last
few decades, the advancement in the silicon industry caused significant improvement in the
development of sensing devices, marketing sensitive and robust sensors. However, multidis-
ciplinary expertise is needed for the furtherance of developed biosensors. Biotechnology
provides simple yet efficient assays to detect biomarkers and hence plays an imperative
role in sensor development. Recent developments in two-dimensional nanomaterials such
as graphene have also proved to be of great importance to achieve better sensor perfor-
mances. However, the estimation and modelling of the interaction between the biomark-
ers and newly discovered nanomaterials are not yet matured, which is indispensable for
developing a new generation of sensors. The traditional methods to evaluate these inter-
actions are based on experimentally determined parameters that are difficult to estimate.
Therefore, methods for electronic structure calculation, such as density functional theory
(DFT), can be a good candidature for the study of interactions between biomarkers and
nanomaterials. The primary research objective of this thesis is to employ DFT for estimat-
ing the electronic structure of pristine graphene and doped graphene nanostructures and
evaluating their interactions with numerous gaseous molecules and biomarkers by calculat-
ing binding energies, electronic structures, and charge transfer. The doped nanostructures
exhibit superior sensing capabilities over pristine nanostructures. Further, the synthesis of
graphene and its functionalization routes to employ them as Glutathione and Lactate sen-
sors are explored. Later, for experimental proof, the chem-resistive-based sensing devices
were fabricated, and sensor parameters were estimated. The high sensitivity and better
limit of detection of the fabricated devices make them suitable for devices for point of care

applications for detecting various health disorders.
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1. Introduction

1.1 Introduction

1.1.1 Biosensor

According to the definition given as per IUPAC, "It is a device that uses specific biochemical
reactions mediated by isolated enzymes, immunosystems, tissues, organelles or whole cells to detect

chemical compounds usually by electrical, thermal or optical signals” |17].
1.1.2 Biosensor system

A biosensor system consists of three components, as shown in Fig[T.1] The first component is the
bio-recognition component, also called bioreceptors; these are target biomolecule specific. The second
component is the biotransducer responsible for converting interaction between target biomolecule
and receptor into a measurable signal. The last component is the electronic readout circuit, it has

instrumentation amplifiers and signal conditioning circuits, and a display to show the output .

Arafyte Reogrition Element Tt ek ot
F ,
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L ﬁ:' Ereymee I:::I
. Blectrical
» Antibody r:::.
. }}7 it Electrical
a Nucksic Acid | = Signal
™ 2;} Plioslsctric
. cally et
e !{‘:_'g Calarimsaric
|

Figure 1.1: Differnet components of Biosensor system .

1.1.3 Classification of BioSensors

There are various types of classification of biosensors, as shown in Fig[T.2] The first type of
classification is based on the labels used in detection . In the biosensor system, biorecognition
or receptor is crucial as it is respomnsible for interactions with target biomolecule and selectivity.
Therefore the second type of classification is based on receptors used. The next major component of
the biosensor system is the biotransducer. It is responsible for measuring the interactions between
target and receptor, thus affecting the sensitivity. Therefore, the third type of categorisation is based

on the type of transducer used .
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Label-Free

Figure 1.2: Classification of Biosensor system — .

1.1.4 Based on labelling

Based on labelling used in the detection, biosensors are classified into labelled and label-free, as

shown in Fig[l.2]

Labelled biosensor

Label-based techniques use "tags” or ”labels” to detect a particular analyte in the background of

other materials. These labels are chemical substances that can result in optical signals for detection.
Label-Free

These are novel techniques in which no labelling is required. In such biosensors, receptors are
used to detect a particular biomolecule that is responsible for selectivity. They have some kinetics
or thermodynamics associated with target molecules. In this type, minimum assay development is

required to detect a target molecule.
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1.1.5 Based on Receptor

Based on receptors, biosensor’s further classification is shown in Fig and discussed as follows:

e Enzyme: In this target biomolecule specific enzymes used, for example, Glucose detection |1§]

e Antibody: It is made up of amino acids arranged in a highly ordered sequence. An antigen-

specific antibody fits its unique antigen in a particular way, for example, detection of protein |11].

e Nucleic acids: These types of biosensors are based on DNA, RNA and peptide acids. The
complementary sections have a very high affinity and hence give good selectivity, for example,

detection of S. epidermidis [19].

e Cells: Biosensors that can detect cellular activity or a specific component of a cell. For example,

Cell Microenvironment Monitoring [20].
1.1.6 Based on Transducer

Based on transducer type and their mechanisms involved classification of biosensors shown in

Figll.2) and discussed as follows:

e Electrochemical: Chemical reactions that produce electrons and ions can be monitored with
Amperometric and potentiometric techniques. Amperometric is highly sensitive and suitable
for mass production, whereas potentiometric involves detection of change in potential. The

advanced silicon fabrication technology makes the mass production possible [3]

e Electrical: This includes Conductometric(Impedimetric) and ion-sensitive techniques. Ions or
electrons produced during a reaction can cause a change in conductivity. Ion-sensitive is similar

to the potentiometric method [21].

e Optical: These types of biosensors are based on optical properties such as diffraction or fluores-

cence, which is a change in frequency of emission due to absorption or excitation of atoms [22].

e Piezoelectric: Piezoelectric crystals vibrate due to applied electrical signal of a specific frequency,
as target molecule binds their frequency varies or due to binding events mass varies and hence

stress/strain on crystal varies due to which voltage generated [23].

e Calorimetric (thermometric): The reaction between target biomolecule and receptor causes vari-

ation in temperature, which is sensed by temperature sensor [3].
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1.1.7 Application of Biosensing
e Medical: Detection of diseases. for example, lung cancer detection and Lab on Chip [24].
e Environmental: Detection of pollutants in the environment. For example, gas sensing [25].
e Industrial: Detection of gases and chemicals. For example, pH detection [26].

e Food technology: Determination of food quality. For example, detection of HsS gas from food

samples [27]
e Space: Space exploration involves detection of gases [27] and chemicals [28].

e Defence: In the prevention of biological warfare. For example, detection of biological agents like

HIN1 [29]

1.2 Electrochemical Biosensors

Electrochemical biosensors are the most popular and universally explored. These are based on the
reaction between the receptor and analyte molecules, causing current, voltage, or impedance signals.
Sensors can be classified as conductometric, amperometric/voltammetric, and potentiometric based

on the transduction method.
1.2.1 Chemiresistor

Chemiresistors are materials that are conducting in nature with an inherent resistance/conductance
that can experience changes as a response to variations in chemical characteristics of the surrounding
environment [30]- [31]. Their sensing action depends primarily on the interaction between receptor
and analyte. This interaction can be either Van der Waals, ionic, covalent, hydrogen bonding, or
other recognition processes. A simple chemiresistor consists of two electrodes and the receptor mate-
rial deposited in between them. The inherent resistance of the chemiresistor can be measured, and
therefore, the changes in the resistance can be observed upon exposure with the analyte. As the re-
ceptor is exposed to the analyte, its constituent atoms interact with the analyte atoms. During which,
a phenomenon like material’s structure change or charge transfer occurs, which is ultimately refected
as a change in the material’s resistance. Moreover, the change in the resistance is proportional to the
concentration or amount of analyte present. Therefore, the amount of analyte present can be esti-

mated from the calibration curve. The fusion of nanomaterials in chemiresistive devices can enhance
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Table 1.1: Literature review for Chemiresistors

o e Receptor Sensor .
Application Material Parameters Advantages Disadvantages Reference
Detecting Chemically t.hlIl films of LOD for NO; 250 ppb Inkjet-printing of CNT Respo.nse almd recovery |
Aceressive Vapors single-walled and Alm paper time is more 132]
&8 P carbon nanotube LOD for Cly 500 ppb pap (a few minutes)
Detection of a nerve Nan.o»composne of Response time =5.5
single-walled at 10 Room Temperature ]
agent . . - 133
simulant eas carbon nanotubes ppm DMMP operation 1
& and polyaniline LOD is 1ppm
Nano-composite of
Detecti f Chemical ~onducting polymer and . ]
© ecv fon of Chemica conducting polymer an LOD is 6.5 ppm Stability in humid air affected by VOC 134
Warfare Agent single-walled 1
carbon nanotubes
Nano-composite of
. I Metal Organic Framework | Response Time 100 sec | Selective towards Lead Requires CV setup r.
Detection of Lead ions and Multi-walled LOD 79nM ions for measurement 35}
carbon nanotubes
. Functionalized . .
Detection of LC3 . . . 20-60 min detection ]
. polypyrrole and - Simple in operation i 136
Protein ) time 1
carbon nanofiber
Detection of hepatitis B | Graphene-gold 11-anoparticle L - S Real time detection complex functionalization |37
surface antigen composite process 1

their sensing performance (sensitivity, selectivity). Some recent applications with nanomaterials in

chemiresistors are given in Table 1.1

1.2.2 Amperometric and Voltammetric Biosensors

These biosensors generally have an electrochemical cell with two or three-electrode configurations,

i.e. reference electrode, a counter electrode, and a working electrode.

Table 1.2: Literature review for Voltammetric and Amperometric Biosensors

.. Receptor Sensor A
Application Material Parameters Advantages Disadvantages | Reference
. Carbon screen-printed E. coli 0157 Range
Label-free detect 4 5 . ; ]
of };;tc:jica(l : Cit(l\:o:::\s electrodes modified 10 10% CF/mL Less detection time - 139
i pathoge with gold nanoparticles LOD CFU/mL
Detection of Hydrogen MoOs3 . Nanoparticle possess | High temperature
b ) Detect > 1-5 mM © 4
Peroxide nanoparticles based electrodes etection range 1-5 m. antimicrobial activity | synthesis process [t
Sensitivity 20.12uA/mM/cm? .
20 . High t at ]
Glutamate biosensor niz;zlfties Linear range 10 to 600uM Excellent stability sl'itlh:slizpeE:U]el:: |41
LOD10uM Y P
. Anti-CA125 probe .
Detection of oncomarker {mmobilize dno‘lm_ "cr(‘(‘nlil (:'i):tc 1 carbon Linear range 5-80 U/mL Detection in serum Stable for only Lo
CA125 in serum ” sereenp @ e LOD 1.45 U/mL o 20 days
electrode N
Flexible electrode

. Cu/rGO decorated Linear range 2-25 mM exible e ectrgde High temperature
Glucose detection s Green preparation . 143
buckypaper Sensitivity 480 uA/mM reduction process 1

! ! Low-cost

) ) Plat}num dnd zine Linear range 10-110 mM Non-el}zymatlc ) High tempgratjlre
Diabetic sensor oxide modified and selective detection synthesis of |44
o LOD 0.1 uM . . 1

carbon nitride electrode in human blood clectrode material

In the case of Amperometry, the current is produced due to any electrochemical reduction or

oxidation at the surface of the working electrode. At the same time, a constant potential was applied

to it with respect to the reference electrode. Whereas, during the Voltammetry, the change in current

was measured while varying the applied potential. These techniques are highly sensitive, accurate, fast
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and are thus employed in various applications. However, the selectivity, as well as the lifetime of the
sensor, depends on the material properties of the working electrode [38]. Therefore, once again, robust
composites and modern nanomaterials can help in their improvement. Some recent applications with

nanomaterials in Amperometric and Voltammetric sensors are given in Table 1.2.
1.2.3 Potentiometric

Potentiometric biosensors are based on the charge accumulated at the receptor with respect to the
reference electrode under zero current. This charge accumulation occurs due to its interaction between
analyte and receptor. In order to get a potential signal corresponding to this biochemical reaction,
ion-selective electrodes and ion-sensitive field-effect transistors are employed. Some recent literature

based on potentiometric biosensors is given in Table 1.3.

Table 1.3: Comparison of Chemiresistors, Voltammetric, and Potentiometric Biosensors

Parameter Chemiresistor Amperometric Potentiometric
and Voltammetric or FET
Gomplexity . Complex . S'imple but may be complex
Simple (2 or 3 electrode system in | in the case of extended or
of Structure .
electrochemical cell) segregated gate structures
Area Requirements Less More area required Less
Yes
Repl bl . No, but possible
.ep R © No working electrode can be | . DU Ragsibie
sensing membrane . in segregated gate structures
easily replaced
Additional No No Yes
Circuitary requirements segregated gate structures
Simple -V
Characterization SimPle LV Cyclic Voltammetry chara?cterizat.ion setup
characterizationsetup setup with or without
instrumentation amplifiers
Moderate cost,
13 o ate t ] :1 P 3
Additional Remarks cost-effective Costly §jate terminal can improve

sensitivity during
measurements

1.3 FET-Based Biosensors

Silicon based semiconductor fabrication technology is very much evolved in the last few decades,
which enables the manufacturing of advanced VLSI devices on a nanometer scale on silicon wafer [45].
FET based biosensors are based on a combination of these two in which the chemical and biological
methods of recognition are used along with semiconductor fabricated devices to detect and measure
the target biomolecule with high accuracy and fast response time [21]. This type of sensor also

involves signal processing concepts to improve the performance of sensors. The advantages FET
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based biosensors can be summarized as follows:

e Small in size and less weight.

Fast Response time.

Low-cost fabrication.

On-chip integration of sensor array.

Improved robustness and long sensor lifetime.

FET-based biosensors can be classified in terms of the type of device used as transducer and type of

receptors used in those transducers . The detailed discussion is as follows:

1.3.1 Based on Device type
1.3.1.1 ISFET

ISFET was the first miniaturized silicon-based chemical sensor introduced by Bergveld in 1970 [46].
Since then, various field-effect biochemical sensors have been developed. It derives from the insulated-
gate field-effect transistor (IGFET) and the metaloxidesemiconductor field-effect device (MOSFET),
being the most studied field-effect type device for biosensing [45]. ISFET structure as shown in Fig
is similar to MOSFET, except the gate metal electrode of the IGFET is replaced by an electrolyte
solution which is contacted by the reference electrode, with the insulator placed directly in an aqueous

electrolyte solution [4]. The operation of ISFET is analogues to a MOSFET, current equation for both

Syl
Rafsrenca
Bai%yr Ewirotyin Erpkcirmdin
-
LB

Caniaci

E

Figure 1.3: ISFET structure H
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the devices can be given as:

Oo:vW v
7 Ves = Vru - ~51Vps (1.1)

I —
d 2

But the value of thershold voltage Vrpy given by Equation is different for both the devices, which is
constant in the case of a MOSFET but is a function of the pH of the liquid for the ISFET. Due to

this the functionality of both devices varies.

Vrw = Vip — 83 + 2¢F (1.2)
+ i
VrB = EREF — Y0 — Xsol — (QSSCkQOQ:) — ¢7S (1.3)

Here Vpp is the flat band voltage, @ p is the depletion charge in the silicon, ¢ the Fermi-potential,
Erpr the reference electrode potential relative to vacuum, s, the surface dipole potential of the
solution, ¢g; the silicon work function, Qs is the surface state density at the silicon surface and Qo
the fixed oxide charge. The potential drop in the electrolyte at the oxide-electrolyte interface, vy, is
the parameter that makes the flat band voltage a function of the pH, resulting in the ion sensitivity

of the device |4]. The advantages of ISFET based sensors are as follows:

e Manufacturing of ISFET is compatible with existing silicon fabrication technology and, hence,

can be integrated with signal-processing electronics on the same chip.
e Small in size because of which consumption of sample is less.
e Fast Response.

However, as the sensing membrane is present on the top of the silicon substrate in ISFET, hence,
liquid penetration, adhesion problems can degrade the sensor response, reducing lifetime. The typical
applications of ISFETSs involve pH sensing [26], alkali [47]- [48] and glucose sensing [49]. Some recent

literature on ISFET biosensors is given in Table 1.4.
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1.3 FET-Based Biosensors

1.3.1.2 EGFET

EGFET structure is similar to ISFET except the sensing layer is at the end of the extended
conductive gate electrode line — as shown in Fig i.e. separating the sensing area from the

device area. The operation of EGFET is exactly similar to that of ISFET. The surface reactions at

B-B

Crikp

[0t ks Frrmating| [k frersation|

Figure 1.4: Extended Gate FET structure H

the sensing membrane cause change in the potential at the membrane electrolyte interface (1), which
is carried to the gate terminal of MOSFET by a conductive layer. 1 is dependent on pH; hence the
response of EGFET is also pH-dependent. The EGFETSs have several advantages over ISFETSs, which

are listed below:

e The sensing area is separated from the active device area. It prevents ions from penetrating
the channel or moving through the gate oxide, producing a more robust structure for clinical,

industrial, and environmental applications.

e It provides convenient packing of the active devices because of a conductive plane which is the

extended gate electrode.
e The FET can be tested and characterized in the usual manner without using the solution.
e The sensing area can be readily modified for selective detection of various ions.

Again, there are some shortcomings of EGFET configuration as they can only be used in low

impedance membranes. Moreover, sensing membrane replacement is not possible and consume more

TH-3014_136102008
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area as compared to ISFET. The common applications of EGFETs involve pH Sensing , multi-
analyte biosensing , protein detection . Some recent literature on EGFET biosensors is given

in Table 1.5.
1.3.1.3 SEGFET

Many times harsh enviornment cause damage in sensing membrane because of which whole sensing
device has to replace with a new one . Hence SEGFET structure came to existence in which

replacement of sensing membrane is possible. SEGFET is a type of EGFET in which a metal wire

biskawo ] Ainpadei '—l',:'-l::_
"-\._\_l\-\..' 10
_—:I __\-b- :I I- - T
i K Vw*u
Mo 1 3 e
T, = 28]
— PAN] z}.:::n i
e K .
A
il Bl v
FTi !:'“\-\._ L]
| [ e VAV
P L"{nie

o)

Figure 1.5: SEGFET Structure (a)With Instrumentation amplifier (b) With MOSFET I.C. @

connects the sensing film membrane to the gate of a commercial MOSFET @ as shown in Fig. 1.5.
The most common commercial FETs used in SEGFET are the instrumentation amplifier AD620 (used
as high impedance unity gain buffer), the operational amplifier LF356 the instrumentation amplifier
with LT1167, and the commercial MOSFET-CD4007UB [45]. The operation of SEGFET is the same
as that of EGFET.

The commercial MOSFET has good characteristics, and its fabrication process is not a concern.
Moreover, the commercial MOSFET is reusable for other applications for which the sensing part may
be interchanged. This decreases the cost because the biosensor is disposable. However, SEGFETSs
are bulky than EGFET and involve complex circuitry. Also, the metal wire that connects the sensing
head to MOSFET has to be properly shielded, and if the length of the wire is more, then losses also
cause degradation in the sensor’s performance. Some applications of SEGFETSs are reported in pH

sensing [56] and urea detection . Some recent literature on SEGFET biosensors is given in Table

TH-3014_136102008
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1.3 FET-Based Biosensors

1.3.1.4 EIS

EIS is the simplest structure of bio-sensor based on the field-effect mechanism. It is derived from
MOS-CAP structure . In this type of system, in response to a change of pH, the capacitance of the

system varies . The structure of EIS is derived from MOS-CAP in which metallic gate is replaced

with electrolyte and a reference electrode as shown in Fig[T.6]

Fluestinlyie
Teflan cell
s AT : S0y (70 um) I'latimams
FIRTRLETLETRUE LRI ET R LA REL K3 1 [Hinne Elecirnds meeen
1 WlE
p=Xilican Insulator BRIDGE
adatrate

Back Al Coerbci

e b o r——

Al o '

Figure 1.6: (a) EIS-FET Structure (b) EIS-FET characterization Setup [7].

Table 1.6: Literature Review of EIS-FET

i 1 - q . Dis
Application | Device Type Structure Sensing Material | Sensor Characteristics Advantages advantages Ref.
S=58.45mV /pH
High-k 5=82.39mV /pC
Detection EIS BSon | rmoTior Drift Rate:()/.595 G slow
. 4-inch p-type Si . Stablility measurem 59
of Creatinine FET (100) wafers sensing mV/h 120Days ent
membrane Range=0.01-15
mM
drifts
EIS 4-in of the
p-doped Hafnium proposed low fluorinated-
Alkali Metal EIS (.with boron) dioxiqe (HfO2) S—121.6mV/pNa damage plasma HfO2 EIS
Ton single-crystal thin-film treatment hence structure are 28
. FET o . S=98.1mV/pK .
Detections silicon wafer sensing improved almost
resistivity membrane sensitivity the same as
812 ohm cm untreated
samples
Estimation of EIS-CAP Sensitivity
blood analytes EIS silicon wafer variation Sensitivity is
(triglycerides FET (p-type) size of §=55mV/pH as annealing less 60
and urea) 2.5 cm X 2.5 cm temp varies
Copper
phthalocyanine
sandwiched ssDNA-
Detection EIS transparent immobilized Low Cost L Lower' .
of DNA FET indium tin oxide | on Ta205,0EIS S§=44.1mV/pH device limit of detection is,not | 58
(ITO)electrode device sufficiently low.
and dielectric
(12X40mm?2)

The operation consists in applying a direct current (dc) polarization voltage via reference electrode

to set the working point of the EIS sensor, superimposed to a small alternating current (ac) voltage
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1. Introduction

(1050 mV), which is applied to the system to measure the sensor capacitance [45].

The EIS sensors are characterized using the C-V measurements [7]. In the C-V curve, three regions
can be identified, namely, accumulation, depletion and inversion. For sensing, only the depletion
region is considered for analysis, as the curves are shifted due to changes in the electrolyte/insulator
interface potential [58]. The EIS sensor has very high precision, but at the same time, the capacitance
measurement is a bit complex and difficult.

Creatinine [59], alkali metal ion detection [28], estimation of blood analytes [60] and DNA detection

[58]. Some recent literature on EISFET biosensors is given in Table 1.6.

EIS based sensors are reported for the detection of

1.3.1.5 Comparison between ISFET, EGFET, SEGFET, and EISFET

Table 1.7: Comparison of differnt sensor structures based on FET.

Parameter ISFET EGFET SEGFET EIS
. Simple Complex )
Comiosty | oSk || Mot | sierosear
like) ISFET
Sensing
More area less
Area Least than ISFET Wt Least
require MOS-IC
Replaceable No No Yes No
sensing membrane
Need
of Additional Yes
Ckt or IC in No No (MOSFET-IC) o
Sensor Module
Simple
. Simple Simple I_V. .
Characterization LV LV Charecterizaion Complex C-V
ckt . A with Measurement
Charecterizaion | Charecterizaion | . .
mmstrumentation
amplifiers
Life time Less More More life time Less
and life time life time and Life time
Reliability and and reliability reliability and
reliability than ISFET than EGFET reliability

1.3.2 Based on Receptor used

1.3.2.1 ENFET

The utilization of enzymes as biochemical recognition elements offers high specificity and optimum

performance for biosensor application in physiological conditions [9] hence the application of Enzymes
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1.3 FET-Based Biosensors

as sensing elements with the existing FET sensor configurations gives birth to ENFET. The architec-
ture of ENFET is very much similar to that of any existing FET based sensor for example ISFET
or EGFET. The only difference is that the they contain immobilized enzyme layer on top of Gate

dielectric as shown in Fig for sensing of biomolecules [8].

| .
{} pericElin & M0 LI H
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Figure 1.7: ENFET structure and working of penicillin-sensitive EnFET, penicillinase is immobilized on a
pH-sensitive T'asO5 surface - @"

Table 1.8: Literature Review of ENFET

— . 3 q o ] Dis
Application | Device Type Structure Sensing Material Sensor Characteristics Advantages advantages Ref.
Increase in the pH
coiggf\ri?on sen'sitivity is C'om.plex
Urea LF356(JFET) (PVS/ N—'PANI)Surease S —59mV/pH ach{eved'aft(?r 'cu'cultary
sensing ENFET ny Wilsap (where 3 is the number LOD=0.1-10mM functionalization involed as 61
os o T of bilayers) (around 30 mV) SEGFET
. Reproducible involved
gain buffer sensor
N-channel FET
Lactate Si02/Si3Ny- More sensitive as Coﬁjcrl):rf:i;on
ion ENFET ' gate(100) | Lactate S=8t020mV /mM c'ompared to increases 62
detection oriented N-type oxidase (LOD) LOD=0.05mM Platinum electrode sensor output
(500 Ohmem) Chem-FET Sensor
o decreases
silicon wafers
Variation of pH
GaN/Al or buffer
Penicillinase 0.27Ga concentration
ENFET 0.73GaN Penicillinase S=53.6mV/pH Reproducibility caused the 9
detection 800nm/18nm/Inm variation in
HEMT sensor
response

The operation of ENFET is based on the enzymatic reaction between the biomolecule and immobi-
lized enzyme layer. These enzymatic reactions are biomolecule specific hence provides good selectivity
in sensor response. Acid or bases are produced as a byproduct of these reactions hence causing a

change in pH, this change in pH affects the gate voltage of FET and hence the current through it
TH-3014_136102008
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varies ﬂgﬂ Since the response of ENFET is based on highly specific enzymatic reactions, which results
in good selectivity in the detection. The Sensitivity is also good as the sensing mechanism involves the
change in pH. The ENFET manufacturing is also compatible with existing silicon fabrication. Only
the enzyme layer is an additional step. However, the degradation of the enzyme layer cause stability
issues and affects the lifetime of the sensor. The reported applications of ENFET involve detection
of Bio-Molecules such as urea , lactate ion and protein ﬂgﬂ Some recent literature on ENFET

biosensors is also given in Table 1.8.
1.3.2.2 Cell based FET

The concept of cell-based FET sensors utilizing living cells as the sensing element coupled to the
metal-free gate of the FET offers the possibility of gaining information about the cells. Cell metabolism
parameters are changes in the extracellular pH, the concentration of ions, which can easily be sensed
by FET based sensors .

Cell-based FET sensors adopt enhancement-type n-channel MOS-FET, which is fabricated by the
standard CMOS process. Gate region deposited by a thick layer of Si3N4 is a must because the silicon
nitride layer prevents the penetration of alkali ions. This biocompatible passivation layer contributes to
device protection and leakage currents reduction. The electrolyte was maintained at ground potential

(Ag/AgCl electrode) [10].
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Figure 1.8: Cell Based FET structure .
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1.3 FET-Based Biosensors

Cells in vitro grow randomly on the surface of the chip. In order to record signals, there are two
methods. The first method uses a pipette to suck the cell and then place it onto the sensing area of
the chip. This work needs experience and usually has a low success rate. The second method chip is
selectively encapsulated in order to expose the gate region . This type of FET sensor mainly focuses
on the extracellular pH value in the microenvironment of living cells. It is an important regulator for
several cellular functions. The sensing pH mechanism is exactly the same as that of ISFET [10]. A
FET structure without a metal gate in an electrolyte has been used to record the electrical activity
of individual neuronal cells .

Usually, the measurements of cell pH were performed using microelectrodes and magnetic reso-
nance spectroscopy. However, microelectrodes may cause damage to cells, and magnetic resonance
spectroscopy is unsuitable for continuous, long-term monitoring of the living cell microenvironment.
However, the design of cell-based FET complex as the electrolyte of cell or neuron has to be in direct
contact with Gate insulator. The applications of CELL-FET (or cell-integrated extracellular sensor
hybrid-system) can be used for many applications such as drug neurophysiology, electrophysiological
recording of neuronal activity, and two-way communication between silicon chip and neuron neuronal

network ntudy.

1.3.2.3 Immuno-FET
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Figure 1.9: Immuno-FET structure .
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Earlier methods for biomolecule detection such as ELISA, chemiluminescence immunoassay and

radioimmunoassay involves complex handling, expensive instrumentation and time consuming meth-

ods, respectively [24]. Hence, Immuno-FET was proposed for the cost-effective and rapid detection

of biomolecules. In this type of sensors, the gate of the FET is immobilized with an antibody which

makes it measure a specific type of biomolecule [19]. They are also known as antibody modified FET

based biosensors.

Immuno-FET consist of standard MOS structure fabricated by standard silicon fabrication process

but instead of gate metallization an immobilized antibody layer is there for sensing application [24]-

[11].

Table 1.9: Literature Review of Immuno-FET

Dis

Ref.

24]

(1]

63]

Application Device Type | Structure Sensing Material Sensor Characteristics Advantages ad¥amtages
Antigen
. LOD FET
forET Cytokeratin CYFRA-21 = Ing/ml Multianlyte response
Lung Immuno structure fragment 21-1 AN (i sl ; dearades as BSA
cancer diagnosis FET W=1000um | (CYFRA21-1)and = & : 2 1
b NSE=100ng/ml detection concentration
j=10um Anti vg=8mv (10ng/ml) increased
specific enolase (NSE) E= £
ISFET
structure Introduction of
Human L
prion Immuno Thiamine s "}
protein FET (n-type) modified gate A= i (i) senzs;ﬁgnty =
detection W=1000um Sensor response
L=10um
Debye
. S.Aureus . length
Detefctlon.of Fibronectin 48.9mV /nM S%nplf) issue and
S. epidermidis Immuno EGFET X . . L passivation ] K
. functionalization S.epidermidis . uniformity
biofilm and FET type packaging
16S TRNA of Au electrode 40.4 mV/nM and fabrication control of
] LOD= 9X10° CFU/ml biomolecule
on surface
Apolipoprotein Use
5=59.13 magnetic
Al Immuno EIS TbTixOy mV/pH bead improve
FET functionalized LOD=12.5 the response of B
(Protein ng/ml Sensor over
meaurement) debye length

(63]

The target biomolecule binds specifically by probe molecule at the gate of MOS. These target

biomolecules has some intrinsic charge associated with them. After completion of the binding process,

the effective charge varies at the gate. Due to this variation, such as threshold voltage shift (Vrg),

or variations in the gate voltage (V)drain current (Ipg) characteristics observed. The incorporation

of immobilized antibodies for biomolecule sensing results in excellent selectivity towards the target

molecule.

It has a fast response time and low sample consumption.

However, immobilization of

antibodies is complex step and reliability issues are also associated with it. Some of the applications
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1.4 Nanomaterials in FET based Biosensors

of Immunosensor involves lung cancer diagnosis [24], protein detection [24]- [63], DNA detection [19].

Some recent literature on ImmunoFET biosensors is also given in Table 1.9.

1.3.2.4 Comparison between ENFET, Cell-FET, and Immuno-FET

Table 1.10: Comparison between ENFET, Cell-FET and Immuno-FET

Parameter ENFET Cell-FET Immuno-FET

ISFET) with ISFET with Cell placed ISFET with

immobilized £ - immobilized probe
. over or cellular liquid .
Structure enzymatic layer . antigen or DNA over
. . in contact of . .
over Gate dielectric : . Gate dielectric

) Gate dielectric :

for sensing for sensing

Enzymatic Charge transfer

] ISFET measures
Reactions ) . between
change in pH in

Priciple of producing . target biomolecule
3 ) : cellular liquid or
Operation Acid/Base which . . and probe molecule
. ions present in cellular . .
varies pH lauid hence conductivity
sensed by ISFET 4 of Device varies
Enzymatic Reactions
TR . Good selectivity
are biomolecule Continuous long term e
. o and sensitivity
Advantages specific hence monitoring of Cell . o
. . . . due to immobilized
good selectivity and without damaging it

e tibod
sensitivity e

Enzyme layer

. .. » Designing of Cell-FET Immobilization of
immobilization is

Dis is complex and cell antibody is complex
complex step also .
advantages | . . placing on FET step and has
its degradation cause . .
. is difficult degradation issues
issues.
H, metal ions and ell microenviornment
Applications P C Diseases detection

Protein sensing monitoring

1.4 Nanomaterials in FET based Biosensors

Nanomaterials are used in FET based biosensors for improved selectivity and sensitivity as well
as the fast response time of sensors [64]. These Nanomaterials are Carbon nanotubes, Graphene and

Silicon Nanowires. A detailed discussion of each material with FET technology is given as follows:
1.4.1 Carbon Nanotube (CNT)

CNTs are seamless hollow tubes composed of rolling graphite sheets. According to the layer
number of graphite sheet, the CNTs can be divided into single-walled (lengths 0.753 nm and diameter

150 um) and multi-walled (lengths 2-30nm and distance between layer 0.42nm) carbon nanotubes
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[12]. Excellent electrical(mobility of carriers very high) and mechanical properties(strength 10-60GPa,
Young’s Modulus 1TPa) of CNT make them suitable to be used along with already existing FET based

biosensors hence producing sensors with improved responses and robustnessCNTR3.
1.4.1.1 CNT based FET (CNT-FET)

The CNT-FET structure comprised of noble metal (gold or platinum) electrodes were lithograph-
ically patterned atop an oxide-coated, heavily doped silicon wafer, and a single-walled CNT was
deposited atop the electrodes. The metal electrodes served as the source and drain, and the CNT was
the active channel. The doped substrate served as the gate electrode, separated from the CNT channel
by a thick (100nm-200nm) oxide layer. These CNT can be modified according to target biomolecule;
this process is called functionalization of CNT . Advanced CNT based structures involve the capil-
lary formation of CNT enables 3-D structures. These structures provide large surface area and active

sites for chemical actions hence exhibit increased sensitivity [66].

E } Elomolacule Eu[igun spacer antibody
¥ o\v o

S0 [vain

CNTFET Al
Figure 1.10: (a) CNT-FET based biosensor (b) Working of CNT-FET biosensor, schematic taken from the

literature

CNTs are functionalized to respond and detect a particular biomolecule. Once such a biomolecule
comes in contact with such a CNT, it will attach to the CNT. This process is termed ”Binding”.
During the binding event, the charge transfer takes place due to which the device characteristics

varies [67]. The major advantages of CNT-FET are as follows:

e High sensitivity, because of the large surface area ratio and hollow pipe.

e CNTs can be used to the immobilized enzyme, which keeps high biological activity and thus

very high selectivity.

e Fast response time, CN'Ts have an outstanding ability to mediate fast electron-transfer kinetics,
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1.4 Nanomaterials in FET based Biosensors

hence promoting the electron-transfer reactions

e Highly stable due to superior mechanical properties and longer lifetime.

However, despite the above-mentioned advantages, there are a few shortcomings of CNT-FET men-

tioned below:
e [t is not easy to control the size of CNTs in the manufacturing process.

e In the existing technology is also challenging to make cost-effective mass production of CNTs
and achieve high purity. Purity is crucial for CNT-based biosensors, but it is hard to obtain
it. That is why the current market price of CNTs is too high for any practical commercial

application.

The significant applications of CNT-FETs are in label-free detection of diseases, DNA hybridization
[68] at the single-molecule level other than this various biomolecule such as protein [66], amyloid in
human serum [69] and ph-sensing [70] and gas sensing [25|. Some recent literature on CNTFET

biosensors is given below in Table 1.12.

Table 1.11: Literature Review of CNT-FET

Application | Device Type Structure Sensing Material Sensor Characteristics Advantages Dis Ref.
advantages B
Oxygen Plasma e
. CNT gCcEEs functionalized Sfoo.7mV/ pil Good sensitivity C?mplex |
pH sensing MOSFET Drift Rate=1.36 . circuits |70
FET (CD400TUB) MWCNT mV /hr(pH=7) Flexible electodes involved 1
(4mmX4mm) P |
CNT on CNT . Bad
Gas CNT Si substrate Dia=4.52um e Good sensitivity Selectivity 1
. . . S=1.2 for 50ppm due to . |25
Sensing FET With Silver Length=45nm S=3.4 for 800ppm Au nanonarticl with 1
Contacts with Au nanoparticle oo PP U nanoparticie Ethanol B
CNL on Good Sensitivity
DNA CNT Si Substraig FPropefD4 Shift in Vth=60mV Selectivity is bad for | | |
Hybridization FET L=10um functionalized for 1uM tacot between lower |68
Detection W=50um on CNT age 10-100nM conc/
Au contact Conc. ’ B
Vertical Vertical CNT Sléizfit?\?iss
. CNT Forest Forest . Y
Protein CNT . . , improvement Complex 1
. over Gate functionalized S=33uA/uM o |66
Detection FET . . by modifying structure 1
oxide of with ONT forest
NMOSFET ss-DNA aptamer ores
density |
Detection of Cslf/gfgm Probe antibodies
Amyloid beta CNT ] 2 Functionalied _ Excellent |
in human FET Substrate over Au LOD=1pg/ml LOD (69
serum L=5um n t f CNTs
seru We10um on top o s 1
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1. Introduction

1.4.2 Silicon Nanowires (SINW)

Silicon Nanowires are 1-D nanostructures of silicon atoms. Their synthesis is classified as top-down
and bottom-up approaches . SiNW is 1-D material hence a high surface to volume ratio. Bandgap,
as well as effective masses of electrons and holes, is dependent on the width of nanowire . SiINW

is quite popular as a channel material in FET based sensors, i.e. SINW-FET.
1.4.2.1 SiNW based FET (SiNW-FET)

SINW-FET structure is very much similar to that of CNT-FET, as explained in the previous
section. The only difference is that SINWs replaces the CNTs in the channel region of FET. Doped
SiNW in between source and drain can cause npn or pnp structures depending upon the doping
of nanowire. The working of SINW-FET involves the binding event of the target biomolecule with
nanowire. In the binding process, charge transfer occurs between them; therefore, the conductivity of

nanowire changes. Hence the current varies through the FET.
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Figure 1.11: SINW-FET structure, schematic taken from the literature .

Due to the 1-D nature of the SINW, they possess a very high surface to volume ratio; hence the
sensitivity of the sensor is much higher. Also, the functionalization of SINW can be done easily,
which increases the selectivity towards specific biomolecules. The fabrication of SINW-FET is also
compatible with standard silicon fabrication steps, which is an additional advantage of these types of

sensors. However, the synthesis of SINW is a slow and complex process. The reported applications
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1.4 Nanomaterials in FET based Biosensors

of SINW-FET consist of DNA detection — , pH and alkali metal ion sensing , flexible cell

recording . Some recent literature on SINWFET biosensors is given below in Table 1.13.

Table 1.12: Literature Review of SINW-FET

Lo . . . i " Dis
Application | Device Type Structure Sensing Material Sensor Characteristics Advantages advantages Ref.
SiINW-FET SiNW triangular cross
DNA SINW device section sizes ranging Label free
detection I;ET commercially from 20 to 200 nm LOD=1fM ultrasensitive DNA - 29
(HIN1,H5N1) available (100) 5’-carboxyl-modified detection
SOI wafers single-stranded DNA
SINW-FET
Potassium Be51 SUL waleg SINW coated with
Ton 85 g hafnium oxide
Sensin SiNW resistivity of (HfO2) and LOD=10mM Good sensitivity LOD is 74
cusing FET 8.5-11.5 Qem . ane S=56mV/pH (near-Nernstian) large
(pH aluminum oxide
nsing) and145 nm (A1203)
Seusing thick buried
Si0s layer
SINW-FET
Detection SOI wafers SiNW coated with
of Small. SINW p—typf31015 / cm?2 hafnium oxide S=55.8mV /pH I.-I.lgh
Nucleic Acid FET buried oxide (HfO2) LOD — 100fM stability and - 73
Oligomers 1450 A and top functionalized - robustness
(ssDNA) silicon thickness | with miRNA (miR10b)
of 550 A
. SINWFETs
jelzi)t(;ik;lzl SINW gﬁﬁzgg with cells in SNR Robust
. which optically greater than NWFET/cell - 75
recording from FET NWs based .
transparent PDMS /cell % interface
Cell FET
substrates

1.4.3 Graphene

The International Union of Pure and Applied Chemistry (IUPAC) defines graphene as “a single

carbon layer of the graphite structure, describing its nature by analogy to a polycyclic aromatic

hydrocarbon of quasi-infinite size”.
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Figure 1.12: (a)Graphene-FET structure (b) Variation in conductance for different pH, schematic taken from

the literature .
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Graphene is an allotrope of carbon in the form of a two dimensional, atomic-scale, hexagonal
lattice (honeycomb lattice) in which one atom forms each vertex [76]. The zero bandgaps within the
structure enable its ultrahigh electron mobility (200,000 cm? V—1 s71), which is much higher than that
of carbon nanotubes (CNTs). It has excellent thermal (4,000 Wm~! K~1) and outstanding electrical
conductivities(3,189 S em ™! ). It also possesses an extremely high surface-to-volume ratio (2,600 m?
g~ 1) and ultra-high capacitance. Moreover, the exceptionally low electronic noise of graphene enables

the possibility of the sensitive detection of various analytes using graphene [76].
1.4.3.1 Graphene-FET

Graphene is also incorporated with the FET structure for biosensing applications. They provide
more sensitivities, selectivity and fast response time as compared to silicon-based FET configurations.
A graphene field-effect structure is constructed from bottom to top as follows: substrate, graphene
layer as the channel (either monolayer, bilayer or few-layer graphene), a dielectric layer and source-
drain electrodes and top gate electrode [65]. A structure with substrate contact and a top gate is
used to allow more control in electronic properties. Contact metals should be chosen such that the
contact is ohmic. Secondly, a metal that has a work function close to the semiconductor bandgap as
possible [77] should be chosen. Some recent literature on GrapheneFET biosensors is given below in
Table 1.13.

Functionalization of the graphene layer is also done to maximize the selectivity towards the target
biomolecule. In a graphene field-effect transistor (GFET) the graphene sheet acts as the channel
between two metal source and drain electrodes which lie atop an electrical insulator such as SiOs.
When charged biological molecules bind on the surface of the semiconducting graphene sheet in the
GFET, there is a measurable change in resistance [27]- |[79]. The major advantages of Graphene-FET
are: Graphene has a 2-D structure, hence more area is available for absorption per volume leading
to high sensitivity. GFETs possess a fast response time and are smaller in size (low consumption
of sample). Functionalization of Graphene causes more selectivity in the detection of target. Owing
to the high conductivity of graphene, a low level of excess (1/f) noise is expected due to thermal
switching. Also, thier excellent mechanical properties enable robust sensor and hence longer lifetime.
However, apart from the advantages mentioned above, Graphene-FET has a few shortcomings, which
arise from costly and complex synthesis processes and difficulty in controlling the size (or shape)
of graphene (sheet or nanoribbon). The reported literature indicates that the Graphene-FET are
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Table 1.13: Literature Review of Graphene-FET

.. . . , . ) o " Dis
Application | Device Type Structure Sensing Material | Sensor Characteristics Advantages advantages R,ef;
rGO EGFET Sensitivity
on ITO Good packing is less than
Proton Graphene coated Glass | Indium-Tin Oxide ar density 59mV /pH
sensing FET Electrode electrode §=43-50mV/pH for active Impurities |8
L=800um devices affect the
W=50um response B
Graphene Minimum sensitivity Good sensitivity
H2S Gas Graphene over Graphene ) SCRSILLVILY and selectivity
. i) . 34.88-35.62 . - |27
Sensing n-Si Diode nSi layer at 10ppm H2S reproducible 1
Substrate L and fast i
Protein(BSA) Gaphens AI.m_BSA. .probe LOD in High conc
N Graphene over immobilized . e
Sensing . . S=30uS/pH Pico-Molar sensitivity | |79
Application FET SegE over range decreases
PP Substrate Gate = ’ C i
Biomolecule Grzpfre f DT jibelfree malljfi\llllccteion
(DHEA—/S) Graphene Si(; //Si aptamer LOD=44."naM detection i lso
. FET 2 functionalized SNR=20dB with high
Detection Substrate Graphen ensitivit Id exceeds
Au contact apuene g 40uA
. Bad N
Metal ic (jGagte . Functionalized LOD=1uM (Ca ion) Ml%ltlple selectivity
. Graphene it with SNR=20-30dB iy for |
Ton on substrate . K detection L |81
. FET calmodulin, LOD=1nM(Hg ion) . combination
Detection W=10um L with good .
metallothionein SNR=25-30 db of various
L=1lcm SNR fons

excellent platforms for DNA detection [79], proteins [79] and metal ions [81].

1.4.3.2 Comparison between CNT-FET, SINW-FET, and Graphene-FET

1.5 Modelling of FET based sensor Devices

The nanomaterial such as graphene in a FET based sensor acts as the channel between two
electrodes, which lie atop an electrical insulator such as SiOy. Applying back-gate bias shifts the
fermi level and hence concentration varies without doping. When the Fermi level coincides with the
energy of the Dirac point, the graphene is neutral, and conductivity is a minimum. If the Fermi level
is greater than zero, then the nature is n-type nature, and when it is less than zero, the nature is
p-type. In biosensors, doping can be induced by surface contamination. These impurities make the

graphene n-type or p-type and shift the charge neutrality point or Dirac point away from zero [78].
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Table 1.14: Comparison between CNT-FET, SINW-FET and Graphene-FET

(1D/2D and 3D
sensing structure)

(1D/2D and 3D
sensing structure)

Parameter CNT-FET SiINW-FET Graphene-FET
CNTs as channel SINW as channel Graphene as channel
Structure material of FET material of FET material of FET

(2D sensing structure)

Priciple of

Binding event between
target and CNT

Binding event between
target and SINW

Binding event between
target and Graphene

ph and gas sensing

cell detection

Operation can cause transfer can cause transfer can cause transfer
of charge of charge of charge
Functionalization easy AR Functionalization easy
. . Fabrication is easy . e
High sensitivity,response o . High sensitivity,response
Advantages . . as only silicon involved . :
time and highly robust . oo time and highly robust
. High sensitivity .
less surface fouling low thermal noise
Fabrication is complex Functionalization is Sensing limited by debye
Dis and costly difficult inferior screening length
advantages Size control also mechanical and and only 2-D sensing
difficult electrical properties structure
C. DNA jprotein and Protein, DNA and Ion Metal Ton, DNA
Applications

protein detection

In order to model the graphene based FET sensor, there are various methodologies; the most

Figure 1.13: Classification of methods for receptor designing — .

common graphene-electrolyte interface capacitance methodology is described as follows:
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1.5 Modelling of FET based sensor Devices

e Graphene-Electrolyte Interface Capacitance Model: Due to the difference in electrochemical
potential, when graphene is immersed in the electrolyte, charges accumulation occurs, forming
a double layer. This double layer has capacitance associated with its modelling of this involves

using a parallel plate capacitance in series with Quantum capacitance [82].

e Graphene based I-V Model: The I-V characteristics modelling can be done similarly as for a

MOSFET, except modified capacitance in this case [83].

The above methodology is only suitable in the case of liquid gating but not applicable otherwise,
such as in the case of gas sensing. Moreover, the traditional methodologies based on experimentally
determined parameters for modelling failed to estimate and predict the nature of the interaction
between the analyte molecule and receptor layer (channel layer) of the sensor without performing
the experiments. The methodologies to estimate or predict the interaction between the analyte and
receptor layer can be broadly classified into two categories (these methods can be used to design

receptor or study receptors), and their further subdivisions are as follows:
e Classical methods

e Quantum mechanical methods
1.5.1 Classical

Classical methods, as the name suggest based on Newton’s equation of motion. They can be

further classified into two types as follows:
1.5.1.1 Molecular Mechanics

Molecular mechanics is used to performing structural analysis in large molecular systems. It applies
the laws of classical mechanics in order to model molecular systems. In this process, the potential
energy of a system is calculated by the force fields, which is a functional form and parameter sets
are used to calculate the potential energy of the system. These parameter sets can be obtained from
experiments or sometimes quantum mechanical calculations. In short, molecular mechanics assumes
an atom as a particle with a radius, charge, and polarizability. These parameters are estimated
through quantum mechanical calculations and experiments. The bond formation and interaction can
be visualized as a spring connection of the atoms with an equilibrium distance equal to the experimental

bond lengths [84].
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1.5.1.2 Molecular Dynamics

In this type of simulation, the physical movement of a system consists of atoms and molecules
studied. In order to study the dynamics, a system of atoms and molecules is allowed to interact for
finite time duration, and their trajectories are determined by numerically solving Newton’s equations
of motion. For a system of interacting particles, where forces between the particles and their potential

energies are calculated using interatomic potentials or molecular mechanics force fields [85].

1.5.2 Quantum-Mechanical
1.5.2.1 Preliminary Approaches

Schrodinger’s equation was discovered in 1926; soon after that, D. R. Hartree introduced the self-
consistent field method to calculate approximate wave functions and energies for atoms and ions. In
this theory, the total wavefunction of the system is expressed as a product of one-electron orbitals.
However, this violates the principle of antisymmetry of the wave function i.e. valid Electronic Wave-
functions must change sign upon exchanging the coordinates of any two electrons hence not following
Pauli exclusion principle [86]- [87].

Later on, Hartree theory was modified by using Slater determinant, which constructs the overall
wavefunction from single electron wavefunction in such as way so that they will be antisymmetric.
However, Hartree-Fock removed the major failing of the Hartree theory, but since electron-electron
interactions are not appropriately incorporated in this theory, hence this theory is also not accurate

[33).
1.5.2.2 DFT

In 1963, P. Hohenberg and W. Kohn, in their famous paper, suggested that electron density can
be used to determine the properties of the system. Later on, in 1965, Kohn and Sham formulated the
modern Density functional theory for which Kohn was awarded Nobel Prize in 1990. The electron-
electron interaction is incorporated with the help of the exchange and correlation function, which
is based on different approximations such as LDA or GGA. Today, DFT is very accurate due to
the availability of better models for electron-electron interactions, but it is computationally very

expensive [87].
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1.5.2.3 Hybrid Methods

Quantum mechanical methods are highly accurate, but at the same time, they are computationally
very expensive. The classical methods are fast but not accurate. Hence, the need for such a method
was felt in which the advantages of both the methods are present. These methods are called Hybrid
methods. Warshel and Levitt first suggested it in 1976, for which they were awarded Nobel Prize in
2013 [89).

Semi-empirical methods are also faster than DFT. They are based on Hartree-Fock formalism
but involve approximations and parameters from experimental data. These methods are suitable for

moderate size organic molecules [90].

1.5.3 Literature survey on modelling and interaction estimation between analyte

and receptor layer i.e. receptor designing

Table 1.15: Few examples of receptor designing from literature

18\’1'0. Application Process/Theory Software Ref
Polymer for MM used to determine Molecular modeling of B
1 Caffeine binding energy of different structure by Hyperchem 7.5 [91]
polymers with Caffeine Binding energy by AMBER-MM
P;Oi}_f;?fﬁoif Study of solvent effect
2 ’ i on complex formation AMBER-MD [92]
phenoxyacetic . .
X by MD simulation
acid
AD inito DFT study for B
molecular interactions
Detection of of TNT with .
3 TNT acrylic acid, and Jaussian-03 193]
ethylene glycol
dimethacrylate
Investigate the intermolecular |
Specific interactions between harmane Geometry optimization :
monomer and the selected functional Semi-emprical PM3 methdos
4 : o [94]
for monomers: methacrylic Binding Energy :
harmane acid and DFT(B3LYP)Gaussian-03
2-hydroxyethyl methacrylate
Correlation between B
5 Sugar macroscopic sugar trar}sfer NW-Chem 195]
transfer and nanoscale interactions
in cation exchange membranes
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1.5.4 Density Functional Theory

Electronic structure calculation is a prime interest of scientists. In early 1920, Neils Bohr the-
oretically determined the energy levels of the hydrogen atom. Later, after the formulation of the
Schrodinger wave equation in 1925, published in 1926, the electronic structure of hydrogen-like atoms
was explained from quantum mechanics. Application of the Schrodinger equation in atoms with more
than one electron is critical due to the presence of electron-electron interactions. Just after the dis-
covery of quantum mechanics, many theories came into the picture, which is based on single-particle
Schrodinger equation along with approximation for the electron-electron interactions. However, these
theories were not able to depict the experimental results accurately. In the early 1960s, Density func-
tional theory was invented, which was also based on the independent particle method, but now density
plays the central role. Also, It incorporates modified models for electron-electron interactions, which

makes it highly accurate [87].
1.5.4.1 Need of DFT

If we want to study a system with a well-defined collection of atoms, then the fundamental things
we would like to know are the energy of the system and how it changes as the atomic positions
changed. As the atomic nucleus is much heavier than electrons, electron response is much faster than
the nucleus as the surrounding changes. Hence, according to the Born-Oppenheimer approximation,
we can divide our study into two parts. The first part considers fixed positions of the atomic nuclei,
then solving for the equations that describe the electron motion, i.e. electron motion in the field of a
fixed nucleus. By solving this part, we get the ground state energy configuration of the system. The
second part of the study includes the energy change as the nucleus(or atom) moves using potential
energy surfaces, i.e. molecular dynamics [86].

Now we will try to solve Schrodinger’s wave equation in order to show the complexities involved.
Assuming that number of electrons is more than number of nucleus in the system, the Schrodinger

equation for a system of N-electrons can be written as:

2 N N N N
%ZV?+ZV(ri)+ZZU(n,m) v = Ev (1.4)
i=1 =1

i=1 j<i
Here, m is the mass of the electron, and ”"h” is the plank’s constant. The three-term on the left-

hand side of the equation is the kinetic energy of each electron, the interaction energy between each
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electron and the collection of atomic nuclei, and the interaction energy between different electrons,
respectively. The solution of the above equation gives electronic wave function 1,, with the associated
eigenvalues E,,. The overall wave function of N-electrons, which depends on the positions of N-electron,
is 1 with the corresponding energy of the system given by E. According to Hartree, overall ¢ can be

approximate as a product of individual 1, i.e.

Y =11 X Yo X h3... X by (1.5)

Let us assume that the above equation is solved for a water molecule with 18 electrons, i.e.
N=18. To evaluate the %, one has to calculate three positional coordinated of 18-electrons; hence
is dependent on 54 variables (18*3) which are very difficult to solve. Now, look at the third term in
the equation, which includes electron-electron interaction, which causes simultaneous solution of all
the other electron wave functions to get the individual electron wave function.

From the above arguments, it is clear that we cannot calculate individual wave functions directly.
Hence, many theories and approximations are done over time, including Hartree and Hartree-Fock

method and semi-empirical methods.

1.5.4.2 DFT Formulations: Hosenberg-Kohn and Kohn-Sham approach
Hohenberg-Kohn Theorems

Theorem-I

For any system of interacting particles in an external potential V., (r), the potential Vi, (r) is
determined uniquely, except for a constant, by the ground state particle density ng(r) [15].

Corollary-I: Since the Hamiltonian is thus fully determined, except for a constant shift of the
energy, it follows that the many-body wavefunctions for all states (ground and excited states) are
determined. Therefore all properties of the system are entirely determined given only the ground

state density ng(r).
Theorem-II

A universal functional for the energy E[n] in terms of the density n(r) can be defined, valid for
any external potential V., (r). For any particular Ve, (r), the exact ground state energy of the system
is the global minimum value of this functional, and the density that minimizes the functional is the

exact ground state density ng(r) |15].
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Corollary-II: The functional E[n] alone is sufficient to determine the exact ground state energy
and density. In general, an excited state of electrons must be determined by other means.
The above theorems suggest that one can relate the properties of the system from ground-state

density. However, because of two major reasons, it was complicated to proceed from the density:

e Direct relation between density and physical properties is not known.

e The only way to solve the Hosenberg-Kohn functional is to express it into N-wavefunctions form.
Kohn-Sham approach

The above problems are solved by the Kohn-Sham approach, which involves independent particles,

but an interacting density [15]- [16]. The approach is based on the following assumptions:

e The exact ground state density can be represented by the ground state density of an auxiliary

system of non-interacting particles.

e The auxiliary Hamiltonian is chosen to have the usual kinetic operator and effective local po-

tential Veff(r) acting on electron.
Now density of auxiliary system can be written as:
N
2
n(r) =Y [vil (1.6)
i=1

Hence using the Eqn.(2.3) and the Kohn-Sham approach, the ground state energy functional can

be written as:

N
1 1 '
Bis =5 ) [Vil" + / AV (r)n(r) + / artar?™ ) | vt Bxell (17
=1

Where, En_p is interactions between nucleus. The above eqn.is solved using variational principle and

modified as:

[_;Vz + Vemt("’) + VHartree(T) + Vwc(r)] 77/}1 = 5i¢i (1'8)

The above equation is an independent particle equation with a potential that is solved self-

consistently with the resulting density.
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1.5.4.3 Approximations

Kohn and Sham, in their paper, mentioned that solid could be considered close to the limit of
the homogeneous electron gas. In that limit, exchange and correlation effects can be considered local,
proposing a local density approximation. In LDA, exchange and correlation energy are integral over
the entire space with the exchange, and correlation energy density at each point is assumed to be the

same as in a homogeneous gas with that density [86].
1.5.4.4 Applications

e Determination of energy and structure of molecules (force, stress etc.)
e Electronic structure calculation (DOS, E-k plot, dipole moment etc.)

e Determination of transition states during a chemical reaction.
1.5.4.5 Flow Chart for DFT Calculation

The algorithm for the DFT calculations followed by the computational software are as follows:

1.6 Research Motivation and the Problem Formulation

Graphene is very popular nano-material because it possesses ultrahigh electron mobility (200,000
em?V ~1s~1) (which is much higher than that of carbon nanotubes), excellent thermal conductiv-
ity (4,000 Wm=tK~!), and outstanding electrical conductivity(3,189 Scm~!). Moreover, it has an
extremely high surface-to-volume ratio (2,600 m2g~!) and ultra-high capacitance. These superior
properties, along with the exceptionally low electronic noise, enable the sensitive detection of various
analytes using graphene.

Graphene incorporated within the FET structures can provide better sensitivities, selectivities,
and fast response time than traditional FET-based sensors. Moreover, The doping and functional
modification of the graphene layer can improve the sensing capabilities towards the analyte molecule.
Therefore, the primary motivation behind this study on graphene is to understand the interaction
and sensing capabilities of graphene towards various analytes. A thorough study and analysis of the
interaction between them can lead to improvement in sensor performance. As per the methodologies

described in the previous section, a few theoretical studies have been reported in the literature which
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Initial Guess of dansity

Figure 1.14: Flow chart for DFT calculation — .

can estimate and predict the nature of the interaction between analyte and graphene layer. Based on

the literature following problems have been identified for further investigation:

e The reported modelling or simulation studies on the interaction between analyte molecule and
graphene layer were mainly based on parameters estimated from experiments. Therefore the
nature and cause of interaction were not thoroughly investigated. Therefore, there is a scope for

further investigation on this front.

e Once the nature and the cause of the interaction are estimated, there is a possibility of improving

the same with doping or functional modification of the graphene.
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1.7 Organization of the Thesis

e Synthesis of graphene and functionalized graphene along with the characterization.

e Fabrication of graphene-based sensors for biosensing applications.

In summary, the objectives and direction of this thesis include: studying the electronic structure
calculations for graphene and doped graphene structures. After estimating electronic properties,
these structures will be explored for small gas molecule adsorption. The same structures can also be
employed for bio-molecule adsorption. The thesis will then describe the synthesis and characterization
of graphene and functionalized graphene, and finally, the fabrication of graphene-based sensors will
be done for bio-sensing applications. The detailed and chapterwise details are provided in the next

section:

1.7 Organization of the Thesis

The thesis is organized into the following chapters. The content of each chapter is summarized as

follows:

e Chapter 2: This chapter employs Density Functional Theory to describe the interactions between
gaseous air pollutants, including di-atomic (CO and NO), tri-atomic (COy and HCN), and
poly-atomic (HCHO and COCIy) species, and Ti-doped zigzag graphene nanoribbon (ZGNR)

structures.

e Chapter 8: This chapter elaborates the study of the interaction of Phosgene (COCI3) on two
configurations of Titanium doped Graphene Nanoribbons (GNR)- Armchair GNR and ZigZag
GNR. In some cases, the splitting of the molecule was also observed. This study was further
extended to two other molecules, one with an S-Cl bond (SOC!s -Thionyl Chloride) and one

with an O-Cl bond (POC!3).

e Chapter 4: In this chapter, Density Functional Theory (DFT) has been employed to study
the interactions between Urea with pristine and transition metal (TM) doped two-dimensional

graphene structures. Four TM-dopants, namely, V, Ti, Fe, and Cr, are considered.

e Chapter 5: This chapter utilises Density Functional Theory (DFT) to showcase the interaction
and adsorption of the three most polluting Chlorofluorocarbons (CFC) molecules namely C FCl3,
CCIF3, and CClaF5 with pristine and Ti-doped two-dimensional graphene sheet.
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e Chapter 6: In this chapter, the synthesis and functionalization procedure of graphene is thor-
oughly discussed, followed by their characterization. Also, the fabrication process of chem-
resistor and FET based devices is described in detail. Further, the sensing of Glutathione is
demonstrated using antibody immobilized over amine-functionalized graphene as a sensing layer

in chem-resistive devices.

e Chapter 7: In this chapter, the electrochemical sensing of Lactate is demonstrated using enzyme
functionalized Polyaniline as a sensing layer. The sensing action was demonstrated using cyclic

voltammetry, and sensing parameters were estimated.

e Chapter 8: This chapter presents the conclusive remarks on the work presented in previous
chapters. The objectives of the thesis have been assessed, the findings and contribution of each
chapter have been highlighted. Further, the future aspects for extending the current objectives

have been discussed in this chapter.
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2. Adsorption of Gaseous Air Pollutants Over Ti-doped ZGNR Structures: A DFT study

Outline In this study, we employed the Density Functional Theory (DFT) to study the interactions
between gaseous air pollutants, including di-atomic (CO and NO), tri-atomic (CO2 and HCN), and
poly-atomic (HCHO and COCI5) species, and Ti-doped zigzag graphene nanoribbon (ZGNR) struc-
tures. During this, two types of doped structures are considered, i.e. SV-ZGNR in which Ti replaces
one carbon atom and DV-ZGNR, in which Ti atom replaces two adjacent carbon atoms. All gases
under consideration observed to exhibit significant adsorption energy over doped ZGNR except COCl5
for which a catalytic dissociation is observed. Our results indicate that doped ZGNR is better for
CO, NO, and HCHO adsorption as compared to doped graphene sheet. Also, DV-ZGNR is preferred
over SV-ZGNR in terms of adsorption. Moreover, due to the adsorption, changes in the density of
states are observed which confirms that the Ti-doped ZGNR has potential to be used as the sensing

platform for these gases.

2.1 Introduction

The detection of biologically and environmentally harmful gases has long been a priority in scientific
research. The application of nano-engineered materials in gas sensing has been explored as a possible
alternative to traditional sensors. Nanostructures such as nanotubes, nanoribbons, and nanowires
have been demonstrated to have advantages due to their greater adsorption capability arising out of a
high surface area to volume ratio, and due to their configurability as field effect transistors to develop
complete gas sensing circuits without external configuration [96]. The discovery of Carbon Nanotubes
in 1991 paved the way for research into the next generation of high-speed electronic devices [97]. In
recent years, Carbon Nanotubes have been considered for highly sensitive gas sensing applications
due to their unique geometry, morphology and material properties [98]. Similar to carbon nanotubes,
Graphene is also an allotrope of Carbon with a two-dimensional nature in which the arrangement of
atoms is in a hexagonal lattice, as discovered by Novoselov in 2007 [99,[100]. It possesses remarkable
electronic and mechanical properties, such as high electronic and thermal conductivities as well as
superior mechanical strength, which make it ideal for diverse applications including chemical and bio-
logical sensing, high-speed analog electronics and fuel cells |[101,102]. Moreover, the two-dimensional
geometry makes it more suitable for FET-based device fabrication. However, Graphene-based nanos-
tructures further exhibit several properties which an extended 2-D graphene sheet does not possess,

for eg. Graphene sheets have zero band gap, and hence they do not exhibit semiconducting behav-
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ior [103]. However, it is possible to introduce some band gap and observe semiconducting nature by
using graphene nanoribbons instead [104]. Also, the zigzag graphene nanoribbons (ZGNR) exhibit
the presence of confined electronic states, and surface states strongly localized near the edges, hence
they exhibit good spin-polarized behavior at the edges and are often considered for application in
spintronics [105,/106].

The Graphene-based nanostructures such as ZGNRs are very often doped chemically to tailor its
properties in a more controlled manner [107]. Doping can help to selectively tailor the properties of the
nanoribbon as per our requirement [108]. Few common types of doping such as N, B, and Al are studied
for the electronic device and sensing related applications [109,[110]. Apart from these, other types of
doping such as transition metal doping have also been explored in recent years for applications in gas
adsorption and spintronics |[L11]. It has been observed that doping a Graphene sheet with Titanium
improves its interaction with gas molecules for eg. significant adsorption of Hs on Ti- doped graphene
was reported [112]. In addition to this researchers also studied the adsorption of NO2, NO, and O3 on
Ti-doped and N-doped 2-D graphene sheet [107]. They also studied the adsorption of formaldehyde
and other gases on pure, Ti-doped and N-doped graphene sheets [112]. However, recent studies
focussing on Ti-doped ZGNR structures have reported an improvement in the adsorption of Sulfur
containing gases, i.e. SOz and HS [113] as compared to 2-D graphene sheets. All the above studies
are based on Density functional theory (DFT) which is a highly accurate quantum chemistry approach
for electronic structure calculations. Greenhouse gases such as carbon dioxide and nitrogen dioxide
have received significant interest for the design and modeling of sensors and actuators. However, there
is a growing demand for the development of devices with higher sensitivity and higher speeds for
sensing the presence of gases. Following the development of the first solid state gas sensing device by
Seiyama, there have been multiple attempts to make more sensitive sensors. Recent improvements in
graphene deposition methods have led to the increased applicability of graphene in the development of
gas sensing devices [114]. In the present study, our aim is to study the interaction of harmful gases CO,
NO, COy, HCHO, HCN and with Ti doped ZGNR using DFT-based calculations. This doping can
be done in two ways, first with single carbon vacancy (SV-ZGNR), in which Ti replaces one carbon
atom of the ZGNR; and the other one with dual or double carbon vacancy (DV-ZGNR), with Ti
replacing two adjacent Carbon atoms. Hence, we have included both types of doped structure in our

study. To the best of our knowledge, the adsorption of these gases on Ti-doped ZGNR structures has
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not been reported in the literature. We have studied the adsorption of these gases on our substrate
by introducing the gases on the substrate in multiple configurations and analysed the changes in the
measurable electrical properties before and after the adsorption of the gases. Our results suggest that

Ti-doped ZGNR structures can be a viable alternative to graphene sheets as a sensor for these gases.

2.2 Computational Methods

We performed the Density Functional Theory (DFT) calculations using the SIESTA package
[115,]116]. The electron-electron interaction energies are estimated within Generalized Gradient Ap-
proximation (GGA) with Perdew, Burke, and Ernzerhof (PBE) as exchange and correlation func-
tional [117]. The Troullier-Martins pseudopotential is used to calculate interaction energies between
ions and electrons [118]. Atomic orbitals are realized with Double Zeta basis plus the polarization
orbital (DZP) basis set. The k-point grid is taken as 1X1X45 for each case. The mesh cutoff for
the diatomic case is 370 Rydberg but for the polyatomic case, it is 360 Rydberg. Before performing
the energy and atomic structure calculations, the structures were relaxed using the Conjugate Gradi-
ents(CG) Algorithm. The force tolerance was taken as less than 0.001 eV /Ang for the diatomic gases,
but in order to reduce the computational costs, it was taken as 0.01 eV /Ang for the polyatomic gases.
In the study, a 50 and 49 atoms unit cell (4-ZGNR type) are employed for SV-ZGNR and DV-ZGNR
as shown in Fig.1 and Fig.2 respectively. The unit cell is periodic in the Z-direction; a vacuum region

of more than 15 Ais kept in the rest two directions to avoid any interactions from neighbouring cells.

2.3 Results and Discussion

The structure of the single vacancy (SV) and dual vacancy (DV) graphene nanoribbons are obtained
by first replacing the Carbon atoms with the Titanium atom. In the case of SV-ZGNR, one Carbon
atom was replaced by the Titanium atom, while for DV-ZGNR, two adjacent Carbon atoms were
replaced. These structures are then relaxed using the CG optimization method to obtain the final
relaxed structure as shown in Fig[2.1 and Fig[2.2 respectively and the bond lengths are summarized
in Tablef2.1] for each case. From the table, it can be seen that the average C-C bond length for
Carbon atoms neighboring the Ti atom in both the cases remained almost the same as for an undoped
graphene sheet i.e. 1.42 A, with the C-C bond length in SV ZGNR being 1.422 A, and that in DV
ZGNR being 1.421 A.
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Figure 2.1: Schematic diagram of SV-ZGNR with C, H and Ti atom represented by green, white and yellow
colour balls respectively.

However, there was a significant variation observed in the distance between the Titanium and
Carbon atoms in both configurations, with the distance between Ti and C being 1.931 Ain the SV
case and 2.067 Ain the DV case. Further analysis is done by comparing the Density of States plot
before and after the adsorption of the gas. The plots are done after shifting the Fermi energy to 0eV,

which helps better analyze the changes in the nature of the Density of States plot.

Figure 2.2: Schematic diagram of DV-ZGNR with C, H and Ti atom represented by green, white and yellow
colour balls respectively.

However, the Partial Density of States is plotted with the absolute energy values, without shifting

the Fermi Energy level to zero. For reference, the Fermi energy levels and the corresponding shifts
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in the Fermi energy are documented in Table Another important parameter used to judge the

interaction between the gas molecule and the doped ZGNR is the adsorption energy (Eads). The Eads

for the adsorption of gaseous species over the SV-ZGNR/DV-ZGNR is calculated using Eqn{2.1] and

values tabulated in Table2.3]

Eois = Esvorpv—zaNR+Gas — (Esvorpv—zaNr + EGas)

(2.1)

Where, the Esvorpv—zGNR+Gas s EsvorDv—zanr and Egqs is the energy of combined system,

energy of layer and energy of the isolated gas molecule.

Table 2.1: The calculated bond length of configurations of doped ZGNR and gas molecules over them.

Configurations of doped ZGNR and Gas-doped ZGNR

Bond sy TsvzaNk
SV-ZGNR with NO | DV-ZGNR | DV-ZGNR with CO | DV-ZGNR with NO
ZGNR | with CO
C-C
1.422 1.409 1.459 1.421 1.435 1.419
(A)
C-H
1.101 1.101 1.101 1.101 1.101 1.101
(A)
C-Ti
1.931 1.963 1.985 2.067 2.119 2.122
(A)
Ti-Gas Ti-O: 2.156 Ti-O: 2.066 Ti-O: 2.006 Ti-N: 1.988
(A) Ti-C: 2.326 Ti-N: 2.055 Ti-C: 2.305 Ti-0: 2.092
Table 2.2: Analysis of Fermi energy levels
System Fermi Level | Fermi Level Shift System | Fermi Level | Fermi Level Shift
DV-ZGNR | -3.2569 eV - SV-ZGNR -3.1776 eV -
CO CcO
-3.3836 eV -0.1267 eV -3.3671 eV -0.1895 eV
Adsorption Adsorption
NO NO
-3.5165 eV -0.2596 eV -3.4885 eV -0.3109 eV
Adsorption Adsorption
CO COq
-3.6762 eV -0.4193 eV -3.4528 eV -0.2752 eV
Adsorption Adsorption
HCHO HCHO
-3.2747 eV -0.0178 eV -3.2259 eV -0.0483 eV
Adsorption Adsorption
HCN HCN
-3.0613 eV 0.1956 eV -3.0043 eV 0.1733 eV
Adsorption Adsorption
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Table 2.3: Calculated adsorption energies of gases over doped ZGNR structures.

. Doped Structure
Adsorption Energy of Gas SV-ZGNR | DV-ZONR

CO -1.30 eV -1.96 eV

NO -2.86 eV -3.13 eV

COs -0.89 eV -2.26 eV

HCN 1.86 eV 2.91 eV

HCHO -2.11 eV 2.34 eV

COCly - -1.98 eV

2.3.1 NO Adsorption

In order to study the gas adsorption over doped ZGNR structures, the gas molecule is relaxed over
the doped ZGNR structure until the force per atom is less than 0.001 eV /Ang. The relaxed structures
are shown in Fig[2.3 and Fig[2.4l Again the values from Table{2.1] reflects that in both the cases, the
distance between the Ti atom and the O atom, and the Ti atom and the N atom is found to be nearly
identical. This indicates that the Ti atom interacts with both the N and O atom of the NO gas. In
the case of SV ZGNR, we observed an increase in the C-C bond lengths of the Carbon atoms nearest
to the Ti atom from 1.422 Ato 1.459 A, as well as an increase in the Ti-C bond length to 1.985 A.
These changes can be seen because the Ti and C atoms move further out of the plane of the ZGNR
in the presence of NO. The changes in bond lengths for DV ZGNR are far less pronounced, as can be
seen from the Table2.1l

Figure 2.3: Schematic diagram of NO molecule adsorption over SV-ZGNR with C, H, O, N and Ti atom
represented by green, white, red, purple and yellow colour balls respectively.
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Now, from the Table{2.3] it can be observed that NO molecule has higher adsorption energy over
DV-ZGNR than SV-ZGNR, which is -2.86eV and -3.13eV respectively. Also, the adsorption energy
values for both SV and DV-ZGNR are significantly higher than reported values for Ti-doped 2D
graphene sheet [112]. This shows that adsorption is preferred over Ti-doped DV-ZGNR as compared
to SV-ZGNR which is still better than graphene sheet.

Figure 2.4: Schematic diagram of NO molecule adsorption over DV-ZGNR with C, H, O, N and Ti atom
represented by green, white, red, purple and yellow colour balls respectively.

In order to observe the effect of gas adsorption on the electronic structure of ribbon, the density

of states (DOS) plotted for the range of -10eV to 10eV as shown in Fig]2.5 and Fig
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Figure 2.5: Figure representing change in the density of states of SV-ZGNR after NO adsorption.
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2.3 Results and Discussion

Due to the interaction of ribbon with the gas molecule, a shift was observed in the DOS. Due to
this shift, one can expect the electron density of ribbon to change, which will ultimately be reflected
as a change in the current during two probe measurement. There are significant shifts seen in the
DOS plots around the Fermi energy level. These changes indicate a change in the I-V characteristics
of the substrate after adsorption with NO. Further changes are also observed further away from the

Fermi energy level, which however is expected to contribute less to the electron transportation.
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Figure 2.6: Figure representing change in the density of states of DV-ZGNR after NO adsorption.

Further, the partial density of states (PDOS) as shown in Fig. is analyzed carefully to observe

the interaction between the orbitals of Ti and the atoms of the gas molecule.
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Figure 2.7: Figure representing the PDOS of orbitals of Ti, N, and O atom.

In both the cases of SV and DV-ZGNR, we can observe from the PDOS plot that the 3d orbital
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of Ti, 2p orbital of N and 2p orbital of O overlap in the region between -5eV and 0eV. Further, an
overlap is also observed near -10eV. This confirms the interaction between the Ti atom and the atoms

of the gas molecule.
2.3.2 CO Adsorption

The interactions between CO and Ti-doped ZGNR can be seen in Fig2.§ and

Figure 2.8: Schematic diagram of CO molecule adsorption over SV-ZGNR with C, H, O and Ti atom repre-
sented by green, white, red and yellow colour balls respectively

Figure 2.9: Schematic diagram of CO molecule adsorption over DV-ZGNR with C, H, O and Ti atom repre-
sented by green, white, red and yellow colour balls respectively

After the adsorption, the O atom is found to be closer to the Ti atom for both the cases, indicating
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2.3 Results and Discussion

a stronger interaction these two atoms rather than the Ti atom and the C atom of the gas. However,
interestingly, the interaction of the CO gas molecule with the DVZGNR is strikingly different. The
C atom of the gas molecule bends slightly towards the nanoribbon and causes a distortion in the
structure of the nanoribbon itself. The C atom nearest the C atom of CO gas is raised slightly and
interacts with it. After the adsorption, the O atom is found to be closer to the Ti atom for both
the cases, indicating a stronger interaction these two atoms rather than the Ti atom and the C atom
of the gas. However, interestingly, the interaction of the CO gas molecule with the DV-ZGNR is
strikingly different. The C atom of the gas molecule bends slightly towards the nanoribbon and causes
a distortion in the structure of the nanoribbon itself. The C atom nearest the C atom of CO gas is
raised slightly and interacts with it. Again from the Table{2.3] it can be concluded that adsorption of
CO molecule is preferred over DV-ZGNR than SV-ZGNR. Here also, the adsorption energy values for
both SV and DV-ZGNR are significantly higher as compared to the reported values for Ti-doped 2D

graphene sheet [112]. The Density of States plots were used to study the interaction between the CO
and the doped ZGNR (Fig and [2.11]).
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Figure 2.10: Figure representing change in the density of states of SV-ZGNR after CO adsorption.
There are smaller changes observed in the Density of States plot for the two cases, around the

Fermi energy level, as compared to the adsorption of NO. These changes are again likely to reflect in

the I-V characteristics of the system.
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Figure 2.11: Figure representing change in the density of states of DV-ZGNR after CO adsorption.

From the PDOS plot shown in Figf2.12] we can observe the overlap between the 3d and 2p orbitals
of Titanium and Oxygen respectively, especially in the region between -5eV and 0eV.
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Figure 2.12: Figure representing the PDOS of orbitals of Ti, C, and O atom

In the case of SV-ZGNR, there is an overlap observed between the 2p orbital of C atom and the

3d atom of Ti atom, whereas this overlap is almost negligible in the case of DV-ZGNR.

2.3.3 (CO, Adsorption

The interactions between COy and doped ZGNR vary in the case of SV-ZGNR and DV-ZGNR
(Fig and 3). After the adsorption, the O atom is found to be closer to the Ti atom for both
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the cases, indicating a stronger interaction these two atoms rather than the Ti atom and the C atom

of the gas.

Figure 2.13: Schematic diagram of COs molecule adsorption over SV-ZGNR with C, H, O and Ti atom
represented by green, white, red and yellow colour balls respectively.

Figure 2.14: Schematic diagram of C'Oy molecule adsorption over DV-ZGNR with C, H, O and Ti atom
represented by green, white, red and yellow colour balls respectively

The interaction of the COy gas molecule with the DV-ZGNR is strikingly similar to that of Carbon
Monoxide. The C atom of the gas molecule bends slightly towards the nanoribbon and again causes
a distortion in the structure of the nanoribbon. The C atom of the nanoribbon nearest the C atom
of COy gas is raised slightly and interacts with it. Again, from Table{2.3] it can be concluded that

adsorption of C'O9 molecule is preferred over DV-ZGNR as compared to SV-ZGNR, similar to the case
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of NO and CO. Inspecting the DOS graph plotted, we observe that for the case of SV-ZGNR, there is
a significant shift observed between the DOS plots between 0eV and 5eV as shown in Fig[2.15 Again,
a similar shift is observed between -5eV and 0eV for the case of DV-ZGNR as shown in Fig
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Figure 2.15: Figure representing change in the density of states of SV-ZGNR after CO, adsorption.
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Figure 2.16: Figure representing change in the density of states of DV-ZGNR after CO5 adsorption.

Again from PDOS plots in shown in Figl2.17] in both cases, there is significant overlap witnessed
between the 3d and 2p orbitals of Titanium and Oxygen atom respectively, in the region between -5eV
to 0eV. For the same energy range, an overlap is observed between the Ti orbitals and the 2p-orbital
of C atom of the gas in the case of SV-ZGNR, but it is almost negligible for DV-ZGNR hence it can

be concluded that Ti-3d and O-2p are the major cause of the interactions in the second case.
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Figure 2.17: Figure representing the PDOS of orbitals of Ti, C, and O atom.

2.3.4 HCN Adsorption

The interactions between HCN and doped ZGNR are again studied in the case of SV-ZGNR and

DV-ZGNR (Fig. and [2.19)).

Figure 2.18: Schematic diagram of HCN molecule adsorption over SV-ZGNR with C, H, N and Ti atom
represented by green, white, purple and yellow colour balls respectively

The Hydrogen Cyanide molecule is introduced into the system in multiple configurations, with the
Carbon atom and Nitrogen atoms respectively closer to the Titanium atom. The interaction of HCN
with SV-ZGNR and DV-ZGNR vary significantly, Similar to the case of adsorption of CO and COs,

in the case of DV-ZGNR, the Carbon atom interacts with the substrate, forming a strong interaction

TH-3014_136102008

53



2. Adsorption of Gaseous Air Pollutants Over Ti-doped ZGNR Structures: A DFT study

with the substrate chain. This further causes an increase in the adsorption energy of the gas.

Figure 2.19: Schematic diagram of HCN molecule adsorption over DV-ZGNR with C, H, N and Ti atom
represented by green, white, purple and yellow colour balls respectively

The values for the adsorption energy hence calculated indicate once more that the adsorption of
HCN is preferred over DV-ZGNR. Proceeding as before, here also the DOS is plotted. For both cases,
there is a significant shift observed between the DOS plots close to 0eV as shown in Fig2.19] especially
between 0eV and 5eV, as shown in Figl2.:20| and Fig[2.21]
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Figure 2.20: Figure representing change in the density of states of SV-ZGNR after HCN adsorption.

Further, HCN has a unique attribute of having a positive shift in the Fermi energy level, as against

the negative shift observed in all other cases.
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Figure 2.21: Figure representing change in the density of states of DV-ZGNR, after HCN adsorption.

Again from PDOS plots in shown in Fig in the case of SV-ZGNR, there is significant overlap
witnessed between the 3d orbitals of Titanium and the 2p orbitals of Carbon and Nitrogen atoms, in
the region between -5eV to 0eV.
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Figure 2.22: Figure representing the PDOS of orbitals of Ti, C, N and O atom.

For the energy range of -5eV to 2eV, an overlap is observed between the Ti 3d orbitals and the 2p-
orbital of C atom and N atom of the gas in the case of DV-ZGNR. However, the principle interaction

in the second case is due to the interaction of the C atom of the gas with that of the nanoribbon.
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2.3.5 HCHO Adsorption

The interactions between HCHO and doped ZGNR vary slightly in the case of SV-ZGNR and
DV-ZGNR (Fig. and 2.24). Initially, the formaldehyde molecule was introduced with Oxygen
atoms, as reported by Zhang et. al. [112] in the interaction of formaldehyde with the graphene sheet.
The interaction of HCHO with SV-ZGNR and DV-ZGNR appears similar in terms of the interaction
between the gas molecule and the graphene nanoribbon, with only slight variations in the bond lengths

of C-Ti and Ti-O. The adsorption energies are calculated from Eqn[2.1] and tabulated in Table{2.3]

Figure 2.23: Schematic of HCHO molecule adsorption over SV-ZGNR with C, H, O and Ti atom represented
by green, white, red and yellow colour balls respectively

Figure 2.24: Schematic of HCHO molecule adsorption over SV-ZGNR with C, H, O and Ti atom represented
by green, white, red and yellow colour balls respectively.
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Figure 2.25: Figure representing change in the density of states of SV-ZGNR after HCHO adsorption.
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Figure 2.26: Figure representing change in the density of states of DV-ZGNR after HCHO adsorption.

Again from the Table{2.3] it can be concluded that adsorption of HCHO molecule is preferred over
DV-ZGNR than SV-ZGNR. Here also, the adsorption energy values for both SV and DV-ZGNR, are

higher as compared to the reported values for Ti-doped 2D graphene sheet .

Similar to the previous gases studied, adsorption is also preferred over Ti-doped DV-ZGNR as

compared to SV-ZGNR which is altogether better than doped graphene sheet . Similarly, here

also the DOS is plotted.
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Figure 2.27: Figure representing the PDOS of orbitals of Ti, N and O atoms.

For the case of SV-ZGNR, there is a significant shift observed between the DOS plots between OeV
and, as shown in Fig[2.25] A similar shift is observed between 0eV and 5eV, close to the Fermi energy
level for the case of DV-ZGNR as shown in Figl2.26] Again, from the PDOS plot shown in Fig[2:27]
in the case of SV-ZGNR, there is a significant overlap witnessed between the 3s and 2p orbitals of
Titanium and Oxygen atoms respectively in the energy ranges -7eV to 0eV and 5eV to 10eV. For the
energy range of -5eV to 0eV, an overlap is observed between the Ti orbitals and the 2p-orbital of C
atom of the gas in the case of DV-ZGNR. Hence, the interactions are primarily between 3d of Ti and

2p of O atom.
2.3.6 (COCIl,; Adsorption

The interaction of Phosgene on the Ti-doped ZGNR structure occurs in an interesting manner.
Titanium acts as a catalyst for phosgene. Phosgene dissociates into carbon monoxide and chlorine
gas. The interaction of SV-ZGNR with phosgene was studied under various configurations, and in
all configurations, the catalytic action of Titanium caused Phosgene to split into Chlorine molecule
and Carbon Monoxide gas. Similar to the case of SV-ZGNR, the interaction with DV-ZGNR results
in dissociation phosgene is introduced with Chlorine atom closer to the Ti atom. However, when
phosgene is introduced with Oxygen atom closer to the Titanium atom, a strong interaction occurs
between Oxygen atom and Titanium atom, without causing the catalysis of phosgene with the ad-

sorption energy close to 2eV. Moreover, more extensive analysis needed for better understanding of
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this phenomenon.

2.4 Summary

The study and analysis of the adsorption of harmful gases on the surface of Ti-doped ZGNR
substrates are essential for the formulation of a method to detect these gases. Our study demonstrates
that for the adsorption of NO, both SV and DV-ZGNR showed significant adsorption energies of -
2.86 eV and -3.13 eV respectively. In the case of CO gas, the adsorption energies are lower at -1.3
eV and -1.96 eV for SV and DV-ZGNR respectively. In the case of Formaldehyde, the adsorption
energy observed are almost identical for SV and DV-ZGNR respectively. The adsorption energies
for all 3 gases are significantly higher than the values reported for the 2D-graphene sheet. Other
than these gases, adsorption of HCN over both types of doped structures are observed with moderate
adsorption energies of -1.86 €V and -2.91 eV for SV and DV-ZGNR respectively. The adsorption of
CO4 over the doped structure varies with very small adsorption energy of -0.89 eV for SV-ZGNR to
a fairly considerable value of about -2.26 eV for DV-ZGNR. In the end, by looking at the difference
between the adsorption energy for SV and DV-ZGNR, one can conclude that for all gases under
consideration adsorption is preferred over DV-ZGNR substrate. The case of COCIs is unique, as
catalytic dissociation is observed on interaction with the substrate. Doped ZGNR structures can

hence have great future applications as gas-sensing platforms.
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3.1 Introduction

Outline This chapter elaborates the study of the interaction of Phosgene (COCIy) on two config-
urations of Titanium doped Graphene Nanoribbons (GNR)- Armchair GNR and ZigZag GNR. We
analyze the changes in the electronic structure of the substrate before and after the adsorption of
Phosgene, with the help of Density Functional Theory (DFT) calculations. The Titanium doping was
assumed to be substitutional. The Phosgene gas molecule was introduced in multiple configurations
to account for the randomness of the incoming gas molecule on the substrate. Our results indicate
that the Titanium atom causes a catalytic splitting of the C-Cl bond, reducing the toxic gas into
less harmful by-products. Carbon mono-oxide gas is released after the adsorption, while the Chlorine
atoms attach to the substrate. The Oxygen atom in the gas can partially shield the C-CIl bond and
form a physical barrier to the splitting. However, this effect was seen only in a small minority of
the cases we studied. This study was further extended to two other molecules one with an S-Cl
bond (SOC!s -Thionyl Chloride) and one with an O-Cl bond (POC!3). Our results demonstrate that
Ti-doped graphene nanoribbons have great potential to be used as a platform for toxic gas treatment

as well as sensing.

3.1 Introduction

COCly, commonly known as Phosgene, is an industrial intermediate chemical used in the pro-
duction of isocyanate-based polymers, dyes, pesticides, and pharmaceuticals [119]. It is an extremely
toxic gas, and exposure to it can lead to pulmonary edema [120]. It was also used during in various
military applications [121]. Phosgene has a mildly pleasant odor and initially only causes slight ir-
ritations in the upper respiratory system and skin. This can lead to the victim not seeking a route
for escape before severe damage occurs in the lower respiratory system [122]. Further, the research
has shown that Phosgene symptoms may not appear immediately after exposure, and typically after
a latency period of up to 24 hours, at which point a breakdown occurs in the blood-air barrier, and
death usually occurs within 48 hours [123]. Hence, the detection of phosgene in lower concentrations
becomes critical.

The development of novel nanomaterials has long been a top priority for application in gas sensing.
In 1991, the discovery of carbon nanotubes opened a new era of research on the next generation of high-
speed electronic devices [124]. Carbon-based nanostructures such as the carbon nanotubes (CNT),

graphene nanoribbons (GNR), and graphene sheets have a high adsorption capability due to their
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high surface area to volume ratio. Moreover, owing to their 2D structure, they can be integrated
with current field-effect transistor (FET) fabrication techniques, and we can consequently develop a
complete gas sensing circuit without the need for any external circuitry [125]. Carbon Nanotubes have
subsequently been considered for gas sensing applications due to their unique structure and properties.
Graphene, like CNT, is also an allotrope of carbon. It has a two-dimensional arrangement of atoms
in a hexagonal lattice, as reported by Novoselov in 2007 [126}/127]. Its outstanding properties, such
as high electronic and thermal conductivities, as well as its exceptional mechanical strength, make it
an ideal candidate for various sensing applications [128,|129]. Further, its two-dimensional geometry
facilitates FET-based device fabrication.

Despite these advantages, pristine graphene has found limited applications as a gas sensor, pri-
marily due to its limited chemical interaction capability with most gas molecules. Most gases react
with graphene via physisorption, producing little to no change in the electrical properties of graphene.
These properties of GNR can be tailored with the help of doping [130]. Theoretical and experimental
studies have shown that doping graphene with transition metals such as Titanium enhances the ad-
sorption of gas molecules [131]. Further, studies have also shown that doped graphene structures can
be experimentally synthesized with good thermal stabilities [132,/133]. The strong interaction between
the transition metal and gas molecule greatly aids the molecular adsorption. Further, it was observed
that the Titanium doped graphene sheet exhibits good adsorption of Ha [134]. The adsorption of NOay,
NO, and O; on Titanium and Nitrogen- doped graphene sheet has also been reported previously [135].

In the present study, our aim is to observe and analyze the interaction of Phosgene with Ti-doped
carbon nanostructures- Zigzag GNR and Armchair GNR, with the help of DE'T calculations. In this
study, we have considered two types of Ti doping. In the first type, the Ti atom replaces one carbon
atom from the GNR substrate. We denote this as the Single Vacancy Doping or SV-ZGNR. The
second type is when the Ti atom replaces two adjacent Carbon atoms from the GNR substrate. We
denote this as the Dual Vacancy Doping or DV-ZGNR. Zhang et. al. reported the interaction of
phosgene with transition metal-doped Graphene sheets but the interaction (and splitting) of the same
with two different types of Ti-doping over ZGNR and AGNR was not covered [136]. Hence, our aim
is to study the adsorption of these gases on the GNR by introducing the gas molecule in various
unique arrangements and analyzed the difference in the electronic properties of GNR before and after

the adsorption of the gases. Our results demonstrate that Titanium possesses a strong catalytic
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tendency towards the Oxygen-Chlorine bond. To further verify our results, we have performed the
same simulations for other compounds which have a similar Oxygen-Chlorine bond, and the results

indicate a promising trend in the catalytic activity of the gas.
3.2 Computational Details and Input Parameters

We performed the first-principles Density Functional Theory calculations using the SIESTA pack-
age [137,/138]. The electron exchange-correlation energies are estimated with Perdew, Burke, and
Ernzerhof (PBE) exchange functionals within the generalized gradient approximation (GGA) [139).
The Troullier-Martins Pseudopotential is used to calculate interaction energies between ions and elec-
trons [140]. Atomic orbitals are realized with the double zeta basis plus the polarization orbital (DZP)
basis set. The k-point grid is taken as 7x7x1 for each case. The mesh cut off is taken as 350 Ryd-
berg. Before performing the energy calculations and atomic structure calculation, the structures were
relaxed using conjugate gradients (CG) algorithm. The force tolerance was taken as less than 0.01
eV/Ang. The unit cell is periodic in the z-direction; a vacuum region of more than 15 is kept between
the layers, to avoid interactions from neighboring cells.The strength of interaction between gases and
GNR is analyzed using adsorption energy (F,q4s). The adsorption energy can be estimated which
is given here:

Eads = Esvorpv—zaNRr+GAS — (Esvorpv—zanr + EGas) (3.1)

Where,Esvorpv—zanNR+casis energy for the gas adsorbed over the substrate,Fsyorpv—zanris the
energy of the substrate andis the energy of the gas molecule. The energy value calculated is then

adjusted for the Basis Set Superposition Error (BSSE).

3.3 Results and Discussion

We now study the interaction of phosgene on the graphene substrates. To account for the inherent
randomness of the incoming gas molecule, we introduce the gas in multiple configurations. For our
analysis, we rely on the adsorption energy, changes in the density of states, charge sharing estimated
through Mulliken charge analysis, and finally charge density plots. From the result of the DFT
calculations, the structure of the system is analyzed at the end of each stage. The bond lengths of the
relaxed structure are measured to analyze the nature of the bonds formed after adsorption. First, we

will discuss the interaction of the gas molecule on the SV and DV-ZGNR substrates. Next, we will
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Figure 3.1: The Gas introduced in three independent configurations on the Single Vacancy (SV) ZGNR
substrate.

proceed with the same analysis for the AGNR substrate. The analysis is then extended to other gases
with similar structures, namely POCI3 (Phosphorous Oxychloride) and SOCIy (Thionyl Chloride).

3.3.1 Ti-doped SV-ZGNR

The gas is introduced in three configurations, as shown in Figl3.1] The interaction of the gas on
the substrate differs in each case. First, the gas is introduced in the plane of the substrate, with the
C atom at a separation of 3 to the Ti atom of the SV-ZGNR substrate, as shown in Fig. In Fig
[B.IHydrogen atom is in blue, Oxygen atom in red, Titanium atom in black, Carbon atom in grey
and Chlorine atom in green. The length and width of ribbon is 12.3 and 9.28 respectively. In this
case, the gas molecule splits, resulting in the formation of CO gas, while the Cl atoms are absorbed
on Ti-atom. The observed Ti-Cl bond length is 2.27, which is slightly greater than the Ti-Cl bond
length of 2.17 observed in the TiCl4 molecule. The CO molecule isnt released in the process. Instead,
a weak interaction exists with the Titanium atom, which is confirmed by a Ti-C bond length of 2.19,
as against the 1.93 reported previously for the interaction of CO with the Ti atom of SV-ZGNR. To
better understand the mechanism involved, the individual steps calculated by the DFT process are
plotted.

The first step involves the breaking of one C-Cl bond in the gas molecule and the simultaneous
formation of a bond between the free Chlorine atom and the Ti atom of the substrate. Next, the

second C-Cl bond breaks, and the nascent Cl atom exists in an unstable state. The Cl atom attaches
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Figure 3.2: Step by step interaction of the gas on the SV-ZGNR substrate, when the gas is introduced with
C atom closest to the Ti atom. (a) Initial configuration of the setup. (b) The Chlorine atoms move towards
the Ti atom, leading to increased interaction. (c¢) The first C-Cl bond splits, and the Cl atom simultaneously
bonds with the Ti atom. (d) The C atom also bonds with the Ti atom. Anunstable intermediate complex is
hence formed. (e) Other C-Cl bond breaks, and the Cl atom is in nascent state. (f) The Ti-Cl bond temporarily
breaks, and both Cl atoms exist in a nascent state. (g) The Cl atoms, which are in an unstable state, bond
with the Ti atom. (h) CO gas is released temporarily in the configuration, CO atom re-attaches to the Ti atom,
forming the final complex.

to the Ti atom, which is followed by the breaking of the C-Ti bond. The CO molecule is, however,
unable to escape and re-attaches to the Ti atom. Fig. demonstrates the flow of the interaction
gas molecule with Ti-doped ZGNR, as described (a-h).

Hydrogen atom is in blue, Oxygen atom in red, Titanium atom in black, Carbon atom in grey and
Chlorine atom in green. The length and width of ribbon is 12.3 and 9.28 respectively. The entire
process results in the release of 3.778 eV of energy, indicating an energetically favorable reaction.

An important conclusion that can be drawn from this reaction sequence is the affinity of the Cl
atom to the Ti atom. The gas, although introduced with the C atom closest to the dopant, sees the

migration of the Cl atom towards the substrate. The interaction with the Ti atom causes both the
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C-CI bond to split one-by-one. An unstable intermediate complex is formed. This further splits off,
and the final state sees the two Cl atoms bonded to the Ti atom with a charge overlap of 0.421e
approximately, indicating the formation of a strong covalent bond. The Ti-C bond formed at the end
of the reaction is comparatively weaker with a charge transfer of 0.26e.

Next, we observe and analyze adsorption when the Cl atom is closest to the Ti-atom in the initial
configuration. Again, we observe the splitting of the C-Cl bond and the release of the CO molecule.
To better understand the reaction mechanism, the DFT steps were studied again. In this case, since
the C atom is relatively further away, it never forms a strong interaction with the Ti atom. As a
result, the Cl atoms are split off one by one, and CO gas is released in a relatively free state, and can
subsequently escape (due to the lower attraction force on the electron cloud of C). The energy released
in this process is 2.446 eV, which is less than that in the previous case. This can be explained by the
fact that the release of CO molecule from the intermediate complex requires the breaking of the weak
interaction between the C-atom of the gas and the Ti atom of the ZGNR, which leads to a reduction
in the adsorption energy calculated. Interestingly, the bond lengths and charge sharing in the Ti-Cl
bond are almost identical to the previous case.

In the third configuration, an interesting effect is observed. The O atom acts as a shield for the C-
Cl bond, preventing any interaction Cl atoms of gas and Ti-atom of ZGNR. Consequently, no splitting
is observed, and the COC'5 molecule simply attaches itself to the Ti atom. The electron overlap data
from the table confirms a weak bond between Ti and O atoms. Energetically, the reaction in this

configuration is the least favorable with an adsorption energy of 1.5853 eV.

3.3.2 Ti-doped DV-ZGNR

The interaction of the Phosgene with the DV-ZGNR substrate is almost identical to the case of
SV-ZGNR. One noticeable difference which arises is in the case when C atom is closest to the Ti
atom in the initial configuration. The CO molecule, in this case, is observed to be released from
the substrate. This is confirmed by the negligible charge overlap between the Ti and O atoms. The
C-Cl bond length was observed is 2.28A, which is almost identical to the previous case of SV-ZGNR.
The adsorption energy observed in this case, -3.01 eV, is significantly lower than the corresponding
SV-ZGNR case, due to the release of CO gas from the substrate. The interaction of the gas in the
other two configurations is similar to the DV-ZGNR case. Fig(a) depicts the C atom closest on
an SV-ZGNR substrate. In (b) Cl atom closest on an SV-ZGNR substrate. (c¢) showcases O atom
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Figure 3.3: The final relaxed structures obtained after the adsorption of Phosgene on Single Vacancy (SV)
ZGNR and Double Vacancy (DV) ZGNR substrates.

closest on an SV-ZGNR substrate whereas (d) represents C atom closest on a DV-ZGNR substrate
and (e) shows Cl atom closest on a DV-ZGNR substrate. In (f) O atom is closest on a DV-ZGNR
substrate. Fig[3.3(d), (e), and (f) show the final relaxed structure of the gas adsorption. Consistent
with the previous case of the adsorption on SV-ZGNR substrate, we notice that the Oxygen atom
tends to shield the C-Cl bond from the Titanium dopant atom. In this case, Table shows that
the charge overlap between Titanium atom and the Oxygen atom is 0.281e, which represents a weak

covalent bond between the two. The charge overlap between Ti and Cl and C atoms is negligible.

3.3.3 Ti-doped SV-AGNR

The DFT results of relaxation of the base structure for the AGNR indicate that the nanoribbon
is stable only in the Single Vacancy case here. The doping in the Double Vacancy case causes the
substrate to fold significantly, causing the structure to become unstable. Hence, we have reported
the results of the interaction of the gas with the SV substrate only. The results obtained from
the simulations on a SV-AGNR substrate are almost identical to the SV-ZGNR case. In fact, the

interaction of the gas with the C-atom closest to the substrate results in the splitting of the molecule
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Table 3.1: Comparison of the Properties of the Final Relaxed Structure in the Different Cases Studies.(NB)-
NO BOND FORMATION

Bond Ti-Cl Ti-C Ti-0 C-0 Adsorption
Energy
Substrate | Configuration | Bond Length(A) | Charge Overlap(e) | Bond Length(A) | Charge Overlap(e) | Bond Length(A) | Charge Overlap(e) | Bond Length(A) | Charge Overlap(e) (ev)
C Close 2.2711 0.421 2.1936 0.260 3.3289(nb) -0.006 1.1450 0.861 -3.778
SV-ZGNR ]
CI Close 2.2463 0.431 3.7240(nb) 0.020 4.2878(nb) 0.000 1.1470 0.860 -2.446
O Close 4.4506(nb) 0.003 3.2513(nb) -0.012 2.0112 0.262 1.2416 0.679 -1.5853
C Close 2.2826 0.396 3.7994(nb) 0.014 4.3595(nb) 0.000 1.1485 0.857 -3.01
DV-ZGNR
CI Close 2.2814 0.398 3.7912(nb) 0.014 4.3524(nb) 0.000 1.1486 0.857 -3.011
O Close 4.3757(nb) 0.003 3.2262(nb) -0.010 1.9838 0.278 1.1244 0.670 -1.934
C Close 2.2528 0.421 3.7921(nb) 0.016 1.2934(nb) 0.000 11472 0.859 3.336
SV-AGNR
CI Close 2.2665 0.126 22013 0.258 3.3112(ub) 20,006 1445 0.862 1211
O Close 4.4036(nb) 0.002 3.2474(nb) -0.012 2.0081 0.263 1.2426 0.677 -1.785

with the release of the CO molecule. The adsorption energy calculated in this case, -3.36 eV, is
almost identical to that in the case of SV-ZGNR with Cl atom closest to the gas. Interestingly, the
interaction with the CI atom closest to the Ti atom does not result in the release of CO, as may be
expected. Instead, the CO molecule attaches to the Ti atom. This observation also accounts for the
higher adsorption energy (-4.21 eV) observed in the case when the Cl atom is introduced closest to
the substrate, than when the C atom is closest to the substrate. The adsorption energy, in this case,
is again almost identical to that of the SV-ZGNR case with the C atom closest to the dopant. The
interaction with O atom closest to the substrate is again limited by the shielding effect of the Oxygen
atom. Electron charge transfer data from Table shows the same, with the Ti-O and the C-O bond

showing the maximum charge transfer, and minimal charge sharing between the other atoms.
3.3.4 Discussion on Electronic Structure

Next, we look at the Density of States, Band structure, and Electron Density plot for the studied
substrates. Since our main aim is to use these substrates in FETSs, we need to be able to observe
significant changes in the electronic properties of the system before and after the adsorption of the gas
molecule. These changes would then result in a change in the I-V characteristics of the devices and
produce a measurable change. First, we analyze the change in the Density of States of the system by
contrasting the DOS before and after the gas adsorption (Figl3.4).

The changes in the DOS plots reflect the changes in the I-V characteristics we can expect, and
consequently exploit to design a gas sensor on these substrates. The Fermi level in the two devices has
been centered to 0 eV. In both cases, we notice a spike in the DOS of the system with the adsorbed

gas molecule very close to the Fermi level, at 0eV. This leads to a marked increase in the conductance
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Figure 3.4: The density of states for the SV-ZGNR system with Phosgene adsorbed, compared against the
underlying substrate DOS (Fermi level adjusted plot)

of the substrate after the adsorption of the gas molecule. These results further support our hypothesis
of a detectable change in the current characteristics of the ZGNR substrate. The subsequent analysis
we perform is the band structure analysis of the final system, with the gas molecule adsorbed on
the system. The band structure data paints an interesting picture of the working of the substrates.
We know from the literature that ZGNRs does not have a bandgap. This result is validated
by the simulation results we observe. The presence of the Fermi energy level above the bandgap
indicates that the FET device having this substrate as a channel, will be an always ON device, and
in order to turn it off, we would need negative biases. The SV-AGNR is a different case altogether.
In this scenario, the Fermi-level lies within an energy bandgap. This makes this an ideal candidate
for use in conventional FET technology. Further, the adsorption of Phosgene has another desirable
effect on the zigzag nanoribbon substrate. As discussed previously, pristine zigzag nanoribbons do not
have a bandgap. However, the chemical adsorption of Phosgene on the ZGNR substrate leads to the
formation of a bandgap in both the SV and DV substrates which can lead to turning off phenomena
in the always ON type FET device (Fig shows the formation of bandgap after the adsorption of
Phosgene, while a similar gap is observed close to, but below, the Fermi energy level in Fig. [3.5a)).
While not directly proving it, this result does predict that the adsorption of Phosgene would
result in a change of the current-voltage characteristics of such devices. However, to understand the
performance of these materials in a FET-based sensor device, various aspects such as coupling of

electrode material, i.e., source and drain, and the effect of back gate voltages, which influence the
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Figure 3.5: The band structure and corresponding density of states for the SVZGNR and SV-AGNR system
after adsorption of Phosgene.

electrostatic fields on the atomic thick channel material (ZGNR), are to be considered. These aspects
can be incorporated through the Non-Equilibrium Green Function transport based DFT simulations
[142|143]. Previous studies on graphene-based sensors have demonstrated that the electronic structure
of graphene makes it immune to electrostatic noise from the environment [144}|145], while atomic
Graphene Nanoribbons have also shown excellent structural stability in the ambient environment [146].
In summary, these materials are promising for the development of highly sensitive sensors, which
are robust against electrostatic noises. To further understand the nature of the interaction observed
previously, we now plot the electron charge density of the systems. These diagrams show an interesting
result. The take-away from these is that at the chemical adsorption site on the substrate, there is a
local migration of the electrons into the Cl atom, and away from the Ti atom, which is as expected
due to electro-negativity difference between the two atoms.

Fig[3.6] shows the iso-surface corresponding to an iso-value of 0.2, as obtained from DFT calcu-
lations at each point in the unit cell lattice. The gas was introduced with the C atom closest to
the Ti atom. The final structure shows the splitting of the C-Cl bonds, as well as the subsequent
formation of CO, which forms a weak covalent bond with the Ti atom. The isosurface corresponds to
isovalue of 0.2. The figure shows that after the adsorption, charge is accumulated mostly over chlorine
atoms, indicating a migration of electrons to the Cl atom. In Fig The adsorption of COCI, causes
the formation of a bandgap (0.085 eV in this case) in the zero bandgap zizag graphene nanoribbon

substrate. The formation of the bandgap allows us to use these substrates as FET transistors which
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Figure 3.6: The electron density plot of the relaxed zigzag graphene nanoribbon substrate after the adsorption
of the gas.
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Figure 3.7: Bandstructure before and after adsorption of Phosgene on the DVZGNR substrate.

can be turned off after the adsorption of Phosgene. (Note: The Fermi level for both structures has
been centered to 0 eV. In an absolute sense, however, this does not correspond to the same energy

value). Our electronic analyses so far demonstrate that there are significant changes in the electronic

structure of the devices before and after adsorption.

3.4 Comparative Analysis of Adsorption of Similar Gases

To further understand the nature of the interaction observed previously, similar studies were carried
out for SOCIy and POCI3, which have a similar structure to that of phosgene. Again, during the

simulations, the gas was introduced in various unique configurations on the different substrates. The
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results obtained from the simulations agree with the observations made previously. Firstly, a general
trend of shielding is observed when the O-atom is close enough to interact with the substrate. This
is observed in the interaction of both POCI3 and SOCIy with the sensing substrates. However,
interestingly, in the interaction of SOCIy with the DV-ZGNR substrate, a departure from this trend
is observed, with one of the S-CIl bonds being split even with Oxygen shielding present. In all other
cases, the oxygen atom prevents the direct interaction between the other atoms of gas and substrate.
The interaction in other configurations is less generalizable. However, in all cases, a catalytic split
in the Cl-central atom bond due to the Ti atom is observed. In POCI3, different substrates and

configurations cause the split of either one or two P-Cl bonds.

3.5 Summary

Previously, studies have been carried out to investigate the sensing behavior of various substrates
for phosgene. However, the catalytic effect of doped graphene sheets has not been explored previously.
A study carried out by Zhang et.al. [147] reported interaction energy of -1.065 eV on Ti-doped single
vacancy graphene sheet. Further, the interaction of BN with Phosgene has also been previously
reported, indicating variable values ranging from -1.058eV to -6.328 eV [136]. Our simulation studies
indicate that the doped Titanium atom of the Graphene Nanoribbon substrate acts as a catalyst for
the splitting of the C-Cl bond. The results of simulation studies indicate that in all configurations in
which the Ti atom interacts with the C-Cl bond, a split is observed. However, in the configuration in
which the O atom appears closest to the Ti atom, a shielding effect takes place, and consequently, no
splitting takes place. The electron overlap data indicates that in this case, adsorption of phosgene on
the substrate takes place. This result has previously been reported in the literature. Further, analysis
with similar gases further indicate that the splitting of the P-Cl and S-CI bond also takes place in
the presence of Titanium, indicating that the presence of the oxygen on the central atom, and the
presence of Ti atom allows the CI atoms to break free, and the remaining molecule forms a complex

with the sensing substrate.
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Outline This work deploys the Density Functional Theory (DFT), to study the interactions between
Urea with pristine and transition metal (TM) doped two-dimensional graphene structures. Four TM-
dopants, namely, V, Ti, Fe, and Cr, are considered in this study. Each of these doped structures has
one TM-atom replacing one carbon atom from two-dimensional graphene sheets. Our results indicate
that TM-doped graphene possesses strong chemical interactions with urea molecule and hence, has a
better affinity towards urea as compared to pristine 2-D graphene sheet. Significant charge transfer
has also been observed between TM and O-atoms. Moreover, among all the TM-doped structures,
V-doped structure is preferred in terms of adsorption energy. The electronic structure also changes
after adsorption, which can be observed through the change in the density of states (DOS). Our study

suggests that TM-doped graphene have the potential to be the sensing platform for Urea.

4.1 Introduction

Urea, also known as carbamide is an organic molecule with two amine groups attached to a carbonyl
group with a chemical formula of NH2-CO-NH2. It first came into notice of a Dutch chemist Herman
Boerhaave while working with evaporates of urine in the year 1727 [148|. After that, the procedure of
obtaining urea from urine evolved over almost a century until Friedrich Whler discovered the artificial
synthesis in the year 1828 [149]. Since then, this compound has gained significant importance and is
heavily used in laboratories, explosives, and chemical industries [150-153]. In the area of agriculture,
medical, and human health, urea plays a crucial role. In agriculture, urea is widely used as a cost-
effective fertilizer with high nitrogen content. Therefore, it can boost plant growth and crop production
Moreover, the overuse of urea acidifies the soil, and hence, various preventive actions are being taken
to avoid the same [154H156]. In mammals, ammonia is produced during the metabolism involved
with amino acids and nitrogenous compounds, which is very toxic. This ammonia is converted to
urea and C'Oy by the liver through a series of biochemical reactions known as urea cycle [157]. The
produced urea is carried to the kidneys through blood where it is finally excreted out from the body
through urine. The amount of urea in the blood can thus provide vital information about the health
of liver and kidney. The corresponding test for the same, in medical terms, known as Blood Urea
Nitrogen (BUN) [158]. Therefore, it is imperative to estimate the concentration of urea in both
environmental entities such as soil, groundwater, as well as in human body fluids like blood and

urine. In the past few years, developments of two-dimensional materials such as graphene have gained
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popularity in almost every research community, especially the sensor community [159]. The two-
dimensional nature has enabled various extraordinary properties such as high thermal and electrical
conductivities, high surface to volume ratio, fulfilling the prime requirement of a sensing layer |160].
Moreover, the planer nature makes it ideal for integration with field-effect transistor (FET) fabrication,
thus creating a highly sensitive sensing platform [161}162]. The pristine graphene does not possess
significant interactions with many sensing targets like toxic gases, biomolecules. But, these interaction
capabilities towards the target can be significantly altered by doping [163]. Theoretical studies have
shown that doping of graphene with transition metal atoms can significantly improve the adsorption
of carbonyl group containing organic compounds such as HCHO [164,/165]. The transition metals are
also known to have a strong interaction with the oxygen- containing compounds. Therefore, doping
with TM atoms can result in strong adsorption of such gases, and they exhibit strong oxygen reduction
reactions [166]. Furthermore, these doped structures can be synthesized in laboratories, and they show
excellent thermal stabilities; hence, they are fancied for sensing applications. During this study, our
focus is to investigate the interaction of urea molecule with transition metal doped two-dimensional
graphene sheet through the density functional theory based simulations. V, Ti, Fe, and Cr are the
four TM-dopants considered as they exhibit strong interactions with oxygen and carbonyl-containing
compounds, and few of them are already synthesized and experimentally studied |[167-170]. For this
study, we incorporated a simple doping strategy in which the dopant will substitute a C-atom from
the layer. This type of strategy has already been explored in most of the cases because they are
easy to analyze, yet can provide deep insight. The study of adsorption process comprises various
unique configurations of urea molecule over graphene and doped graphene. The changes in electronic
properties before and after the adsorption are analyzed, through the change in the density of states.
We observed that pristine graphene have very weak interaction, whereas the doped graphene has
significant interactions with the molecule. Further, the adsorption process is thoroughly investigated
in terms of change in bond lengths, adsorption energies, and charge transfer. Our results demonstrate

that doped graphene can be used to develop a sensing platform for urea.
4.2 Computational Details

The first principle density functional theory calculations are performed using the STESTA package

[171,|172]. The electron-electron exchange-correlation energies are estimated with Perdew, Burke,
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Figure 4.1: The optimized 55 pristine graphene sheet, carbon atoms are in grey.

and Ernzerhof (PBE) exchange functionals within the generalized gradient approximation (GGA)
[173]. The Troullier-Martins pseudopotentials are used to incorporate the interaction between ions
and electrons. The double zeta basis plus the polarization orbital (DZP) basis set is used to construct
atomic orbitals . We have considered a 55 graphene sheet, as shown in Figure and Figure
with 50 carbon atoms. During doping, one carbon atom is replaced by a TM-atom, resulting in 2%
of doping . The k-point grid is taken as 771 with 350 Rydberg as the mesh cut off. Before
performing the adsorption and electronic structure calculations, each structure was relaxed using
conjugate gradients (CG) algorithm. The force tolerance was taken to be less than 0.01 eV /Angstrom.
The unit cell is periodic in the x and y-plane; a vacuum region of more than 15 Angstroms is kept in
the z-direction to avoid interactions from neighboring cells.

The strength of the interaction between urea and graphene is analyzed using adsorption energy

(Eads). The adsorption energy can be estimated using Equation-1, given below:

Eads = ESubstrateJrUrea - (ESubstrate + EUrea) (41)

Where, Egupstrate+Urea 1S the energy of the urea adsorbed over the substrate, Fgypstrate iS the

energy of the substrate, and Epy,.., is the energy of isolated urea molecule.
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Figure 4.2: The TM-doped 55 graphene sheets

4.3 Results and Discussion

The interaction and adsorption of urea molecule with graphene and doped graphene are studied in

two steps: first, the simulation has been carried out to estimate the nature and strength of adsorption

for pristine graphene. Secondly, the effect on the adsorption phenomenon caused by TM-doping is

assessed. The urea molecule was introduced over the sheet in several different but unique orientations

for each case. This consists of urea molecule’s parallel planer and perpendicular orientations over

the sheet. There are a total of 11 such orientations. Each case was thoroughly analyzed in terms of

adsorption energy, charge transfer, and change in structural, electronic properties. Following sections

describe the same.

4.3.1 Urea over Pristine Graphene:

Initially, the graphene sheet and urea molecule were relaxed individually. Post relaxation, length

of the C-C bond was found to be 1.42 Angstroms that is in accordance with other theoretical and

experimental works [177]. The urea molecule after relaxation possessed C-O, C-N, and N-H as 1.225,

1.281, and 1.010 Angstroms, respectively, which are again in concurrence with the experimentally

reported values in the literature [178§].

To get the most energetically favorable position, adsorption energy was calculated for each orien-

tation using Equation-1. It was observed that the urea molecule tends to be adsorbed in a parallel

planer manner as shown in Figure 3 with Eads -0.776 eV which is more than the value for single walled
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Figure 4.3: The optimized structure obtained after urea adsorption over pristine graphene. Carbon, nitrogen,
oxygen and hydrogen atoms represented with gray, blue, red and white color balls respectively.

boron nitride nanotubes and KCl surface but less than the reported value for ZnO surface [179-181].
The structural changes both in sheet and molecule are estimated through the change in bond lengths,

as shown in Table [4.11

Table 4.1: The comparison of bond-lengths for pristine, TM-doped graphene and urea molecule before and
after the adsorption.

Substrate Bond Lengths Urea Bond Lengths Nearest Atom and Distance
Substrate
C-C C-TM C=0 C-N N-H Nearest atoms Distance

Before Adsorption 1.421 - 1.225 1.381 1.01 - -
Pristine Graphene

After Adsorption 1.42 - 1.231 1.383 1.014 C-0 2.86

Before Adsorption | 1.412-1.437 | 1.889-1.904 1.225 1.381 1.01 - -
V-doped Graphene

After Adsorption | 1.414-1.439 1.887-1.915 1.273 | 1.341-1.355 | 1.01-1.02 V-0 2.003

Before Adsorption | 1.413-1.432 1.925-1.926 1.225 1.381 1.01 - -
Ti-doped Graphene

After Adsorption | 1.411-1.437 1.922-1.953 1.271 | 1.342-1.356 | 1.01-1.02 Ti-O 2.05

Before Adsorption | 1.415-1.429 1.782-1.783 1.225 1.381 1.01 - -
Fe-doped Graphene

After Adsorption | 1.420-1.433 1.763-1.767 1.272 | 1.343-1.356 | 1.01-1.02 Fe-O 1.91

Before Adsorption | 1.410-1.438 1.902-1.903 1.225 1.381 1.01 - -

Cr-doped
After Adsorption | 1.412-1.423 1.896-1.908 1.271 | 1.343-1.356 | 1.01-1.02 Cr-O 2.006

As per the values form Table no significant change in the bond length was observed. The
nearest atom to the sheet is O-atom, which is around 2.86 Angstroms from the sheet. The high distance
between the molecule and the sheet and low adsorption energy reflects that the interaction nature is

weak chemisorption. In order to observe the change in the electronic structure after adsorption, DOS
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Figure 4.4: The density of states (arb. units) plot for pristine graphene before and after urea adsorption with
Fermi level shifted to zero.

was calculated, as presented in Figure There are slight changes between -5 to 0 eV in DOS plot
after adsorption, but no changes at Fermi level were observed. The charge transfer was calculated
through Mulliken Population analysis; in this case, a very small charge 0.065e transfer from layer

atoms to atoms of urea was observed, reflecting that the adsorption process is weak chemisorption
4.3.2 Urea over V-doped Graphene

The relaxation of V-doped graphene sheet was carried out initially. After relaxation, the C-C
bond length in the sheet was found to be in the range of 1.413-1.432 Angstroms, which is due to
the presence of V-atom, causing deformations in the pristine graphene structure. Whereas, the C-V
bond length was 1.88-1.90 Angstroms, which is in accordance with the available other theoretical and
experimental works in the literature ,. As before, after analyzing adsorption energy for each
orientation, it was observed that the urea molecule tend to be adsorbed in the perpendicular manner
rather than parallel planer manner that is observed in the former case. The distance between O and
V atom of the sheet is approximately 2.003 Angstroms as shown in Figure with adsorption energy
of -2.792 eV (which is significantly higher than the values reported in the literature and tabulated in
Table .

The reason for such high adsorption energy is twofold. First, it is due to the strong interaction
between V and O-atoms, which is confirmed through the significant charge shared (0.249¢) between

them. Second is due to adsorption in the perpendicular manner; therefore, not only oxygen but
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4. Adsorption of Urea over Transition Metal Doped Graphene: A DFT Study

Figure 4.5: The optimized structure obtained after urea adsorption over V-doped graphene. Carbon, vana-
dium, nitrogen, oxygen and hydrogen atoms represented with gray, light gray, blue, red and white color balls
respectively.

other atoms of the molecule (particularly the hydrogen atom near to sheet) is also interacting with
C atom of the sheet through small charge sharing. Hence, together, they amplify the adsorption
process, resulting in high adsorption energy in this case. The evidence of this strong interaction
can be visualized in terms of changes in the bond lengths (Table of urea molecule and V-doped
graphene after adsorption. During the adsorption process, a total of 0.127e charge was transferred to
the graphene layer by urea molecule. Moreover, due to the presence of unpaired d-orbital electrons,
V-doped graphene exhibit magnetic behavior with a total magnetic moment of about 1.086 B .
However, due to the interactions (charge sharing/transfers) with urea molecule, the magnetic behavior
gets affected and the total magnetic moment for the system after the adsorption was observed to be
around 1.0 uB.

The change in electronic properties can be observed through DOS plot shown in Figure 4.6} There
were significant changes, which can be observed at Fermi level as well as for the entire range of -10 to
5 eV in DOS plot after adsorption. It suggests that V-doped graphene can be used as a sensing layer

in electronic sensor platforms.
4.3.3 Urea over Ti-doped Graphene

As before, after the relaxation, the C-C bond lengths were found to be in the range of 1.413-1.432
Angstroms. It is due to the deformations caused by Ti-doping in the graphene structure. Whereas, the

C-Ti bond length was 1.925-1.926 Angstroms, which is in accordance with theoretical and experimental
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Figure 4.6: The density of states (arb. units) plot for V-doped graphene before and after urea adsorption
with Fermi level shifted to zero.

works in the literature [177,|182]. After careful analysis of adsorption energies for each case, similar
to the previous case, the urea molecule tends to get adsorbed in the perpendicular manner as shown
in Figure with Eads -2.702 eV (Table [4.2) having a distance of approximately 2.05 Angstroms

between O and Ti atom of the sheet.

Table 4.2: The comparison of adsorption energies for urea adsorption over TM-doped graphene with that of
other adsorbent surfaces reported literature.

S.No. Adsorbent Theory Adsorption Energy Ref.
Single walled Boron

1. Nitgri o Namotubes | DFT-GGA -0.325 eV 32]

2. ZnO (1 00) surface | DFT-GGA -1.613 eV [33]
- 0.65913eV for {100} orientation

3. KCl Surface DFT-GGA | -0.88029 eV for {110} orientation [34]
-0.86295 eV for {111} orientation

4. Pristine Graphene | DFT-GGA -0.776 eV

5. V-doped Graphene | DFT-GGA -2.792 eV

6. Ti-doped Graphene | DFT-GGA -2.70 eV This work

7. Fe-doped Graphene | DFT-GGA -2.460 eV

8. Cr-doped Graphene | DFT-GGA -2.439 eV

The adsorption energy was observed to be slightly less as compared to the previous case of V-
doping. In this case, urea donates 0.141e charge to the graphene layer, which is more, but charge
shared between urea molecule and layer is less in this case as compared to the previous case. The

similar changes in the bond lengths after adsorption observed are summarized in Table However,
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4. Adsorption of Urea over Transition Metal Doped Graphene: A DFT Study

Figure 4.7: The optimized structure obtained after urea adsorption over Ti-doped graphene. Carbon, tita-
nium, nitrogen, oxygen and hydrogen atoms represented with gray, light gray, blue, red and white color balls
respectively.
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Figure 4.8: The density of states (arb. units) plot for Ti-doped graphene before and after urea adsorption
with Fermi level shifted to zero.

unlike the previous case, Ti-doped graphene exhibited no magnetism, i.e., the total magnetic moment
for the system was observed to be zero , which remains unchanged even after adsorption of urea
molecule. Significant changes were observed in the DOS plot (Figure between 0-5 eV and between
-10 to -1eV after adsorption, but no changes were observed at Fermi level, which was present in the

previous case.
4.3.4 Urea over Fe-doped Graphene

In this case, due to the deformation caused by Fe-atom, after the relaxation, the C-C bond lengths

were found to be in the range of 1.415-1.429 Angstroms. Whereas, the C-Fe bond length was 1.782-
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1.783 Angstroms, in accordance with other theoretical and experimental works in the literature [177]

152)- (153)

22
S

Figure 4.9: The optimized structure obtained after urea adsorption over Fe-doped graphene. Carbon, iron,
nitrogen, oxygen and hydrogen atoms represented with gray, orange, red, blue and white color balls respectively.

Again, in this case, the urea molecule tends to get adsorbed in the perpendicular planer manner
similar to V and Ti-doped cases with Eads -2.460 eV (Table, as shown in Figure The distance
between O and Fe atom of the sheet was approximately 1.91 Angstroms. In this case, the total charge
transfer to layer was 0.084e, which is less, but the charge shared between urea molecule and layer was

more than previous cases. The similar pattern in the variation of the bond lengths after adsorption

can be observed in Table [4.1]

au Ponsity of Siates for Fe-doped Graphens with Urea adsorption
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Figure 4.10: The density of states (arb. units) plot for Fe-doped graphene before and after urea adsorption
with Fermi level shifted to zero.

The magnetic moment for the Fe-doped graphene changed from 1.73 uB to zero upon adsorption.
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4. Adsorption of Urea over Transition Metal Doped Graphene: A DFT Study

The changes in DOS plot can be observed in Figure [£.10] The changes were not only at Fermi but

also over the entire energy range, which is similar to that of the V-doped case.
4.3.5 Urea over Cr-doped Graphene

After relaxation, the C-C bond lengths were found to be in the range of 1.410-1.438 Angstroms
whereas the C-Cr bond length was 1.90 Angstroms, which is in accordance with the available theoret-
ical and experimental works . The trend of urea molecule adsorption in the perpendicular
planer manner as the rest of the doped cases continues here with Eads -2.439 eV (Table , and the

distance between O and Cr atom of the sheet was approximately 2.006 Angstroms as shown in Figure

41T

Figure 4.11: The optimized structure obtained after urea adsorption over Cr-doped graphene. Carbon,
chromium, nitrogen, oxygen and hydrogen atoms represented with gray, light blue, blue, red and white color
balls respectively.

In this case, the total charge transferred to layer was 0.11e, which is slightly higher, but the charge
shared between urea molecule and layer was less than the previous case of Fe-doping. Again, the trend
in the change of bond lengths after adsorption continues, as showcased in Table

Moreover, the Cr-doped graphene exhibit magnetism with a total magnetic moment of about 2.16
1B, that was slightly decreased to 2.0 4B upon adsorption of urea molecule. Even here, the significant
change in DOS at Fermi and over the entire energy range can be observed in Figure which is

similar to the V and Fe-doped case.
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Figure 4.12: The density of states (arb. units) plot for Cr-doped graphene before and after urea adsorption
with Fermi level shifted to zero.

4.4 Summary

The objective of this paper is to study the interaction of the urea molecule over pristine as well as
TM-doped 2-D graphene sheets. The interaction between urea and pristine graphene sheet is very weak
and caused by weak chemisorption. Hence, change in electronic properties is inconsiderable, and so
is the charge transfer. Whereas, the interaction with the doped graphene sheet is very strong, caused
by strong chemisorption, resulting in significant changes in electronic properties and large charge
transfer. The charge transfer was from the molecule to layer for each doping case. All the TM-doped
graphene structures involved in this study exhibit significantly higher adsorption energy as compared
to the reported values for several other adsorbent surfaces, as showcased in Table Finally, after
a thorough analysis of each case, it is observed that V-doped graphene has the strongest interaction
with urea. In this case, a significant charge is transferred to the layer. Hence, V-doped graphene
can be an excellent candidate for urea adsorption. After the adsorption, the electronic properties are
significantly modified as well; therefore, V-doped graphene can be used as a sensing layer in electronic
sensing platforms such as chemi-resistor or FET. Therefore, it can be concluded from our study that

the doped graphene is a good candidate for developing point of care (POC) diagnostic devices.
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5.1 Introduction

Outline The work utilises Density Functional Theory (DFT) to showcase the interaction and ad-
sorption of the three most polluting Chlorofluorocarbons (CFC) molecules namely CFCls, CCIF3,
and CClsF5 with pristine and Ti-doped two-dimensional graphene sheet. Substitutional doping of
one Ti-atom with one carbon atom from a two-dimensional graphene sheet is considered. An opti-
mum orientation and configuration of each CFC molecule are obtained on graphene and Ti-doped
graphene with the help of geometry optimizations. The obtained results indicate strong chemical
interaction of the Ti-doped graphene with the Cl atom of the CFC molecules exhibiting better affinity
towards the molecules in comparison to pristine graphene sheet. Moreover, in the case of CF'Cl3 and
CCly F5, the strong interaction between Ti and CIl atom can result in de-chlorination which is splitting
of C-Cl bond. This forms a free radical entity that is weakly adsorbed over the sheet, whereas the
chlorine atom gets attached to the Ti-atom. However, for CCIF3 no such effect was observed as the
de-chlorination energy required is more compared to the previous case. Apart from a few cases of
splitting, strong adsorption of these gases over Ti-doped graphene was observed compared to weak
adsorption in pristine graphene. Also, a significant transfer of charge is noticed between Ti and CFC
molecules. The variation in the electronic structure after the adsorption was estimated and analysed
through the change in the density of states (DOS). The results suggest that Ti-doped graphene has

the potential to be the sensing platform for CFC molecules.

5.1 Introduction

Chlorofluorocarbons or CFCs are fully halogenated hydrocarbons that contains only carbon, chlo-
rine, and fluorine atoms. Due to their low boiling points, they are widely used as refrigerants, and
propellants [184]. Commercially they are known as Freons, which is a trade name for a group of
CFC produced by the DuPont Company [185]. In 1890s, Frdric Swarts, a Belgian scientist perfected
the indirect fluorination process of the production of chlorofluoro compounds. In 1892, he demon-
strated the application of antimony fluoride (treated with chlorine or antimony pentafluoride, called
as Swartz reagent) as a fluorinating agent, which can effectively replace the chlorine atoms of chloro
compound; the reaction is known as Swarts reaction [186]. Later, he also demonstrated mercurous
fluoride for the same process. With the aid of these reagents, he was able to synthesize and isolate
trichlorofluoromethane and various other chlorofluoro compounds. However, these CFCs were not used

as refrigerant until the 1920s. In late 1920s, an American engineer Thomas Midgley Jr. along with his
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team members proposed trichlorofluoromethane as an alternative to the traditional refrigerant such as
ammonia. The team also improved the Swartz’s method to produce the CFCs efficiently [187]. After
that, CFCs were widely used for refrigeration, aerosol in world war-II, etc. But in later decades, the
harmful effects of CFCs, particularly ozone depletion were realized by the scientists [188]. Therefore,
it was started regulated in 1976 and then in 1987, it was decided to start reducing and completely
eliminate the production of CFCs in the Montreal treaty [189]- [190]. But, there was no clause for
recycling CFCs in the treaty, and there are serious worldwide issues related to the smuggling of CFCs.
The existing CFCs whether in the warehouses or in existing equipment which will be eventually re-
leased in the atmosphere once their life time is over were also not regulated under the treaty [191].
Therefore, the atmospheric levels of CFCs are not dropping as per the expected levels, and in the case
of a few CFCs, the levels are increased in last few years. Hence, the CFCs is still a big problem to the
environment and their concentration estimation is vital.

Other than as refrigerants, CFCs are regularly used in laboratories as solvents and in various
protocols such as oil-in-water assays. They are widely used in hydrology studies, and sometimes, they
are produced as by-products. CFCl3 is also used as an NMR reference [192]- [193]. Due to their
frequent use, laboratories are also becoming a major source of CFC pollution, and such laboratory
environments have adverse effects on health. Groppi et al. studied the effects of C F'Cls inhalation,
gas chromatography analysis shows its concentration in various issues. The highest concentration
was found in heart tissues which causes the toxic action which finally results into arrhythmia and
cardiac arrest along with hypoxemic asphyxiation [194]. A study conducted by Oenbrink described
the adverse effects of CFCl3, and CClyF, as medication propellants on patients [195]. CFCl3 is
readily used in NASA space missions, and since it is most cardio toxic of all CFCs and can affect
central nervous system therefore during the missions exposures have to be carefully monitored, the
acceptable maximum concentration for CFCl3 should not be more than 140ppm [196]. CFCs are
not soluble in water, but due to salinity and higher temperature, they are soluble in seawater, and
various studies are conducted to monitor their presence in sea water [197]. Hence, CFC concentration
estimation is becoming a necessity.

Graphene is a two-dimensional arrangement of carbon atoms in hexagonal lattice. It was discovered
by Novoselov and Geim in 2004 [198] and is known to be the strongest material. The two-dimensional

nature enables its unique electrical, thermal transport properties which are fancied for electrical device
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prospective [199]- [200]. Also, it gives graphene a very high surface-to-volume ratio. Due to this,
graphene is ideal for adsorbent and sensor applications [201]. Pristine graphene sheets are explored
for gas adsorption and gas sensing as well as biosensors [202]. In some cases, the pristine graphene
properties are not well suited. However, the desired properties can be easily altered with doping
or functionalization [203]. Doping can improve the adsorption and sensing capabilities towards the
target. Moreover, doping with transition metal atoms can enable unique catalytic properties and add
new application areas such as oxygen reduction or in fuel cells [204]. The transition metal doping
can significantly improve their interaction and hence adsorption of organic compounds with carbonyl
as well as halogen groups [205], [206], [207]. These doped structures have been synthesized, and
they possess good stabilities therefore, the doped graphene structures are appropriate for sensing
applications and gained popularity among the research community.

The focus of this work is to determine the interactions of the three most polluting CFC molecules
CFCls, CClF3, and CClyFs, with Ti-doped two-dimensional graphene sheet using the first principle
DFT simulations. The doping with the Ti atom is considered because it exhibits strong interactions
with halogen atoms. The doping strategy in which the dopant substitutes a C-atom from the graphene
layer is incorporated in this study. Such doping strategies are straightforward in analysis and still can
provide deep insights. In this study, several unique configurations of CFC molecules on graphene
and doped graphene have been considered. Each configuration has been thoroughly investigated for
change in bond lengths, adsorption energies, and charge transfer. The post adsorption variation in
electronic properties were estimated by evaluating the change in the density of states. It was observed
that the doped graphene has significant interactions with the CFC molecules as compared to the
pristine graphene, which have very weak interaction. Further, it can be inferred from the results that
graphene doped with Ti-atom could be a promising candidate to be used in sensing platforms for CFC

molecules.

5.2 Computational Method

The calculations of the first principle DFT are conducted with the SIESTA package [208]- [209].
Also, Perdew, Burke, and Ernzerhof’s (PBE) exchange functionals are utilized to reckon the electron-
electron exchange-correlation energies. The calculations are made within generalized gradient approx-

imation (GGA) [210]. The ions and electrons interactions are estimated by utilizing Troullier-Martins
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pseudopotentials [211]. Atomic orbitals are constructed with double zeta basis and the polarization
orbital (DZP) basis set.

Figure 5.1: The optimized 5 x 5 pristine graphene sheet. The carbon atoms are in yellow.

As depicted in Figl5.T]and Fig. a 5 x5 graphene sheet with 50 carbon atoms is being considered
for our proposed work. Also, we have taken doping of 2%, which is obtained by replacing one carbon
atom with one TM atom — . A 7x7x1K point grid with 350 Rydberg is taken as the Mesh
cutoff. Every structure is first relaxed by utilizing the conjugate gradient (CG) algorithm, and then
adsorption and electronic structure computations are performed. The force tolerance is considered
below 0.0lev/Angstrom. The periodicity of a unit cell is maintained in x and y planes. However, to
prevent interactions among neighboring cells, a vacuum region more significant than 15 Angstrom is

retained in the 7 Airaction

Figure 5.2: The optimized 5 x 5 pristine graphene sheet. The carbon atoms are in yellow and Ti atom is in
grey.
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Table 5.1: The comparison of bond-lengths, adsorption distance, and charge transfer for pristine graphene
and CFC molecules before and after the adsorption.

Substrate Bond Length Gas Bond Distance Charge
Gas (in Angstroms) Lengths (in Angstroms) Nearest Atoms (in Angstroms) Transgfer
C-C C-C1 C-F &
Before ) y .
CFCly Adsorption 1.421 1.774, 1.774, 1.774 1.351 — — —
After. 1.420 1.778, 1.777, 1.778 1.352 C-Cl 3.161 0.034e
Adsorption
Before 1.421 1773, 1.774 1.346, 1.346 . . -
CCOLE. Adsorption
o Fy -
After , C-CI 3187 ,
Adsorption 1.420 1.774, 1.769 1.352, 1.351 T 5743 0.044e
Before 1.421 1772 1.342, 1.343, 1.343 - - -
CCIR Adsorption
JClF3
After PP s . C-F 2.807 )
Adsorption 1.420 1.772 1.346, 1.345, 1.337 -l 3195 0.042¢

5.3 Result and Discussion

During this study, a 5 x 5 graphene sheet with 50 C atoms have been considered. After the opti-
mization, the C-C bond length was found to be 1.4214, which is in good accordance with the reported
literature [199]. Also, the CFC molecules were individually optimized followed by optimization of
CFC molecules over graphene sheet. The adsorption energy (FE,4s) is utilized to analyze the interac-
tion strength between graphene and CFC molecules. Equation (1) gives the estimation of adsoption

energy:

Eads . ESubstrate—i—CFC - [ESubstrate + EC’FC] (51)

Egsupsirate+cro is the energy of the CFC molecule adsorbed on the substrate, whereas, Egypsirate 1S

the energy of the substrate, and Ecpce is the energy of isolated CFC molecule.
5.3.1 C(CFCIl; over Pristine Graphene

Before the adsorption studies, the CFCl3 molecule was optimized first and the obtained bond-
lengths were found to be in good agreement with the literature and database [214]. For the adsorption
study, the molecule was oriented in six different posssible orientations over the graphene sheet and
then then relaxed. After the relaxation of individual cases, it was observed that the C'F'Cl3 molecule
prefers to adsorb in a fashion all the Cl atom near the sheet as shown in Fig[5.3] with an adsorption
energy of -0.665 eV.

The distance between the Cl atoms and nearest carbon atoms was 3.161.4. There were no significant

changes in the bond length of the graphene sheet (Table5.1). However, there was a minute variation
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Figure 5.3: The optimized structure obtained after the adsorption of C F'Cl3 over pristine graphene. Carbon,
Chlorine, and Fluorine atoms represented with yellow, green, and blue color balls respectively.

in the bond length of the molecule. There was negligible charge transfer (0.034 e donated to layer by
the molecule) between the molecule and sheet. Fig. depicts variation in the electronic structure
with the plot of density of states (DOS). The variation in DOS can be observed from -10 eV to 5
eV except near the fermi level. Since there are minor changes in the bond lengths, DOS, and charge

transfer, it can be concluded that the CFC Ls is weakly adsorbed over the sheet.

Density of States for Pristine Graphene with CFCI, adsorption
Pristine Graphene (Spin Up)

- - Pristine Graphene (Spin Down)

20 Pristine Graphene with CFCI (Spin Up)

- - Pristine Graphene with CFCI_(Spin Down)

DOS

" Energy (eV)

Figure 5.4: The density of states (arb. units) plot for pristine graphene before and after CClr3 adsorption
with Fermi level shifted to zero.

5.3.2 (CCIyF, over Pristine Graphene

Before the adsorption studies, the CClyFy molecule was optimized first and the obtained bond-
lengths were found to be in good agreement with the literature and database [214]. For the adsorption

study, the molecule was oriented in seven different possible orientations over the graphene sheet and
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the relaxed. After the relaxation of individual cases, it was observed that the CCls F5 molecule prefers
to adsorb in a fashion with two F atom and one Cl atom near the sheet represented in Fig[5.5] with
an adsorption energy of -0.588 eV. The distance between the F atom and Cl atoms with the nearest

carbon atoms were 2

g &
A
F b-h .

HH"'"*‘HH
u—-.;"“*f H""""
e

Figure 5.5: The optimized structure obtained after the adsorption C'ClsFy over pristine graphene. Carbon,
Chlorine, and Fluorine atoms represented with yellow, green, and blue color balls respectively.
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Figure 5.6: The density of states (arb. units) plot for pristine graphene before and after CCls F» adsorption
with Fermi level shifted to zero.

There were insignificant changes in the bond length of the graphene sheet (Table 5.1). However,
minuscule changes were observed in the bond lengths the molecule. There was a negligible charge
transfer (0.044 e donated to layer by the molecule) between the molecule and sheet. Fig represents
the DOS potraying the change in the in the electronic structure. Again, it can be seen that the DOS
changes from -10 eV to 5 eV except near the fermi level. Similar to the previous case, the changes
in the bond lengths, DOS, and charge transfer are insignificant. Hence it can be concluded that the

CClsyF5 is weakly adsorbed over the sheet.
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5.3.3 (CCIF; over Pristine Graphene

Before the adsorption studies, the C'C'[F3 molecule was optimized first, and the obtained bond-
lengths were found to be in good agreement with the literature and database [214]. For the adsorption
study, the molecule was oriented in six different posssible orientations over the graphene sheet and

the relaxed.

Figure 5.7: The optimized structure obtained after the adsorption of CCIF3 over pristine graphene. Carbon,
Chlorine, and Fluorine atoms represented with yellow, green, and blue color balls respectively.

Density of States for Pristine Graphene with CCIF, adsorption
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Figure 5.8: The density of states (arb. units) plot for pristine graphene before and after CFCl3 adsorption
with Fermi level shifted to zero.

After the relaxation of individual cases, it was observed that the CCIF3 molecule prefers to adsorb
in a fashion with 2 F atoms and one Cl atom near the sheet as represented in Fig. with an
adsorption energy of -0.584 eV. The distance between Cl and F atom from sheets were 3.195A4 and
2.807A. There were no significant changes in the bond length of the graphene sheet. However, there
was a very negligible change in the bond length and bond angle of the molecule. There was minuscule
charge transfer (0.042 e donated to layer by the molecule) between the molecule and sheet.

A DOS has been plotted to evaluate the electronic structure’s change as shown in Fig[5.8 The

TH-3014_136102008

94



5.3 Result and Discussion

DOS changes in the -10 eV to -2.5 eV range, but no changes were observed at fermi level. Once again,
the changes in the bond lengths, DOS, and charge transfer are insignificant. Hence it can be concluded

that the CCIF3 is weakly adsorbed over the sheet.

Table 5.2: The comparison of bond-lengths, adsorption distance, and charge transfer for Ti-doped graphene
and CFC molecules before and after the adsorption.

Substrate
Bond Length GasBond Charge
Gas (in Angstroms) Lengths (in Angstroms) Nearest Atoms | Distance(in Angstroms) Transfor
- C-Ti C-Cl1 C-F
Before 1) 18| 1925 | L1774, 1774, 1774 1.351 r - -
CFCl Adsorption
After - C-Cl 2.521 -
Adsorption 1.420 1.965 1.921, 1.909, 1.747 1.323 -l 2535 0.285e
Before | 118 | 1025 1.773, 1774 1.346, 1.346 = - -
CCILF Adsorption
1o Fy -
After C-Cl 2.56
Adsorption 1.419 1.945 1.850, 1.868 1.323, 1.321 rexe] 5579 0.361e¢
Before 1 1151 1925 1772 1.342, 1.343, 1.343 - - -
CCIF Adsorption
LF3
After C-F 2.444
Adsorption 1.420 1.934 1.812 1.377, 1.316, 1.316 ol 2596 0.339

5.3.4 C(CFCl; over Ti-doped Graphene

Similar to the previous cases, the C'F'Cls gas molecule and Ti-doped Graphene sheet were optimized
first, and the bond-lengths were in good agreement with the reported literature. After the individual
optimizations, the molecule was oriented in six unique orientations, and then the relaxation was
performed. The relaxed structures obtained from each of these were carefully analyzed and compared
with the help of adsorption energies, structural changes, and change in the electronic structure. It

was observed that the adsorption of the molecule is more favorable than that of pristine graphene.

Figure 5.9: The optimized structure obtained after the dissociation of C F'Cl3 over Ti-doped graphene. Carbon,
Titanium, Chlorine, and Fluorine atoms represented with yellow, green, grey, and blue color balls respectively.

It is noticed that both Cl and F atoms of the C' F'Cl3 molecule interact with the Ti atom differently
TH-3014_136102008
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Graphene Sheet

when the molecule with one Cl and one F atom is introduced symmetrically over Ti atom (4A away ).
As a result, the dissociation-like phenomenon or particularly the weakening of the C-Cl bond was
observed. Tt led to increase in the bond length from 1.774A to 2.874A. Finally, the adsorption of
the Cl atom over the layer is found to be energetically favorable (Fig. The CI-Ti bond length is
2.292A , which is very close in this case. The change in the energy for this phenomenon is about 1.731
eV. Also, there was significant charge shared between Cl and Ti, but negligible charge shared between
Cl and C, which again reflects the dissociation-like phenomena forming the C'Cls F' molecule. The
CClyF molecule weakly adsorbed over the layer through the small charge transfer/sharing between

the CI and Ti atoms. h’

o .4
e B
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v

Figure 5.10: The optimized structure obtained after the adsorption of CFCl3 over Ti-doped graphene. Car-
bon, Titanium, Chlorine, and Fluorine atoms represented with yellow, green, grey, and blue color balls respec-
tively.

However, as compared with the previous orientation, when there are two Cl atom oriented sym-
meterically over the Ti atom, they both interact with the Ti atom in a similar manner. This balance
the molecule over the layer, resulting in adsorption rather than dissociation like behaviour. Also,
among all the other orientations, this one is the most favorable orientation for the adsorption with
an adsorption energy of 1.7175 eV. The relaxed structure has those two Cl atoms near the layer with
distances 2.521A4 and 2.535A respectively, from the Ti atom as shown in Fig

Significant changes were observed in the bond lengths of the layer as well as the molecule after
the adsorption as tabulated in Table 5.2. The C-Ti bond length is increased to 1.9654 as compared
to perviously found 1.925A4 . Due to the interaction between Ti and Cl atoms, the C-C1 bond lengths
were increased from 1.774A4 to 1.9214 and 1.9094 , respectively, but for non interacting Cl atom, the
change in the bond length was negligible. The DOS in Fig[5.11] depicts the change in the electronic

structure. The shift in the DOS can be seen from -20 eV to 5 eV. The adsorption causes a significant
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s Density of States for Ti-doped Graphene with CFCI, adsorption
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Figure 5.11: The density of states (arb. units) plot for Ti-doped graphene before and after C'FCl3 adsorption
with Fermi level shifted to zero.

increase the DOS at the fermi level. It was estimated by charge analysis that a significant charge of
0.285¢ transferred to the layer signifying that CF'Cls acts as a donor. All of these structural changes,

DOS changes, and charge transfer prove that the molecule have strong chemisorption.
5.3.5 CCIyF; over Ti-doped Graphene

Similar to the CFC L3 case, the different orientations have been relaxed, and all of them result
in adsorption except the one with 2 F atom and 1 Cl atom arranged symmetrically over Ti atom of
the layer tends to dissociation-like phenomenon (Fig. In this case, the C-Cl bond of the gas gets
weakened. The bond length increased from 1.77A4 to 1.96 A, the shared charge between them also gets
reduced. This Cl atom comes closer to the Ti atom, and a small charge is shared between them. The
distance between them is 2.4384 which is slighly more than the previous C FCl3 case. Again the 2 Cl
atom near the layer are most energetically favorable for the adsorption with an adsorption energy of
1.596 eV. The distance between those two Cl atoms and Ti atom are 2.579A4 and 2.56 A4, respectively.
The optimized geometry can be seen in Fig[5.13] After the adsorption, the bond lengths of the layer,
as well as the molecule varied significantly as shown in Table 5.2. The C-Ti bond length gets increased

to 1.945A as compared to before 1.925A.
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Figure 5.12: The optimized structure obtained after the dissociation of CClyFs over Ti-doped graphene.
Carbon, Titanium, Chlorine, and Fluorine atoms represented with yellow, green, grey, and blue color balls
respectively.

Figure 5.13: The optimized structure obtained after the adsorption of CClyF» over Ti-doped graphene.
Carbon, Titanium, Chlorine, and Fluorine atoms represented with yellow, green, grey, and blue color balls
respectively.

Due to the interaction between Ti and Cl atoms, the C-Cl bond lengths were increased from 1.774A
to 1.850A4 and 1.868A. Since the F atoms are not directly interacting to the layer, the changes in
the bond lengths were trivial. There was a charge transfer of 0.361e to the layer. The electronic
struture change can be reckoned form the DOS plotted in Figl5.14] The shift in the DOS can be seen
from -20 eV to 5 eV. The adsorption caused a significant increase in the DOS at the fermi level. The
evaluation of charge analysis reflected a significant transfer of 0.361e charge to the layer. This shows
that CClyFy act as a donor. All of these structural changes, DOS changes, and charge transfer prove

that the molecule has strong chemisorption.
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Figure 5.14: The density of states (arb. units) plot for Ti-doped graphene before and after CCls F adsorption
with Fermi level shifted to zero.

5.3.6 CCIF3 over Ti-doped Graphene

Following the pattern of previous cases, the different orientations have been relaxed, and all of
them result in adsorption. Here, the orientation with 1 Cl atom and 1F atom placed symmetrically
near the layer results in the most energetically favorable for the adsorption, the adsorption energy is
1.309 eV. The distance between Cl atom, F atoms, and Ti atom are 2.596 and 2.444, respectively, as
shown in Fig[5.15

had

o

.H

Figure 5.15: The optimized structure obtained after the adsorption of CCIF3 over Ti-doped graphene. Carbon,
Titanium, Chlorine, and Fluorine atoms represented with yellow, green, grey, and blue color balls respectively

The changes in the bond lengths of the layer after the adsorption were in close correlation with the
previous two cases. However, the changes in the bond length is considerable for the Cl and F atoms

near the layer. Due to the interaction between these atoms and Ti atoms, the C-Cl bond lengths
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were increased from 1.774 to 1.812, and C-F bond length increased from 1.342 to 1.388. Seeing that
the F atoms are not directly interacting to the layer, the changes in the bond lengths were negligible.
There was a charge transfer of 0.3639¢ to the layer. All of these structural changes and charge transfer
prove that the molecule has strong chemisorption. A DOS has been plotted to observe the variation
in the electronic structure (Fig. The shift in the DOS can be seen from -20 eV to 5 eV. Due to
the adsorption, there was a significant increase in the DOS at the fermi level. The presented charge
analysis reflected that a significant charge of 0.339e transferred to the layer; therefore, C'F'Cl3 acts as
a donor. All of these structural changes, DOS changes, and charge transfer prove that the molecule

has strong chemisorption.

s _Density of States for Ti-doped Graphene with CCIF, adsorption
Ti-doped Graphene (Spin Up)
- - Ti-doped Graphene (Spin Down)
— Ti-doped Graphene with CCIF, (Spin Up)
- - - - Ti-doped Graphene with CCIF, (Spin Down)

DOS
o
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o
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Energy (eV)

Figure 5.16: The density of states (arb. units) plot for Ti-doped graphene before and after CClF5 adsorption
with Fermi level shifted to zero.

5.4 Summary

Interactions of the CFC molecules over pristine and Ti-doped 2-D graphene sheets are explored in
this paper. The mentioned CFC molecules get adsorbed through weak chemisorption as they have a
small interaction with the pristine graphene sheet. This makes the charge transfer and variation in
electronic properties negligible. However, their interaction with the Ti-doped graphene sheet is very
strong. It was observed that the interaction between the Cl and Ti atoms is particularly significant.
Due to this intense interaction, sometimes the C-Cl bond gets broken in CFCl3 and CClyF» gases,
forming a free-radical which gets adsorbed over the sheet while the Cl atoms form a strong bond
with Ti-atom. This phenomenon is known as de-chlorination. Since the Ti-doped sheet causes de-

chlorination, it may be used as a catalyst during gas reactions or conversions. However, de-chlorination
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5.4 Summary

was not observed for CCIF3 due to high energy requirements [215]. Apart from the minor cases of
splitting, strong chemisorption was observed, resulting in significant variations in electronic properties
and large charge transfer. Finally, a thorough analysis of each case shows that a significant charge
transfer to the layer is noticed for the case of CFCls. Therefore, it can be stated that the doped
sheet has the highest sensitivity of molecular adsorption for CFCl3. Our study concluded that the
Ti-doped graphene could be a good candidate for detecting these CFC gases, and experimental efforts

should be promoted in this direction.
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6.1 Introduction

Outline Glutathione is a master antioxidant present in cells and tissues of the human and animal
body. It is also a well-known cancer bio-marker. The elevated levels of it indicate cancer or tumor
growth. In this work, the trench-based sensor devices fabricated through the optical lithography
techniques with GO and antibody immobilized N Ho-GO as the channel materials were explored for
Glutathione detection applications. The synthesized materials were thoroughly characterized and then
drop casted between channel regions. These devices were electrically characterized upon exposure to
varying concentrations of Glutathione molecules, and the changes in the current were examined. It
was observed that the GO device is sensitive towards the Glutathione molecules but due to the lack
of any bio-recognition element GO device suffered from selectivity aspects. Therefore, the antibody
functionalized N H3-GO devices were explored for Glutathione detection. The device exhibits an
excellent sensitivity towards Glutathione molecules. The device possesses a fast response time which
is less than 5 seconds. The device was also tested for selectivity, and the negligible current change with
respect to other amino acids reflects that it is highly selective. The proposed device proves to have
a better performance towards Glutathione sensing as compared to the reported literature, with some
additional benefits of the trench during the pouring of analyte and estimation experiments. Therefore,
it can be concluded that the proposed device has the potential to be used as a point-of-care sensing

application.

6.1 Introduction

Glutathione (GSH) is a tri-peptide made of three amino acids glutamine, glycine, and cysteine.
GSH is found in humans, plants, fungi, and even in bacterias. GSH prevents cellular damage of cells
and tissues caused due to any stress such as reactive oxygen species (ROS), heavy metals, etc. [216].
In normal cells and tissues, it exists mostly in its reduced form of GSH along with some remaining
oxidized form of GSSG. In its reduced form, the cysteine part acts as a reducing agent. On encountering
any ROS, free radicals, or heavy metal, GSH tries to neutralize them and, in the process, converting
itself to GSSG [217]. Therefore, the primary role of GSH is to act as an antioxidant in cells and the
body. Other than that, it helps during the synthesis of various mediator molecules such as leukotrienes,
prostaglandins and has an important role in the nitric oxide cycle and metabolism of xenobiotics [218§].

GSH is also an important biomarker and is used for the diagnosis of malignant tumors in liver

cancer. In the case of cancer or tumor growth, GSH and its enzyme Glutathione-S-Transferase were
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found to be over-expressed [219]. Therefore, detection and estimation of GSH is not only important
in ROS or heavy metal stress cases but even more crucial in the case of cancer and tumor growth.
Because of such importance of GSH, a number of methods have been explored, such as optical, spec-
troscophotometric [220], high-performance liquid chromatography (HPLC) [221], nuclear magnetic
resonance (NMR) [222]etc. However, these techniques are costly, time-consuming, and require special-
ized personnel. Some techniques like optical are a bit easy, but they suffer from optical interferences.
The reported voltammetric methods also have poor selectivities and very weak responses. There-
fore, the development of electrochemical biosensors is of paramount importance. The incorporation
of biochemical assays in these devices helps to obtain selectivity aspects. The development of the
VLSI fabrication process over the last few decades enables miniaturization of these biosensor devices.
Hence, a cost-effective and point-of-care bio-sensor device can be achieved [223].

In this work, we explored a trench-based sensor device fabricated through the standard silicon
fabrication processes such as optical lithography techniques. The sensor device with Graphene Oxide
(GO) and antibody immobilized over Amine functionalized Graphene Oxide (N H2-GO) as channel
material were explored for Glutathione detection applications. It was observed that GSH molecules
interact with oxygen-containing groups present over GO flakes. Therefore, good sensitivity sensing
was observed. However, in the absence of any biochemical assay or any biorecognition element, the
GO device suffered from selectivity issues. Hence, the incorporation of antibody-based sensing was
encouraged. We explored the antibody immobilized over N Hy-GO channel device for the first time.
The proposed device has excellent sensitivities and selectivities towards GSH molecules. Owing to the
miniaturized structure, the requirement of analyte is significantly less, and so is the response time.

The detailed synthesis and fabrication process of the sensor device is explored in the following sections.

6.2 Materials

Graphite powder was purachsed from Alfa Aesar. Other chemicals which are H2S0O4, H20o,
APTES, NaNOs, KMnO,, EDC, and NHS were purchased from Sigma Aldrich and used without
any further purification. The solvants such as Acetone, Iso-propanol, Ethanol were procured from

Loba Chemie and Finar. The Glutathione antibodies were obatined from Thermo-Fisher.
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6.3 Synthesis

6.3.1 Graphene Oxide Synthesis

Graphene oxide was synthesized by adopting Hummers method from various literature with some
minor modifications [224]. The detailed procedure for the same are given as follows: the graphite
powder (0.5 g) was mixed thoroughly with concentrated sulfuric acid (23 ml) in a 500 ml round bottom
flask first with bath sonication and then with magnetic stirrer for 5-10 minutes till a homogenous
mixture is obtained. The flask shifted to ice bath, and sodium nitrate (NaNOs3, 0.50 g) was added
slowly under magetic stirring. After that, potassium permanganate (KMnOy4, 3 g) was added to
the mixture in a extremely delicate and slow manner over the period of 3 h keeping the temperature
maintained below 5 degrees Celsius for the whole duration. This process is vulnurable and can cause
over oxidation at some local points, therefore, all these considerations are important. The temperature
of the mixture slowly raised to room temperature (30-35 degrees Celsius) after the addition of K MnOy
is over and kept under vigorous stirring for atleast 30 min. Now, DI water (46ml) added to the reaction
mixture and as a result the temperture increased, and kept under stirring for 30 min more. Finally,
the reaction quenched with adding more DI water (140ml) and H20 (10 % v/v, 10m) to the reaction.
The mixture was filtered with vacuum filteration and obtained product was brownish yellow in color.
In order to remove the Mn and CI ions present in the resulting product, it was washed 5 times with
dilute HCI (5% v/v, 200 ml) and then 3 times with lukewarm (65-70 degrees Celsius) DI water. The

GO powder was obatined after drying overnight in oven at 50 degrees Celsius.
6.3.2 Amine functionalization of Graphene Oxide

The GO powder (100 mg) obatined from previous process was added to anhydrous ethanol (30
ml) and subjected to sonicated for 2 h inorder to obatin a uniform dispersion. The dispersion was
transferred to a round bottom flask with vigorous magetic stirreringunder water bath at 70 degrees
Celsius. Then, APTES (1 ml) was added drop-wise followed refluxing of mixture for 6 h. The
obatined mixture at the end of the reaction was centrifuged at 10,000 rpm for 30 min followed by
several washing and re-sonicating in anhydrous ethanol and centrifuge cycles to remove un reacted or
residual APTES. The resultant product was dried over night in vacuum oven at 50 degrees Celsius.

This amine functionalized GO powder was stored under vacuum for further use [225].
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(a) Image at low magnification (25KX). (b) Image at high magnification (35KX).

Figure 6.1: FESEM image for synthesized Graphene Oxide.

(a) Image at low magnification (3.5KX). (b) Image at high magnification (10KX).

Figure 6.2: FESEM image for synthesized Amine functionalized Graphene Oxide.

6.4 Characterization

6.4.1 FESEM

The morphologies of synthesized GO and N H2-GO were investigated with FESEM analysis and
presented in Figure [6.1] and The FESEM image for the synthesized GO at low and high magnifi-
cations is given in gure [6.1] The graphene oxide flakes can be observed. After performing the amine

functionalization of the GO, the changes in the morphologies can be noticed from the Figure 6.2

6.4.2 XRD

The crystallinity sturucture of the synthesized GO and N Ho-GO were probed through XRD anal-
ysis. The powder xrd for GO is given in Figure 6.3a, the sharp peak around 2 § = 9.06 corresponding
to an interlayer distance of about 0.98 nm, which is larger than that of pristine graphite ( 0.33 nm),
this proves the formation of GO. The increase in the interlayer disance of GO depicts the formation of

funational groups such as carboxyl, hydroxyl during Hummers process. This increase in the interlayer
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distance cause exfoliation of graphite powder in the hydration which ultimately result in formation of
GO sheets . However, XRD spectra in Firure 2b after the amination process shows that the peak
around 11 degrees is not completely disappeared but a sharp peak around 5.76 degrees was observed
which corresponds to an interlayer distance of 1.53 nm, this incease in the interlayer distance confirms

the intercalation of APTES hence proves the amine functionalization of GO sheets [227].
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Figure 6.3: Characterization Using XRD

FTIR

The functional groups formed in synthesized GO and Amine functionalized GO were characterized

through FTIR spectra Figure [6.4]
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Figure 6.4: FTIR spectra of synthesized Graphene Oxide and Amine functionalized Graphene Oxide
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The peaks observed at 1048, 1222, 1403, 1621, and 3200 are corresponds to CO-O-CO strectching,
C-0O vibration, O-H strectching , C=C vibration of graphene, and O-H strectching repectively. The

FTIR spectra of NHy-GO possessed peaks at 1042, 1644, and 3186 which are attributed to Si-O-Si

strectching, C-NH-C stretching and O-H group repectively [228]- [229]- [230]. This confirms the amine

functionalization of GO.

6.4.3 RAMAN

The synthesized GO and NH-GO were also characterized through widely used RAMAN spec-
troscopy. As shown in Figure 4a, GO exhibit its characteristics D peak at 1337 and G peak at 1593.
In the case of N H>-GO these bands shifts to 1338.5 and 1591.29 respectively, Figure-4b. The ratio of
Id/Ig can indicate the disorders was decreased from 0.9676 to 1.0611, i.e., after the functionalization,
the defects were present, which indicates the covalent functionalization of GO — .
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Figure 6.5: RAMAN spectra of synthesized Graphene Oxide and Amine functionalized Graphene Oxide

6.5 Sensor Fabrication

This section describes the detailed process flow for the sensor fabrication. The aim of the process
flow is to fabricate a trench structure within two terminal chem-resistive over SiO2/Si wafer. This
trench structure lies between the two electrodes with a reservior at one end. This type of structure is
capable of accomodating the analyte liquid during the sensing experiments, and therefore, eliminating
the need of external structures to achieve the same. Due to which, the complications fabrication

process of the sensor fabrication reduced. Also, due to this intrinsic arrangement od trench within
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sensor minimizes the leakage and electrode shorting issues. The fabrication was carried out employing
standard silicon fabrication in class 100/1000 clean room, the process flow is described in the Figure
(image of the fabricated device can be seen in Fig. , the details of each step shown in Figure

can also be found in the Appendix A.1 and A.2.

Figure 6.7: The optical image of the fabricated device for sensing application.

6.5.1 Antibody Immobilization

The antibody immobilization was performed over the functionalized graphene channel as per the

carbaamide chemistry, the scheme is shown in Figure
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Figure 6.8: Scheme for Antibody immobilization over Amine functionalized Graphene Oxide.

The functionalized graphene was treated with EDC solution for 15 minutes at room temperature.
After that, NHS solution was added to the same and left to react for 15 minutes at room temperature.
In the end, the antibody solution was added to the mixture and let it bind overnight at 4 degrees

Celcius.

(a) FESEM image at low magnification. (b) FESEM image at high magnification.

Figure 6.9: FESEM image for synthesized Amine functionalized Graphene Oxide.

Once the binding process gets completed, the channel was gently washed with DI water 3-4 times to
remove any unreacted chemicals and unbonded antibodies. The washed and dried device was stored
at 4 degrees Celcius for further use. Once the immobilization process was completed, the FESEM

images were taken to observe the morphological changes in the amine functionalized graphene. As
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evident from the Figure the morphological changes can be seen, proving the immobilization of
antibodies over the amine functionalized graphene flakes. Further, these final devices (stored at 4

degrees Celcius) were then subjected to the sensing experiments.

6.6 Electrical Characterization

The interaction between GO and antibody immobilized N H2-GO with Glutathione was investi-
gated through electrical characterization with the fabricated devices having one of them as a channel
material. The electrical characterization of these devices can reflect the utility of them as a sensor
for Glutathione detection. The devices with GO and antibody immobilized N Hy-GO as channel were
electrically probed Keithley 4200A-SCS Pulse Parameter Analyzer, and a thorough discussion is given

as follows:
6.6.1 Graphene Oxide devices for Glutathione detection

The devices with GO as a channel were probed in chem-resistive or two-terminal fashion. The

voltage sweep results of the same in the range of 0-4 Volt are given in Figure [6.11
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Figure 6.10: UV-Vis spectoscopy of GO before and after GSH treatment.

The characteristics in the Figure show typical diode-like characteristics, which arise due to the

Schottky type barrier between GO layers and Aluminium contacts. Moreover, in order to explore the
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interaction between Glutathione and GO, the solution of Glutathione was poured into the fabricated
reservoir, which flows it to the channel. The Glutahione molecules get adsorbed over the GO flakes,
and the interaction between these molecules and the oxygen containing groups commenced, the conse-
quence of the same is reflected in decrement of the current as of the concentration of the Glutathione
increased. The interaction between the Glutathione molecule and GO flakes is also examined through
UV-Vis spectroscopy, as shown in Figure[6.10] The most prominent peak of the GO flakes is obtained
near 230 nm, which attributes to m - 7* transition corresponding to aromatic C=C bonds of GO.
However, a shoulder around 300nm is also present, which is due to the n-7 * transition present in the
C=0 bonds of the oxygen-containing groups. This shoulder peak is diminished and tends to disappear
after treatment with Glutathione. This clearly proves the strong interaction between the Glutathione
molecule and GO flakes. The molecules get adsorbed and start altering the oxygen-containing groups
which ultimately tends to remove them. Because of such interaction, the decrement in the current
was observed during the electrical characterization. Therefore, it can be concluded that GO devices
can act as Glutathione detection. However, these devices suffered from selectivity issues. Therefore,
the biorecognition element is required over GO flakes. Hence, the antibody functionalized N Hs-GO

device is needed.
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Figure 6.11: DC characterization of GSH sensing over Graphene Oxide chemiresistor sensing device.
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6.6 Electrical Characterization

6.6.2 Antibody immobilized N H,-GO device for Glutathione detection

| gl i G H fareag ol dnbze for GUH mamng

| —r e e b TR F A
Afwr 1l of G|
i oy %1 i ! SIS
Al B30 ri ot DEH
Al 1l o R
Afa 5 e HEH

Lty T

w g EHH Corcsrlaabon

(a) I-V characteristics. (b) Calibration Curve.

Figure 6.12: DC characterization of GSH sensing over Antibody immobilized over Amine functionalized
Graphene Oxide chemiresistor sensing device.

The devices with Antibody immobilized N H3-GO as channel was again probed in chem-resistive
or two-terminal fashion, the voltage sweep results of the same in the range of 0-4 Volt are given in
Figure The characteristics in Figure (a) are very similar to that of the GO device i.e.,
typical diode like characteristics, which once again arises due to the Schottky type barrier between
N H5-GO layers and Aluminium contacts. As the channel material has antibodies immobilized over
them. Therefore, on exposure with Glutathione molecules (antigen to the antibodies), the antigen-
antibody binding takes place, which results in a decrement in the current. On successive increments
in the concentration of Glutathione added to the channel, the current levels keep on decreasing. The
figure shows the calibration curve of current with respect to the concentration of Glutathione. It can
be seen from Figure (b) that the device has a wide linear measurement range which is from 1nM
to 10uM with a sensitivity of 10 nA/nM. The device has an extemely low limit of detection (LOD) of
100pM. In order to observe the real-time response of the sensor device, the device was subjected to
transient electrical characterization, and the result is given in Figure [6.13] The device was biased at
4.2 V, and the current values were plotted with respect to time. The Figure shows the change in the
current upon varying concentration of Glutathione in the channel region. Also, the response time of

the device can be estimated from the transient response plot, which in this case is below 5 sec.
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Figure 6.13: Transient characterization of GSH sensing over Antibody immobilized over Amine functionalized
Graphene Oxide.

Finally, the selectivity aspect of the device with respect to various amino acids is investigated and

shown in Figure [6.14]
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Figure 6.14: Selectivity of the proposed device for GSH over other amino acids.
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6.7 Conclusion

Table 6.1: Comparison of proposed sensing device with various others.

Detection method Material Sensitivity Range LOD Sample Volume | Time Ref.

Cyclic Multi-walled - , . . . |

Voltammetry carbon nano-tubes 4.8 x 105 cm3/M | 0.3-3350 uM 80 nM B - 232

Cyclic Carbon nanotube . . |

Voltammetry screen-printed electrode 0.64 nA/uM 10-60 ub SuM 50 ul B [233]
thymine-rich DNA-gated

Differential pulse | - switch functionalized 96 nA/uM | 1nM-1uM | 0.6 nM 50uL, 20 min | 234

Voltammetry mesoporous silica 1

nanoparticles
Square wave DNA-modified gold 0.76 uA/uM | 0.5 nM -5 uM | 0.14 nM - 20 min | [235]
Voltammetry electrode 1
i Poly-
eyene m-aminophenol deposited 84.2 nA/uM 0.1-5uM 0.095 uM - - 1236
Voltammetry ]
Glassy carbon electrode
Chem-resistive Alltlb.Ody unmoblhze(.i 10 nA /nM 1InM - 10 uM | 100 pM 1uL 5sec | This work

over amine graphene oxide

From Figure [6.14] it can be concluded that the device is highly selective towards the Glutathione
molecules, and there is very minimal change in the current on exposure to other amino acids. In the
end, the performance parameters of the proposed device are compared with the literature. From Table
[6.1], it can be concluded that the proposed device has better sensitivity, selectivity, and response time
as compared to the reported literature. Also, it has a significantly less sample requirement, which is
1uL.. The proposed device was tested for stability. The devices stored at 4 degrees Celcius were found

to be stable for around 30 days.
6.7 Conclusion

In this work, the trench-based sensor devices fabricated through the optical lithography techniques
with GO and antibody immobilized N H3-GO as channel material were explored for Glutathione
detection applications. The synthesized materials were thoroughly characterized with FESEM, XRD,
FTIR, and RAMAN spectroscopy. The synthesized materials were drop casted between channel
regions, and the devices were electrically characterized. The channel region of the device was subjected
to varying concentrations of Glutathione molecules and the changes in the current were examined.
It was observed that the GO device (without any bio-recognition element) is sensitive towards the
Glutathione molecules and, therefore, can act as a detection for the same. However, due to the lack
of any bio-recognition element GO device suffered from selectivity aspects. Therefore, the antibody
functionalized N Hs-GO devices were explored for Glutathione detection. The device exhibits an
excellent sensitivity towards Glutathione molecules. Also, the transient response shows that the

device has a fast response time which is less than 5 seconds. The device also possesses high selectivity

towards the same, which is evident from negligible current change with respect to other amino acids.
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Our sensing device proves to have a better performance towards Glutathione sensing as compared
to the reported literature with some additional benefits of the trench during pouring of analyte and
estimation experiments. Therefore, it can be concluded that the proposed device has the potential to

be used as a point of care sensing application.
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7. Label-Free Electrochemical Sensing of Lactate with Sulfur Doped Polyaniline Electrodes
Immobilized with Lactate Dehydrogenase

Outline This work explores sulfur-doped polyaniline (PANI) coated ITO-PET electrodes for lactate
detection applications. A simple and cost-effective deposition of doped PANI coating over ITO-
PET was demonstrated through chrono-amperometry. The thickness of films was optimized through
deposition time. The films were carefully analyzed and characterized through FESEM and AFM. The
obtained films were smooth and had good adhesion with the ITO layer, because of which the electrodes
have better stability in liquids. A sensor is developed based on the Lactate dehydrogenase (LDH)
enzymatic actions on lactate. The LDH is negatively charged, whereas the PANI surface is positively
charged; therefore, a drop-casted and incubation approach was employed for the immobilization of
LDH over the PANI-ITO electrodes. The sensing experiments were performed with cyclic voltammetry
to determine sensor performances and dynamic ranges. Our results indicate that the sensitivity, range
of detection, and detection limit of the sensor improved signifi- cantly using Chrono-amperometry
deposited sulfur-doped PANI electrode. The calibration plot was linear (72 = 0.96839) over the range
of 1 to 100 nM. Further, a detection limit of 10 pM was observed with a sensitivity of 95.6 A /nM, which
is higher than the reported literature. Therefore, the proposed sulfur-doped PANI- ITO electrodes

can be used for lactate sensing for point of care applications.

7.1 Introduction

Lactate is the conjugate base of Lactic acid, produced from deprotonation of the carboxy group.
It can be found in both bacterial and human metabolism [237]. Pure lactate can be produced from
E.coli and other Lactic acid bacteria, which can be used in many food-processing industries [23§].
Lactate level in the food is also an indicator of freshness, storage quality, and shelf life of the food
items [239]. In the human body, lactate is a key fuel /by-product of anaerobic metabolism. The normal
concentration of lactate in blood is 1-2mM /L but can increase up to 25mM /L during intense exercise.
Without timely removal of such high concentrations through the liver and kidney, the condition of
lactic acidosis can arise [240]. During intense physical activities, when the need for energy is sufficiently
high, lactate is produced from pyruvate at a rate that is higher than its rate of removal, leading to its
increased concentration in the body. The increase in lactate level can also disrupt the pH balance of
the body, which may cause fatigue and metabolic disorder. Therefore, the estimation and monitoring
of blood lactate levels are crucial in sports medicine and tracking fitness tracking [241]. The elevated

levels of lactate also indicate several critical conditions such as Sepsis, Septic Shock, Haemorrhagic
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Shock, Cardiac Arrest, Trauma, and Seizure [242]. Hence, the importance of estimating blood lactate
levels is paramount for critically ill patients [239]. Moreover, the high concentration of lactate is
also a sign of hypoxia, which can damage the brain, liver, and heart, and its severity may lead to
death [243]. In recent literature reports, a clinical study has been conducted on Covid-19 patients,
considering lactate as the detector of hypoxia. It was observed during the study that the chances of
infection rose with the higher lactate levels [244]. Therefore, it can be concluded that the detection
and estimation of lactate levels are vital not only for various industries but also for pathology and
medicine. Colorimetric tests, high-performance liquid chromatography (HPLC), magnetic resonance
spectroscopy, fluorimetry, chemiluminescence are the most common technique for lactate detection
[240]. However, these techniques are time-consuming and costly as it involves pre-treatment of samples,
high-end equipment, and require trained personnel for handling. Electrochemical biosensors can be the
possible remedy for such problems, which can produce a real-time response, needless pre-treatment,
low cost, and easy to handle with efficient detection. Electrochemical biosensors are mainly two
or three-electrode systems placed in an electrochemical cell. Recently, several conducting materials
have been unexplored as working electrodes in electrochemical biosensors, such as gold nanoparticles
(Au), Graphene and its derivatives, electrically conducting polymers (CPs), and carbon nanotubes
(CNTs). Among these electrode materials, conducting polymers gained huge attention from the
scientific community due to their special m-orbital structure, which raises their sensitivity towards
chain formation alterations [245]. Conducting polymers are basically organic material with high
conductivity, exhibits redox action, have high electron affinity, and can be doped in p or n-type
by oxidation and reduction of the special -electron, respectively. Such properties make them suitable
for sensing applications [246]. Polyaniline (PANI) is one of the most attractive conducting polymers,
which has been used in many types of electrochemical biosensors due to its environmental stability,
easy synthesis process than other conducting polymers, low cost, high conductivity, and tuneable
electrical properties [246]- [247]. Also, PANT is the only conducting polymer stable in air. Amine rich
chemical skeleton of PANT makes it most suitable for biosensors, as it is highly useful in immobilizing
various types of biomolecules. Its redox properties make it attractive for enzymatic biosensors due
to the significant charge transfer between enzyme and polymer. Additionally, independent charge
transfer of PANI reduces the requirement of an external mediator [247]. Over the last decades, PANI-

based materials have been used as the electrode for lactate sensing [248]- [249]. Chaubey et al. used
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PANI electrodes immobilized with two enzymes, LOD, and LDH for lactate detection [248]- [250].
In comparison, Rahman et al. and Cheng et al. used co-immobilization of LDH and NAD+ on the
PANI composites [251]- [252]. PANI composites are also very attractive electrode materials nowadays
for lactate detection [253]- [249]. In the literature, PANI electrodes used are of pure form, mainly
synthesized in HCI, and do not possess any kind of molecular doping. Although the electrode materials
and enzymes may vary, the bio-chemical assay involved is the same for all. In this work, for the first
time, a sulfur-doped PANI electrode immobilized only with LDH is used for the detection of lactate
levels. PANT electrode is synthesized in H2S04 to generate sulfur-doped PANT for better conductivity
and higher sensitivity. Morphological and chemical characteristics of PANT electrodes are determined.
In addition, the performance of the sensor in terms of stability of electrode, sensitivity, linear range
is determined. Our results proved that the doped PANI electrodes immobilized with LDH possess
improved sensing capabilities towards lactate. Also, they are easy to fabricate and require only
one enzyme rather than previously reported co-immobilization of two enzymes or involve complex

composite electrodes. Hence, they can be used as lactate sensing at point of care applications.

7.2 Materials and Characterization Equipments

LDH, sodium Lactate, and all the other chemicals are purchased from Sigma-Aldrich and used
without further purification. FESEM images were performed from JEOL FESEM Model: JSM-7610F.
AFM images were taken from Innova SPM machine in tapping mode. FTIR spectra obtained from
PerkinElmer, Singapore, Model: Spectrum two. The cyclic voltammetry were performed on Gamry

600+ potentiostate.

7.3 PANI Deposition over ITO-PET

The PANI can be obtained from PANI dispersion drop-casted over ITO-PET. However, drop-
casted coatings have high resistance and have adhesion issues. Various treatments of the ITO-PET
surface, such as plasma treatment and silanization are also explored. But, the improvement was
substantial. Mixing the PANI powder along with the binder is having better stability, but sometimes
random aggregation was observed. Therefore the possible remedies are polymerization of PANI over
ITO-PET and electrochemical deposition of PANI. For the former case, the obtained films were quite

stable, but the polymerization is time-consuming. Whereas, in the latter case of electrochemical
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7.3 PANI Deposition over ITO-PET

deposition, the obtained films are quite stable, and the process only takes 15-20 min. There are
various ways to deposit PANI using an electrochemical setup. Among them, Cyclic Voltammetry
and Chrono-amperometry methods are the simplest. For cyclic voltammetry deposition, the obtained
films were very thin, and several cycles were required to obtain sufficient thickness. Whereas Chrono-

amperometry deposition is quick, and deposited films are of good quality. In Chrono-amperometry
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Figure 7.1: Polyaline deposition over ITO-PET using Chrono-Amperommetry.

deposition, the deposition was performed for 60 and 90 sec, at a constant voltage of 2V, as shown
in Fig. the increase in the current shows the deposition process at the ITO. The electrode used
for both the methods were: Ag/AgCl ref electrode, Pt counter electrode, and ITO coated PET as
working electrodes. Before, the deposition, the ITO-PET sheets were cleaned in ethanol and DI water
followed by nitrogen stream drying. The solution for both methods was Aniline (0.1M) in H2SO4
(0.25M) solution. The synthesized electrodes were cleaned in dilute H2SOj, followed by a rinse in DI

water to remove any oligomers, and finally, dried overnight at room temperature.
7.3.1 LDH Immobilization over PANI Coated ITO-PET

The fabricated electrodes were cleaned with N gas stream to remove any dust particles. The
10uLs of LDH enzyme were drop-casted over 1 ¢m? area of PANI-ITO electrodes and incubated at
4 degrees celcius for 4-6 Hours. LDH is negatively charged, whereas, PANI surface is positively
charged, therefore, an electrostic coupling can occur between them which result in binding of LDH
over PANI. The incubated electrodes are immersed in PBS 0.1M solution and DI water to remove

any un-attached enzyme. Finally, these electrodes were placed in an electrochemical cell for lactate
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detection experiments.

7.4 Characterization

7.4.1 FESEM

The morphological characteristics of the PANI films were studied through FESEM images. From
Figl[7.2a] and Fig[7.2b] fibrous structure can be seen for Chrono-amperometry polymerization, per-
formed for 60 sec. The nano-fibers in the fibrous structure have a diameter within the range of 65-100
nm and have a smooth surface, which can be seen in Fig[7.2¢, The nano-fibers are well connected and
scattered irregularly, making porous nature as reported in [254]. This crystalline nano-fiber structure
raises the conductivity of the polymer, as the carriers can be transported by hopping.

Fig. shows the granular formation of PANI for 90-sec polymerization deposition by the
Chrono-amperometry method. The heterogeneous growth morphology depends on the applied voltage
and the time of polymerization reaction |255]. As the time duration of polymerization increased, the
porous of fibrous structure became filled, and a dense pact, thick and uniform granular structure
arises. After immobilization of LDH over PANI electrode made by Chrono-amperometry deposition
for 60 sec.

The flake-like structure on the fibrous structure of PANI films can be seen in Fig[7.2d and Fig[7.2¢|
These new flake-like structures are absent in the previous PANI electrode FESEM image, which proves
the immobilization of the LDH enzyme on the PANI electrode. The randomly scattered flakes of LDH

indicate the higher concentration of immobilized LDH enzyme.
7.4.2 FTIR

FTIR spectra of PANI thin film are shown in Fig The peak at 1566 and 1486 ¢m ™! represented
the C=C stretching vibration of the quinonoid and benzenoid ring [256]. Characteristic peaks at 1297
and 1230 cm ™! attributed to C-N stretching vibration of secondary aromatic amine [257], stretching
and bending vibration of C-C bond [258], respectively; this indicates the amine backbone of PANI.
The asymmetric vibration of SO3 in H2S0, corresponds to the peak at 1084 em ™t [258], which proves
the sulfur doping in PANI thin film. The peaks at 1009, 800, 713 ¢cm ™! represent the in-plane bending
[6], out-plane bending vibration of one, 4- ring, and out-plane bending vibration of 1, 2- ring of C-H

bond [256].
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(a) FESEM image of PANI film deposited
over ITO-PET using Chrono-Amperommetr
for 60sec.

(b) Fiberous structure in PANI film de-
posited for 60sec.

(c) Densely packed structures for 90 sec de- (d) Flake like structures after LDH im-
position. moblilization.

(e) Change in the morphology of PANI
Films after LDH immobilization.

Figure 7.2: FESM
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Figure 7.3: FTIR spectra for PANI deposited over ITO-PET.

7.4.3 AFM

649.3 nm

-588.3 nm

Figure 7.4: 3-D AFM image for PANI film deposited for 60sec.

The topography of PANI films over ITO-PET was investigated through tapping mode AFM. The
3-D AFM image for the films deposited for 60 sec are given in Fig. the deposited film forms
hills and valley-like morphology and has roughness below 150nm. Whereas the films deposited for
90 sec have similar morphology Fig. but the roughness is increased from 150 to around 200nm.
The AFM images again prove the thin and denser packing of PANI in 60-sec and 90-sec deposition,

respectively.
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768.8 nm
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Figure 7.5: 3-D AFM image for PANTI film deposited for 90sec.

7.5 Lactate Detection

The fabricated PANI-ITO electrodes were used as a working electrode in cyclic voltammetry, with
Ag/AgCl as a reference and platinum wire as a counter electrode; PBS 0.1M was used as conducting
electrolyte in the electrochemical cell. The cyclic voltammetry was performed in the -3V to 0V range
with a scan rate of 100 mV /sec. The electrochemical activity of PANI-ITO electrodes tends to decrease
as the pH increases; therefore, neutral pH (pH=7) was selected for the study. The electrodes are stable

till a few no of the cycle enough to conduct and complete the measurement as shown in Fig[7.6]
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Figure 7.6: cyclic voltammogram of PANI-ITO electrodes in PBS.
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Also, PBS buffer tends to decrease the current. Before the measurement of lactate, the LDH
enzyme/protein was incubated over the electrode for 4-6 hours at 4 degrees Celsius. The cyclic
voltammogram of the incubated electrodes (PANI/LDH electrode) in 0.1M PBS with the scan rate of
100mV /sec is shown in Fig. 7.7. The reduction peak was observed to be at -2.1 V. From the curve, it
can be deduced that in the reduction cycle, there is a large charge transfer. This CV of PANI/LDH
electrode was repeated many times with the same electrode and with other PANI/LDH electrodes.
For the same electrode, the change in current levels is negligible, which proves the stability of the
PANI/LDH electrode. Nevertheless, there can be significant variations in current levels for different
electrodes, although the nature of the curve remains the same. This is because of the difference in the

number of immobilized LDH on the PANI surface of the different electrodes.

Table 7.1: cyclic voltammogram of PANI-LDH electrodes.

. Limit of Linear .

Electrode Principle Detection Range Sensitivity Ref. B
PANI/LOD-LDH Amperometric 50 uM 0.1-1mM 38.5 uA/mM [248] |
pTTCA/MWNT/ . _

LDH/NAD+ Amperometric 1 uM 5-90 uM 0.0106 uA/uM [251_7

LDH/Au- Amperometric 0.165 uM 0.55-21115(15 " - [252]

EVIMC-TiNTs-PANI/ITO 555.3.33 uM '7
TiONT-PANI-GNP/ . 1
LDH/NAD+ /ITO Photo-electrochemical | 0.15 uM | 0.5-210 uM | 0.0401 uA/uM | [249]
: Present
PANI-LDH Cyclic Voltammetry 10 pM 1-100 nM 95.6 uA/nM Work

The sensing experiment is done in 0.1M PBS with 100 mV /sec scan rate. For the detection of
lactate, the LDH assay was followed. Lactate is added to the electrolyte (0.1M PBS) at the start of
each experiment. As the lactate introduced in the electrolyte, it gets oxidized to pyruvate, and the
reduction occurred at electrodes. From Fig[7.8] it can be noticed that as the concentration of lactate
increased, the CV curve shift upwards. This is due to the increase of lactate concentration, leading to
an increase in the reaction, which causes the electron transfer. Also as evident from previous figures,the
reduction peak arises near -2V, therefore, the data for calibration for sensing lactate is collected at
-2V of the reduction cycle and presented in Fig. In order to ensure the reproducibility, three
batches of electrodes were fabricated and tested separately, the obatined sensitivities were comparable.
Fig. represents the calibration curve for the lactate sensing with PANI/LDH electrode. The linear

detection range can be shown from the curve with R?=0.96839 for the 1-100nM range. Although the
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Figure 7.7: Cyclic voltammogram of PANI-LDH electrodes.
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Figure 7.8: cyclic voltammogram study of lactate detection over PANI-LDH electodes.
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linearity can be only seen in this range, the actual limit of detection for the PANI-LDH electrodes

was 10 pM which is a significant improvement over the reported literature. All the work on Lactate
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Figure 7.9: Calibration curve for lactate detection over PANI-LDH electrodes.

detection by electrochemical method to date is based mainly on Ampiometric detection; Table 7.1
shows the comparison of results of enzymatic lactate detection with the previous reported literature.
From Table 7.1, it can be concluded that the proposed electrode has better sensitivity as well as the
limit of detection than the reported literature. This is because of the different morphological and
chemical characteristics of the deposited PANI film. In the literature, the PANI film is deposited in
the presence of HCI, whereas in the present work HsSO, is used, which causes the sulfur doping in
the film. In addition, the difference of the constant potential during the polymerization of PANIT film
changes it morphological characteristics, which can increase the conductivity of the film. Therefore,
it can be concluded that the PANI-LDH electrode proposed in the present work has better sensing
capabilities towards lactate sensing, and they can be used in monitoring physiological processes such

as estimation of glycolysis in pancreas.

7.6 Summary

This work demonstrates sulfur-doped PANI-coated ITO electrodes for lactate detection applica-
tions. The electrodes were fabricated through Chrono-amperometry, which is less time-consuming
and cost-effective. These electrodes are of good quality and were stable in liquids. Since LDH is

negatively charged and PANI surface is positively charged, therefore, electrostatic coupling occurred
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between them, because of which a simple drop-casting followed by incubation technique of LDH im-
mobilization was employed. These electrodes were used for lactate detection with the help of cyclic
voltammetry. The proposed electrodes had higher sensitivity at a low concentration of Lactate and
a very low detection limit of 10 pM. The linear detection range was observed from 1-100 nM and
with a sensitivity of 95.6 uA/nM. Our result proves that the proposed electrodes are simple, cost-
effective, and highly sensitive towards lactate detection can be used as lactate sensing at point of care

applications.
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8.1 Summary and Conclusions

This chapter outlines and summarizes the results obtained from the works presented in this thesis.
However, during this thesis work, numerous possible directions for further investigations were identi-

fied. All these aspects are mentioned at the end of this chapter under the future scope section.

8.1 Summary and Conclusions

This thesis focused on the theoretical and experimental aspects of graphene-based devices, which
are employed for bio-sensing applications. The first part of the thesis explored various approaches
to theoretically simulate, observe, and model the interactions between the sensing layer and analyte
molecule. Out of the various approaches discussed, the Density Functional Theory based is capable
of studying the system presented in the thesis. This thesis consists of a number of theoretical studies
starting from simple systems with gradually increasing complexity. In the first study, the Density
Functional Theory (DFT) based study was conducted to observe the interactions between gaseous air
pollutants, including di-atomic (CO and NO), tri-atomic (CO2 and HCN), and poly-atomic (HCHO
and COCly) species, and Ti-doped zigzag graphene nanoribbon (ZGNR) structures. The major out-
comes of this study includes the suitability of Ti-doped ZGNR structures for the adsorption of these
gases, particularly the doping in which the Ti atom replaces two carbon atoms. Since, after the ad-
sorption, the changes in the density of states are observed, suggesting that the Ti-doped ZGNR can
be used as the sensing platform for these gases. In the second study, the thorough analysis of the
interaction between Phosgene (COC!s) on two configurations of Titanium doped Graphene Nanorib-
bons (GNR)- Armchair GNR and ZigZag GNR has been done. The results indicate that in a few
cases, the Titanium atom causes a catalytic splitting of the C-Cl bond, reducing the toxic gas into less
harmful by-products (i.e., Carbon mono-oxide gas is released after the adsorption, while the Chlorine
atoms attach to the substrate). The preventive action of the Oxygen atom was in the gas was also
observed in a small minority of the cases; it may partially shield the C-CIl bond and form a physical
barrier to the splitting. This study was further extended to two other molecules, one with an S-Cl
bond (SOCI; -Thionyl Chloride) and one with an O-CIl bond (POC!I3). Our results demonstrate that
Ti-doped graphene nanoribbons have great potential to be used as a platform for toxic gas treatment
and sensing. Till now, only the gaseous entities are considered. Therefore, in the subsequent study, the
interactions between Urea with pristine and transition metal (TM) doped two-dimensional graphene

structures were explored. Four TM-dopants, namely, V, Ti, Fe, and Cr, are considered, and results
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Table 8.1: Summary of Theoretical Studies

3 Maj ial
S.No. System Theory Parameters ajor Special Application
. Analyte outcome Remarks
Substrate Doping
molecules
Ti atom Ti doped SV and
replacing one carbon Mesh Cutoff= 370 Ry DV-ZGNR Chanees in electroni Ti-doped ZGNR
. ZGNR (SV-ZGNR) CONO, CO,, | DFT K-Point Grid = 1 x1 x 45 | structures favowss | /78 I8 C4C0ne have potential
and and HCHO | GGA-PBE | Force Tolerance = 0.01 eV/Ang | the adsorption of | o e OF 21 AOPEC to be used as
. Lo . ; ZGNR after adsorption . .
replacing two carbon Optimization Algorithm = CG these gases over sensing platform
(DV-ZGNR) pristine ZGNR,
. Ti doped ZGNR 1. Changes in e.lectromc 1. Ti doped ZGNR
Ti atom coci. d AGNR structure of Ti doped can be used for
replacing one carbon S/'O(;Iz. Mesh Cutoff= 370 Ry " a(r: " 'f 3 ZGNR after sensing these gases.
) ZGNR and (SV-ZGNR) o DFT K-Point Grid = 1 x1 x 45 ”ﬂ”"“l’:‘f t‘,“"“r; adsorption.
AGNR and and GGA-PBE | Force Tolerance = 0.01 eV/Ang 'Lc‘i( ‘?Ll\l;li]\]“i 2. Also, Ti doped
replacing two carbon POCI Optimization Algorithm = CG rlstlf)’eZ(;NR 2. Splitting of COCly, | ZGNR can be explored
(DV-ZGNR) 8 P and AGNR SOCly, and POCl3 in catalytic conversion
i k over Ti doped ZGNR. of these toxic gases.
1. V-doped Graphene
All TM doped sheets are preferred for
Transition n.lctal Mesh Cutoff= 370 Ry Graphene sheets Urea adsorption as TM doped
. . (TM) doping . . - favours the compared to other .
. Two-dimensional R DFT K-Point Grid =7 x 7 x 1 . Graphene sheets
3 N (V, Ti, Fe, and Cr) Urea = adsorption of doped sheets. .
Graphene sheet X GGA-PBE | Force Tolerance = 0.01 ¢V/Ang S can be a sensing
TM atom replacing one carbon atom -~ . .~ Urea molecules 2. Each case significant N °
Optimization Algorithm = CG . platform for Urea.
from sheet over pristine charge transfer and
graphene electronic structure
variation was observed
1. Changes in electronic
structure of Ti doped
graphene sheet after 1. Ti doped graphene
adsorption. sheet can be used for
Chloro-fluoro- Ti doped graphene Soipg, CFCs.
Ti atom replacing carbon (CFC) 1 (Creli= 10 By choets favours 2. Splitting of CFCly
Two-dimensional alomgpacing arbo DET K-Point Grid =7 x 7 x 1 sheets tavours and CClyFy 2. Also, Ti doped
4 one carbon atom CFCls, ., o~ adsorption of the e
Graphene sheet GGA-PBE | Force Tolerance = 0.01 eV/Ang | .~ L over Ti-doped graphene graphene sheet
from sheet CClyFy, PP . 2w~ | CFC over pristine
Optimization Algorithm = CG sheet. can be exploredf or
CCIF3 graphene 3 g
catalytic conversion
3. CCIF3 does not f
possess splitting tendency CClyFy
over Ti-doped graphene
sheet.

indicate that TM-doped ZGNR is better for Urea adsorption as compared to the pristine 2-D graphene
sheet, particularly V-doped structure is preferred over others in terms of adsorption. Once again, the
changes in the electronic structures after the adsorption suggests that TM-doped ZGNR can have
the potential to be the sensing platform for Urea. In the last theoretical study, Chlorofluorocarbons
(CFC) molecules, namely CFCl3, CCIlF3, and CClyF» adsorption over pristine and Ti-doped two-
dimensional graphene sheets was studied. The obtained results indicate strong chemical interaction
of the Ti-doped graphene as compared to the pristine graphene. Other than the significant transfer
of charge and variation in the electronic structure after the adsorption, in some cases, splitting of the
molecules was observed. Therefore, once again, the study suggests that Ti-doped graphene nanostruc-
tures can be used for sensing as well as catalytic conversion of these gases. A thorough summary of
all the above-mentioned studies is presented in Table 8.1.

The second part of the thesis explored the fabrication of devices with functionalized graphene as
a sensing layer for the biosensing application. During this, the synthesis procedure of functionalized
graphene was discussed, followed by their characterization. Finally, these synthesized graphenes were
employed as a channel in a chemiresistor sensing device. The antibodies of Glutathione were im-

mobilized over this channel layer, and sensing experiments were conducted, and sensor parameters
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Table 8.2: Summary of Experimental Work

Device
Architecture Sensing Sensitivit Range of Limit of | Sample | Measurement Remarks
or Sensing Material eustvity Detection Detection | Volume Time CTHATES
Method
Antibody immobilized 1. Excellent selectivity
Chem-resistive over amme 0.01 uA/nM | 1nM - 10 uM | 1 nM 1uL APPIOX 5 Dyevice can be stored
functionalized 5 sec .
. at 4 Degree Celsius
graphene oxide
for long term use.
Cyclic LDH functionalized Approx - Slmz}chtarl()ﬁz:l ton of
Voltaifnmetr sulfty doped 936 udynM 1-100 nM s ) 5p ?nin . 2. Cost-effective and
Y| PANLITO electrodes T L
highly sensitive

were estimated. Our results prove that the proposed device has better sensitivity and selectivity than
the reported literature. Finally, in Chapter-7, the electrochemical sensing of Lactate is demonstrated
using functionalized Polyaniline as a sensing layer. The sensing action demonstrated using cyclic
voltammetry, and sensing parameters were estimated. The fabricated electrode achieved good sensi-
tivities and limit of detection as compared to the reported literature. A thorough summary of all the

above-mentioned experimental works is presented in Table 8.2.

8.2 Future Scope

Based on the conclusion of the theoretical studies presented in the thesis, there can be a few

possible directions for further investigations, which are given as follows:

e The effect of concentration of doping as well as ZGNR, width on the adsorption of the gases can

be explored.

e Other than DFT-PBE, the adsorption process can be studied with hybrid functionals, which

may provide more accuracy.

e These adsorptions studies conducted can be further elaborated with molecular dynamics or
QM/MM simulations, therefore, the effect of system size, temperature, and pressure can be

observed. Hence, a multi-level simulation model can be prepared.

e Finally, the effect of adsorption on the transport properties can be explored through Non-
Equilibrium Green’s Functions formalism. These simulations are complex and time-consuming

but can provide variation I-V characteristics after the adsorption of gas molecules.
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8. Summary and Conclusions

The experimental studies presented in the thesis can be further extended with the following aspects:

e The Field Effect Transistor can be fabricated with the proposed antibody immobilized amine-
functionalized graphene as the channel, and the effect of gate voltage on the sensor parameter

can be observed.

e The effect of temperature and pH of the analyte on the sensing action can be explored. Hence,

optimum temperature and pH can be estimated for the sensing.

e The real-life samples such as cell lysate or blood samples can be tested with the proposed device.
During this, the cause of degradation of the results or sensor device can be studied. The remedies

to such problems can also be an interesting research topic.

e The small, cost-effective readout circuit for GSH and Lactate sensor should be explored for point

of care device applications.
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A. Mask Fabrication

A.1 Mask Fabrication

As mentioned above, the standard silicon fabrication process was employed for sensor fabrication
and optical lithography is a key step in the same. In order to perform the optical lithography process,
glass masks are essential. Therefore, this section describes the glass mask fabrication, the overall
process flow is shown in the Figure followed by details of each step. There are two types of glass
masks employed, iron oxide coated and chromium coated soda lime gass, the former one is cheaper and
see through than the later one. Both kind of masks have 5300 A of AZ1518 Photoresist coated over

them, therefore, these mask plates must be carefully handled under yellow ultra-violet light condition.

Design Layaut ap CAD Taal
e
-
L
FAASE WERITING

L

Develpmient

Pattern check _

L]

Etching of F=0 or Chromiem

Paitern check

1

Firal Mask
[after stripping of photoresist & cleaning) |

Figure A.1: Process flow for MASK fabrication.

The mask fabrication process starts with the designing of the layout of the micro-structures (device
structures) on the CAD tool, we use clevin version for the same. The design file is converted to mask
writer file formats and fed to the control software of the mask writer machine (Heidelberg and Dilase

250). These mask writer equipments are capable of transfering the device structure image on the
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A.1 Mask Fabrication

mask plates through direct laser writing exposure lithography. The typical exposure dosage for the
A7 1518 phototresists is about 110mJ but it must be optimized as per the device structure as well
as feature size. The exposure process alter the chemical structure of the photoresist hence making it
soluble in developer solution. The exposed mask plates were immersed in the Microchem developer
solution for 20-30 seconds with mild shaking like agitations in order to ease the dissolution of the
exposed photoresist. The developer solutions are corrosive in nature and once the development is
over, the plates should be thoroughly cleaned with running DI water, therefore, the stopping the
development action. The developer solutions didnt attack the iron oxide or chromium layer lying
under the developed regions, hence, etching is performed by placing them in Microchem etchant
solution with gental agitation till the iron oxide or chromium dissolved properly followed by DI water
wash for one minute to remove any etchant left. The plates were dried under nitrogen blow and

inspected under microscope.

Chemiresistor
and
FET Designs

Figure A.2: Process flow for Device fabrication.
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Figure A.3: Process flow for Device fabrication.

If in case of any imperfections, the previous steps needs to repeat with the appropriate modifica-
tions. Once the desired designs were obtained over the mask plate, then the remaining photoresist
needs to be stripped by immersing them in Microchem stripper solution or acetone solution. After
the photoresist stripping, mask plates were cleaned with running DI water and dried with nitrogen

stream. In the end, final inspections were done under the optial microscope. The optical images for

the fabricated MASKSs are given in Figure and
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A.2 Device Fabrication

-

Figure A.4: Process flow for Device fabrication.

The detailed fabrication process shown in Figure [A.4]is discussed as follows:

o Wafer Cleaning: The device were fabricated on n-type Silicon wafers 4inch diameter and 500um
thickness with < 100 > orientation and 300 nm thermally growned SiOs over it. These wafers
were cleaned through acidic piranha solution 3:1 mixture of H2SO4 and HsO5 for 10-15 minutes
with gentle agitation. The wafers were cleaned thoroughly with running DI water for 1-2 min-
utes to remove left over piranha solution then dried in nitrogen stream. The wafers were then

subjected to ozone cleaning to remove hydrocarbons and obatain hydrophobic surface.

e Dehydration Bake: The cleaned wafers from previous steps were heated to 175 degrees Celsius
for 10-15 minutes to remove the moisture and any residual liquid over the surface. After the

baking, the wafers were allowed to cool down to room temperature.

e Metal Deposition: The Aluminium deposition was performed to make the contacts. The pro-
cedure was done in a thermal deposition equipment. A high purity aluminium wire placed in
tugesten filament was used to deposite aluminium. The pressure at the time of deposition was

5 x 1079 torr and the obatined thickness was 100nm.

e Spin coating of Primer: The surface wettability properties of the wafer can severally affect the

photoresist adhesion. Improper adhesion may lead to development and etching issues and can
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A. Mask Fabrication

cause complete removal of photoresist film. Thus, the proper adhesion must be ensured. One
way to achieve proper adhesion is through Primer soltion. The HMDS Primer solution was
coated over the wafers at 6000 rpm for 1 minute followed by a baking at 175 degrees Celsius for

10 minutes.

e Spin coating of photoresist: The S1813 positive photoresist was employed for this work. The
photoresist solution was carefully poured over wafers in order to avoid any bubbles. The coating

was performed at 3500 rpm for 1 minute.

e Soft bake: After the coating, photoresist films were subjected to baking at 135 degrees Celsius
for 3 minutes. Soft baking is needed to ensure the removal of solvents or liquid from the film

and ensuring proper adhesion.

e Lithography: The micro-structures or contact patterns were transferred over the photoresist
coated wafers through optical lithpgraphy process performed over UV LED exposure-masking
system Kloe UV-KUB 2 equipment. This eqipment operates at 365 nm UV LED sources and can
provide maximum power density of 35mW /ecm2. The typical dosage for S-1813 photoresist is 150
mJ/cm?2 at 436 nm illumination which provides a good starting point for the dose optimization.
The dosage for different micro-structures as per their size and critical dimensions were optimized

before performing the actual lithography and the optimized dosage between 75-85 mJ/cm?2.

e Development: The lithography process was supoose to chemically alter the exposed photoresists
and therefore it can be removed during the developement process. In this, the exposed wafers
were immersed into MIF-319 developer solutions with mild agitations for about 20 seconds. As
the developement process dissolved the photoresist and hence the micro-structures can be seen.
The developed wafers were then washed with DI water to stop the development action as well

as remove any left over developer.

e Aluminium etching: The Aluminium which is exposed after the development process was sub-
jected to etching with the help of aluminum etchant solution which is a mixture of H3PO4:HNO3:H20
= [19:1:4] ratio [18]. The process was performed till a few minutes to completely remove the
aluminium layer. After that, the sample was cleaned with DI water five times and heated at 120

degrees Celsius for 15 min.
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A.2 Device Fabrication

Figure A.5: The optical image of the fabricated device for sensing application.

e Si02 etching: In order to etch the SiO2 layer and form the trench, we explored hydrofluoric acid
(HF) solution with varying percentages. It was observed that HF etching was violent and can
damage oxide as well as photoresist. Therefore, Buffered oxide etch (BOE) which is much safer
etchant was emplyed. BOE is a mixture of ammonium fluoride (NH4F) and hydrofluoric acid
(HF) [10:1]. Ammonium fluoride minimizes the violent action of HF and hence the etching is

uniform.

e Cleaning: In the end, the remaining layer of photoresist needs to be removed. However, after
multiple heating cycles, the photoresist layer is very hardened, and therefore, photoresist stripper
solution is required rather than a simple acetone cleaning. The stripper solution is a solution of
1-methyl-2-pyrrolidone. The wafers were immeresed in hot 70 degrees Celsius stripper solution
and agitated gently. After the complete removal of photoresist, the wafers were thoroughly
cleaned with running DI water and dried under nitrogen stream. Finally, the wafers were heated
at 150 degrees Celsius for 10 minutes before storing them in vacuum dessicators. The optical

image of the fabricate device is given in Figure [Af]
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