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Organization and graphical abstract of the thesis

This Ph.D. thesis is divided into two chapters. Chapter 1 covers the work related to
SiC-based heterostructures. This chapter includes the introduction of SiC, a detailed
discussion on heterostructures of SiC, state-of-the-art of SiC heterostructures, the novelty
of this Ph.D. work, the methodology adopted for simulations of SiC heterostructures,

discussion on results and conclusions.

Chapter 2 covers the introduction to graphene and its derivatives, state-of-the-art of
gas sensing technology, the novelty of this Ph.D. work, the methodology adopted for the
simulations of graphene-based gas sensors, discussion on simulation results and
conclusions. At the end of chapter 2, overall conclusions drawn from this Ph.D. work have
been stated. In the end, the appendices section includes all related publications.

Chapter 1
Simulations of SiC hetero-struct

Thesis Flow

ures

Appendices
(Publications)

Chapter 2

Simulations of graphene based gas sensors

Figure 1: Organization of Ph.D. thesis.

PhD Thesis

Numerical simulations of SiC
and Graphene based devices)

l

SiC hetero-structures

Graphene based
molecule detectors

Numerical
simulation of structures
(Diodes, LEDs)

Numerical
simulation of structures
(Resistive strips, FETSs)

Characterization of

Simulated Structures

(IV-curves, Density
of States)

Characterization of
Simulated Structures
(IV-curves, Photo-
current curves)

Results and
Conclusions

Results and
Conclusions

Over all conclusions of

PhD Thesis

Figure 2: Graphical abstract of the thesis.
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Introduction and motivation

The goal of this thesis was to work in two different regimes for the development of Silicon
carbide (SiC) and graphene-based novel semiconductor devices for power electronics
and gas sensing applications, respectively. The first task was to work on the simulations
of novel SiC-based heterostructure diodes for power electronics applications. The second
task was to work on the simulations of graphene-based sensors for the detection of a
wide range of organic and inorganic compounds. Therefore, the introduction and
motivation part of the thesis contains the literature for both SiC and graphene-based
devices, respectively.

As mentioned above, the first goal of this Ph.D. thesis was to target the simulations of
novel SiC-based heterostructure diodes considering diffusion bonding/welding technique
for power electronics applications. During the last few decades, power electronic devices
have gained significant importance due to their tremendous applications in power
converting and controlling circuits. Power electronic devices are being widely used as
power converters to modify the alternating current (AC), as well as direct-current (DC),
obtained from hydropower, solar, wind, coal, and other power generation systems.
The power converters are used to convert the electricity from AC or DC mains to useable
lower AC or DC supplies. These power converters are based on power electronics
components. The power electronic-based control circuit must be highly efficient and
cheap to optimize the energy conversion process [1-2].

Power electronics devices based on conventional semiconductor materials like silicon
(Si) are approaching their limits in terms of power conversion efficiency, cost, and size
[3-4]. Si-based power electronic devices have reached their theoretical limits to handle
high operating voltages and high frequencies [5]. The maximum voltage handling
capability of the Si-based transistor is 6.5kV and it cannot tolerate temperature above
200°C [6]. The constituent semiconductor materials of the converter circuitry cause a
major portion of power losses in energy converters. Wide bandgap (WBG) materials have
emerged as promising candidates to replace conventional Si-based power electronic
devices.

The WBG materials can be used to cope with the challenges of low power conversion
efficiency, cost, and size. SiC has been accepted as a potential candidate for power
electronics applications due to its tremendous exceptional physical and electrical
attributes. SiC can tolerate very high temperatures, high voltages, and high frequencies
compared to that of Si [7]. Commercially available SiC-based discrete devices can handle
voltages between 650V to 1700V with a current rating of 120Ampere. For example,
4H-SiC (a crystalline form of SiC) is highly suitable to handle extremely high voltages
(above 10kV) in modern power electronic devices. The SiC-based chips of power
electronic devices are smaller in size due to the low specific resistance of SiC compared
to that of Si. The small value of specific resistance results in low parasitic capacitance in
SiC-based devices. Therefore, such devices have a high switching speed compared to
their counterpart Si-based devices [8-11]. Ultimately, SiC-based power electronic devices
can operate at very high temperatures due to its inherent high thermal conductivity,
which allows it to transfer heat to its surrounding environment [12-13]. Recent studies
have shown that SiC-based metal-oxide field-effect transistors (MOSFETs) can operate
above 200°C without degraded performance [14-15]. The main reason of SiC-based
devices to tolerate high temperatures is its wide bandgap that reduces the generation of
electron-hole pairs by thermal activation, even at elevated temperatures [16]. A summary

17



of the properties of Si and SiC for high temperature, high voltage, and high-frequency
applications has been given in Fig. 3. It can be seen in this figure that SiC is dominating in
all three domains i.e. high temperature, high voltage, and high-frequency applications.

High voltage

g Electric Field si
operation

(MV/em)
5

—SiC
4 GaN
Thermal
Energy gap (eV) Conductivity
(w/em.*C)
High T°
applications
Electron velocity Melting point PP
(x107 cm/s) (x1000 *C)

\ ¥
¥

High Frequency
switching

Figure 3: Materials properties of Silicon and Silicon carbide [6].

Moreover, state-of-the-art research on SiC-based devices covers different types of
devices including SiC diodes, metal-oxide-semiconductor field-effect transistors (MOSFETSs),
thyristors, and SiC switches. SiC Schottky barrier diodes (SBDs) have high on/off speed
due to the absence of reverse recovery current that makes it superior over Si PIN diodes.
SiC SBD also has less electromagnetic interference (EMI) and oscillation. As opposed to
Si-based diodes, SiC SBDs have a positive thermal coefficient (i.e. increase with an
increase in temperature) allowing more parallel connections to handle high current
values. SiC MOSFETs have been widely used as switches and highly suitable for industrial
applications. They have extremely low switching loss compared to that of Si-based
devices [17-18]. The recent research trend in the field of SiC-based devices includes:
(a) design of devices to handle high temperatures; (b) minimization of parasitic inductance
for gate loop and power loop; (c) Optimization of switching operations and better
handling of EMI noise; (d) reducing defects of SiC substrates; (e) reduction of weight and
size of the devices by reducing passive components (i.e. capacitors and inductors);
(f) decreasing forward voltage degradation by reducing stacking faults and (g) reduction
in the cost of devices [19-25]. The main hurdles in the fast commercialization of SiC-based
devices are cost and reliability. The work presented in this thesis contributes to the major
challenge of cost reduction of SiC-based devices by proposing a new fabrication
technique (diffusion bonding) for SiC-based devices.

The second part of this thesis contains the simulations of graphene-based gas sensors.
Gas detection and monitoring have been significant for household safety, environmental
monitoring, medical diagnosis of diseases, aerospace, and military applications [26].
Although, solid-state gas sensors based on conventional semiconductor materials have
some advantages like low cost, low power consumption, and small size. They play a crucial
role in the monitoring and detection of hazardous and toxic compounds in industrial as
well as household environments. But there are some challenges associated with these
sensors related to accuracy/reproducibility in measurements and the long term stability
of the device components like electrodes, sensing materials itself, and electrolytes
[27-28].
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The ultimate target of gas sensing technology is to obtain a gas sensor with high
resolution and high accuracy. Even with the state-of-the-art solid-state gas sensors, it is
not possible to detect very low concentrations of gases [29-30]. The issue of the low
resolution of solid-state gas sensors comes from their intrinsic noise caused by the
thermal motion of charge carriers. This noise reduces the ability of such sensors to detect
a very low concentration of gases and other chemicals [31]. Therefore, there is a need to
develop efficient and robust gas sensors to detect very low concentrations of chemicals.
To meet these requirements, several efforts have been made to modify the conventional
constituent materials of the solid-state gas sensors [27].

Nanomaterials have emerged as exceptional candidates to overcome the issues of low
resolution, high sensitivity, and stability of the devices. The sensitivity of a gas-sensing
device depends upon the surface-to-volume ratio of the sensing material. The high
surface-to-volume ratio of the gas sensing material enables it to adsorb the target
molecules effectively and efficiently [32]. Among the gas sensing nanomaterials,
graphene has become a prominent material due to its several outstanding electrical and
physical properties compared to that of conventional solid-state gas sensing materials
[33-35]. Graphene-based sensors detect the presence of a wide range of organic and
inorganic molecules more effectively compared to that of solid-state devices. Due to very
low intrinsic noise, a very low concentration of the target molecules can be easily
detected by graphene-based gas sensors [36-39].
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Problem statement and research questions

As stated in the introduction, this Ph.D. work has been divided into two parts. The first
part is based on the numerical simulations of SiC power electronics devices and the
second part is focussed on the numerical simulations of graphene-based gas sensors.
SiC heterostructures are of great interest for high temperatures and high power
electronics applications. The state-of-the-art techniques that are being used for the
fabrication of SiC-based heterostructure devices are complicated and require a high level
of expertise to handle the related fabrication equipment. Despite all this care and high
fabrication cost, the fabricated structures may have defects in them. The focus of the
first part of this Ph.D. work is to reduce the complexity of the fabrication process and
investigate the feasibility of different combinations of SiC-based materials for the
physical fabrication of power electronics devices. For this purpose, a semiconductor
device simulator has been used to simulate SiC-based novel heterostructure devices
considering a novel technique; diffusion bonding/welding. Prospective fabrication of
SiC-based devices with this direct bonding of wafers (diffusion bonding) will reduce the
complexity in the fabrication process as well as the fabrication cost. By using this direct
bonding approach, defects at the hetero-junction interfaces of SiC-based
heterostructure devices can be avoided.

Furthermore, the aim of the second part of this Ph.D. work is to investigate
graphene-based structures for gas sensing applications. As the state-of-the-art
solid-state gas sensors have some limitations in terms of stability and ability for the
detection of very low concentration of gases. Graphene has emerged as an extraordinary
nanomaterial for gas sensing applications. Therefore, in this Ph.D. work, the feasibility
of graphene-based materials has been investigated for gas sensing applications. For this
purpose, a nanoscale semiconductor device simulator QuantumWise Atomistix Toolkit
(ATK-VNL) is used to simulate graphene-based sensors for the detection of a wide range
of hazardous and flammable compounds.

Overall, this Ph.D. work focuses on the following research questions:

1. Investigation of circumstances for the realization of SiC-based polytypic
hetero-structure with direct bonding?

2.  What are the main characteristics and the behavior of the structures realized
with a direct bonding technique?

3. What would be the most advanced possible combinations of SiC-based
polytypic heterostructures that could be realized?

4. Can graphene-based devices detect very low concentrations of target gases
and compounds?

5. How the target molecules affect the conductivity of different graphene-based
materials after adsorption on the graphene surface?

6. Can the changes in photocurrent in the proximity of target gases be used as
a novel mechanism for gas detection?
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Contribution of the thesis

As stated before; this Ph.D. work covers two regimes. The first aim is to investigate
the feasibility of SiC-based heterostructures with the diffusion bonding approach of
wafers. Whereas, the goal of the second part is to investigate the possibility of using
graphene-based structures for gas sensing applications. The main contributions of this
Ph.D. thesis are:

Microscale simulations of SiC polytypes, Si, and Ge have been done considering
the diffusion bonding of wafers. The simulation results revealed that theoretically,
it is possible to develop the polytypic hetero-junction structures with the diffusion
bonding of wafers.

Diffusion bonding of all combinations of SiC polytypes itself as well as with Si
and Ge do not give rectifying behavior of the resultant devices. A suitable
combination of materials is required to get the rectifying behavior of the
resultant devices. It has been concluded from the numerical simulations that
electron affinity values of the constituent materials of heterostructures play a
crucial role in defining the electrical behavior and barrier height at the
heterojunction interface of the device. If there is no significant difference in
electron affinity values of the constituent materials, then the realized
heterostructure device shows resistive behavior. Therefore, the proper choice
of materials is important to get rectifying behavior of the heterostructure
devices.

A large variety of hazardous and toxic organic/inorganic compounds has been
detected with graphene-based devices in this Ph.D. work. The numerical
simulation results revealed that it is possible to detect a very low concentration
of gases (even a few molecules) with graphene nanoribbons, nano-sheets, and
carbon nanotubes.

A novel gas/molecule detection mechanism (change in photocurrent) for
graphene-based sensors has been demonstrated with simulation in this Ph.D.
work. This proposed mechanism can be integrated with any state-of-the-art gas
detection mechanisms in physical sensors to improve the device accuracy and
selectivity for desired target gases/molecules.

The above-mentioned contributions are related to the research papers listed in the
list of publications. These publications are available in full in appendices (Paper A-K).
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Claims about the novelty of the thesis

On the bases of the research questions mentioned earlier, some claims have been made
about the novelty of this Ph.D. research work. These claims correspond to the
contributions I to IV that are mentioned above. In the forthcoming chapters of this Ph.D.
thesis, the following claims have been proved and defended:

Claim 1: Theoretically, it is possible to develop SiC-based polytypic or with other
materials heterostructures with a direct bonding technique. Direct bonding of SiC-SiC
wafers can be a promising fabrication technique for SiC polytypic heterostructures to
reduce the fabrication cost, complexity, and improve the performance of the resultant
devices.

Claim 2: The electrical behavior (either resistive or rectifying) of the SiC-based
hetero-structures depends on the constituent polytypes. Therefore, a suitable combination
of constituent polytypes of SiC must be chosen to get the desired electrical attributes of
the resultant heterostructures.

Claim 3: A large variety of hazardous and toxic organic/inorganic compounds/gases can
be detected with graphene-based devices. Even a very low concentration of target
molecules (one or two molecules) can be detected with graphene-based sensors (with
the use of activated surface) due to the low intrinsic electronic noise and high surface
state activity of the graphene compared to the other solid-state gas sensing materials.

Claim 4: The change in photocurrent in the proximity of desired target molecules can be
used as a novel molecule detection mechanism for graphene-based gas sensors to
improve sensor accuracy and selectivity. This mechanism can be integrated with any
other state-of-the-art molecule/gas detection mechanism for graphene-based sensors.
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1 Numerical simulations of Silicon Carbide based hetero-
structure devices

This chapter covers the following topics:
e A brief introduction to Silicon carbide (SiC) and its different crystalline forms
e SiC heterostructures and their fabrication techniques
e Novelty and methodology of SiC-based heterostructures that have been
simulated in this Ph.D. thesis
e  Conclusions drawn from the numerical simulations of SiC-based hetero-structure
devices
Moreover, the target of the work that has been presented in this chapter is to
investigate the electrical properties of novel SiC-SiC, SiC-Si, and SiC-Ge heterostructures
using numerical experiments. Numerical simulations of heterostructure devices have
been done both at the micro- and nano-levels by choosing novel combinations of SiC, Si,
and Ge. Diffusion bonding/welding of SiC, Si, and Ge wafers has been proposed as a novel
and prospective fabrication technique to build micro-scale SiC heterostructures.

1.1 SiC and its different forms

During the last decade, SiC has emerged as exciting material for high temperature, high
power, and high-frequency applications [40]. It has become an exciting material for a
wide range of electronic and optoelectronic applications due to its several distinct
properties. SiC exits in different forms, including single crystalline, polycrystalline and
amorphous forms. In a basic single crystalline form of SiC, a silicon atom is bonded with
four carbon atoms or vice versa to form a tetrahedral structure, as shown in Fig. 4(a)
[41-42].

Among different polycrystalline forms of SiC, the most popular polytypes are 3C-SiC,
4H-SiC, and 6H-SiC due to their promising physical and electrical characteristics. 3C-SiC is
called beta silicon carbide (B-SiC), while 4H-SiC and 6H-SiC are called alpha-SiC (a-SiC).
a-SiC and B-SiC have different and unique stacking sequences of silicon and carbon atoms
that are represented with Ramsdell notations, as shown in Fig. 4(b), (c) and (d).

4H-SiC EH-SIC
(c) (d)
Figure 4: Different crystalline forms of Silicon carbide (a) Single crystal; (b) 3C-SiC; (c) 4H-SiC;
(d) 6H-SiC [42-43].
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In Ramsdell notation, each number like 3, 4, and 6 with 3C-SiC, 4H-SiC, and 6H-SiC
respectively indicate the number of layers and the letter indicates Bravais lattice,
as shown in Fig. 4. Elements AB do not change the orientation of the bilayer, whereas
the element C twist the lattice by 60° degrees. The stacking sequences of 3C-SiC, 4H-SiC,
and 6H-SiC are ABC, ABCB, and ABCACB respectively, as shown in Fig. 4.

1.2 Heterostructures of SiC

The heterostructure is a junction between two different semiconductor materials having
different bandgaps [44]. They are the most essential components of modern electronics
and optoelectronics devices due to their several interesting properties [45-46]. One of
the major advantages of these devices is precise control of the motion of charge
carriers that is controlled during the device design phase. By choosing appropriate
materials during the design phase, the device performance can be customized [46].
Heterostructures based on the most prominent polytypes of SiC are being fabricated for
a wide range of electronic and optoelectronic applications [47]. Devices based on 4H-SiC
and 6H-SiC polytypes have high mobility of holes and high breakdown voltage. Whereas
the main advantage of 3C-SiC based devices is that, it allows the inversion at lower electric
fields [48-49]. The high-quality growth of epilayers of the constituent semiconductor
materials is required to realize heterostructure devices. The Schottky barrier height
(difference in energy levels at the heterojunction interface) dictates the flow of charge
carriers across the heterojunction devices [44].

Furthermore, SiC heterostructures with other semiconductors like Si, GaN, InAlGaN,
AIN, and Barium Ferrite (BaM) have been reported in the literature using epitaxial growth
techniques [50-58] and SiC/Si heterostructures with activated direct bonding technique
[59]. But SiC-SiC heterostructures with diffusion bonding/welding techniques have
not been reported in the literature. In this Ph.D. work, SiC-SiC, SiC-Si, and SiC-Ge
heterostructures have been proposed considering a rarely used technique; diffusion
bonding or diffusion welding to make semiconductor-semiconductor interfaces.

1.2.1 Bandgap alignment at the heterojunction interface

As mentioned above that the heterojunction is formed by joining two dissimilar
semiconductors having different band gaps. The discontinuity at the heterojunction
interface gives rise to interesting properties and controls the motion of charge carriers
in the resultant heterostructures devices. The Interface quality, valence band offset
(VBO), and conduction band offset (CBO) play a significant role in defining the
performance of the heterostructure device [60]. Based on the bandgap alignment,
heterostructures can be categorized into three types, i.e., (a) Straddling gap (type-l);
(b) Staggered gap (type-ll); and (c) Broken gap (type-lll), as shown in Fig. 5 [61].

Conduction Band (CB)—‘_ _|_ —_—
Valence Band (\'B)I _‘_

Straddling Gap Staggered Gap Broken Gap
(type I) (type 1) (type 1)

Figure 5: Different types of semiconductor heterostructures based on the band alignments at
junction interface [61].
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Different parameters of the constituent materials of heterojunction devices like work
function, band gaps, and electron affinity control the properties of the resultant devices.
The most famous model to define the barrier height at the heterojunction interface is
the electron affinity model (EAM) [62]. According to EAM, the electron affinities of the
constituent materials of a heterojunction device define the barrier height at the junction
interface. According to EAM, the conduction band offset at the heterojunction interface
is equal to the difference in the electron affinities of the constituent semiconductor
materials. The shape of the energy bands at the junction interface is also dictated by the
electron affinities. Consequently, the motion of the charge carrier through the device is
controlled by the electron affinities. The energy band profile of a heterostructure based
on 3C-SiC and 4H-SiC has been shown in Fig. 6. In this figure, Eg1, Ec1, Evz, and x: are the
bandgap, conduction band, valence band, and electron affinity of 3C-SiC, respectively.
Whereas Eg2, Ec2, Ev2, and x2 are the bandgap, conduction band energy, valance band
energy, and electron affinity of 4H-SiC respectively [63-64].
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Figure 6: Energy band alignment of 3C/4H-SiC based heterostructure.

According to EAM, the conduction band offset and valance band offset can be
calculated with the following equations:

AEc=49(x2~ 1) (1)
AEvz(Egl_EgZ)_AEczAEg—AEC (2)

1.2.2 State-of-the-art fabrication techniques for SiC heterostructures

SiC-SiC heterostructures are being fabricated with sublimation epitaxy techniques [65-66],
chemical vapor deposition [67], and molecular beam epitaxy [68]. Epitaxial growth has
been widely reported in the literature for the fabrication of SiC-based structures [69-79].
The epitaxial growth gives rise to defects in the resultant devices [47,76]. The physical
vapor deposition technique is the simplest epitaxial growth technique to fabricate
heterostructures. In this technique, one thick wafer of SiC polytype is used as a substrate
and another polytype of SiC is evaporated to deposit its thin layer over the other SiC
wafer. The simplest setup to realize the epitaxial growth process has been shown in
Fig. 7(a). This process is called physical vapor deposition. It can be observed in this figure
that one type of material (shown with yellow color) is being used as a substrate. Whereas

25



the other material (shown with green color at the top) is evaporated, so-called sputtering
target. The whole process is carried out in a vacuum chamber, in the presence of Argon
gas. The evaporated material makes its thin layer after accumulating onto the substrate,
as shown in Fig. 7(b).
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Figure 7: (a) A schematic of the physical vapor deposition process; (b) resultant structure after
epitaxial growth [80].

SiC can tolerate very high temperatures as discussed in previous sections. This makes
it very difficult to bond SiC-SiC wafers directly [81]. Epitaxial growth is a complex and
costly fabrication process that demands highly sophisticated expertise to handle the
tools. Diffusion bonding (direct bonding) of different SiC polytype wafers to fabricate
heterostructure devices could be a promising approach to reduce the device cost and
simplify the fabrication process. This process is being widely used to make metal-metal
and metal-semiconductor junctions. The diffusion bonding process allows us to join two
dissimilar materials directly with each other under high pressure. This process also
preserves the constituent material’s properties even after making a bond with the other
material. This process is cheap and less time consuming [82]. The concept of diffusion
welding can be realized in Fig. 8. Another advantage of using a diffusion bonding process
is that the lattice mismatch issues and defects at the junction interface can be avoided
[83]. Up to date, diffusion welding for making SiC-SiC heterojunction has not been
successful due to the ability of SiC to resist very high temperatures [84].

1.2.3 Novelty of SiC related work of this Ph.D. thesis

The direct bonding of SiC-to-SiC wafers to develop the polytypic heterostructures has not
been successful yet. Therefore, the main goal of this Ph.D. work is to investigate firstly
the feasibility of SiC-to-SiC and secondly SiC-to-other materials heterostructures by
direct bonding of wafers of these materials. In the Ph.D. work, SiC-SiC, SiC-Ge, and SiC-Si
heterostructures have been numerically investigated considering the diffusion
bonding/welding technique. These numerical simulations could be a pathway to the
fabrication of novel SiC-based heterostructures by choosing appropriate materials. Our
research group at Thomas Johann Seebeck Department of Electronics, Tallinn University
of Technology, Estonia has been working to fabricate SiC-SiC heterojunctions with the
direct bonding of the wafers [85-87]. The bonding of SiC-SiC wafers is quite tricky
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technology. One must know the optimized pressure, temperature, and other diffusion
bonding related parameters for the successful bonding of wafers. The surface treatment
of the wafers also plays a crucial role in facilitating the diffusion bonding process. For
better adhesion of wafer and get the smoother surface of the wafer, chemical etching
could be a promising technique [88]. The catalytic etching is another feasible technique
that can be used to polish SiC wafers. It is intended to use these polishing techniques for
wafers that can give much better results in terms of the direct bonding of wafers [89].
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Figure 8: (a) The basic process of diffusion bonding; (b) schematic of the experimental setup for
direct bonding of wafers [82].

1.3 Methodology of simulated SiC based heterostructures

This section includes comprehensive detail about the adopted methodology of the
simulated devices. Micro- and nano-scale devices have been simulated with SILVACO
TCAD [90] and QuantumWise Atomistix Toolkit (ATK-VNL) [91] softwares, respectively.
SILVACO TCAD is a commercially available software package that is used to simulate
micro-scale semiconductor devices based on the basic semiconductor equations [92].
These equations are based on statistics describing relatively large material volumes.
Here, large material volume means that the dimensions (thickness) of the materials are
in the range of micrometers (for example 300um in Paper A, B, and C). These equations
are only valid for those materials having dimensions in the range of micrometers.
This statement is also valid for the sub-models (mobility, recombination, generation, etc.)
accurately describing the physics applicable to volumes, where Fermi statistics could be
applied. For the devices having dimensions comparable to the mean free path of
electrons (i.e. ballistic transportation of the charge carriers), the duality of particles starts
to play its major role. Therefore, the basic semiconductor equation set does not remain
applicable to such nano-level devices. In such type of nano-scale devices, it becomes
more crucial to calculate the surface and nano-level effects. Therefore, another type of
mathematical equations (i.e. Schréodinger equations and DFT approximations) depicting
nano-level physics correctly is needed. ATK-VNL software package is the best available
commercial software package based on mathematical equations that are valid for
nano-scale devices. Therefore, two different software packages have been used for
numerical simulations of proposed micro- and nano-scale devices to get a better insight
into the electrical attributes of the simulated structures.

27



1.3.1 Why SILVACO TCAD and QuantumWise Atomistix Toolkit (ATK-VNL)

In semiconductor materials and devices research, a particular approach is followed.
Therefore, firstly, the semiconductor structures are simulated, and their characteristics
are comprehensively analyzed. This analysis could include the investigation of the
electronic properties, thermal properties, and current distribution mechanisms. TCAD
software is being widely used in the industries for physics-based modeling of
semiconductor devices. This software is used to optimize the semiconductor device
fabrication process. As mentioned above, this software is based on differential equations
that are a modified version of Maxwell’s equations [93]. The results obtained from this
software are accepted worldwide in the semiconductor community. A large number of
reputed published articles, based on the use of SILVACO TCAD simulation tools, can be
found, as it is shown for example in [94]. This justifies that SILVACO TCAD software is
used for the modeling of the proposed microscale devices in the thesis. Furthermore,
for nanoscale simulations, Quantumwise Atomistix Toolkit (ATK-VNL) software has
been used in this thesis. This software is developed by world-leading nano-electronics
researchers and experts. This software is being widely used in the nanoscale
semiconductor industry for atomic-scale modeling of devices. This tool provides highly
accurate and realistic results. A large number of reputed published articles based on
ATK-VNL software can be found at this reference [95].

1.3.2 Computational procedure of SILVACO TACD and QuantumWise Atomistix Toolkit
(ATK-VNL)
The calculation methodology adopted by SILVACO TACD software is based on
semiconductor physics and related equations. A large range of suitable material's related
physical models and parameters are defined in the code using different commands
during simulation of the device. Comprehensive detail of all these models and related
equations are given in the SILVACO user manual [96]. The detail of used physical models
and their related equations for proposed SiC-based devices have been given in
subsection 1.3.4. Computational details and related theoretical background for ATK-VNL
is given as:
ATK-VNL software models the electronic attributes of the quantum system within the
framework of density functional theory (DFT). This DFT theory is based on a “linear
combination of atomic orbitals (LCAO)”. ATK-VNL software simulates semiconductor
devices using “non-equilibrium Green’s function (NEGF)” [97]. ATK has several in-built
calculators to calculate the electronics properties of the simulated nano-structures.
For the calculation of the electronic properties of simulated devices, an in-built DFT
calculator has been used. This calculator calculates the electronic structure of the
simulated device based on “single-particle wave functions”. This calculator allows fast
and accurate calculation of results compared to that of other calculators [98]. The density
matrix is the most important parameter in self-consistent calculations to determine the
electron density. Afterward, this electron density function is used to derive the effective
potential. Subsequently, this calculated effective potential is used to obtain Kohn-Sham
Hamiltonian as shown in Eq.3:
7 )

=—— V1V n](r) (3)

2m

The first term in Eq. 3 is the kinetic energy and the second term is the potential
energy of the electron moving in the presence of applied external voltage. After that,
the one-electron Schrodinger equation is used to formulate the Eigen-functions of

lelectron
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Kohn-Sham Hamiltonian. Then, one-electron Schrédinger equation is solved to obtain

“one-electron Eigen-functions of the Kohn-Sham Hamiltonian (‘[’a )” as shown below:

H ecron? o (1) = €, (r) (4)
Then, Eq. 4 is resolved by expanding the “Eigen-functions 'i’a " as given below:
V. (r)=2c,4,(r) (5)
Finally, a matrix equation can be developed to get “expansion coefficients, Co” as:
%chy =g, ;Sﬁcaj (6)

Where Hl.j indicates the Hamiltonian matrix and Sij designates the “overlap matrix” in

Eg. 6. In the next step, the eigenstates of the Kohn-Sham Hamiltonian are used to get the
electron density of the many-electron system as shown below:

n(r) =2 f . (] )

InEq. 7, fa stands for the occupation of a level that has been denoted by ¢« . In the next

step, the electron density is written in terms of density matrix:

n(r) = %Dm(r)cﬁ,—(r) (8)
Electron density matrix ( D, ) in Eq. 8 can be given by:

D, =2 1.CuCoy (©)

After obtaining a density matrix, several transport properties of the simulated device
including the transmission spectrum can be calculated. Afterward, the transmission
spectrum is used to obtain the electric current. Transmission amplitude “¢, ” is used to
define the scattering states “k” propagating through the device. The transmission
coefficient is obtained as:

T(e)=) fit,5(e—¢,) (10)

In Eq. 10, ¢is the energy of the transmission coefficient at which all transmission
amplitudes are summed up [99]. Then to obtain IV-curves, the transmission spectrum of
the simulated device is calculated in ATK-VNL [100]. The electric current can be
calculated from transmission coefficients as:

| E—- E-
1<VL,VR,TL,TR>=§ZJT6<E){/‘( kT“RH k;‘LHdE (11)

In Eq. 11, T, ,are “left/right electrode temperatures”, T (E)is “transmission

coefficient”, f is “Fermi-level” and u,,, are “chemical potentials of right/left electrode”

[101]. The calculated transmission spectrum and transmission coefficient at each biase
point can be viewed using the Transmission Analyzer plugin of ATK-VNL. This plugin
shows the “average transmission spectrum as a function of energy” [102-104].
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1.3.3 Exchange-correlation Functionals for DFT based simulations

The exchange-correlation function is used to approximate electron-electron interaction
in the DFT method. ATK supports many exchange-correlation functions such as “local
density approximation (LDA)” and “Generalized-gradient approximation (GGA)”. LDA
considers all quantum system homogeneous in terms of electric field distribution.
But the real systems are highly inhomogeneous in this respect [98]. GGA functionals
are better in terms of accuracy and reliability for calculation of ground-state properties
such as equilibrium crystal structures, total energy, and cohesion energies [105-106].
PBE-GGA is less time consuming and reduces the computation time as well [107].
DFT calculations of carbon-based nano-materials sensors using GGA have also been
reported in the literature [108-111]. That is why GGA exchange-correlation has been
used in these simulations. For PBE-GGA exchange-correlation, SG15 pseudopotential
[112] is the latest and recommended in the Quantumwsie user manual. For SG15
Pseudopotential medium basis set is the default, which is enough for most of the
applications. That is why a medium basis set is used in these simulations. In DFT
simulations, there is no specific rule about the validity range of complex functionals for any
system. The usual practice is to test all the available functionals for simulated systems and
then validate them with the available experimental results [97]. However, there are several
other calculators with different exchange and correlation approximation available in
ATK-VNL. There might be a slight difference in the results due to different calculation
methodology and accuracy level of each calculator. The main focus of this work is not to
investigate the differences in results due to different calculators. This could be
considered as future work to investigate the effect of different hybrid approximation on
the electronic properties of the simulated devices [113].

1.3.4 Microscale simulations of SiC based heterostructure diodes
The microscale SiC-based heterojunction diodes have been simulated in SILVACO TCAD
software. The schematics of all microscale-simulated devices have been shown in Fig. 9.
Different combination of materials like 3C-4H/SiC [Paper A], 4H-6H/SiC [Paper A],
Si/4H-SiC [Paper B], Si/3C-SiC [Paper B], Ge/4H-SiC [Paper C], Ge/3C-SiC [Paper C] have
been used to simulate nn-heterostructures. In each heterostructure diode, two wafers
have been joined with each other considering the diffusion bonding technique, as shown
in Fig. 9(a). The geometry of each simulated device is shown in Fig. 9 (b). The thickness
of each wafer is 300um and the surface area is 1x1um?. Donor doping concentrations in
all materials have been kept 10*¥cm3to get the ohmic electrodes at the top and bottom
of the simulated structures. SILVACO TCAD allows adding several in-built material’s
related parameters and physical models to get more realistic results from the simulations.
The following physical models have been used for the microscale simulations of the
heterostructure diodes.

e Charge carrier mobility models for SiC-based devices

Several mobility-related physical models are implemented in these simulations.

To add the anisotropic mobility of charge carriers in SiC, an in-built anisotropic

mobility model proposed by Lindefelt [114] and Lades [115] has been implemented.

They introduced the tensor properties in the drift-diffusion equation that are

written as:
b 0 0
p={ 0y 0
0 0
Ha (12)
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In Eq. 12, uz is the mobility of charge carriers (holes and electrons) in one plane and
uz is the mobility in the second plane. Analytical low field mobility model proposed
by Caughey-Thomas [116] is used to specify temperature and doping dependent low
field mobilities of the charge carriers in SiC. This model along with the parallel field
mobility model has also been implemented in these simulations. To add the
influence of carrier-carrier scattering in simulated structures, the Conwell
carrier-carrier scattering model [117] has been used. The effect of incomplete
ionization has also been added by using an incomplete ionization model in TCAD.

e Recombination models for SiC

The recombination of charge carriers occurs due to the trap centers and direct
recombination. The first process of recombination is called Shockley-Read-Hall (SRH)
recombination and the second one is called Auger recombination. SRH model has
been implemented to realize the emission and suppression of charge carriers by

traps. The SRH model is implemented by using the following equation [118]:

np-n?

Rsgn = Tp(M+ny)+ty (p+n;) (13)

In Eqg. 13, 1p and tnare charge carrier lifetime of holes and electrons, respectively. SiC
is an indirect bandgap material, so the probability of band-to-band recombination is very
low but cannot be neglected. Auger recombination is given by the following equation
[118]:

Ruyger = (np — nf)(Cyn + Cyp) (14)

In Eq. 14, Gy and Gy are coefficients representing the interaction between charge
carriers. The current-voltage (IV)-curves of all microscale-simulated devices are
calculated in SILVACO TCAD by using its graphical user interface module; TONYPLOT.
The IV-characteristics of microscale-simulated devices have been compared with their
nanoscale counterpart structures.
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Figure 9: (a) Diffusion welding realization in SILVACO TCAD software; (b) schematic of microscale
simulated nn-junction diodes.
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1.3.5 Nanoscale simulations of SiC based heterostructure diodes
The same material combinations mentioned in the previous subsection are used to
simulate nanoscale nn-heterojunction diodes. All the nanoscale simulations have been
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Figure 10: Two probe atomic-scale model of nanoscale simulated devices in ATK-VNL software [119].

done in a nanoscale semiconductor device simulator; QuantumWise Atomistix Toolkit
(ATK-VNL). A wide range of nanoscale devices can be simulated in ATK-VNL. Two probe
configuration model has been adopted (also suggested in the ATK-VNL user manual) for
the simulation of atomic-scale heterostructures, as shown in Fig. 10. In this configuration,
extreme right and left sides of the device are used to define periodic electrodes of the
device. These periodic electrodes are then connected with the non-periodic region,
called the central region of the device. The central region is also called the scattering
region because the scattering of charge carriers occurs in this region as they travel from
one electrode to the other through the device.

All simulated nanoscale nn-heterojunction diodes have been shown in Fig. 11. 3C-SiC,
4H-SiC, 6H-SiC, Si, and Ge have been cut in (111), (0001), (0001), (100) and (001)
orientations respectively to build heterojunctions [Paper A, B, C]. These nanoscale
simulated heterojunction devices are quasi-two-dimensional structures, as shown in
Fig. 11. To study the effect of lattice mismatch problems at the heterojunction interface,
defects have been introduced at the heterojunction interface by rotation each
semiconductor atoms by 12 degrees with respect to the other, as shown in Fig. 11.

In Fig. 11(b), polytype-1, and polytype-2 are 3C-SiC and 6H-SiC respectively for the
nn-junction 3C/4H-SiC device. Whereas polytype-1 and polytype-2 are 4H-SiC and 6H-SiC
for the nn-junction 4H/6H-SiC device. The donor doping concentration in all nanoscale
materials is kept at 10*®cm=3. Semiconductor materials themselves have been used as
electrodes rather than depositing metallic electrodes to avoid Schottky barrier formation
at the electrodes. This approach also reduces the computation time in the simulator.

ATK-VNL software toolkit uses several in-built calculators to calculate a wide range of
electronic properties of the simulated structures. In the presented work, for the
calculations of IV-curves of simulated devices, the ATK-DFT calculator has been used
[120]. All the nanoscale simulations have been run in a high-performance computing
environment (HPC) [121].

1.3.6 Geometry optimization of simulated SiC based heterostructures in ATK-VNL

In this Ph.D. work, geometry optimization of simulated heterostructure diodes (two
probe models) is done using the “Bulk Rigid Relaxation (BRR) Method”. In BRR, two probe
configuration is simulated from relaxed electrodes. Then, the central region of the device
is relaxed with “Rigid Constraints” using Atomic Constraint Editor of OptimizeGeometry
Block. After relaxing the central region, device is reassembled. A comprehensive detail
about geometry optimization using the BRR method in ATK-VNL can be found at this
reference [122].
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Figure 11: Nanoscale simulated (a) Si/3C-SiC and Si/4H-SiC based nn-heterojunction diodes[123];
(b) 3C-6H/SiC and 4H-6H/SiC based nn-heterojunction diodes [124]; (c) Ge/3C-SiC and Ge/4H-SiC
based nn-heterojunction diodes [125].

Furthermore, in another set of simulations, the effect of the inclusion of graphene
nanoribbons on the electrical conduction properties of nn-heterojunction 4H-6H/SiC
diodes have been studies [Paper D]. Graphene nanoribbon has been deposited on a
quasi-two-dimensional diode in two different configurations, as shown in Fig. 12 (c), (d).
The IV-characteristics of all simulated structures of Fig. 12 have been calculated and
compared with each other.
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Figure 12: (a) ATK view of nn-heterojunction 4H-6H/SiC; (b) pristine armchair graphene
nanoribbon device; (c) diode with nanoribbon layer deposited over the whole device;
(d) nn-junction diode with nanoribbon layer deposited partially over the device [126].

1.4 Results and discussion on simulated SiC based heterostructures

The structures shown in the previous section have been numerically characterized to
investigate their electrical parameters and characteristics. The focus of the results
presented in this section is to prove the claim about the prospective fabrication of
SiC-based heterostructures with the diffusion bonding approach [Claim 1]. Whereas,
the next focus is to prove that the electrical behavior (either resistive or rectifying) of the
SiC-based heterostructures strongly depends on the constituent materials [Claim 2].
The IV-characteristics of all micro- and nano-scale devices have been calculated and
compared with each other. These results demonstrate that theoretically, it is possible to
build SiC heterostructures with the diffusion welding technique. The IV-curves of the

33



simulated devices also show that the resistive or rectifying behavior of the SiC
heterostructures is steered by the constituent polytypes. As an example, the simulation
results of Paper A have been shown in Fig. 13 and Fig. 14. In these figures, the current is
taken in arbitrary units (a.u.). The scaling factors are given in the figure captions of the
respective figures to get the actual current values.
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Figure 13: (a) Forward; (b) reverse IV-characteristics of microscale and nanoscale 3C-4H/SiC
devices (for actual current values *current axis x10° **current axis x10°) [124].
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Figure 14: (a) Forward; (b) reverse IV-characteristics of microscale and nanoscale 4H-6H/SiC
devices (for actual current values *current axis x10°> **current axis x10%) [124].

The simulation results of Paper A reveal that the forward and reverse IV-characteristics
of nn-heterojunction 3C-4H/SiC are similar to conventional pn-junction diodes, as shown
in Fig. 13 (a). Whereas, the reverse break down in simulated microscale device occurred
due to the joint influence of tunneling and impact ionization process. No charge carriers
have been observed in absence of tunneling model that could participate in provoking
the avalanche breakdown process. This confirms that in this simulated device, reverse
breakdown occurs due to the joint influence of tunneling and impact ionization processes.
The reason for the small values of the turn-on forward voltage and reverse breakdown
voltages in the nanoscale-simulated device is its small dimensions that are comparable
to the mean free path of the constituent SiC polytypes. For example, the mean free path
of 4H-SiC is approximately 23 A [127], and the central region of the simulated 4H-6H/SiC
device is 35A. Due to these small dimensions, the electrons undergo fewer collisions as
they travel through the device from one electrode to the other.

Furthermore, a low reverse breakdown voltage has been observed in nanoscale-
simulated devices compared to that of microscale devices. It seems that in the nanoscale
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device, the reverse breakdown is caused by the Zener effect (i.e. transition of electrons
from the valence to the conduction band due to the applied electric field). The effects of
lattice mismatch defects in 4H-6H/SiC based nanoscale simulated devices have been
studied by introducing axial displacements at the heterojunction interface, as shown in
Fig. 11(a). It has been observed that lattice mismatch defects reduce the forward current
through 4H-6H/SIC device, as shown in Fig. 14(a). The defects in the device provoke
the scattering phenomenon. In the defective device, electrons are deflected from
their intended path under the influence of ionized impurities due to the impact of
Coulomb-forces. Defects also play a role in changing the wave function of electrons
[128-129]. In the reverse-bias regime, an increase in reverse breakdown voltage has been
observed in the nanoscale defective device, compared to that of the nanoscale device
without defects, as shown in Fig. 14 (b).

Finally, it can be concluded that the results of Paper A are proving Claim 1 and 2.
The numerically analyzed heterostructures prove the claim that it is possible to develop
SiC-SiC heterostructure with diffusion bonding/welding technique (Claim 1). The analysis
of 3C-4H/SiC heterostructures shows the rectifying behavior for full current-voltage
characteristics, as shown in Fig. 13. This rectifying behavior is due to the significant
difference in electron affinities of 3C-SiC and 4H-SiC polytypes that creates a potential
barrier at the hetero-junction interface. Whereas, 4H-6H/SiC heterostructures behaving
as a resistor due to very small difference in electron affinities of 4H-SiC and 6H-SiC arising
from the relatively low barrier height, as shown in Fig. 14 (Claim 2).

1.4.1 Differences in nano- and micro-scale simulation results
The nano- and micro-scale simulation results exhibited obvious differences in terms of
IV- characteristics. The main reasons for these differences are:

1. The simplification techniques (building and forming the sub-models, and
determination of the model parameters as well) used for micro- and
nano-scale simulators are different. Therefore, the results could differ because
of that scaling down.

2. Definitely charge carrier’s transport mechanism and the factor influencing
them are different for both types of devices. In nanoscale devices, the motion
of charge carriers is almost ballistic. The mean free path of electrons is
comparable to the length of such devices. The charge carriers undergo fewer
collisions and hence do not so much deflect from their intended paths as they
travel from one electrode to the other in the device.

3. For the micro-scale device, the charge carrier’s transport mechanisms and
governing physics are different. The dimensions of the devices are not
comparable to the mean free path of electrons in such devices. Therefore,
the motion of charge carriers does not remain ballistic. The choice of physical
models and materials parameters in the SILVACO TCAD simulator are crucial
factors that can influence the results.

4. The difference in nano- and micro-scale device simulations can be addressed
by using several approaches. For the simulations of microscale devices in
SILVACO TCAD, such differences can be minimized by tuning of material’s
parameter for used physical models. A significant difference in reverse
IV- characteristics of nano- and micro-scale devices have been observed.
This could be due to the non-idealization of impact ionization and
tunneling models of SILVACO TCAD. Whereas, for nano-scale simulations,
such differences can be minimized by proper sizing of the devices (i.e. by

35



increasing their length). Physical experiments are recommended to resolve
and get more insight into such differences.

Therefore, in a majority of the cases, the microscale simulation is used for the general
characterization of the structures and if some simulated characteristics differ strongly
from the experimentally measured results after realization of the devices, then the
nano-scale simulation is used for clarification of the situation to understand the physical
mechanisms influencing the deviation of characteristics.

1.5 Validation and comparison of results related to SiC based hetero-
structures

The research results presented in this chapter are fully simulation-based. As discussed in
previous sections, the heterostructures of SiC with direct bonding of wafers have not
been reported yet in the literature. The proposed idea and structures are novel.
Furthermore, it is difficult to compare such type of semiconductor materials based
simulation results with other results from literature because the device characteristics
change with the material parameters and used physical models. For validation and
comparison of the results, physical experiments have been proposed. At this stage, no
experimental results are available for comparison. However, some experiments related
to this Ph.D. work are in process at Thomas Johann Seebeck Department of Electronics,
Tallinn University of Technology, Estonia.

1.6 Conclusions from the simulations of SiC based heterostructures

In this chapter simulations of the novel, nn-heterojunction diodes have been accomplished.
Micro- and nano-scale structures have been analyzed. The results revealed that the
electron affinities of the constituent semiconductor materials of simulated diode
structures play an important role in defining the barrier height at the heterojunction
interfaces. It has been observed that there should be a significant difference between
electron affinities of semiconductor materials, which are forming heterojunctions.
Otherwise, the barrier height might be so low that the interface will show resistive
rather than rectifying behavior. Since the difference in electron affinities of 4H-SiC and
6H-SIiC is less compared to that of 3C-SiC and 4H-SiC, therefore 4H-6H/SiC-based
nn-heterojunction structures behave like a resistor [Paper A]. Similar resistive behavior
has been observed in Si/3C-SiC based nn-heterojunction diode [Paper B]. Ge/3C-SiC
based device also behaving like a resistor due to a small difference in electron affinities
of Ge and 3C-SiC [Paper C].

Furthermore, the lattice mismatch defects also have a strong influence on the
IV-characteristics of the devices. These defects provoke the scattering phenomenon in
the resultant device and degrade their performance. This can be concluded from the
simulation results that the need for a proper choice of materials is crucial in defining the
rectifying behavior of the resultant devices. The 3C-4H/SiC [Paper A], Si/4H-SiC
[Paper B], and Ge/4H-SiC [Paper C] based devices are the most suitable combinations
of materials to develop diodes. Theoretically, it is possible to develop SiC-based
hetero-structures by direct bonding of the wafers that will reduce the manufacturing cost
and simplify the fabrication process. The manufacturing of analyzed devices requires
specific wafer polishing to get better adhesion and more precise optimization of diffusion
bonding parameters (i.e. pressure, temperature, etc.).
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Finally, the following novel results have been achieved out of this part of Ph.D. work
that also justifies the claims that have been made at the start of the thesis:

1. It has been demonstrated that theoretically, it is possible to develop SiC-based
heterostructure diodes with a novel direct bonding technique. In this Ph.D.
work, the direct bonding of wafers has been proposed for the very first time as
a prospective fabrication technique for SiC-based heterostructure devices
[Paper A-D and K].

2. It has been demonstrated that a suitable combination of constituent materials
must be chosen to develop a heterostructure diode based on SiC. A considerable
difference in electron affinities of the constituent materials is mandatory to
avoid resistive behavior of the resultant device. Therefore, the right choice of
the materials and fabrication conditions play a crucial rule in defining the
electrical behavior of the resultant heterostructure devices [Paper A-D].

1.7 Challenges in the prospective physical fabrication of simulated
Devices

In this chapter results of nano- and micro-scale simulation of SiC with other
semiconductors (Si, Ge) have been presented using the diffusion bonding technique.
The simulation results revealed interesting electrical properties of the simulated
devices. These results show that theoretically, it is possible to develop SiC
polytypic heterostructure with a direct bonding technique. But the physical fabrication
of such structure is challenging due to the extreme hardness of SiC wafers and their
ability to resist high temperatures. Catalytic etching has been suggested for the
polishing of SiC to get a smoother surface for the direct bonding of the wafers.
Finding the optimized temperature, pressure, and other diffusion bonding related
parameters are also crucial for the successful bonding of wafers. Physical experiments
have been suggested to get more insight and successful development of proposed
SiC heterostructures.

1.8 Overview of publications related to the numerical analysis of
SiC-based heterostructures

This section of the thesis explains how this Ph.D. work helped in answering the research
questions that had been raised about SiC-based heterostructures at the start of the
thesis.

Paper A

In this paper, micro- and nano-scale simulations of nn-heterojunction diodes based
on 3C-4H/SiC and 6H-4H/SIC are done. The effects of non-ideal bonding at the
heterojunction interface of the heterostructure devices due to lattice misplacements
have been investigated for nano-scale simulated devices. It has been concluded
from these simulations that the forward IV-characteristics of micro- and nano-scale
devices are quite similar to each other. Whereas the reverse IV-characteristics of both
types of devices differ from each other. Such types of differences could be addressed by
the material’s parameter tunning of impact ionization and tunneling models for
micro-scale devices and appropriate sizing of the nano-scale devices. It is concluded
that the axial defects at the heterojunction interface of the devices contribute to
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provoke the scattering phenomena, which ultimately reduce the forward-current and
increase the reverse break-down voltage. However, theoretically, it is possible to fabricate
the proposed devices with diffusion bonding technique (Answer to research question 1).

Paper B

In this paper, micro- and nano-scale simulations of Si/4H-SiC and Si/3C-SiC based
nn-heterojunction diodes have been done. The simulation results revealed that the
forward IV-characteristics of simulated Si/3C-SiC are similar to a resistor due to very small
differences in electron affinity values between Si and 3C-SiC. Since electron affinity
values define the conduction band-offset at the hetero-junction interface. In Si/4H-SiC
based simulated device, a turn-on knee can be observed in forward bias-regime due to
relatively a large difference in electron affinity values between Si and 4H-SiC. As opposed
to Si/3C-SiC based simulated device, in Si/4H-SiC based device a complete reverse-break
down can be observed at higher voltages. Si/4H-SiC based simulated device gives a
rectifying behavior whereas Si/3C-SiC based device shows a resistive behavior. Si/4H-SiC
based nn-heterojunction device is suitable for the prospective fabrication of power
diodes. Whereas, Si/3C-SiC based device is simply an expensive resistor and hence not
recommended for physical fabrication. Furthermore, it is concluded from these
simulations that axial defects provoke the scattering phenomena in the hetero-structure
devices (Answer to research question 1-3).

Paper C

In this paper, micro- and nano-scale simulations of Ge/3C-SiC and Ge/4H-SiC are done.
These simulation results reveal that in forward bias regime, the IV-characteristics of both
Ge/3C-SiC and Ge/4H-SiC are similar to a typical pn-junction diode. Whereas in the
reverse bias regime the IV-characteristics are quite different from a pn-junction diode.
These differences in reverse IV-curves can be minimized by parameter tunning of impact
ionization and tunneling models in micro-scale devices. Whereas in the nano-scale
devices such differences can be minimized by proper sizing of the devices. These
simulation results showed that theoretically, it is possible to develop Ge/3C-SiC and
Ge/4H-SiC device with diffusion bonding approach (Answer to research question 1-3).

Paper D

In this paper, nano-scale simulations are done to study the effect of the inclusion of
graphene nano-ribbon on the electrical conduction properties of nn-heterojunction
4H-6H/SiC diodes. The simulation results revealed that the inclusion of graphene
nanoribbons significantly improved the electrical conductance of the simulated diodes.
The proposed configurations of 4H-6H/SiC diodes with armchair graphene nanoribbon
can be used to develop diodes and field-effect transistors for nano-electronics
applications (Answer to research question 1-2).

Paper K

In this paper, simulations of a novel design of 4H-SiC/6H-SiC/4H-SiC double hetero-structure
single quantum-well edge light-emitting diode have been done considering the diffusion
welding approach. All the simulations have been done in SILVACO TACD software.
Current-voltage characteristics, luminous power, and power spectral density curves have
been calculated. The simulated LED showed promising results in terms of luminous
power efficiency and external quantum efficiency. The luminous power efficiency of 25%
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and the external quantum efficiency of 16% have been achieved for the simulated LED.
This type of LED is used as a light source in fiber optic communication links. The device
performance can be optimized by choosing suitable constituent semiconductor materials
to get the light emission in the desired wavelength range. The prospective physical
fabrication of this proposed device with diffusion bonding technique will reduce the
fabrication cost (Answer to research question 1-3).
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2 Numerical simulations of graphene-based gas sensors

The goal of the work presented in this chapter is to investigate novel graphene-based
chemical and gas sensors. This chapter includes the following contents:

e Introduction to graphene and its derivatives

e State-of-the-art of gas/chemical sensors

e Novelty and methodology of this Ph.D. work on graphene-based gas sensors

e Conclusions of this Ph.D. work

2.1 Introduction to Graphene

Graphene is a single-layered two-dimensional sheet of sp?-bonded carbon atoms in a
hexagonal arrangement. Graphene and its derivatives exist in one-dimensional
nanotubes and zero-dimensional fullerenes. Graphene exhibits exceptional electrical,
mechanical, and thermal properties due to the long-range of m-conjugation in its
structure [130]. Graphene was isolated first time from graphite in 2004 [131]. Intrinsic
graphene has semi-metallic or metallic nature due to its zero bandgap. Graphene
structure has been shown in Fig. 15 (a). There are two m-bonds and one o-bond in
graphene, as shown in Fig. 15(c). The n-bonds are available above and blow of graphene
layer, and can overlap with the neighboring carbon atoms. Whereas, o-bonds are tightly
bonded and they do not play any significant role in the electrical conductivity of graphene
[132].

Furthermore, graphene is a smart material that responds to any physical change in its
surrounding environment [133]. The presence of m-bonds above and below of the
graphene layer form an electronic cloud around graphene. This electronics cloud enables
electrons to move freely around the graphene layer rather than sticking to a specific
atom. This property makes graphene highly conductive. The formation of the electronic
cloud around the graphene layer has been shown in Fig. 16 [134]. Being a smart material,
graphene is very sensitive to any stimuli like the presence of gas/biomolecules,
mechanical strain, pH value change, and thermal/optical excitations. In the proximity of
gas/biomolecules, graphene resistance is changed. It has been found that the adsorbed
gas molecules change the charge carrier concentration in graphene and consequently its
electrical conductivity is changed. Schedin et al. [135] used the same working principle
for the detection of adsorbed molecules on graphene.

a b c
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Figure 15: (a) graphene honeycomb lattice structure; (b) stacks of graphene layer connected with
Van der Waals forces; (c) sigma and pi bonding in graphene [132].
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Figure 16: Formation of the electronic cloud around the graphene layer due to the presence of
mt-bonds [134].

2.1.1 Derivatives of carbon-based nanomaterials

The most popular carbon-based nanomaterials (can be considered as modified structures
of graphene) are carbon nanotubes (CNTs) [136], graphene armchair, and zigzag
nanoribbons [137]. CNTs can be single-walled or multiple walled (i.e. more than one
wall). A double-walled CNT has been shown in Fig. 17(a). The unzipping of CNT gives rise
to two types of nanoribbons i.e. armchair graphene nanoribbon (AGNR) and zigzag
graphene nanoribbon (ZGNR). These names are given on the base of the shape of the
termination edge of the ribbon. ZGNR termination edge shape is zigzag and the AGNR
termination edge looks like an armchair, as shown in Fig. 17 (b), (c).

Figure 17: (a) Multiwall carbon nanotube; (b) zigzag graphene nanoribbon (c) armchair graphene
nanoribbon [136-137].

Moreover, each type of nanoribbon has its unique electronic attributes. The change
in the bandgap of AGNR versus the number of carbon atoms has been shown in Fig. 18(a).
It can be seen that with an increase in the number of carbon atoms; the bandgap is
decreasing for AGNRs. Whereas in ZGNR, the change in bandgap is different for even and
odd number of electrons in the structure. For both cases, the bandgap decreases
gradually, as shown in Fig. 18(b). Doping of boron and nitrogen may be the results of this
change in the bandgap that changes the ionization energy of the ribbons [138].
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Figure 18: (a) Bandgap vs. the number of carbon atoms in AGNR; (b) bandgap vs. the number of
carbon atoms having an even number of electrons (curvel) and an odd number of electrons
(curve2) of ZGNR [138].

2.1.2 State-of-the-art of gas sensing technology

Gas sensing has been an important field for a wide range of applications such as
environment monitoring, medical diagnosis, military, and industrial applications.
The leakage detection of hazardous, toxic, and flammable gases is very crucial to avoid
serious accidents in the household as well as industrial environments. There is a need for
some tool to detect the leakage and presence of a large variety of such gases [139-140].
The final goal of gas detection technology is to detect the desired target gases effectively
and efficiently with high resolution. The gas detectors must be able to detect even very
low concentrations of hazardous gases. However, unfortunately, high-resolution gas
sensing for the detection of very low concentrations of gases has not been achieved yet
even with state-of-the-art solid-state gas sensors [28-30]. The abrupt fluctuation of
charge carriers due to the heating effect produces noise in solid-state devices. Due to
this noise, their resolution is degraded that makes it difficult to detect individual gas
molecules [31].

The state-of-the-art solid-state gas sensors can be divided into different groups based
on their working principles. The most popular types of gas sensors are impedance type,
resistive type, and electrolyte based sensors. In resistive gas sensors, the resistance of
the constituent semiconductor material changes in the presence of the target gases.
This change in resistance is used as a detection signal to detect their presence [141].
Impedance type gas sensors are based on alternating current measurements in which
the frequency response of the sensors changes in the presence of target gases [142].
In electrolyte based gas sensors, the conductivity of the electrolyte material changes due
to the transfer of holes or electrons from the target gas to the electrolyte materials.
This change in the conductivity of electrolyte material is used as a detection signal [143].
Although solid-state gas sensors are very crucial for a wide range of gas detection
applications but there are also some challenges associated with such sensors like
selectivity, sensibility for very low concentrations, long term stability, and accuracy.
In such sensors, the electrolyte, gas sensing materials, and electrodes also degrade with
time [27].

Therefore, there is a need to develop highly sensitive and robust gas sensors with low
operating temperatures for the detection of very low concentrations of hazardous gases.
Several efforts are being made to improve the performance of the conventional
solid-state gas sensors by modifying the shape and orientations of the constituent
semiconductor materials [144]. Nanomaterials have emerged as exceptional candidates
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to cope with these challenges and fill the technology gap. Nanomaterials based gas
sensors have low operating temperatures as well as low power consumption. The main
parameter of a gas sensing material that defines the sensitivity of the sensor is its
surface-to-volume ratio. Nanomaterials have high surface-to-volume ratios that enhance
their capability to adsorb a wide range of organic/inorganic molecules efficiently and
effectively [32]. Graphene has emerged as an extraordinary nanomaterial due to its
exceptional electrical, optical, mechanical, and thermal properties. It has a high surface
area [145-146] that makes it suitable for gas sensing applications [147].

2.1.3 Types of interactions between graphene and target molecules

Different types of interaction may happen at the exposure of graphene-based materials
to the target gases. These interactions depend on the composition of the exposed
molecules. Some molecules (like water molecules) do not introduce any localized
impurity states at their exposure to graphene. They just redistribute the electron in
graphene and change its conductivity. Whereas, chemically active target molecules
act as donor or acceptor of charge carriers for graphene. Consequently, charge
concentration changes its electric conductivity. Such molecules make weak bonds with
graphene. Some molecules make covalent bonds with graphene (for example H and OH
radicals). Therefore, it is not mandatory that only Van der Waals interactions are possible
between graphene and adsorbate molecules. The interaction is dependent on the
composition of adsorbate molecules. In this Ph.D. work, all such interactions have been
taken into account during the simulations of graphene and CNT based molecule sensors
[148].

2.1.4 Novelty of graphene-based gas sensors related work of Ph.D. thesis

As discussed in the previous subsection that the large surface-to-volume ratio of
graphene makes it highly suitable for gas sensing applications. Graphene has inherently
very low electronic noise. Therefore, a very small change and fluctuation of electrons
around graphene cause a noticeable change in the electrical conductivity of graphene
[149-151]. Graphene-based gas sensors can detect an extremely low concentration of
gases even in the range of parts per million (ppm) [152]. Therefore, they can be promising
candidates to replace solid-state gas sensors [33-34]. Graphene-based gas sensors can
be categorized on the base of gas detection mechanisms. The most popular methods are
the resistive method, micro-electromechanical system (MEMS) based method, and
field-effect transistor (FET) based method. In the resistive method of gas detection,
the electrical resistance of graphene changes in the presence of adsorbed target gas
molecules. This change in resistivity is used as a detection signal to detect the presence
of target gas [153]. In MEMS methods, mechanical and electrical components are
integrated into a chip. Any physical change (i.e. presence of gas molecules) is translated
into an electrical signal in MEMS-based sensors [154]. In FET based methods, change in
source-to-drain current is the proximity of target gases is used as a detection signal
[155-156].

In this Ph.D. work, the feasibility of graphene and its derivatives to detect toxic,
flammable, and hazardous gases/compounds have been investigated with the help of
density functional theory (DFT) based simulations in ATK-VNL software. To improve the
selectivity and accuracy of graphene-based gas sensors, a novel gas detection
mechanism (i.e. change in photocurrent) along with a state-of-the-art mechanism
(change in electric current) has been proposed in this Ph.D. work. A schematic of
proposed gas detection mechanisms has been shown in Fig. 19.
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Figure 19: Schematic of proposed graphene-based gas detection mechanism for better accuracy
and selectivity of graphene-based sensors.

It has been shown in this figure that the change in photocurrent, as well as electric
current, are being used simultaneously for the detection of desired gas molecules.
The change in these both parameters (i.e. photocurrent and electric current) can be fed
to a microcontroller for further processing. These simulated devices have been illuminated
by AM1.5 in-built solar spectrum [157] in ATK-VNL software and photocurrent curves
have been calculated.

However, due to some limitations of the used simulator in controlling the polarization
of incident light and other optical parameters, high values of photocurrent could not
be achieved in this work. Since the generation of photocurrent in carbon-based
nano-materials also depends on the polarization of incident light [158-159] and
activation of hybrid plasmon-phonon coupling mode [160-161]. Still, the potential of the
proposed gas detection mechanism cannot be neglected. Because carbon-based
nanomaterials have been recognized as active photo-responsive material. They have
several promising optical attributes like infrared absorption, ultraviolet absorption,
and polarization selectivity [162-165]. High internal quantum efficiencies have been
reported for graphene-based physically fabricated optoelectronic devices [166].

2.1.5 Methodology adopted for graphene-based gas sensors related work of the Ph.D.
thesis

The QuantumWise Atomistix Toolkit (ATK-VNL) has been used for the simulations of
graphene-based gas sensors. This software is a tool to simulate gas sensors [167-171].
As discussed in Section 1.3.5, the two-probe model is adopted for the simulation
of electronic devices. The same model is also adopted for the simulations of
graphene-based gas sensors. ATK-VNL allows to simulate a wide range of nano-electronic
devices. It has several in-built calculators to calculate a wide range of electronic
properties of simulated devices. Out of which, the ATK-DFT calculator [120] is used to
calculate the electronic properties of the simulated sensors. The computation
methodology of the ATK-DFT calculator and other related details have been given
in Section 1.3.2. The same methodology is adopted for calculating IV-curves for
graphene-based devices. In this Ph.D. work, photocurrent has been proposed as a novel
gas/molecule detection mechanism for graphene-based sensors. ATK-VNL uses
first-order perturbation theory to calculate photocurrent. Acomprehensive theory about
the implementation of photocurrent calculation in ATK-VNL is given in these references
[172-173]. Linear combination of atomic orbitals (LCAO) basis set is used for the
calculation of photocurrent [174]. In these simulations, the same basis set has been used
for the calculation of photo-current. In ATK-VNL, the methodology for photocurrent
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calculation is given in [175]. In this method, a modification to the Hamiltonian containing
electron and light interaction has been added as:

N N e N
H=H,+—A4.p (15)
mO
In Eq. 15, H, is “Hamiltonian without electron-light interaction”, m,_ is “free electron

mass”, e is “electron charge”, A is electromagnetic vector potential”, and p is
“momentum operator”. For “single-mode monochromatic light source” we can write:
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In the above equation, a,¢,, ¢, i, ¢, and @ are polarization vector, relative dielectric

constant, dielectric constant, relative magnetic susceptibility, speed and frequency of
light, respectively. Whereas, I is “photon flux” which is given by “number of photons

(N) per time per unit area” as:
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Now, the first-order coupling matrix can be written as:
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In Eq. 18 | n > is “LCAO basis function”. Now, 1%t Born electron-phonon self energies”
can be written as:
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Finally, first-order Green’s Function considering electron-phonon interaction can be
written as:
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In Eq. 21, G, are non-interacting Green’s Functions and Z L/fR are greater and lesser

self-energies due to electrode coupling. Finally, the photocurrent in the electrode «
(right or left) with “spin” o is calculated as:
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2.1.6 Geometry optimization of graphene and CNT based simulated devices in ATK-VNL
In this Ph.D. work, the geometry optimizations of individual CNT and graphene nanoribbon
based devices are done by following the steps given at this reference [176-177]. After that,
these simulated devices are exposed to the target molecules to detect their presence.
Then, graphene and CNT based molecule sensors (including target molecules) have been
optimized using the ATK-DFT calculator. GGA-PBE exchange-correlation has been used
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along with FastFourier2D (FF2D) Poisson solver for geometry optimization of simulated
structures. Geometry relaxation of the simulated system/sensor has been done in two
steps. In the first step, rigid constraints for target gas molecules and fixed constraints for
adsorbent surfaces (graphene sheet, nanoribbon, and CNT) have been chosen using
Atomic Constraint Editor of OptimizeGeomerty Block of ATK-VNL. Rigid body constraints
move the selected atoms like a rigid body during the optimization process. In the second
step, the final relaxation of the simulated systems has been done. In this step, fixed
atomic constraints are chosen for only adsorbent surfaces. Finally, the optimized
structures are used for further calculations (density of states, IV-curves) [178].

In ATK-VNL, by default, all geometry optimizations are performed under zero-stress
conditions. It means that on the base of a single given value of target stress, the values
of external pressure and internal stress tensor are interpreted. Then from these
interpreted values, the stress of the system is calculated [179].

2.1.7 Graphene-based simulated structures for the detection of a wide range of molecules
In this Ph.D. work, a wide range of organic/inorganic, toxic, and flammable compounds
have been detected with graphene nano-sheets, graphene nanoribbons, and carbon
nanotubes based novel devices. Phenol and methanol are flammable and toxic compounds
[180-181]. These organic compounds can cause serious accidents in household and
industrial environments. So, it is important to detect their presence. In Paper E and F,
graphene nano-sheet and armchair graphene nanoribbon based devices have been
simulated to detect the presence of phenol and methanol molecules, as shown in Fig. 20(a)
and (b). In Paper G, highly flammable compounds; methane, and acetone have been
detected with pristine graphene nano-sheet deposited over an intrinsic 4H-SiC substrate
based device. The simulated structure has been shown in Fig. 20(c). Propane and butane
are commonly used household and industrial gases that are highly flammable [182]. Their
leakage detection is mandatory to avoid serious explosion accidents. In Paper H,
a graphene armchair nanoribbon based device has been simulated to detect propane
and butane gases, as shown in Fig. 20(d). In Paper |, a novel graphene nanoribbon based
field-effect transistor has been simulated to detect propane and butane gases, as shown
in Fig. 20(e). Moreover, benzene is a hazardous organic compound that causes vomiting,
nausea, and dizziness in humans. Whereas, hydrogen- sulfide gas causes halitosis (bad
breathing) and other health issues in humans [183-184]. Therefore, it is mandatory to
detect these compounds. In Paper J, single-wall carbon nanotubes over an intrinsic
4H-SiC substrate have been numerically simulated to detect hydrogen-sulfide and
benzene molecules, as shown in Fig. 20(f).

Moreover, in all graphene-based simulated devices, DOS, current-voltage curves, and
photo-current curves (in some cases) have been numerically calculated. The change in
IV-characteristics and photo-current curves have been used as signature signals for the
detection of desired target molecules. All the simulations have been done in the
high-performance computing (HPC) environment [121].

2.2 Results and discussion on simulated graphene-based gas sensors

As discussed in sub-section 2.1.7, several graphene-based devices have been simulated
for the detection of a wide range of hazardous and toxic organic/inorganic compounds.
The change in electrical current, as well as photo-current in the proximity of the target
molecules of the simulated devices, have been used as detection signals to detect their
presence. The first goal of the results presented in this section is to prove that a wide
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range of organic/inorganic compounds, even with very low concentrations (i.e. one or
two molecules) can be detected with graphene-based materials. The change in electrical
conductivity has been used to detect these foreign molecules to prove Claim 3. Whereas,
the second target is to demonstrate the change in photo-current in the proximity of
target molecules as a novel molecule detection mechanism [Claim 4]. These simulated
structures and results have been discussed in detail in Paper E, F, G, H, I, and J.
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Figure 20: Simulated graphene-based gas sensors for the detection of a wide range of gases and
organic/inorganic molecules in ATK-VNL software.

Source electrode

The change in electric current in all cases and changes in photo-current in some cases
have been used as a detection signal for desired target gases/molecules.

As an example, some simulation results from Paper | are discussed in forth-coming
subsections 2.2.1-3. In this article, a graphene nanoribbon based field-effect transistor
has been simulated for the detection of propane and butane gases. The simulated
structure is shown in Fig. 20(e). The DOS and IV-characteristics of the simulated device
in the presence of target molecules have been calculated.

2.2.1 Geometry optimization of simulated graphene-based field-effect transistor

In Paper I, geometry optimization of the graphene-based FET sensor for the detection of
propane and butane is done before calculation of DOS and IV-curves. Optimization of
geometry is done by following the steps given in section 2.1.6. After geometry
optimization, the Viewer Tool of ATK-VNL is used to ensure that Van der Waals forces
are interacting between target molecules and graphene-based devices. The geometries
of simulated structures are shown in Fig. 21 and 22.

2.2.2 Density of states of simulated graphene-based field-effect transistor (FET)

The simulated FET has been exposed to three propane, three butane molecules, and both
propane & butane (i.e. four butane molecules and one propane molecule) simultaneously
in three different experiments. Then the DOS for all three scenarios has been calculated,
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as shown in Fig. 23. It can be observed in this figure that the influence of each type of
target molecules on the DOS of the device is unique and different. Many new energy
states have been added below and above the Fermi level by the adsorbed target gas
molecules in each case. The change in DOS in each case has been compared to the
simulated FET in the absence of any target molecules. This change in DOS will influence
the electric current through the simulated FET.

_Geometry and position of butane molecules with respect to FET device
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Figure 22: Geometry of graphene nanoribbon based field-effect transistor for the detection of
propane and butane molecules [185].

2.2.3 IV-characteristics of simulated FET

The drain-to-source curves of simulated FET have been calculated at different gate
voltages. The simulated device showed an n-channel depletion mode MOSFET like
behavior in the absence of any target molecules at zero gate voltage, as shown in
Fig. 24(a). After that, the simulated FET has been exposed to three propane, three butane
molecules, and both propane & butane (i.e. four butane molecules and one propane
molecule) simultaneously in three different experiments. Then, IV-characteristics of
simulated FET have been calculated for all these scenarios at Vyate=—0.1, -0.3, 0.5V,
as shown in Fig. 24(b), (c), (d).

The adsorbed foreign gas molecules behave as donors or acceptors of charge carriers
for the graphene. Some adsorbed molecules at the graphene surface act like donors of
charge carriers and increase the charge carrier’s concentration. Ultimately, an increase
in electric current in graphene-based devices is observed. Whereas, some adsorbed
foreign molecules act like acceptors of charge carriers for graphene and decrease the
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conductivity of graphene [186]. This change in electrical conductivity can be used as a
detection signal to detect a wide range of organic/inorganic compounds and gas
molecules. In resistive methods of graphene-based gas detectors, graphene can be
considered as a resistive strip. The change in electrical current, in this case, is only a
function of the applied external voltage.
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Figure 23: Change in the density of states (DOS) of simulated field-effect transistor in presence of
(a) propane gas molecules; (b) butane gas molecules; (c) both propane and butane gas molecules [185].
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Figure 24: V4 and l4s curves of the simulated field-effect transistor in the presence propane and
butane gases at (a) Vgate=0V; (b) Vgate==0.1V; (c) Vgate=—0.3V; (d) Vgare=—0.5V [185].
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Figure 25: V4 and I4s curves of the simulated field-effect transistor at -0.1V gate voltage in the

presence of (a) only water and oxygen molecules; (b) propane, water, and oxygen molecules;
(c) butane, water and oxygen molecules [185].

Nevertheless, in FET based graphene sensors, the change in electric current (/as)
through the graphene channel is controlled by the gate voltage and hence could be more
accurate. So, one has to realize the effect of gate voltage as well as drain-to-source
voltage (Vus) on the IV-characteristics of the graphene-based FET sensor. The same
working principle is used in this work to detect propane and butane gases with novel
graphene-based FET devices.

The simulated FET device, in the absence of any target molecules, has been used as a
reference device to compare the change in lss through the device after its exposure to
the target gas molecules. The current range through the reference device is between
-24 nA to -66 nA at Vgae = —0.1 V and a fixed Vus, as shown with a solid black line in
Fig. 24(b). A decrease in lss has been observed in the simulated FET device at its exposure
to propane gas molecules, at Vgate = 0.1 V, as shown with the orange dotted line in Fig.
24(b). The current range, in this case, is between -22nA to -44 nA, which is less than that
of the reference device. It seems that propane molecules have behaved as acceptors of
charge carriers for graphene-based FET device and reduced the charge carrier
concentration in the device. Therefore, a decrease in current is observed at its exposure
to propane gas molecules. A sufficient increase in lss is observed in the device at its
exposure to butane gas molecules compared to that of the reference device under the
same biased condition. The range of lss, in this case, is between -26 nA to -134 nA
approximately, as shown with blue color dashed line in Fig. 24(b). Butane gas molecules
have acted like donors of charge carriers for graphene and consequently, increased /as
through FET device.

Furthermore, a dramatic increase in luss through FET has been observed at its
simultaneous exposure to both butane and propane gas molecules. In this case, the
range of lus is between =93 nA to -167 nA at Vyate = —0.1 V, which is quite high compared
to that of the reference device. The possible reason for this large increase in lss through
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the device is due to the dominated donor like effect of four butane molecules compared
to that of one propane molecule (which has acceptor like behavior), that are exposed to
the device simultaneously in this experiment. This curve is shown with a dotted-dashed
green colored line in Fig. 24(b). A similar trend of change in /4s has been observed at
Vgate=—0.3 and -0.5 at fixed Vus, as shown in Fig. 24(c) and (d). A more detailed discussion
on IV-characteristics can be found in Paper I.

Moreover, atmospheric species like oxygen, water molecules, and humidity may have
a strong influence on the performance of the graphene-based gas sensors. They may mix
with the desired target gases and affect the detectable change in current through the
device. To realize this influence, oxygen and water molecules have been mixed with the
desired target gases (i.e. propane and butane gases). Two oxygen molecules and two
water molecules have been exposed to the simulated FET device in two individual
experiments and change in /us through the FET is calculated at Vgate=—0.1V, as shown in
Fig. 25(a). The simulation results revealed that the presence of water molecules reduced
the lss through the FET device compared to that of the reference device, as shown with
the blue-dashed line in Fig. 25(a). A similar effect of reduction of in /4s is observed through
the device at its exposure to oxygen molecules, as shown with the orange-dashed line in
Fig. 25(a). After that, three propane molecules have been mixed with two water
molecules and two oxygen molecules in two individual experiments. The influence of
oxygen and water molecules mixed with propane molecules on the /4 of the device is
calculated. The simulation results revealed that the presence of oxygen and water
molecules reduced the /us through the device compared to that of the device, which is
exposed to only propane molecules, as shown in Fig. 25(b). Similarly, three butane
molecules have been mixed with two water and two oxygen molecules in individual
experiments. The simulation results showed a significant reduction in 4 through the
device in the presence of oxygen and water molecules compared to that of the device,
which is merely exposed to the butane molecules, as shown in Fig. 25(c).

Moreover, it has been observed that the presence of atmospheric oxygen and water
degraded the performance of simulated graphene-based FET devices in terms of
detectable current for the desired target gases. Therefore, a careful calibration of a
physically fabricated sensor is required to nullify the effect of these environmental gases
on the actual reading of the device for desired target gases. Over time, atmospheric
oxygen strongly reduces the conductivity of graphene-based sensors, which depends
on the exposure time. Therefore, degraded performance may be expected for
graphene-based sensors with a passage of time [187]. Similarly, the water content in the
air also influences the electrical properties of the graphene. Therefore, a physically
fabricated graphene-based sensor should be encapsulated well for stable operation
[188-190].

In Paper |, a novel graphene nanoribbon based FET has been numerically analyzed to
detect propane and butane gases. The change in /s at different gate voltages has been
used as a detection signal. The effect of atmospheric species like water vapors and
oxygen molecules on the performance of the simulated novel sensor has also been
investigated. The simulated FET sensor exhibited an appreciable change in /s in presence
of target gases. To the best of the author’s knowledge, this kind of structure has not been
reported in the literature for the detection of propane and butane gases. This paper
proves Claim 3 that has been made at the start of the thesis.
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2.3 Validation of results of graphene-based simulated sensors (surfaces)

This Ph.D. work is completely simulation-based. At this time, no experimental results are
available for comparison with the simulation results. Moreover, in physical sensors, the
concentration of target gas molecules that are exposed to the gas sensor is given in terms
of parts per million (ppm) for a specific time duration and the response of the sensors is
observed [191-193]. In the simulator, the concentration of target gas molecules cannot
be given in terms of ppm for a specific time duration. A very low concentration of target
molecules (i.e. few molecules) has been exposed to the graphene-based simulated
sensors in these simulations. It is very difficult to compare first-principles simulations
with the experimental results already reported in the literature.

Furthermore, the purpose of these simulations is to investigate the effect of the
adsorbed molecules on the electrical properties of graphene and CNT after their
adsorption on graphene/CNT surfaces. In these simulations, the investigation is done after
the adsorption of the target molecules on the surface of graphene. The pre-adsorption
mechanisms of target molecules have not been investigated in these simulations.
However, in graphene-based gas sensors, adsorption and desorption depend on the
physi-sorption of target molecules on the graphene surface, their dispersion, and
electrostatic interactions. Surface properties of adsorbent material and size, shape, and
dipole moment of target molecules dictate the type of interactions. The surface area of
adsorbent (e.g. graphene in this case) defines the potential of a material as a molecule
detector. As graphene has a high surface area, therefore it is the best candidate for the
adsorption of molecules having high polarizability. Surface modifications to enhance the
specific surface area of adsorbent material improves its adsorption capability. At a given
temperature, adsorption isotherms of adsorbed gas molecules are used to determine the
quantity of adsorbed gas molecules. This adsorption isotherm is calculated with
gravimetric or volumetric methods. Desorption/separation of specific gases is also
evaluated by calculating isothermic adsorption values [194].

2.4 Conclusions from graphene-based gas sensors simulations

The simulation results showed a great potential of graphene-based structures for gas
sensing applications. Different mechanisms are being used for the detection of gases and
organic/inorganic molecules in graphene-based sensors as discussed before. In this work,
the change in electrical conductivity due to the presence of adsorbed molecules has been
used as a detection mechanism. The adsorbed gas molecules on the graphene surface
act as donors or acceptor of charge carriers for graphene. Due to which charge transfer
occurs between graphene and adsorbate molecules. When the relative position of the
highest occupied molecular orbital (HOMO) of an adsorbed molecule is above the Dirac
point of pristine graphene, then the charge is transferred from the adsorbed molecule to
graphene. In this case, the adsorbed target molecule acts as a donor of charge carriers
for graphene and alters the concentration of charge carriers in it. Consequently,
an increase in electric current is observed in graphene at a specific voltage bias in the
presence of adsorbed molecules. The molecules having their lowest unoccupied
molecular orbital (LUMO) below the Fermi level of graphene act as acceptors of charge
carriers. In this case, the transfer of charge occurs from graphene to adsorbed molecules.
Consequently, the concentration of charge carriers in graphene is changed and ultimately
a decrease in electric current is observed in it. Due to the above-mentioned reasons,
adsorbed molecules on graphene act as acceptors or donors of charge carriers for it.
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Consequently, a decrease or an increase in electric current is observed through the
graphene after the adsorption of foreign gas molecules. Some times, the hybridization of
adsorbate molecules of HUMO and LUMO with graphene is also a reason for charge
transfer. Due to these complex overlapping of orbitals and interactions, it is very difficult
to discuss the possible adsorption energies and interaction of different types of adsorbed
gas molecules on graphene surfaces by just analyzing HUMO/LUMO of as adsorbed
molecules. However, it is an obvious fact that the change in charge concentration and
electric conductivity of graphene is due to the donor or acceptor like the behavior of
adsorbate molecules. At the adsorption of target molecules, change in electric
conductivity of graphene is the most feasible way to determine the behavior of adsorbed
molecules (i.e. acceptors or donors). This mechanism has been used for the detection of
gases/molecules in this Ph.D. For example, a significant change in electrical conductivity
has been observed in graphene nano-sheets [Paper E, F, G], nano-ribbons [Paper F, H, 1],
and carbon nanotubes [Paper J] based simulated devices. In this Ph.D. work, change in
photo-current is proposed as a novel molecule detection mechanism for graphene-based
devices [Paper F, J]. This proposed mechanism can be used along with any state-of-the-art
gas sensing mechanisms to improve the sensor accuracy and selectivity for the detection
of very low concentration of gases.

However, due to some limitations of the used simulator in controlling the polarization
of incident light and other optical parameters, high values of photo-current could not
be achieved in this work. Since the generation of photo-current in carbon-based
nano-materials also depends on the polarization of incident light and activation of hybrid
plasmon-phonon coupling mode. Still, the potential of the proposed gas detection
mechanism cannot be neglected. Because carbon-based nano-materials have been
recognized as active photo-responsive material. Therefore, the proposed gas detection
mechanism can be used in physically fabricated graphene-based gas sensors. In physically
fabricated devices, the light-emitting diode can be used as an illumination source to
obtain photo-current values and integrated with any state-of-the-art detection mechanism
to get a more reliable device.

The following novel results have been achieved out of this part of Ph.D. work that
also justifies the claims that are made at the start of the thesis:

1. It has been demonstrated that graphene-based devices (graphene surfaces)
can be used for the detection of a wide range of hazardous and toxic
compounds. The change in electrical current through graphene-based
materials has been used as a detecting signal to detect their presence
effectively. It also proves Claim 3, which has been made at the start of the
thesis [Details in Papers D-J].

2. The change in photo-current has been proposed and demonstrated as a
novel molecule detection mechanism for graphene-based molecule sensors.
This mechanism can be integrated with any state-of-the-art molecule
detection mechanism for improved accuracy and selectivity of the
graphene-based sensors. In this way, Claim 4 has been proved [Details in
Papers F and J].
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2.5 Challenges in the prospective physical fabrication of proposed
gas/molecule sensors

There are still several challenges for real-time applications of graphene-based sensors.
These challenges include reproducibility, selectivity, sensitivity, response/recovery time,
and cost for a long period. Contaminations of the sensor surface may also affect its
performance. Therefore, some methods must be adopted to eliminate contamination
from the surface. Sensor fabrication methods also result in the randomness and
deviation of results. For example, the disadvantage of the drop-casting method to
develop nanosensors is the difficulty in controlling the distribution and layout of CNT.
The uniform distribution of sensing material plays a crucial role in defining the
performance of sensors. Replacing individual CNTs with a thin-film of CNT could solve
this issue and the resultant device can give reproducible results. Therefore, advancement
in graphene-based device fabrication techniques will overcome the hurdles in its
commercialization and improve device performance as well [195].

In this Ph.D. work, graphene and CNT based gas/molecules senors are simulated.
Although CNT and graphene-based sensors are promising for the detection of very low
concentrations of gases. In these simulations, the values of electric current are very small
in some cases. This could be due to the low concentration (i.e. number of molecules) of
target gases. Photo-current values are also extremely small in these simulated devices.
It is difficult to measure such small current values in the physical environment. Selectivity
and sensitivity of such devices can also be a challenge. The physical experiment will get
more insight into the potential of these proposed graphene-based sensors for real-world
applications.

2.6 Overview of publications related to the numerical simulations of
graphene-based molecule detectors

This section of the thesis explains how this Ph.D. work helped in answering the research
questions related to graphene-based sensors that were raised at the start of the thesis.

Paper E

In this work, a nano-scale analysis of phenol and methanol detector based on pristine
graphene nano-sheet has been accomplished. Phenol and methanol are toxic and
flammable organic compounds that must be detected to avoid accidents in house-hold
and industrial environments. The simulated device exhibited a significant change in the
density of states and electrical conductivity in the proximity of phenol and methanol
molecules. This change in conductivity is used as a detection signal to detect phenol and
methanol molecules. The proposed device can be a prospective candidate for the
physical development of graphene-based phenol and methanol detector (Answers to
research questions 4-5).

Paper F

This paper is an extended version of Paper E. In this paper additional simulations
are done to detect phenol and methanol molecules with armchair graphene
nanoribbon based device. A significant change in electrical conductivity and
photo-current is observed in the proximity of the target molecules. The change in
photo-current in the proximity of phenol and methanol molecules has been proposed as
a novel molecule detection mechanism. This proposed mechanism can be used along
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with any state-of-the-art molecule detection mechanism to improve the sensor accuracy
and selectivity for desired target molecules (Answers to research questions 4-6).

Paper G

In this paper, highly flammable organic compounds; methane and acetone have been
detected with graphene nano-sheet deposited over an intrinsic 4H-SiC substrate.
The nano-scale device is simulated in Quantumwise Atomistix Toolkit software.
The change in electric current in the proximity of these target molecules is used as a
detection mechanism. The goal of these simulations is to investigate the feasibility of
prospective graphene nano-sheet based physical devices for the detection of acetone
and methane molecules (Answers to research questions 4-5).

Paper H

In this paper, a pristine armchair graphene nano-ribbon based device has been simulated
to detect flammable house-hold gases like propane and butane. A considerable change
in density of states and electrical current in the simulated graphene nano-ribbon based
device has been observed in the presence of target molecules. Change in electric current
is used as a gas detection mechanism for this simulated device (Answers to research
questions 4-5).

Paper |

In this paper, a novel graphene nano-ribbon based field-effect transistor is simulated for
the detection of propane and butane gases. This nanoscale simulated device showed a
significant change in IV-characteristics in the presence of adsorbed propane and butane
molecules. This change in drain-to-source current in the presence of target molecules is
used as a detection mechanism for the FET based device (Answers to research questions
4-5).

PaperJ

Inhaling of hydrogen-sulfide and benzene gases can cause serious health issues in
humans. It is very important to detect their presence for public safety, health, industrial
process control, and pollution control. In this paper, carbon nanotube over an intrinsic
4H-SiC substrate is used to detect the presence of these gases. Change in photo-current
has been used as a novel gas detection mechanism in this simulated device. Change in
electric current, as well as photo-current, can be used as a gas detection mechanism for
this simulated device to improve the device selectivity and accuracy (Answers to research
questions 4-6).
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Limitations of DFT based Simulations

Although density functional (DFT) theory-based simulations are being extensively used
in the field of chemistry, physics, and materials science research. Because of several
simplifications made by DFT, it gives rise to some errors in the calculations. For example,
the electron density distribution function of a system over space describes the ground
state characteristics of a many-electron system. The exact density of electrons based on
exact functional must be used to generate the correct energy of a system under study.
The minimization of exact functional to generate exact energy and electron density of
electrons is crucial for correct DFT calculations [196].

Hence, the accuracy of the DFT based calculation strongly depends on the
exchange-correlation functional that describes the electron density of many-electron
systems. DFT methods use several simplification and approximations to deal with the
problems related to physics and predict the properties of the molecules. These
simplifications and approximation in predicting the properties of molecules give rise to
errors. Therefore, the optimization of exchange-correlation functionals is a key challenge
to get accurate results from DFT calculations. Some major drawbacks of DFT calculation
are miscalculations in the chemical reaction, the bandgap of materials, binding energies,
and charge transfer mechanisms in a complex system of materials. The root cause of all
these errors is the delocalization error of approximation of functionals (caused by
Coulumbic Forces between electrons that push them apart). Most of the DFT based
calculations are unable to determine near-generate or degenerate states and breaking
of chemical bonds. Therefore, DFT based calculation may suffer several errors that can
even appear in the simplest systems. Efforts are being made to reduce these errors by
minimizing delocalization errors [197].
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Limitations of SILVACO TCAD based Simulations

SILVACO TCAD is extensively used for modeling a wide range of power electronics devices
based on SiC, GaN, and GaAs. Although the significance of TCAD based simulations
cannot be neglected in the development of semiconductor devices. But the results
obtained from these simulations sometimes are far away from real results. The accuracy
of the results of these simulations is based on real experimental conditions and used
physical models along with the material’s parameters. These device simulations are
based on Maxwell’s equations. It is very important to use appropriate physical models
for a simulated device to predict the experimental results. Mainly two approaches are
used to improve the accuracy of TCAD based simulations to get the results close to the
actual device. In the first approach, new physical models are developed based on more
accurate physics for a specific device. Then these developed models are implemented in
the SILVACO TCAD simulator but this solution is achieved at the cost of time and
additional money. Therefore, this approach is mostly avoided. In the second approach,
appropriate physical models are chosen and their parameters are adjusted to fit the real
experimental parameters. But this process is also complex due to the following reasons:
e There are too many parameters related to each physical model and it is a
complex task to optimize all of them
e All physical models for some processes like (defects formation, impurity, and
stress generation) cannot be described well because some of them are still in
the development phase
e Some parameters related to physical models are dependent on experimental
equipment and actual experimental conditions
e It is not possible to realize all chemical and physical processes inside the
simulated structure
e Experimental errors in the physical environment cannot be estimated in the
simulator
Therefore, enormous sources of errors due to inappropriate physical models and
material related parameters can be expected in TCAD based simulations. Such error can
be minimized by accurate choice of used physical models and tuning of material’s related
parameter to get the results close to the actual device [198-199].
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Summary of conclusions of Ph.D. work

In this Ph.D. thesis, the characterization of SiC and graphene-based novel semiconductor
structures are done. This Ph.D. dissertation is divided into two parts. The focus of the
first part is to investigate the prospective physical fabrication of SiC-based
heterostructures with a non-traditional technique known as diffusion bonding/welding.
For this purpose, SiC-based heterostructures (diodes and LEDs) are numerically analyzed
considering the diffusion bonding/welding approach and their electrical properties are
investigated. All these simulations are done in SILVACO TCAD and QuantumWise
Atomistix Toolkit softwares. In these simulations, different combinations of SiC polytypes
itself, as well as with other semiconductor materials like Si and Ge are done successfully.
These simulation results revealed valuable conclusions about the fabrication feasibility
of SiC-based heterostructure diodes with the diffusion bonding technique. The results
showed that theoretically, it is possible to develop SiC-based heterostructures with
diffusion bonding approach. The physical fabrication of such devices with diffusion
bonding will reduce the fabrication complexity and cost of the resultant devices.

In the second part of this Ph.D. work, numerical analysis of graphene-based novel gas
sensing devices is done. The change in photocurrent in the presence of target gas
molecules has been proposed as a novel gas/molecules detection mechanism along with
the state-of-the-art mechanism (i.e. change in electric current). This novel molecule
detection mechanism can be integrated with any other state-of-the-art molecule
detection mechanism to improve the accuracy and selectivity for desired target
molecules for graphene-based sensors. In this work, a wide range of toxic, hazardous,
and flammable compounds are detected with graphene-based devices. All the
simulations are done in QuantumWise Atomistix Toolkit software.

At the start of this Ph.D. thesis, the following research questions were raised:

1. Investigation of circumstances for the realization of SiC-based polytypic
hetero-structure with direct bonding?

2.  What are the main characteristics and the behavior of the structures realized
with a direct bonding technique?

3. What would be the most advanced possible combinations of SiC-based
polytypic heterostructures that could be realized?

4. Can graphene-based devices detect very low concentrations of target gases
and compounds?

5. How the target molecules affect the conductivity of different graphene-based
materials after adsorption on the graphene surface?

6. Can the changes in photocurrent in the proximity of target gases be used as
a novel mechanism for gas detection?

The results of this Ph.D. work successfully answered the above-mentioned questions
[Details are given in Section 1.8 and 2.6].

Summary of claims
Below is the summary of claims about the novelty of this Ph.D. work. These claims
correspond to the contributions | to IV that were mentioned at the start of this thesis.

Claim 1: It has been demonstrated with the help of simulations that theoretically it is
possible to develop SiC-based polytypic heterostructure diodes with direct bonding
technique. The direct bonding of wafers has been proposed for the very first time as a
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prospective fabrication technique for SiC-based heterostructure devices. However,
the physical bonding of SiC wafers with the diffusion welding/bonding technique is quite
challenging due to the extreme hardness and ability of SiC wafers to resist high
temperatures. Atomically flat surfaces of SiC wafers are required for sustainable
adhesion of wafers at their interface. But it is very difficult to polish SiC wafers of such
small dimensions (having a surface area of 1x1 um?) due to the unavailability of the
polishing disc of this small size. Therefore, catalytic etching has been proposed in this
thesis for the polishing of wafer to get the atomically flat surface of wafers. Physical
experiments are proposed to find out the diffusion welding parameters (i.e. pressure and
temperature) at which wafers can be welded with each other without breakage. [Details
in Papers A-D and K].

Claim 2: A suitable combination of constituent materials must be chosen to develop a
heterostructure diode based on SiC. A considerable difference in electron affinities of the
constituent materials is mandatory to avoid resistive behavior of the resultant device.
So, the proper choice of the material plays a crucial rule in defining the behavior of the
devices. There must be a significant difference in electron affinities of constituent
materials of heterostructures to create a potential barrier at their interface and get
rectifying behavior. [Details in Papers A-D].

Claim 3: A large variety of organic/inorganic compounds and gases are detected with
graphene-based devices in this Ph.D. work. Very low concentrations of target molecules
(i.e. even one or two molecules) are detected with these graphene-based simulated
devices. The presence of these adsorbed target molecules caused a considerable change
in the electrical conductivity of the simulated devices. This change in electrical
conductivity is used as a detection mechanism in the analyzed devices. Although, these
simulation results revealed that the proposed graphene-based devices can be promising
candidates for the detection of a wide range of hazardous/toxic gases and compounds.
But the selectivity and sensitivity of proposed/simulated graphene-based devices can be
challenging for their real-world applications due to small values of electric current.
Therefore, physical experiments are required and proposed for the physical
development of such gas sensors [Details in Paper E-J].

Claim 4: In this Ph.D. work, change in photo-current in the proximity of desired target
molecules is proposed as a novel molecule detection mechanism for graphene-based gas
sensors. The proposed mechanism has been demonstrated with the help of simulations
where the change in photocurrent in the presence of desired target molecules is used as
a molecule detection mechanism. In these simulated devices, measurable photo-current
values are extremely small. The measurement of such small electric- and photo-current
values can be challenging in the physical environment. Therefore, physical experiments
are required to investigate the potential of the proposed molecule detection mechanism
for graphene-based gas sensors [Details in Paper F, J].
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Prospective work

The future work includes the manufacturing of proposed SiC heterostructures with the
diffusion bonding technique. These simulation results gave a good insight into the
possibility of fabrication of different SiC-based heterostructures. The successful
fabrication of these proposed structures with the diffusion bonding technique can be a
breakthrough in SiC device fabrication technology. It will simplify the fabrication process
of SiC-based heterostructures and significantly reduce the device fabrication cost and
efforts. However, the possible defects and their effects on the electric properties of
micro-scale SiC heterostructures considering the diffusion welding technique have not
been investigated in this work. Prospective work related to SiC-based devices includes:

1.

Numerical investigation of interface defects in micro-scale SiC
heterostructures considering diffusion welding approach

Customization of physical models (i.e. impact ionization and tunneling
models) for SILVACO TCAD to minimize the difference between nano- and
micro-scale simulations in reverse bias regime

Investigation of optimized diffusion welding parameters for the fabrication
of high electron mobility devices and LEDs using diffusion bonding technique

Whereas, the prospective work related to graphene-based devices includes:

1.

Numerical investigations of different types of interactions between
graphene surface and adsorbate molecules including the pre-adsorption
phenomenon

Physical development of proposed sensors for the detection of a wide range
of compounds and gases

Implementation and integration of proposed novel gas/molecule detection
mechanism (i.e. changes in photocurrent) with any other state-of-the-art
technique in physical graphene-based sensors
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Abstract

Characterization of Silicon Carbide (SiC) and Graphene-Based
Novel Semiconductor Devices

This Ph.D. work contains the numerical simulations of Silicon carbide (SiC) and graphene-
based devices for power electronics and gas sensing applications, respectively. SiC-based
heterostructures have gained an important place in the semiconductors research field.
Heterostructure is a junction between two different semiconductor materials having
different band gaps. The discontinuity at the heterojunction interface gives rise to several
interesting electronic properties in the resultant devices. One can customize the
electronic properties of such devices by choosing appropriate constituent semiconductor
materials. These structures are best suitable for fast switching and high frequency digital
electronic applications in harsh environments. During the past few decades, SiC (a wide
bandgap semiconductor) has gained significant importance for a wide range of high
power, high temperature, and high-frequency power electronics application. SiC exists in
more than 200 different crystalline forms; polytypes. Some of these polytypes, like
3C-SiC, 4H-SiC, and 6H-SiC have very attractive physical and electronic properties.
Heterostructures based on these polytypes are being used as power electronic diodes,
transistors, light-emitting diodes, and sensors. So far, epitaxial growth techniques have
been considered as the most well-known techniques with predictable results for the
fabrication of SiC-based heterostructures. However, these state-of-the-art techniques
are complicated, expensive, and a high level of expertise is required to handle the related
fabrication equipment. Even with this high cost and complicated process, the resultant
heterostructures may have defects in them (like stacking faults, point defects, etc.). Such
types of defects degrade the device performance.

So, in the first part of this Ph.D. work, a novel technique called direct bonding
(diffusion welding) has been proposed for the fabrication of SiC heterostructure devices.
This technique is cheap and requires fewer efforts for the fabrication of proposed
devices. The prospective fabrication of SiC heterostructures with this proposed
technique will reduce the complexity of the fabrication process and cost. The resultant
device may have better performance compared to that of fabricated with state-of-the-
art epitaxial growth techniques. In this Ph.D. work, micro- and nano-scale simulations of
SiC-based hetero-structures are done with SILVACO TCAD and QuantumWise Atomistix
Toolkit (ATK-VNL) Software packages, respectively. These simulation results gave a detailed
insight into which materials combinations would be the best for the physical development
of SiC heterostructure devices. These results revealed that theoretically, it is possible to
develop SiC-based heterostructures with the diffusion bonding technique. However,
there must be a significant difference in the electron affinity values of the constituent
materials to get the rectifying behavior of the resultant device. Otherwise, the device will
be nothing but an expensive resistor due to a low energy band-offset at the junction
interface.

In the second part of this research work, simulations of graphene-based novel devices
for the detection of a wide range of toxic, flammable, and hazardous compounds like
phenol, methanol, methane, acetone, propane, butane, benzene and hydrogen-sulfide
are performed with a nanoscale semiconductor device simulator; QuantumWise
Atomistix Toolkit (ATK-VNL). Graphene has emerged as a potential candidate for future
nano-electronics applications due to its exceptional and extraordinary chemical, optical,
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electrical, and mechanical properties. Graphene-based sensors have gained significant
importance for a wide range of sensing applications like the detection of biomolecules,
chemicals, and gas molecules. In the presence of the target molecules, change in electric
current through the devices is used as a molecule detection mechanism for these
simulated sensors. In this work, the change in photocurrent in graphene-based devices
in the presence of adsorbed target molecules is proposed as a novel molecule detection
mechanism. The proposed molecules detection mechanism (change in photocurrent) can
be integrated with any other state-of-the-art mechanisms to improve the sensor
accuracy and selectivity for desired target molecules. In this work, graphene nanoribbon,
nano-sheets, and carbon nanotubes based devices are simulated for the detection of the
molecules mentioned above. These simulation results showed a considerable change in
the electric current and photocurrent through graphene-based simulated devices, even
in very low concentrations of target molecules (one or two molecules).
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Lihikokkuvote

Ranikarbiidil (SiC) ja grafeenil pohinevate uudsete
pooljuhtstruktuuride karakteriseerimine

Kdesolev doktorito6too sisaldab ranikarbiidil (SiC) ja grafeenil pdhinevate
pooljuhtseadiste numbrilisi simulatsioone jouelektroonika ja gaaside detektorite
rakenduste jaoks. SiC-pShised heterostruktuurid on pooljuhtide uurimisvaldkonnas
hdivanud olulise koha. Heterostruktuur sisaldab iht- véi mitut siiret erineva keelutsooni
laiusega pooljuhtmaterjalide vahel. Katkematu materjalide Uleminek heterosiirdes
vBimaldab saadud seadistes realiseerida unikaalseid elektroonilisi omadusi. Selliste
seadiste elektroonilisi omadusi saab kohandada, valides sobivad pooljuhtmaterjalid.
Heterostruktuurid sobivad kdige paremini kiireks Umberlilitamiseks ja digitaalsete
korgsageduslike rakenduste jaoks karmides keskkondades. Viimase paarikiimne aasta
jooksul on SiC (laia keelutsooniga pooljuht) omandanud maérkimisvaarse tihtsuse
rakenduste jaoks, mis eeldavad suurt véimsust, kdrge temperatuuri taluvust ja t66d
kérgsagedusliku toitelektroonika aladel. SiC esineb enam kui 200 erineval politiipsel
kristalsel kujul. Mdnedel neist polutiipidest, nditeks 3C-SiC, 4H-SiC ja 6H-SiC, on vaga
atraktiivsed flilisikalised ja elektroonilised omadused ning nad on sobivad (korratavad)
toostuslikes  protsessides. Nendel polipiipidel pdéhinevaid heterostruktuure
kasutatakse elektrooniliste dioodide, transistoride, valgusdioodide ja anduritena. Siiani
on epitaksiaalse kasvu tehnoloogiaid peetud kdige sobivamateks meetoditeks, millel on
prognoositavad tulemused SiC-pdhiste heterostruktuuride valmistamiseks. Need
tehnoloogiad on keerulised, kallid (kdrgetemperatuursed) ja vajavad tootmisseadmete
kasitsemiseks kdrgetasemelist asjatundlikkust. Isegi selle kdrge hinna ja keeruka
protsessi korral véivad toodetavatel heterostruktuuridel tekkida defektid (naiteks
virnade defektid, punktdefektid jne). Seda tllpi defektid halvendavad seadme joudlust,
vahendavad lubatud piirparameetreid v6i muudavad kasutuse hoopis vGimatuks..

Kdesoleva doktorit6d esimeses osas anallilisitakse SiC heterostruktuuriseadmete
valmistamiseks difusioonkeevituse nisSitehnoloogiat. See tehnoloogia on vorreldes
teistega odav ja on vdhendudlikum (ruumi puhtus, pindade eeltéo6tlus) kavandatud
seadiste valmistamiseks. SiC-heterostruktuuride valmistamine viidatud tehnoloogiaga
vahendab valmistamisprotsessi keerukust ja kulusid. Saadud pooljuhtseadis vGib olla
analoogilise joudlusega vorreldes tipptasemel epitaksiaalse kasvu tehnikaga. Kdesoleva
t66 SiC-pOhiste hetero-struktuuride mikro- ja nanomddtmete simulatsioonid tehakse
vastavalt tarkvarapakettidega SILVACO TCAD ja QuantumWise Atomistix Toolkit (ATK-
VNL). Need simulatsioonitulemused annavad uksikasjaliku Ulevaate sellest, millised
materjalide kombinatsioonid oleksid SiC heterostruktuuriseadmete loomiseks parimad.
Need tulemused nditavad, et teoreetiliselt on difusioonkeevituse tehnoloogiaga vdimalik
valja tootada SiC-pohised heterostruktuurid. Tulemuseks oleva seadise alaldava
kditumise saamiseks peab koostisosade elektronide afiinsusvadrtustes olema oluline
erinevus. Vastasel juhul ei ole seade muud kui kallis takisti, kuna materjalide siirde fermi
nivoode erinevus on vdike.

Kaesoleva uurimistoo teises osas on simuleeritud grafeenil pdhinevaid uudseid
seadiseid erinevate toksiliste, tuleohtlike ja keemiliselt agressiivsete Uhendite, nagu
fenool, metanool, metaan, atsetoon, propaan, butaan, benseen ja vesiniksulfiid,
avastamiseks. Simulatsioonid on [3bi viidud nanomd&dGtmeliste pooljuhtmaterjalide
simulaatoriga QuantumWise Atomistix Toolkit (ATK-VNL). Grafeen on oma erakordsete
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keemiliste, optiliste, elektriliste ja mehaaniliste omaduste tdttu tdusnud potentsiaalseks
kandidaadiks tulevastele nanoelektroonika rakendustele. Grafeenipdhised andurid on
omandanud markimisvdarse tdhtsuse paljude sensoorsete rakenduste jaoks, naiteks
biomolekulide, kemikaalide ja gaasimolekulide tuvastamiseks. Sihtmolekulide abil
kasutatakse nende andurite molekuli tuvastamise mehhanismina seadises toimuvat
elektrivoolu muutust. Kéesolevas t60s uuritakse uudse molekuli tuvastamise
mehhanismina fotovoolu muutumist grafeenil pdhinevates seadistes, adsorbeeritud
sihtmolekulide toimel. Kavandatud molekulide tuvastamise mehhanismi (fotovoolu
muutus) saab integreerida mistahes muu tipptasemel meetodiga, et parandada anduri
tapsust ja selektiivsust soovitud sihtmolekulide suhtes. Kdesolevas t66s on simuleeritud
Glalnimetatud molekulide tuvastamiseks grafeeni nanoriba, nanolehed ja nanotorudel
pbhinevaid seadiseid. Simulatsioonitulemused naitavad markimisvdarset muutust
elektrivoolus ja fotovoolus I|dbi grafeenil pdhineva simuleeritud seadise isegi
sihtmolekulide vdga madalates kontsentratsioonides (liks-kaks molekuli).
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Abstract. In the last decade, silicon carbide (SiC) has gained a remarkable position among wide
bandgap semiconductors due to its high temperature, high frequency, and high power electronics
applications. SiC heterostructures, based on the most prominent polytypes like 3C-SiC, 4H-SiC and
6H-SiC, exhibit distinctive electrical and physical properties that make them promising candidates
for high performance optoelectronic applications. The results of simulations of nn-junction 3C-
4H/SiC and 6H-4H/SiC heterostructures, at the nanoscale and microscale, are presented in this
paper. Nanoscale devices are simulated with QuantumWise Atomistix Toolkit (ATK) software, and
microscale devices are simulated with Silvaco TCAD software. Current-voltage (IV) characteristics
of nanoscale and microscale simulated devices are compared and discussed. The effects of non-
ideal bonding at the heterojunction interface due to lattice misplacements (axial displacement of
bonded wafers) are studied using the ATK simulator. These simulations lay the groundwork for the
experiments, which are targeted to produce either a photovoltaic device or a light-emitting diode
(working in the ultraviolet or terahertz spectra), by direct bonding of SiC polytypes.

Introduction

Silicon carbide (SiC) has achieved a conspicuous rank among wide bandgap semiconductors for
its high temperature and high power optoelectronics applications. Heterojunction electronic devices
fabricated from the most well-studied polytypes like 3C-SiC, 4H-SiC and 6H-SiC exhibit superior
physical and electrical behavior [1, 2]. The performance of these devices can be customized by
modifying the energy band profiles of the constituent SiC polytypes. SiC heterostructures fabricated
by direct bonding can significantly simplify device production and offer new optoelectronic
properties. The direct bonding of SiC polytypes is extremely challenging due to their stability and
hardness, even at elevated temperatures [3]. Currently, the most promising techniques with
predicted results and stable yield for growing epilayers of SiC polytypes for the fabrication of
electronic devices have been chemical vapour deposition (CVD), liquid-phase epitaxy (LPE) and
molecular beam epitaxy (MBE) [4].

Methodology

Microscale simulations of heterostructures are conducted with the Silvaco TCAD software
toolkit, which includes a microscale semiconductor device simulator that solves the basic set of
semiconductor equations. Nanoscale simulations are carried out with the QuantumWise Atomistix
Toolkit (ATK) with the Virtual Nanolab (VNL) user interface package. ATK includes several
models for the electronic properties of quantum systems, of which the density functional theory
(DFT) is used for our simulations. The mathematical model used by the ATK-DFT calculator is
described in [S]. Donor doping concentrations in 3C-SiC, 4H-SiC and 6H-SiC are chosen as
10"® ¢cm™ for all polytypes and simulations are conducted to ensure low breakdown voltage in the
reverse-biased regime. In the microscale device models, the thickness of each polytype layer is set
at 300 um, and default ohmic contacts are assumed as electrodes. The geometry of a microscale
simulated device is shown in Fig. 1(a). Suitable inbuilt recombination, generation and mobility
models are used in these microscale simulations. The ATK Builder view of a nanoscale simulated
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Abstract. In the last decades, silicon carbide (SiC) based heterostructures have gained a remarkable
place in research field due to their exceptional properties. These properties make SiC highly suitable
for high temperature, high frequency, and high power electronics applications. The most prominent
polytypes (among 200 types) of SiC like 3C-SiC, 4H-SiC and 6H-SiC, have distinctive electrical and
physical attributes that make them promising candidates for high performance optoelectronic
applications. Silicon (Si) also has been accepted as a promising material for wide range of electronic,
optical and optoelectronic applications. Heterostructures fabricated by the direct bonding of SiC
polytype and Si may have interesting physical and electrical attributes. In this paper, micro and nano-
scale simulations of the nn-heterostructures of Si/4H-SiC and Si/3C-SiC have been done with Silvaco
TCAD and QuantumWise Atomistix Toolkit (ATK) softwares respectively. Voltage-current density
characteristics of the nanoscale and microscale simulated devices are computed and discussed. In
nanoscale devices, the effects of defects due to lattice misplacements (axial displacement of bonded
wafers) are also studied. These simulations are the preparation for our future experiments, which are
targeted to produce either a high electron mobility diode or a light emitting diode, by direct bonding
(diffusion welding) of SiC polytypes.

Introduction

Silicon carbide (SiC) has gained a conspicuous rank in modern technology for fabrication of
electronic devices due to its many exceptional electrical and physical properties. In nature, SiC exist
in several crystalline forms, called polytypes that differ from each other due to their stacking
sequences [1]. The wide bandgap semiconductors like SiC exhibit better physical properties in
comparison to the conventional semiconductor materials (Si, GaAs) for high temperature and high
frequency power electronics applications [2]. Nowadays heterostructures are considered as an
essential building blocks of the modern analog and digital electronic devices. The discontinuity at the
heterojunction interface of the electronic devices gives rise to several useful electrical attributes [3].
The integration of SiC with Silicon (Si) may give rise to interesting electrical attributes in the resultant
devices. Such type of typical pn-heterojunction devices have been fabricated and reported in the
literature [4]. The fabrication of SiC heterostructures by direct bonding of wafers (which is extremely
difficult due to high stability of SiC) can significantly simplify device production and offer new
optoelectronic properties [5]. The most well studied technology used for the fabrication of
heterostructures of SiC and related materials with predictable results is the epitaxial growth [6]. We
proposed one of the rarely used technique for the fabrication of heterostructures called direct bonding
(diffusion welding) of the wafers. In this article nano and microscale simulations of the above
mentioned materials have been done. The voltage-current density curves of the simulated devices are
calculated and discussed.

Methodology

In nanoscale simulations, Silicon is (100)-oriented and 3C-SiC is (111)-oriented for Si/3C-SiC nn-
heterojunction diode. Whereas in Si/4H-SiC diode, Si is (100)-oriented and 4H-SiC is (0001)-
oriented. N-type Si has been joined with n-type 3C-SiC and 4H-SiC separately in above mentioned
orientations to build two different heterostructure diodes. In the nanoscale simulated devices, SiC
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Abstract. During the last decade, silicon carbide (SiC) and its heterostructures with other
semiconductors have gained a significant importance for wide range of electronics applications.
These structures are highly suitable for high frequency and high power applications in extremely high
temperature environments. SiC exists in more than 200 different polycrystalline forms, called
polytypes. Among these 200 types, the most prominent polytypes with exceptional physical and
electrical attributes are 3C-SiC, 4H-SiC and 6H-SiC. Heterostructures of these SiC polytypes with
other conventional semiconductors (like Si, Ge) can give rise to interesting electronic characteristics.
In this article, Germanium (Ge) has been used to make heterostructures with 3C-SiC and 4H-SiC
using a novel technique called diffusion welding. Microscale and nanoscale simulations of nn-
heterojunction of Ge/3C-SiC and Ge/4H-SiC have been done. Microscale devices have been
simulated with a commercially available semiconductor device simulator tool called Silvaco TCAD.
Whereas nanoscale devices have been simulated with QuantumWise Atomistix Toolkit (ATK)
software package. Current-voltage (IV) curves of all simulated devices have been calculated and
compared. In nanoscale device, the effects of defects on IV-characteristics due to non-ideal bonding
(lattice misplacement) at heterojunction interface have been analyzed. Our simulation results reveal
that the proposed heterostructure devices with diffusion welding of wafers are theoretically possible.
These simulations are the preparations of our near future physical experiments targeted to fabricate
SiC based heterostructure devices using diffusion bonding technique.

Introduction

Semiconductor hetero-structures are one of the most essential component of the modern solid-state
devices. Heterostructures are being used widely in almost every electronic device like light-emitting
diodes (LEDs), bipolar junction transistors, and telecommunication applications [1]. The motion of
the charge carriers and states can be precisely controlled in the heterostructure devices at design stage
by choosing appropriate semiconductor materials. Heterostructure device performance can be
improved due to the control on energy band profile during the design phase [2]. In recent years,
Silicon carbide (a wide bandgap semiconductor material) has gained significant importance for the
fabrication of heterostructures devices. SiC exists in several crystalline forms called polytypes. Each
polytype exhibits unique electrical and physical properties [3]. SiC has high thermal conductivity and
chemical tolerance. That is why SiC based electronic devices are highly suitable for high temperature
electronic applications [4].
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Abstract. In recent years, graphene has sparked the interest of researchers due to its promising
electrical and physical attributes. These attributes make it highly suitable to develop electronic
devices with ultra-high mobility of charge carriers. Meanwhile silicon carbide (SiC), a wide bandgap
semiconductor material, is being used for high temperature optoelectronic applications. SiC has more
than 250 different crystalline forms, these are called polytypes. Some of these polytypes (such as
4H-SiC, 6H-SiC and 3C-SiC) have exceptional physical and electrical properties. Electronic devices
which have SiC and graphene as their constituent materials may combine the outstanding attributes of
both materials. This article attempts to simulate electronic devices having SiC and graphene as their
constituent materials. For this purpose, simulations of a novel nn-heterojunction 4H-6H/SiC diodes
with the inclusion of an armchair nanoribbon layer have been carried out. All of the simulations have
been run using QuantumWise Atomistix Toolkit (ATK) software, which is an atomic scale electronic
device simulator. The density of the states, charge carrier densities and current-voltage curves of the
simulated devices have been computed. The simulation results showed a significant improvement in
the electrical conduction properties of nn-heterojunction 4H-6H/SiC diodes after the inclusion of the
armchair graphene nanoribbons. These simulations provide the groundwork for our future
experiments, which will be targeted on fabricating high mobility diodes and/or field effect transistors.

Introduction

In recent years, graphene ( a monolayer packed into a 2D honeycomb lattice) has gained the intension
of research scientists due to its several appealing properties for electronic applications [1]. Graphene
has a great potentail to be used in the advanced technological applications. It has exceptional
electronic attributes that make it highly suitable for electronic, optoelectronic and biomedical
applications [2]. Grapehene has high mobility of charge carriers, optical transparency and mechanical
flexibility. The high mobility of charge carriers in graphene makes it highly suitable for high
frequency electronic applications [3]. Furthermore, graphene nanoribbons (GNRs) have been
accepted as unique conjugated polymers. Their band gap can be tunned depending on the application
requirements. The electronic features of the GNRs are determined by their edge structure and the
width. Depending on the edge termination pattern, GNRs are divided into armchair graphene
nanoribbons (AGNRs) and zigzag graphene nannoribbons (ZGNRs) [4]. Graphene nanoribbons can
be obtained by the unzipping of carbon nanotubes (CNTs). The unzipping pattern of CNT defines the
edge shape of the nanoribbons [5]. The armchair edge graphene nanoribbons and zigzag edge
graphene nanoribbons, are shown in Fig. 1(a) and (b) [6]. The trend of the change in the band gap of
the armchair and zigzag nanoribbons decreases gradually with an increase in the number of carbon
atoms, as shown in Fig. 1 (c) and (d) [7].

Graphene is being used for the fabrication of field effect transistors, radio frequency devices,
transparent electrodes and sensors [8]. Recently single layer graphene has been synthesized by using
various types of precursors and catalysts of transition metals [9]. Epitaxial growth of graphene over
SiC substrates has been accepted as the most suitable method to obtain graphene crystals with good
electronic and physical properties for the fabrication of electronic devices.
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Abstract—Over the last decade graphene and its derivatives
have stimulated the interest of researchers due to their
extraordinary electrical, optical and chemical properties.
Graphene has emerged as a potential candidate for electronic
sensors and optical sensors applications. The purpose of the
work presented in this article is to contribute in this novel field
by simulating graphene nano-sheet based sensor to detect
phenol and methanol molecules. QuantumWise Atomistix
Toolkit (ATK) software has been used to carry out the sensor
simulations. A significant change in the density of states and
conductivity of the graphene have been noticed in the proximity
of the target molecules. This change in the conductivity of
graphene nano-sheet has been used as a detection signal. These
simulations lay the groundwork for our physical experiments,
which are targeted to produce a cheap sensor.

I. INTRODUCTION

Graphene, a monoatomic thick allotrope of carbon has
gained a significance importance in the research field due to its
exceptional electronic, optical, thermal and mechanical
properties. It has sparked the interest of researchers to
investigate this exotic material for future electronic applications
[1]. In a graphene planar sheet, sp>-bonded carbon atoms are
closely packed into a honeycomb crystal lattice. It can be
categorized by number of stacks of atomically thin carbon
layers ranging from single layer to multi-layers. Intrinsic
graphene is a zero-gap semiconductor material with inherently
low Johnson noise [2].

Moreover, the electronic structure of graphene is explained
by tight-binding approach [3]. The possibility of band gap
tuning of graphene makes it an exceptional material for
electronic applications [4]. It also has an exceptional high
mobility of electrons at room temperature and low resistivity at
low temperatures [5]. The mobility of charge carriers in
graphene remains ballistic upto 0.3pm length at 300 K. Every
carbon atom in graphene contributes to provide a large surface
area per unit volume and helps to enhance the exposure to the
foreign particles [6]. This combination of distinctive electrical
attributes and low noise makes it a suitable candidate for
electronic sensor applications. The presence of adsorbed
molecules in the proximity of graphene alter its conductivity.
Adsorbed molecules act as donors or acceptor for the graphene
and consequently change its conductivity. This change can be
used as a signature for the detection of specific
organic/inorganic molecules [1, 7].

978-1-5386-7312-6/18/$31.00 ©2018 IEEE

Since, phenol and methanol are toxic and flammable
organic compounds [8, 9], it is important to detect their
presence to avoid accidents. In this article, simulations of
graphene nano-sheet based phenol and methanol detector have
been done. These simulations are the groundwork for the
experiments, which are targeted to fabricate a novel and low
cost sensor for the detection of phenol and methanol molecules.

II. METHODOLOGY
A.  QuantumWise Atomistix Toolkit (ATK) Software

Nano-scale simulations of the graphene based sensor have
been done with the ATK software. Its graphical user interface,
Virtual NanoLab (VNL) has been used to simulate graphene
nano-sheet based sensor for the detection of phenol and
methanol molecules. 38 A long graphene nano-sheet has been
used with gold electrodes deposited at its both edges as shown
in Fig. 1. Six molecules of phenol, six molecules of methanol
and three-three molecules of both compounds interacting under
Van der Waals Forces with graphene sheet have been used in
three individual experiments to detect their presence. The
presence of the target molecules changes the -electrical
conductivity of the graphene nano-sheet. This change in the
conductivity has been used as a detection signal to detect phenol
and methanol molecules [6]. A voltage bias has been applied at
the gold electrodes of the structure shown in Fig. 1 and four
different current-voltage curves have been calculated for four
different scenarios (phenol, methanol, phenol and methanol
both, only nano-sheet).

B. ATK-Density Functional Theory (ATK-DFT) Calculator

ATK software computes electronic properties of the nano
materials using a wide range of atomic-scale computational
methods such as quantum-mechanical computational methods
and classical empirical potentials methods [10]. For our
simulations, ATK-DFT calculator [11] has been used. These
simulations have been run on high performance computing
(HPC) machine having total 232 nodes with 2xIntel Xeon ES-
2630L processor and 1 Tera-byte (TB) of operating RAM. 8-
cores of HPC have been used for running each job (python
code-file). Each IV-curve has been computed by HPC in
approximately one week. ATK-DFT calculator models the
electronic properties of the quantum systems using a linear
combination of atomic orbitals. In self consistent calculations
of Kohn-Sham equations, density matrix is the key parameter.
This electron density function then defines the effective
potential. The effective potential is used to obtain Kohn-Sham
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Hamiltonian:

lelectron —

# )
- V2 +V 9 [n](r) ()

In (1), the first term indicates the kinetic energy of the
electron and second term is the potential energy of the electron
moving in the field produced by other electrons in the presence
of external applied field. Eigenfunctions of the Kohn-Sham
Hamiltonian are calculated by solving one electron Schrodinger
equation. In this equation the electrons have been written in
terms of the total electron density and given by n=n(7). In next
step Kohn-Sham equations are solved and for this, a one-
electron SchrOdinger equation is solved to get the one-electron

eigenfunctions of the Kohn-Sham Hamiltonian (%, ),
Hlelectmn YIot (}") = Eallla (l”) (2)

Eq. (2) is called a Kohn-Sham equation within DFT. In the
next step this equation is solved by expanding the

eigenfunctions ¥, ,
'//a (r) = ani@ (V) (3)

Now, the differential equations can be written as a matrix
equation to determine the expansion coefficients, Ca;:

;H«'/Cr‘j =& Z/:Siicaj @)
In Eq. 4), H ; Tepresents Hamiltonian matrix and S,./

represents the overlap matrix. The next target is to obtain the
electron density of a many-electron system and this is given by
the eigenstates of the Kohn-Sham Hamiltonian, thus:

n(r) =2 f, . (f )

Where in Eq. (5), [ . 1s the occupation level that has been

denoted by ¢ . In final step, the electron density function is
given by the density matrix as:

n(r)= l_ZiD,-,aﬁ,-(r)qﬁ_,- (r) ()

Then from the eigen states of the many electron system,
electron density is calculated. Electron density matrix can be
given by:

Dz/‘ = ZAfaCaiCa/ (7)
a
In (7), Dy is density matrix, f is the occupation of the energy

level denoted by a, where C*s and Cg are basis set expansion
coefficients.
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Fig. 3. Current-voltage (IV) curves of the simulated device in the proximity of target molecules.

III. RESULTS AND DISCUSSION

This section contains a detailed discussion on the simulation
results. The projected density of the states (PDDOS) of the
device and IV-curves have been calculated and discussed in this
section. The simulation results showed a noticeable change in
the PDDOS of the device in the presence of phenol and
methanol molecules as shown in Fig. 2. The density of the states
have been calculated for the energy range of -3 to +3 eV. The
presence of phenol and mathanol molecules has introduced
many new energy states in the graphene nano-sheet as shown
in Fig. 2. Many sharp peaks have been introduced in the
graphene by the adsorption of phenol molecules as shown in
Fig. 2(a). These peaks can be observed in the energy range of -
1.5 to -3 eV. The maximum magnitude of these states
approaches to approximately 580 e/V in the proximity of
phenol molecules as shown in Fig. 2(a).

Similarly the analysis of the PDDOS of the simulated
device reveals that many new energy states have been
introduced by the methanol molecules as shown in Fig. 2(b). A
comparison of the PDDOS of Fig. 2(a) and (b) reveals that the
energy states introduced by phenol molecules are different from
those of methanol molecules. A high peak of PDDOS of
magnitude about 1000 e/V at energy level of approximately at
-2.5 eV can be seen in the proximity of methanol molecules in
Fig. 2 (b).

Furthermore, under the joint influence of phenol and
methanol molecules, the change in the density of the states is
different as compared to the change in PDDOS caused by
phenol and methanol molecules separately. In Fig. 2(c), many
new energy states can be observed in the PDDOS of the
graphene based device that do not exist in the graphs of Fig.
2(a) and (b). So, this change in the density of the states in all
three cases will definitely influence the total electric current
flowing through the device. Consequently, three different
current-voltage (IV) curves have been obtained due to the

presence of phenol, methanol and both compounds. DC bias
voltages are applied at the electrodes of the simulated device
(Fig. 1) and change in electric current is measured. Four
different IV-curves are obtained for four different cases. The
IV-curves of the simulated device in the presence of phenol,
methanol and both molecules (target molecules) are shown in
Fig. 3.

It can be observed in Fig. 3 that the presence of the target
molecules has increased the current through the graphene based
device. Each IV-curve of Fig. 3 is different for different target
molecules. The device showed a resistive behavior is almost all
the cases. When there was no target molecules in the proximity
of graphene sheet, the value of the current varied from 3000 nA
to 8000 nA. Since the presence of phenol and methanol
molecules introduces new energy states in the graphene nano-
sheet, therefore an increase in the current through the device has
been observed.

In the presence of phenol molecules, the electric current
varies from approximately 5670 nA to 13000 nA as shown in
Fig. 3. At each bias voltage the value of the electric current is
distinct in the presence of phenol molecules. Similarly the
presence of methanol molecules changes the current from
approximately 4986 nA to 12700 nA. The proximity of both
phenol and methanol molecules changes the current through the
device between 4200 nA to 13224 nA as shown in Fig. 3.

A change in the electrical conductivity of graphene based
device has been observed due to the presence of adsorbed
molecules of these organic compounds. These molecules act as
donor or acceptor to change the conductivity of the graphene
[6]. They either change the number of charge carriers or their
mobility in the graphene sheet. This change is conductivity is
specific to the interacting molecules and can be used to detect
these molecules. The results of our simulated device showed
that the target molecules increased the current through the
device. The possible reason could be a change in the number of
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charge carries or their mobility through the graphene nano-
sheet.

IV. CONCLUSION

The results of the simulations revealed a change in the
density of the states and conductivity of the graphene in the
presence of phenol and methanol molecules. This change in
density of the states and conductivity is specific to the target
molecules. It means that for different molecules, the density of
the states and conductivity is affected differently. This change
in the conductivity of the device has been used to detect the
target molecules successfully. The simulated results showed an
increase in the electric current through the device in the
presence of target molecules.

However the difference in the electric current for all four
cases is not so large. But this could be due to less concentration
of the phenol and methanol molecules. In these simulations a
limited number of target molecules have been detected to
reduce the computational time of the simulator. Although
further investigations are required before physical fabrication
of the device to deal with the challenge of selectivity of
graphene to detect specific molecules. For this purpose more
than one detection mechanisms (change in optical and electrical
properties) may be used simultaneously to improve the device
reliability.
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Abstract: Over the last decade graphene based electronic devices have attracted the interest of
researchers due to their exceptional chemical, electrical and optical properties. Graphene is very
sensitive to any physical changes in its surrounding environment and, inherently, has very low
electronic noise. This property of graphene makes it a suitable candidate for sensor applications.
The purpose of the work presented in this article is to demonstrate the ability of graphene derivatives
to detect toxic organic compounds like phenol and methanol. A novel method for the detection of
organic compounds (phenol and methanol) has been introduced in this article. In this method, a
change in the photocurrent, as well as electric current, have been used as detection signals to improve
the sensor accuracy and selectivity for specific target molecules. A nanoscale electronic device
simulator, Quantumwise Atomistix Toolkit (ATK), has been used to simulate graphene nanosheet
and armchair graphene nanoribbon based sensors. Devices density of states (DOS), current-voltage
curves and photocurrent curves have been calculated with the ATK simulator. In the proximity of
target molecules, a significant change in DOS, electric current and photocurrent have been observed.
The simulated graphene based structures can be converted into physical sensors to obtain a low cost,
small sized, integrated sensing device.

Keywords: graphene; graphene nanosheet; armchair graphene nanoribbon; phenol; methanol;
detector; photocurrent

1. Introduction

In modern society, the development of a cheap, portable and reliable gas sensor for domestic and
industrial environments is of utmost importance. Industrial environment monitoring, for the health
and safety of the workforce, demands highly reliable sensors for the detection of toxic compounds [1].
The demand for gas sensors has been increased with the development of the internet of things (IoT).
The applications of these sensors include the chemical industry [2,3], food quality assessment [4,5] and
the agricultural sector [6,7]. Graphene is a promising candidate for modern gas sensor applications
due to its good conductivity [8], good light transmittance [9] and good thermal conductivity [10].
At room temperature, the mobility of charge carriers in graphene remains ballistic for the length of
0.3 um. A large surface area to volume ratio allows graphene to be exposed to the target molecules
more effectively [11]. Inherently, graphene has a very low electronic noise [12], which makes it an
astonishing material to detect gases and other related organic compounds. Graphene nanosheet has
sp? bonded carbon atoms that are tightly packed to give a honeycomb lattice structure. Graphene can
be categorized from a single layer to several stacks of single layers called multilayers. It is mostly
known as a zero-gap semiconductor, whose band gap can be tailored according to the application
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requirement [13,14]. Single layer of graphene (SLG) has numerous unique attributes, especially its
band structure. SLG exhibits ambipolar properties (charges can be alternated between electrons and
holes based on applied voltages) [15]. All the above-mentioned properties make graphene highly
suitable for gas sensor applications.

A wide range of graphene-based devices are being investigated for the detection of organic
compounds and gases. Several advancements in the technology have revolutionized the field of
graphene-based sensors and devices. Recently, laser induced graphene paper (LIGP) has emerged as a
promising candidate to detect liquids and antibacterial media [16]. Graphite nanoplatelet thin film
fiber sensors, with very high sensitivity, have also been fabricated to detect stress/strain and failure
of the host composite material [17]. Graphene like materials have been developed to detect volatile
organic compounds [18]. Graphene-based flexible, and wearable, gas sensors have been fabricated to
detect a wide range of gases and organic chemicals [19].

Moreover, graphene-based gas and organic compound detectors have different working principles.
They may include resistive method, micro-electro-mechanical systems (mems) method and field effect
transistors (FET) methods. Most of the commercial gas sensors use the resistive method to detect foreign
gas particles. The conductivity of the graphene changes with the change in the gas concentration in the
environment [20]. The presence of the gas can be measured as a function of change in conductivity of
graphene [21]. In FET based devices, drain to source current changes in the presence of the adsorbed
target molecules [22,23]. In the case of quality sensitive gas sensors, the operating frequency of the
device changes in the presence of a target gas or organic compound [24]. The working principle of the
first reported graphene-based gas sensors was also based on the resistive method [12]. That sensor
was capable of detecting individual gas and volatile organic molecules. The resistive method based
graphene sensors can be easily developed. The absorbed gas, and volatile organic molecules, interact
with the graphene surface and change its conductivity by changing the charge carrier concentration.
This method provides a high sensitivity to the sensor and even very low concentrations of gases/organic
vapors can be detected [25]. The resistive method is being widely used to fabricate sensors to detect
gases and organic/inorganic compounds [12].

Furthermore, graphene has a unique electronic band structure that is different from semiconductors,
insulators and conductors. It has a conical band structure above and below the Fermi level. These conical
band structures are called Dirac cones [26]. Graphene sheets and ribbons have different electronic
attributes from each other. Even the electronic properties of armchair and zigzag nanoribbons are
dissimilar. Depending on the termination pattern of the edge of the ribbons, their electronic properties
change. The bandgap of armchair graphene nanoribbons (AGNRs) changes with the increase in the
number of carbon atoms in the ribbon. This bandgap decreases gradually from 3 to 0.75 eV as the
number of carbon atoms increases from 20 to 65 atoms, approximately. Whereas, this change for zigzag
nanoribbons, is different from AGNRs. For an even number of electrons in the carbon atoms, the
change in the bandgap is different compared to that of an odd number of electrons in the carbon atoms.
For both cases, the bandgap gradually decreases with an increase in the number of carbon atoms.
Doping of boron and nitrogen may be the reason for this change in the bandgap, which changes the
ionization energy of the ribbons [27]. Graphene monolayer 2D crystals are fabricated on a large scale
by chemical vapor deposition (CVD) [28], and epitaxial growth, on SiC substrates. However, pristine
graphene, obtained from these methods, is a gapless semiconductor that limits its applications in
nanoelectronics. Theoretical and experimental studies have demonstrated the change in the properties
of these nanoribbons compared to those of 2D crystals [29]. Graphene nanoribbons (GNRs) and
nanosheets are being used for gas sensor applications [30,31].

Phenol and methanol are toxic and flammable organic compounds that are harmful to human
health so it is essential to detect their presence in domestic and industrial environments to avoid
serious accidents [32,33]. In this article, phenol and methanol molecules have been detected by using
pristine graphene nanosheet and AGNRs. The reason for using pristine graphene for the detection of
phenol and methanol is its better response and low detection limit. Even a change by a single atom



Sensors 2019, 19, 2731 3of14

can be detected. Although graphene-based metal oxide semiconductor sensors are being widely used,
but they have a short lifetime, poor selectivity and a high operating temperature [34]. Most of the
graphene-based sensors detect the target molecules by a change in its conductivity [20]. The same
principle has been used in our work to detect phenol and methanol molecules. This article is an
extension to our previously published work [35].

In that paper [35], phenol and methanol molecules have been detected by a change in electric
current through a graphene nanosheet. In the current article, a novel mechanism for the detection
of phenol and methanol molecules, to improve the sensor selectivity for these target molecules, is
proposed. This novel method introduces the change in photocurrent through AGNRs in the proximity
of these target molecules. The simulation results demonstrate a significant change in the density of
states (DOS), electric current (through graphene nanosheet and AGNRs) and photocurrent (through
AGNRs) in the presence of target molecules. These changes in the above-mentioned parameters can
be used as the detection signals to develop a physical sensor, based on the graphene nanosheet or
AGNR, over a suitable substrate like SiC. The purpose of these simulations is to access the feasibility of
graphene nanosheet, or AGNR, based sensors for the detection of phenol and methanol molecules
before physical fabrication.

2. Materials and Methods

Phenol and methanol molecules have been detected with two types of devices. First, graphene
nanosheet based structures, with gold electrodes, have been used to detect target molecules, as shown
in Figure 1. Secondly, graphene armchair nanoribbon-based structures have been used to detect phenol
and methanol molecules. These simulations have been conducted in a nanoscale semiconductor device
simulator using, Quantumwise Atomistix Toolkit (ATK), which has a graphical user interface, called
Virtual nano lab (VNL), that allows the simulation of a variety of nanoscale devices. This complete
software package, with the graphical user interface, is called ATK-VNL. More details about the used
simulator will be given in the next section.

(a) Graphene nanosheet

% & NG
Vander Waals Forces between Target and Graphene

(c) Simulated Device for Phenol and Methanol Detection

Figure 1. Schematic of the simulated graphene nanosheet based phenol and methanol detector.
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2.1. Graphene Nanosheet for the Detection of Phenol and Methanol Molecules

In our previously published work [35], graphene nanosheet based structures were used to detect
the presence of phenol and methanol molecules. In this study the schematic of the simulated structure
is shown in Figure 1. This graphene nanosheet has an approximate length of 37 A and width of 18 A,
and is simulated with the ATK-VNL, as shown in Figure 1a. In the next step, gold electrodes have been
deposited at both edges of the graphene nanosheet, as shown in Figure 1b. In step three, phenol and
methanol molecules have been exposed to the surface of the simulated device to detect their presence.
Van der Waals forces are acting between the target molecules and the graphene nanosheet, as the target
molecules are only a few Angstroms above the surface of the graphene sheet, as shown in Figure 1c.

During the characterization of the simulated device, DC bias voltage is applied to the gold
electrodes of the simulated device. Current-voltage (IV) curves have been calculated for four different
scenarios: In the absence of target molecules, in the presence of only four phenol molecules, in the
presence of only four methanol molecules and in the presence of both molecules (two-phenol and
two-methanol molecules). For the same scenarios, four different DOS have also been calculated under
zero-bias conditions.

2.2. Armchair Graphene Nanoribbon (AGNR) for the Detection of Phenol and Methanol Molecules

This simulated structure is an extension to our previously published work [35]. Termination of
infinite graphene layers into finite structures results into two types of nanoribbons [36]. Depending on
the termination sequence of the edge, they are categorized into armchair and zigzag nanoribbons, as
shown in Figure 2.

Figure 2. (a) Zigzag graphene nanoribbon; (b) armchair graphene nanoribbon [36].

In Figure 2b, the structure of an armchair graphene nanoribbon is shown. In the simulations,
AGNR based structures have been used to detect the presence of phenol and methanol molecules, as
shown in Figure 3. Armchair graphene nanoribbons, with width (armchair edge side) of approximately
37 A and with length (repetition pattern side) of 18 A, have been simulated with ATK-VNL, as shown in
Figure 3a. In the next step, AGNR itself has been chosen as the electrodes (shown within red rectangles)
to avoid any Schottky barrier formation at the electrodes, as shown in Figure 3b. This approach
reduces the computational time as well. Finally, phenol and methanol molecules have been exposed to
the simulated structure, as shown in Figure 3c. The same process described in Section 2.1 has been
repeated for the characterization of this device. Device DOS, IV-curves and photocurrent curves have
been calculated for four different scenarios.
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(a) Armchair Graphene nanoribbon

(c) Simulated Device for Phenol and Methanol Detection

Figure 3. Schematic of the simulated armchair graphene nanoribbon-based phenol and
methanol detector.

2.3. Methodology for Simulated Graphene Nanosheet and Armchair Graphene Nanoribbon Based Devices

For the simulations of the structures described in Sections 2.1 and 2.2, an atomic scale semiconductor
device simulator, Quantumwise Atomistix Toolkit (ATK) has been used. ATK has a graphical user
interface called Virtual Nanolab (VNL). The ATK-VNL software package models the electronic
properties of the quantum systems [37]. This software package has different types of in-built calculators
that use different methodologies to compute the electronic parameters of the simulated devices.
For these simulations, the inbuilt ATK-DFT calculator [38] together with a high-power computing
(HPC) environment [39] has been used.

This HPC has 232 computing machines with 1024 GB of total memory. With eight computing
nodes, each IV-curve took about one week to calculate in HPC for these experiments. ATK-VNL
follows a workflow to simulate electronic devices. In this workflow, first of all the structure of the
device is formed using the ATK builder tool, then this simulated structure is sent to the script generator
tool that generates the python file. During the script generation, an inbuilt calculator is added into
the simulated structure with the desired parameters to be analyzed. The script contains a simulated
device, new calculator and density of states (to be analyzed). Finally, the script has been generated as
a script.py file. The python code, generated by the scripter can be customized by using the custom
scripter tool of ATK-VNL. In the last step, this generated script is run in the job manager. The script can
be run on the local machine or on a remote high-power computing machine. After the execution of the
job, the output file is obtained (for example, script.nc or script.hdf5). Finally, the results are viewed in
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the viewer tab. The ATK-DFT in-built calculator was used for the simulations with K-point sampling
of Kp =5, Kg =5 and K¢ = 50.

3. Results and Discussions

This section has been divided into two subsections, as two types of devices have been simulated.
The density of states (DOS) and IV-curves have been calculated for graphene nanosheet and AGNR
based devices.

3.1. Density of States and Current—voltage Characteristics Analysis of the Graphene Nanosheet Based Device

In Figure 4, the projected device density of states (PDDOS) in the presence of phenol, methanol
and both phenol and methanol molecules have been shown. In Figure 4a, a noticeable change in the
PDDOS of the device could be seen in the presence of phenol molecules (blue lines) compared to that
of in the absence of target molecules (orange lines). Exposure of the device to the phenol molecules
had introduced many new energy states below the Fermi energy level. At energies -1 to -3 eV, new
energy states with higher values could be observed, compared to the device in the absence of target
molecules. This change would definitely affect the current through the graphene nanosheet based
device. The effect of methanol molecules on the PDDOS was totally different, as compared to the
previous case, as shown in Figure 4b. Many sharp energy states could be observed, below the Fermi
level, in the presence of methanol molecules only. These energy states were different from those
introduced by phenol molecules.

z 3 d
20 %
% ? go --¢--Phenol and
= -] - # - Methanol DOS = methanol
o
1 --e--Phenol DOS M _ g DOS
—=*— Graphene —=*— Graphene
5 —=— Graphene Sheet Sheet DOS Sheet DOS
-2
............... - R
-3 3 X
600 800 1000 -
600 800 1000 0 200 400 600 800 1000
Projected Device Density of States (e/V) Projected Device Density of States (e/V) Projected Device Density of States (e/V)

(a) (b) (c)

Figure 4. Change in density of states of graphene nanosheet based device in the presence of (a) only
phenol molecules; (b) only methanol molecules; (c) both phenol and methanol molecules.

In the third scenario (Figure 4c), both phenol and methanol molecules were exposed to the
graphene nanosheet based device. The change in the PDDOS in this case was totally different from the
last two scenarios i.e., Figure 4a,b. Many new energy states could be observed between -2 to -3 eV in
the presence of both phenol and methanol molecules, in Figure 4c. These new states will consequently
change the electric current through the device.

Figure 5 shows four different IV-curves for four different cases for the simulated device i.e., in
the absence of target molecules, in the presence of phenol molecules, in the presence of methanol
molecules and in the presence of both phenol and methanol molecules. An increase in the current
for the device was observed in the presence of methanol, phenol and both phenol and methanol
molecules. The adsorbed target molecules work as acceptors, or donors, for the graphene and change
its conductivity [11,40,41]. Adsorbed target molecules were responsible for the change in the charge
carrier’s concentration in the graphene nanosheet. If these molecules act as donors for graphene, then
they increase its conductivity. Alternatively, the adsorbed molecules reduce the electrical conductivity
of graphene if they are acting as acceptors [42]. The simulation results shown in Figure 5 reveal that
the target molecules were acting as donors for the graphene nanosheet and changing the concentration
of charge carriers in it, but this change in the concentration of charge carriers and conductivity was
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dissimilar for the different adsorbed molecules (i.e., phenol, methanol and both phenol and methanol
molecules).

14 T — @ =Phenol
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Figure 5. Current-voltage (IV) curves of graphene nanosheet based simulated device in the proximity
of phenol and methanol as target molecules.

Moreover, the difference in the electric current values is not very significant for different target
molecules in the simulations. This could be due to a lesser concentration of target molecules that
are exposed to the graphene nanosheet. The concentration of target molecules has been kept low
(four molecules in each case) to minimize the computational time of the simulations. Even with
this lesser concentration of target molecules, each IV-curve took more than one week to calculate in
HPC. This difference in current values would be more obvious with an increased concentration of
target molecules.

3.2. Density of States and Current-Voltage Characteristics Analysis of Armchair Graphene Nanoribbon Based
Device

In another set of experiments, armchair graphene nanoribbon (AGNR) of approximately the
same dimensions as the graphene nanosheet (dimensions are given in Figures 1 and 3) were used
for the detection of phenol and methanol molecules. The device density of states (DOS), IV-curves
and photocurrent curves were calculated for the same target molecules. The purpose of detecting the
same target molecules with AGNR was to analyze which graphene-based material was more sensitive
and suitable for the development of a physical sensor. In Figure 6, energy vs. density of states was
shown on logarithmic scales. In the magnified view (right image) of Figure 6, it can be clearly seen
that the DOS of AGNR (dark blue dotted line), in the absence of target molecules, was significantly
different from all other three DOS curves. In Figure 6, the green dotted line, red dotted line and solid
greenish blue line are representing the DOS of the device in the proximity of methanol, phenol and
both methanol and phenol molecules, respectively (also see the legend). It can be observed in Figure 6
that in the presence of methanol molecules, the abrupt spikes in energy states were not present between
energy levels of 10?2 to 10! eV, as compared to that of the device in the absence of target molecules.
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Figure 6. Change in density of states of an armchair graphene nanoribbon-based device in the proximity
of target molecules where the x- and y-axis are in logarithmic scales (Right figure is a magnified view
of left figure).

Moreover, the comparison of energy states for the rest of the energy window between the device
in the absence of target molecules and the device in the presence of methanol shows that they were
different from each other. The presence of methanol molecules had changed the DOS of the pristine
AGNR. This figure shows that DOS curves of the AGNR based device in the presence of only phenol,
and both phenol and methanol, molecules had changed the energy states differently. This change in
DOS of the device would definitely influence the electric current through the device in the proximity of
these target molecules.

Furthermore, Figure 7 shows the change in IV-curves of AGNR based device in the presence of
phenol, methanol and both phenol and methanol molecules as target molecules. Simulation results
reveal that in the absence of target molecules, a very low current in the range of 102 to 10 pA flowed
through the device, as shown in Figure 7 (curve 1). Exposure of the AGNR based device to both phenol
and methanol molecules resulted in an increase in the electric current through the device. The range of
the electric current through the device in this case was of 1074 to 107 1A, as shown in Figure 7 (curve
2). The influence of the phenol and methanol molecules seemed to be like donors of charge carriers for
AGNR, due to which an increase in the electric current, with reference to curve 1, was observed in the
presence of both phenol and methanol molecules.

Furthermore, it was observed that the exposure of an AGNR based device to phenol molecules
only, significantly increased the flow of the electric current through the device as shown in Figure 7
(curve 3). Phenol molecules may have acted as donors of charge carriers for AGNR, due to which a
significant increase in the electric current through the device, with reference to curves 1 and 2, was
observed, as shown in Figure 7. The range of current in this case was between 1.325 to 5.788 nA
approximately. A similar increase in current through the device was observed in the presence of only
methanol molecules. In this case, methanol molecules might have acted like donors for AGNR but the
range of current was between 2.131 to 9.323 pA approximately, as shown in Figure 7 (curve 4).
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Figure 7. Current-voltage (IV) curves of armchair graphene nanoribbon based simulated device
(1*) without target molecules (current axis x1018 to get actual values); (2**) with phenol and
methanol molecules (current axis x1073 to get actual values); (3) with phenol molecules; (4) with
methanol molecules.

PhotoCurrent Analysis of an Armchair Graphene Nanoribbon Based Device in the Proximity of
Different Target Molecules

In order to improve the sensor reliability and selectivity for specific target molecules, more than
one detection mechanism can be used. In Section 3.2, the change in electric current in the presence of
target molecules was used as a signature to detect them. In this sub-section, change in the photocurrent
in the presence of target molecules was used as a detection signal, along with a change in electric current,
to enhance the device selectivity for specific molecules. The AGNR based device has been illuminated
by AM1.5 solar spectrum obtained from [43], where AM1.5 stands for the air mass coefficient that
is used to characterize the performance of solar cells, for terrestrial power-generating panels, under
standardized conditions. In these simulations, photon energies have been kept between 0 to 3 eV and
the resultant photocurrent was calculated. Generation of a photocurrent in AGNR was observed under
the above-mentioned illumination conditions in the simulator. This kind of first principles simulation
has been reported in the literature for solar cell devices [44]. The same principle was implied for the
AGNR sensor.

During the physical characterization process, the AGNR based device could be exposed to an
artificial light source (a light bulb or LED) to generate a photocurrent. Then the change in photocurrent,
in the presence of different target molecules, could be used as a signature signal to detect specific
molecules. The AGNR based device was illuminated with photons, having energies between 0 to 3 eV,
and the change in photocurrent was calculated for different target molecules, as shown in Figure 8.

Moreover, the results show that with an increase in photon energies, the generation of photocurrent
also increases, but the change in photocurrent, for different target molecules, was dissimilar, as shown
in Figure 8. During the physical characterization of the graphene-based sensor, the change in the
electric current, as well as the photocurrent, can be used as detection signals. Afterwards, these signals
can be fed to, and stored in, a micro-controller as a signature signal for the detection of a specific target.
Finally, an inbuilt light source can be installed for the illumination of the AGNR to get a photocurrent
in a physically fabricated device.
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Figure 8. Photon energy vs. photocurrent curves of an armchair graphene nanoribbon device (1)
without target molecules; (2) with phenol and methanol molecules; (3) with phenol molecules and (4)
with methanol molecules.

However, a very low photocurrent has been observed during the simulations in AGNR as shown
in Figure 8. The simulation of light absorption in a single layer of graphene, is still a key challenge,
although graphene based optoelectronic devices, with high internal quantum efficiencies, have been
reported for physically fabricated devices. Due to the dissimilarities of the behavior of traditional
semiconductors and graphene, in the generation and transportation of charge carriers, high-bandwidth
and high internal quantum efficiency values have been reported for graphene based experimental
devices [45], but it is not an easy task to reproduce the same results, by simulations, due to limitations
of the available simulators in relation to the material’s parameters and other complex phenomena.
Hot carriers play a crucial role in the generation of photocurrents in optoelectronic devices, but the
mechanism involved in this process has not been fully determined yet [46]. The key challenge is to
resolve the differences, between the theoretical material properties and the experimental results, to
achieve more accurate simulation-based results.

However, with heavy chemical doping, the absorption in a single layer of graphene can be
increased physically up to 40%. The generation of a photocurrent also depends on the interaction
of graphene plasmons with surface polar phonons of insulating substrates, like SiO2. This hybrid
plasmon-phonon mode, between graphene plasmons and its substrate’s polar phonons, can be excited
in the mid-infrared region under s-polarization. In this interaction, the phonon’s and electron’s
temperature are raised and this increased temperature changes the electrical conductivity and increases
the photocurrent in graphene. Due to the limitations of the simulator in controlling the polarization of
photons and the activation of the plasmon-phonon coupling mode (in the case of using an insulating
substrate for AGNR), high values of photocurrent could not be achieved in the simulations. However,
in physically fabricated graphene-based devices, high photocurrents can be achieved by tuning intrinsic
plasmons and activating the hybrid plasmon-phonon mode [47].

Moreover, we are planning to conduct experiments based on differential measurements to study
the effect of light on the generation of photocurrents in graphene-based devices. In these experiments
two graphene strips will be placed in parallel within a controlled environment. In the experimental
setup, one strip will be illuminated with a suitable light source and the other one will be kept in
darkness. After that, the differential signal will be acquired from these two graphene strips with
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the help of a locally developed amplifier [48] to get rid of noise and acquire the information signal
(photocurrent).

Pristine graphene nanosheet and AGNRs were used to detect phenol and methanol molecules in
our simulations. However, in practice, it is not possible to avoid defects in the large-scale fabrication
process of graphene-based devices. Defects in graphene change its electronic properties. Sometimes,
defects can contribute to the introduction of beneficial effects in graphene-based devices that can be
utilized for different device applications. More significant effects of defects are self-heating and a
degraded performance of the device [49].

4. Conclusions

The purpose of the work that has been presented in this article is to access the feasibility of the
graphene nanosheet and armchair graphene nanoribbon to detect phenol and methanol molecules
prior to the physical fabrication of a sensor. The simulation results showed that both phenol and
methanol could be detected with a graphene nanosheet and armchair nanoribbons, but the sensitivity
of a graphene nanosheet is very low for the detection of the desired target molecules. The change in the
electric current of the graphene nanosheet is very small in the presence of phenol and methanol as target
molecules. In a low concentration of these target molecules, it is very difficult to differentiate between
the presence of phenol, methanol and both phenol and methanol molecules. Whereas, the selectivity
and sensitivity of armchair graphene nanoribbon, to detect phenol and methanol molecules, is better
than the graphene nanosheet. A significant difference between the IV-curves of AGNR based device
has been observed in the presence of phenol and methanol as target molecules. Furthermore, a change
in the photocurrent through AGNR, in the presence of the above-mentioned target molecules, was
also calculated, although, the values of the photo generated current were very small in the simulated
devices. By controlling the polarization of photons and activating the plasmon-photon coupling mode
(after selecting a suitable insulating substrate for AGNR), higher values of photocurrent could be
physically achieved. In order to improve the sensor selectivity and accuracy, changes in the electric
current, as well as the photocurrent, are suggested as signature signals for the detection of phenol
and methanol molecules. These simulations revealed that AGNR is a better choice for the detection
of phenol and methanol molecules as the change in IV-curves, in the presence of target molecules, is
more obvious as compared to that of graphene nanosheet. The future intention is to develop a physical
sensor based on AGNR to detect phenol and methanol molecules. Changes in the electric current and
photocurrent, in the presence of specific target molecules, will be used as a detection signal for the
AGNR based physical sensor.
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Abstract — Nowadays graphene and its derivatives have
gained the interest of researchers due to their exceptional
optical, electrical and chemical attributes. They have emerged
as potential candidates for electronics and optoelectronics
sensor applications. Graphene is highly sensitive to any
physical change in its surrounding environment that makes it a
suitable candidate for sensing a large variety of organic and
inorganic molecules. Volatile and flammable organic
compounds like acetone and methane can lead to fatal
accidents in domestic and industrial environments. In this
article, nanoscale simulations of graphene nano-sheet based
methane and acetone detector have been done. Intrinsic 4H-
SiC has been used as a substrate for graphene nano-sheet.
These simulations have been carried out in QuantumWise
Atomistix Toolkit (ATK) software that is an atomic scale
semiconductor device simulator. A noticeable change in the
density of states (DOS) and electrical conductivity through the
device has been observed in the presence of target molecules.
This change in electrical conductivity through this nano-scale
device can be used as a detection signal for methane and
acetone molecules to develop a physical sensor.

I. INTRODUCTION

Graphene based gas sensors have shown a great potential
for the detection of the adsorbed molecules with high
sensitivity and fast response on graphene surface. The
adsorbed molecules change the electrical conductivity of
graphene sheets [1]. Gas sensors based on pristine graphene
nano-sheets have faster response time compared to that one
with defects [2]. Further, graphene has inherently low Johnson
noise 3, 4].

The combination of above mentioned physical and

electrical attributes makes graphene a highly sensitive material.

Hence, it can be used in a variety of electronics,
optoelectronics and biochemical devices applications [5].
Acetone [6] and methane [7] are highly flammable organic
compounds. Most common mining accidents are caused due to
the explosion of methane and dust gases. These explosions
results in loss of several human lives each year [7]. Therefore,
monitoring of these organic compounds is critical in domestic
and industrial environments to avoid accidents.

Density functional theory (DFT) is being used extensively
to study the behavior of graphene based gas sensors [8]. In this
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paper, we also used DFT method to study the graphene nano-
sheet over intrinsic SiC substrate based methane and acetone
sensor. Density of states (DOS) and electric current of device
have been calculated in the presence and absence of target
molecules.

II. METHODOLOGY
A.  QuantumWise Atomistix Toolkit (ATK) Sofiware

Nano-scale simulations of graphene based methane and
acetone sensor have been done with the ATK software. Pristine
graphene nano-sheet has been deposited over intrinsic 4H-SiC
substrate cut in (0001)-orientation by using graphical user
interface, Virtual NanoLab (VNL) of ATK software package.
The simulated device is a quasi-two dimensional structure. The
main length of the devices is approximately 60A including
electrodes as shown in Fig. 1. In this device, semiconductor
material itself has been used as electrode to avoid Schottky
barrier formation at electrodes. Three molecules of methane,
three molecules of acetone and two-two molecules of both
compounds have been detected in three different experiments.
These target molecules of organic compounds are interacting
under Van der Waals Forces with graphene sheet deposited
over intrinsic 4H-SiC substrate. Change in electric current
through the device in the proximity of target molecules has
been used as a detection signal to detect these organic
molecules [9]. A DC voltage bias has been applied at the
electrodes of the structure shown in Fig. 1. Four different
current-voltage curves have been calculated for four different
scenarios (only device without target molecules, only methane
molecules, only acetone molecules and both methane and
acetone molecules).

B. ATK-Density Functional Theory (ATK-DFT) Calculator

ATK software uses density functional theory (DFT) to
compute the electronic properties of wide range of nano-scale
semiconductor devices [10]. ATK software has an in-built
ATK-DFT calculator that has been used for our simulations of
graphene-based sensor. All these simulations have been run on
high performance computing (HPC) environment having total
232 nodes and 1TB of operating random access memory
(RAM). Each IV-curve has been calculated by using eight
cores of HPC in approximately one week. ATK-DFT
calculator [11] can model quantum systems by using a linear
combination of atomic orbitals. Where, density matrix is the
key parameter in Kohn-Sham equations.

Authorized licensed use limited to: Tallinn University of Technology. Downloaded on December 17,2020 at 16:35:36 UTC from IEEE Xplore. Restrictions apply.



Graphene Nano-sheet layer Methane Molecule Acetone Molecule

= {

4H-SiC Intrinsic Substrate = Length of the Device=60A

S S asas e,

N I

Fig. 1. Simulated structure of graphene nanosheet based methane and acetone sensor.
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Then, this electron density function is used to define the
effective potential. In the next step, this effective potential is
used to get Kohn-Sham Hamiltonian:

M

In (1), the first and second terms indicate the kinetic energy
and the potential energy of the moving electron in the presence
of external applied electric field respectively. After that, one
electron Schrodinger equation is used to calculate the Eigen-
functions of Kohn-Sham Hamiltonian. Finally, a one-electron
Schrodinger equation is used to get the one-electron Eigen-

functions of the Kohn-Sham Hamiltonian (¥ ),
Hlelectronlila (I") = 8a¥/a (l") (2)
In the next step (2) is solved by expanding the Eigen-
functions ¥,

v, ()=, () ®

Now, a matrix equation can be written to determine the
expansion coefficients, Ca:

X Hy,=¢,280c
J J

iy

lelectron —

ey
va + V¥ n](r)

4)

aj

In (4), H ; denotes Hamiltonian matrix and Si/ denotes
the overlap matrix. In the next step, the electron density of a
many-electron system is given by the eigenstates of the Kohn-
Sham Hamiltonian, thus:

n(r) =21,y )

Where in (5), fa represents the occupation level that has
been denoted by ¢ . In final step, density matrix is calculated:

n(r)= UZD,jqﬁ,»(rW,-(r) (6)

Then from the Eigen states of the many electron system,
electron density is calculated. Electron density matrix can be
given by:

D, =% 1.C.C,, ™

In (7), Dy denotes density matrix, f. represents the
occupation of the energy level denoted by @, where C*4 and
Cq are basis set expansion coefficients.

III. RESULTS AND DISCUSSION

This section contains a detailed discussion on the
simulation results. The density of the states (DOS) and IV-
curves of the simulated device have been calculated for four
different cases (only device in the absence of target molecules,
in the presence of methane molecules, in the presence of
acetone molecules and in the presence of both methane &
acetone molecules). The comparison of density of states as a
function of energy has been shown in Fig. 2. A Logarithmic
scale has been used for X and Y-axis to fit all the values of
DOS in one graph.
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X-axis shows the energy values in eV for DOS graph and
Y-axis shows the density of states at different energy levels.
DOS of the device in the absence of any target molecules is
given by Green dotted line in Fig. 2. This DOS of the device
demonstrates a constant value as we move along the energy
axis from 107 to 107 eV. Above energy level of 10" many
energy states in the from of abrupt spikes can be observed
within a narrow region, as shown in Fig. 2.

After this, the device was exposed to only three methane
molecules and DOS was calculated. In the presence of methane
molecules, a change in DOS can be observed (blue solid line)
compared to that of the device in the absence of target
molecules. The position of energy states has been shifted
approximately from 103 to 102 eV~' between the energy
window of approximately 10 to 10~ eV compared to that of
the device in the absence of target molecules, as shown in Fig.
2 (Dark blue line). Many new energy states have been added
by the methane molecules in the form of abrupt spikes between
energy values of 10 to 10! eV, as shown in Fig. 2.

Similarly, the change in DOS can be observed in the
presence of both acetone and methane molecules. A significant
shift in DOS (light pink dotted line) from 10~ to 10° eV-! can
be noticed between energy values of 10 to 10~ approximately
compared to that of the reference device (green dotted line), as
shown in Fig. 2. Many sharp spikes in the DOS of the device
can be observed as we move above energy level of 107 eV
(light pink dotted line) in Fig. 2. The trend of change in the
DOS of the device in the presence of both acetone and methane
molecules is more obvious as compared to the previous two
cases. Several new energy states have been added below and
above fermi levels. These spikes can be observed in enlarged
view of Fig. 2 (right graph).

Finally, DOS have been calculated by exposing the device
to acetone molecules. The DOS has been shown with dark red
dotted line in Fig. 2. In this case, the change in DOS (dark red
dotted line) is almost similar to the reference device (green
dotted line). The graphs shown in Fig. 2 demonstrate a small
change in DOS of the device in the presence of these target
molecules. The possible reason of this small change in DOS
can be the low concentration of target molecules that are
exposed to the device. The reason of keeping this concentration
so low is to minimize the computation time. More significant
change in DOS can be experienced by increasing the length of
the device to increase the exposure area and then increasing the
concentration of target molecules.

Furthermore, in another set of experiments current-voltage
curves have been calculated for the above-mentioned four
scenarios. Four different curves have been shown in Fig. 3.
Adsorbed foreign molecules act as donors or acceptors for
graphene. If they act like donors, then an increase the
conductivity of graphene is observed. Whereas when they
behave as acceptors for graphene, a decrease in conductivity of
graphene is observed [ 12]. This change in conductivity is being
used as a detection signal to detect a wide range of
organic/inorganic and gas molecules. The same principle has
been used in our simulations to detect the presence of methane
and acetone molecules.
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In the presence of methane molecules, a decrease in electric
current has been observed when compared to the device in the
absence of target molecules. Electric current starts to flow
through the graphene-based device at 0.4 V in the presence of
adsorbed methane molecules, as shown in Fig. 3. The influence
of adsorbed methane molecules seems like acceptors for
graphene, due to which a decrease in electric current has been
observed in graphene-based device. In the presence of both
acetone and methane as target, same trend of decrease in
electric current has been observed as compared to the device
in the absence of target. The device starts to conduct electric
current at 0.1 V, as shown in Fig. 3. The joint influence of
adsorbed methane and acetone molecules seems like acceptor.
Due to which a decrease in electric current has been observed,
as shown in Fig. 3.

Moreover, in the presence of acetone as target molecules,
a slight increase in electric current has been observed as
compared to the device in the absence of target molecules. The
influence of adsorbed acetone molecules seems like donors of
charge carriers for graphene-based device. Due to which an
increase in electric current has been observed, as shown in Fig.
3. Exposure of simulated device to different target molecules
have influenced the electric current through the device
differently.

IV. CONCLUSION

Our simulations results demonstrated a change in the
density of the states and conductivity of the graphene in the
presence of acetone and methane as target molecules.
Although, the change in electric current in the presence of
target molecules is more obvious as compared to that of DOS.
However, the change in DOS of the device in the presence of
target molecules is not so significant in our simulations. The
possible reason is less concentration of acetone and methane
molecules that are exposed to the sensor. A remarkable change
in DOS and electric current through the device can be observed
by increasing the dimensions of the device to increase
exposure area. However, this increment will also increase the
computation time even in high power computing environment.

Moreover, the purpose of these simulations is to access the
feasibility of graphene for the detection of acetone and
methane molecules in real world. Our near future intension is
to develop a physical sensor based on graphene. During real
world application of this physical device, the presence of other
gases will also be a challenge in the selectivity of the sensor.
To overcome this problem our future research goal is to add
change in photocurrent as an additional mechanism to detect
the desired target molecules with more accuracy. For this
reason intrinsic 4H-SiC has been used as a substrate in our
simulations. Because in generation of photocurrent, the
interaction between graphene plasmons and substrate’s surface
polar phonons plays an important role. Our next objective is to
study the effect of intrinsic 4H-SiC on the generation of
photocurrent in this sensor.
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Abstract. Over the last decade graphene and its derivatives have gained a remarkable place in
research field. As silicon technology is approaching to its geometrical limits so there is a need
of alternate that can replace it. Graphene has emerged as a potential candidate for future nano-
electronics applications due to its exceptional and extraordinary chemical, optical, electrical
and mechanical properties. Graphene based sensors have gained significance for a wide range
of sensing applications like detection of biomolecules, chemicals and gas molecules. It can be
casily used to make electrical contacts and manipulate them according to the requirements as
compared to the other nanomaterials. The intention of the work presented in this article is to
contribute in this field by simulating a novel and cheap graphene nanoribbon sensor for the
household gas leakage detection. QuantumWise Atomistix (ATK) software is used for the
simulations of propane and butane gas sensor. Projected device density of the states (PDDOS)
and the transmission spectrum of the device in the proximity of gas molecules are calculated
and discussed. The change in the electric current through the device in the presence of the gas
molecules is used as a gas detection mechanism for the simulated sensor.

1. Introduction

The discovery of graphene has quickly sparked the interest of researchers due to its tremendous
promising and unique attributes. The exceptional properties and nontoxic nature of graphene are
making it a potential candidates for future electronics applications [1]. Graphene is a single layer of
carbon atoms having thickness of 0.35-1.6 nm with a honeycomb lattice structure of sp*-bonded
carbon atoms. It is a two dimensional material with Dirac cones. In graphene lattice, C-C bond length
is 1.42 A and the lattice constant is 2.46 A. The electronic structure of graphene can be explained by
tight-binding approach [2]. Graphene is so called a zero-gap semiconductor [3] which has the
possibility to tune its band gap [1]. The unique band structure of graphene give rise to exceptional high
electron mobility. It has been reported that the charge carrier transport in the graphene remains
ballistic up to 0.3 pm at 300 K. It is highly sensitive to any chemical change in its surrounding
environment. Every carbon atom in graphene provides the greatest surface per unit volume and makes
mobility of the charge carriers highly sensitive to the adsorbed molecules. Another interesting quality
of graphene is its intrinsically low electrical noise due to high quality of crystal lattice. This property
makes it highly suitable for ultra high sensitive chemical detection applications [4].
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Graphene is being used for high frequency electronic application, field effect transistors, and
transparent conductors. Recently graphene based biological and chemical sensor has gained significant
importance [5]. Graphene is also emerging as a potential candidate for sensor applications in nano-
electronics. Graphene is being used for the detection of gases, biomolecules and heavy metal ions. The
adsorption and desorption of gas molecules change the conductivity of the graphene. These gas
molecules act as acceptors or donors when they approach the graphene and ultimately they change the
conductance of the graphene. The change in the electrical conductance of the graphene nanoribbon is
taken as a detection signal for the gas molecules. Molecules of different gases affect the conductance
of the graphene differently. So a large number of gases can be detected by using graphene [6]. In this
paper pristine armchair graphene nanoribbon based sensor has been simulated for the detection of
household alkane group gases like propane (C;Hg) and butane (C4H;p). To the best of author’s
knowledge only one closest reference [7] has been found that deals with the usage of the nanotubes for
the detection of natural gases that are detected in this paper. In the presence of these gases, change in
current through the armchair nanoribbon has been used as a gas detection signal. These simulations are
to estimate the device behaviour before physical fabrication experiments of houschold gas leakage
detection sensor.

1.1. Graphene nanoribbons

Different synthetic techniques are being used to synthesize a versatile family of graphene based
materials with distinct properties. Graphene nanoribbons belong to the graphene materials family that
are highly suitable for sensor applications. The electronic properties of the graphene nanoribbons
change from semiconductors to spin-polarized half metals. Graphene nanoribbons are obtained from
the unzipping of carbon nanotubes (CNTs) [8]. Depending on the termination pattern of the edge,
graphene nanoribbons are divided into two types: armchair edge graphene nanoribbon (AGNR) and
zigzag edge graphene nanoribbon (ZGNR). GNRs tend to repeat their geometric sequence to form
periodic structures as shown in figure 1 [3].

It has been reported that the bandgap of GNRs changes with the number of carbon atoms
constituted by them. It means that the electronic and the magnetic properties of nanoribbons are a
function of the length of the ribbons. The bandgap of armchair nanoribbons gradually decreases as the
number of carbon atoms increase in the ribbon as shown in figure 2(a). The bandgap of zigzag
nanoribbon also tends to decrease gradually for odd and even number of carbon atoms differently in
the ribbon as shown in figure 2(b) [9].
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Figure 1. Armchair and zigzag graphene nanoribbons.
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Figure 2. Plots of bandgap energies vs number of carbon atoms for armchair and zigzag graphene
nanoribbons where curve 1 is for odd and 2 is for even number of electrons.
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Many theoretical studies such as density functional theory (DFT), tight-binding calculations and
many-electron Green’s function approach have been done for the investigation of the electronic
properties of the graphene nanoribbons. Most of the theoretical studies have been done by using DFT
calculations method [3]. In order to enhance the sensing capabilities of graphene, usually it is
functionalized by a functional group. Mostly hydroxyl (-OH) and carboxylic (-COOH) groups are used
as functional groups for the graphene. In addition, many kinds of chemical moieties such as hydroxyl
or alkyl groups can be introduced onto graphene surfaces by adding oxidizing agents. Furthermore,
amino groups (-NH,) and sulfonate (-SOs) groups can also be introduced into the graphene. These
functional groups act as a chemical handlers to graft different polymers and proteins by creating
covalent bonds with them. Hence, in this manner the sensing capabilities of the graphene is increased
by covalent bonding [5]. In spite of the stability and the effectivity of covalent strategies, this method
is avoided. Because, it unavoidably changes the inherent electronic properties of the graphene by
converting sp> hybridization of carbon atoms to sp® hybridization. So, in order to preserve the intrinsic
electronic properties of the graphene; non-covalent modifications to graphene are commonly used [5].

2. Methodology

QuantumWise Atomistix (ATK) software package has been used for the simulations of the gas sensor
based on pristine armchair graphene nanoribbon. ATK software package has a graphical user interface
called virtual nano lab (VNL). VNL has been used to simulate the structure of graphene based nano
sensor as shown in figure 3.

Gas Molecules

Figure 3. Simulated structure of armchair graphene
Nanoribbon based propane and butane gas sensor.

Periodic Direction

Figure 4. Simulated structure of (a) propane; (b) butane;
(¢) armchair graphene nanoribbon in ATK.

The Gas molecules are interacting with the armchair graphene nanoribbon by Van der Waal Forces
in these simulations. Whereas gold electrodes have been deposited on the nanoribbon for
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characterization of the sensor by applying external voltages. In order to reduce computational time in
the simulator; four molecules of the propane gas, four molecules of the butane gas, and two-two
molecules of both propane and butane gases are detected by the graphene nanoribbons in three
individual experiments. The length of armchair graphene nanoribbon in the simulated device along the
periodic direction is 21.31 A and width is 8.05 A in figure 4(c). The white balls indicate hydrogen
atoms and black balls represent carbon atoms in figure 4(a), (b) and (c).

2.1. Calculation methodology of the ATK-DFT calculator

ATK software has different types of inbuilt calculators to solve Schrodinger equation. ATK-DFT
calculator has been used for the simulations presented in this paper. Mathematical formalism [10] used
by the ATK-DFT calculator has been explained in this subsection. ATK is a nano-level device
simulator that is used to model open and closed systems within the domain of the density functional
theory (DFT). Density matrix is the key parameter for the calculations of the Kohn-Sham equations.
This density matrix defines the electron density. A non-equilibrium Green’s Function (NEGF) is used
to calculate the density matrix for open system. Whereas for closed systems diagonalisation of the
Kohn-Sham Hamiltonian equation is used to calculate the density matrix. The effective potential set
up by the electron density is given by the Hatree, the external potential and the exchange correlation.
Then effective potential is used to get the Kohn-Sham Hamiltonian. Electronic structure of a system
can be given by one-electron Kohn-Sham Hamiltonian as follows:

Hle = —1-v2 4+ ve/f n](r) )
In equation (1), the first term indicates the kinetic energy of electron whereas the second term
indicates the potential energy of electrons moving in the electrical field created by the external
potential. Total electron density can be given by, n = n(r). After this one-electron Schrodinger
equation is solved to get the eigen-functions of the Kohn-Sham Hamiltonian as:
H1le¥,(r) = g ¥u(r) (2)
Equation (2) is called a Kohn-Sham equation with the density functional theory (DFT). This is
solved by expanding eigen-functions in a set of basis function, ®;:
(1) = 2ico Di(r) 3)
Now the differential equation can be represented as a matrix equation to determine the expansion
coefficients, cy;:
EjHijC(xj = Eazjsijcaj (4)
In equation (4), the Hamiltonian matrix H;; and the overlap matrix S;; are given by the multiple
integrals with respect to the electron coordinates. Now finally the electron density of many-electron
system can be given by the eigenstates of the Kohn-Sham Hamiltonian, thus:

n(r) = Z.f, | ¥, (r) 12 | ®)

In equation (5), f, is the occupation of level which has been denoted bya. Then finally the electron
density can be given in terms of the density matrix as follows:

n(T) = EL]DL]q)L(T)(D](T) (6)

3. Results and discussion

This section contains the results and discussion of the simulations of gas sensor. The transmission
spectrum and projected density of states of the device at zero bias condition are given and discussed.
Furthermore, the graphs for the change in the current through the device in the proximity of the
propane and the butane gases are also discussed in this section.

3.1. Projected density of the states of the device

The projected density of the states (PDOS) versus energy of the graphene nanoribbon based gas sensor
is shown in figure 5. It can be clearly observed from these plots that many energy states are available
to be occupied below and above the fermi level. The Projected density of the states are indicating the
presence of many energy states around the fermi level. Comparison of the density of the states (DOS)
with respect to corresponding energy values of the device reveals a considerable difference in DOS.
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Figure 5(a) is the density of the state of the sensor in the absence of any gas while (b) is the DOS in
the presence of the propane gas. It can be seen in figure 5(a) that there are three sharp peaks appearing
at the energy levels of approximately 1.2 eV, 1.7 eV and 2.4 eV. Whereas in figure 5(b) the presence
of propane gas has influenced the DOS of the device. Hence, there is only one sharp peak is appearing
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Figure 5. Projected density of the states of the simulated sensor vs. energy where
(a) graphene sensor without gas; (b) sensor with propane gas; (c) sensor with the
butane; (d) sensor with propane and butane gas.

Comparison of the DOS of the device in the presence of butane gas in figure 5(c) with the sensor in
the absence of gas in figure 5(a) reveals that a lots of energy states have been added by the butane gas.
Many sharp peaks of the density can be seen above and blow the fermi level as compared to figure 5 (a)
and (b). Finally the density of the states of the device under the joint influence of the propane and the
butane gases are shown in figure 1(d). It can be observed in this graph that the energy states have been
modified differently as compared to figure 1(b) and (c). These modifications in the density of the
states by these gases have a strong influence on the electrical conduction properties of graphene based
2as sensor.

3.2. Transmission spectrum of the device

Transmission spectrum of the device is calculated to analyse the contribution of different energy levels
in the total transmission of the charge carriers through the device [11]. The plots of the transmission as
a function of the energy are shown in figure 6 and 7. It can be seen in figure 6 that for the same energy
levels, the value of the transmission is different for the different gases. In the absence of any gas at
energy level of E=-1.32 eV, the value of transmission is 0.606 for the sensor as shown in figure 6(a).
Whereas for the same energy level, the value of the transmission for the device in the proximity of the
propane gas is 0.0046, as shown in figure 6(b).

Similarly in figure 6(c); the value of transmission as a function of the same energy level is 0.00034
in the presence of butane gas. This value of transmission is quite different from the values that are
shown in figure 6 (a) and (b). At E=-1.32¢V, in the presence of the propane and the butane gases the
transmission value is 0.0486 as shown in figure 6(d). So, it is clear from these results that the presence
of different gases alters the value of the transmission of the charge carrier through the device for the
same energy levels.
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Figure 6. Transmission spectrum as a function of energy of simulated sensor at
different energy levels (a) in the absence of gas; (b) with propane gas; (c) with
the butane gas; (d) with the propane and butane gas.
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Figure 7. Transmission spectrum as a function of energy of simulated sensor at
different energy levels (a) in the absence of gas; (b) with the propane gas; (c) with
the butane gas; (d) with propane and butane gas.

Furthermore, the transmission spectrum at different energy levels of the same device in the
presence of the same gases is also presented in figure 7. It can be observed in figure 7 (a) that at
energy level E= 0.3 eV, the value of transmission is 0.8545 in the absence of any gas. While, for the
same energy level for the propane gas the value of transmission is 0.2695 in figure 7(b). For the same
energy level, in the presence of the butane gas transmission is 0.2623 as shown in figure 7(c). Whereas
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the transmission is 0.2563 at the same energy level in the presence of the butane and the propane gases
as shown in figure 7(d).

3.3. Current-voltage curves of the device

The electrical conductivity of the majority of the graphene based gas sensors changes in the presence
of foreign gas molecules. This change in the conductivity is used as a gas detection mechanism in the
graphene based gas sensors [4]. The same principle has been used to develop the propane and the
butane gas sensor based on the armchair graphene nanoribbon in our simulations. DC bias voltages are
applied at the electrodes of the simulated sensor to obtain the current-voltage (IV) curves. These
simulations are done in the absence of any gas, in the presence of the propane gas, in the presence of
the butane gas and in the presence of both propane & butane gases to obtain different IV-curves. These
IV-curves are shown in figure 8. The Curve 1 in figure 8 is representing the current through the
simulated device when there was no gas in the proximity of the sensor. It can be observed that the
device is showing almost resistive behaviour in all cases. Curve 1 is revealing that the device starts to
conduct immediately even at a very low bias voltage. In the absence of any gas, the IV-curve of the
device is almost linear with the high current flowing through the device.

Curve 2 in figure 8 is obtained in the presence of the propane gas molecules. It can be observed in
this curve that the presence of the propane gas molecules has reduced the current through the device as
compared to curve 1. The adsorbed gas molecules act as donors or acceptors for the graphene and
change its conductivity [4]. Graphene shows ultrahigh sensitivity in the presence of the foreign gases
because the pristine graphene is inherently a low noise material. The presence of gases near the
graphene introduce electrical noise and disturbs its electronic cloud. As the conductivity of the charge
carriers through the device depends on the number of charge carriers and their mobility. So, the
presence of the propane gas may have changed the number of the charge carriers or their mobility in
the graphene nanoribbon. Due to which Curve 2 is showing a decrease in current through the device.
The change in charge carriers concentration, changes the current through the device and acts as a
governing mechanism for the conductivity of the device [4, 5].

Current (nA)

o 0.2 04 0.6 [ 1
Voltage (V)
Figure 8. Current-voltage curves of simulated armchair graphene
Nanoribbon based gas sensor where curve (1) in the absence of gas;
(2) with propane gas; (3) with butane gas; (4) with propane and butane
gas.

Furthermore, in the presence of the butane gas a significant reduction in the current through the
sensor is observed as shown in Curve 3 in figure 8. The possible reason of this reduction in the current
can be the decrease in the number of the majority charge carriers and their scattering by the butane gas
molecules [8]. An interesting behaviour of IV-curve is observed in Curve 4 in figure 8 when the both
propane & butane gases were in the proximity of the device. It can be observed from this curve that
the current through the device has increased significantly. In addition to the electric current, the
nonlinearities in this [V-curve 4 are also increased. The reason of this increase in the electric current
up to a certain voltage level and then decrease could be due to the joint influence of the scattering
process provoked by these both gases.
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4. Conclusion

The objective of the current work is to simulate the graphene nanoribbon based sensor for the leakage
detection of household gases and estimate device behaviour before physical fabrication. The nanoscale
simulations of the gas sensor are done successfully with the QuantumWise Atomistix software. The
results of these simulations revealed that the graphene is highly sensitive to the change in its
surrounding environment. The presence of the gases in the proximity of the graphene device strongly
influenced its density of the states, the transmission spectrum and the electric current, when propane
and butane gases were in its proximity. The reasons of this change in the conductivity are an increase
or decrease in the charge carriers and/or their mobility caused by the adsorbed gas molecules on the
surface of graphene. A decrease in the current through the sensor is observed when propane and
butane gases are interacting with it individually. But when both gases are interacting simultaneously
with the graphene, an increase in the current and the nonlinearities are observed. This change in the
conductivity through the device can be used as a gas detection signal for sensor applications. Although
the graphene is a potential candidate for sensor applications in future electronics, but there are still a
large number of technical challenges that need to be addressed. These challenges are the selectivity of
graphene to detect the specific gases, reliability and the cost of the device. Further investigations are
required to improve the performance of our simulated graphene based gas sensor. For this purpose,
more than one detection mechanisms can be used simultaneously (i.e. change in optical and electrical
properties) to avoid errors in the sensor readings due to the contamination of undesired particles and
the effect of the temperature in the sensing environment.
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Abstract: During the last few years graphene has emerged as a potential candidate for electronics
and optoelectronics applications due to its several salient features. Graphene is a smart material
that responds to any physical change in its surrounding environment. Graphene has a very low
intrinsic electronic noise and it can detect even a single gas molecule in its proximity. This property of
graphene makes is a suitable and promising candidate to detect a large variety of organic/inorganic
chemicals and gases. Typical solid state gas sensors usually requires high operating temperature
and they cannot detect very low concentrations of gases efficiently due to intrinsic noise caused
by thermal motion of charge carriers at high temperatures. They also have low resolution and
stability issues of their constituent materials (such as electrolytes, electrodes, and sensing material
itself) in harsh environments. It accelerates the need of development of robust, highly sensitive
and efficient gas sensor with low operating temperature. Graphene and its derivatives could be
a prospective replacement of these solid-state sensors due to their better electronic attributes for
moderate temperature applications. The presence of extremely low intrinsic noise in graphene
makes it highly suitable to detect a very low concentration of organic/inorganic compounds (even
a single molecule ca be detected with graphene). In this article, we simulated a novel graphene
nanoribbon based field effect transistor (FET) and used it to detect propane and butane gases. These
are flammable household/industrial gases that must be detected to avoid serious accidents. The effects
of atmospheric oxygen and humidity have also been studied by mixing oxygen and water molecules
with desired target gases (propane and butane). The change in source-to-drain current of FET in the
proximity of the target gases has been used as a detection signal. Our simulated FET device showed a
noticeable change in density of states and IV-characteristics in the presence of target gas molecules.
Nanoscale simulations of FET based gas sensor have been done in Quantumwise Atomistix Toolkit
(ATK). ATK is a commercially available nanoscale semiconductor device simulator that is used to
model a large variety of nanoscale devices. Our proposed device can be converted into a physical
device to get a low cost and small sized integrated gas sensor.

Keywords: field effect transistor; graphene nanoribbon; propane; butane; gas sensor; detector;
oxygen; humidity; water; nitrogen; carbon dioxide

1. Introduction

Gas sensing has been a critical subject for wide range of applications such as medical, industrial
environment, military and aerospace applications. The presence of hazardous and toxic gases may lead
to some serious accidents in industrial as well as household environments. There must be some tool to
detect the presence of these gases effectively [1,2]. The ultimate goal of gas detection is to obtain high
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level of sensitivity with high resolution. There presence of very low concentration of desired gases
should be detected. However, such high resolution of gas sensor has not been achieved even with
solid-state gas sensors [3-5]. The main reason of low resolution of these sensors are defects and abrupt
fluctuations due to the thermal motion of charge carriers [6], which lead to the creation of noise in these
device. Due to this noise, the detection of individual molecules becomes very difficult. Solid-state
gas sensors can be categorized into different groups depending on the base of their working principle.
The most common categories of such sensors are resistive type sensors, semiconductor gas sensors,
impedance type gas sensors (based on alternating current measurements) and electrolyte based gas
sensors. The resistive type solid-state gas sensors are the most commonly used gas sensors because
their working principle is simple and they have low fabrication cost. The resistance of the constituent
semiconductor material changes due to its interaction with target gas. The reason of change in
electrical resistance is the transfer of charge carriers between target gas and semiconductor material [7].
In impedance based gas sensors, the frequency response of the device changes in response to the target
gas molecules [8]. Whereas, in solid-state electrolyte based gas sensors, the ionic conductivity of the
electrolyte changes due to the transportation of holes or electrons from the desired target gas molecules.
This change in ionic conductivity is used as a detection signal. Amperometric and potentiometric
gas sensors are included in this category [9]. Solid-state gas sensor are very crucial to monitor and
control the emission of toxic and hazardous gases. However, they also have some limitations in terms
of selectivity, long term stability, sensitivity and reproducibility. The long term stability of electrodes,
sensing materials, electrolyte and substrates of solid-state sensors are open challenges. It is also a big
challenge to obtain a reliable and accurate reading at high temperatures with such sensors. Due to
these reasons, the analysis of desired gases at lower temperature is being done in industries to avoid
the issues of inaccuracy and durability of the devices [10].

Although, with an increase in the demand of gas sensors, still there is a need to develop
robust, highly sensitive and reversible sensors that work at low temperatures. Gas sensors based
on conventional semiconductor materials usually require high operating temperatures. In order to
cope with these issues, several efforts are being made to modify the shape and orientations of such
materials [11]. Nanomaterials are the promising candidates for the development of gas sensors with
low operating temperature and low power consumption. It has been considered that nanomaterials
can be used efficiently to detect a large variety of organic/inorganic molecules. The main parameter
that dictates the sensitivity of a gas sensing material is its surface-to-volume ratio, which is quite high
for nanostructures. This high surface-to-volume ratio allows nanomaterials to adsorb the detectable
target molecules effectively and make them suitable candidates to develop efficient gas sensors [12].
In order to overcome the issues found in conventional solid-state gas sensors, graphene has emerged
as an exciting and promising candidate to detect a wide range of organic and inorganic materials
including gases more efficiently. Extraordinary electronic attributes of graphene and its derivatives
make them a promising candidate to replace solid-state gas sensors [13—15].

Graphene based gas and inorganic/organic molecule detectors detect the presence of these
molecules with different mechanisms. The most popular detection mechanisms are the resistive
method, field effect transistors (FET) method and micro-electromechanical system (MEMS) based
method. In the resistive method, the change in electrical conductivity in the presence of target
molecules is used as a detection signal [16]. In FET based gas detectors, the change in drain-to-source
current at some gate voltage is used as a signature to detect the presence of foreign adsorbed
particles [17,18]. MEMS based gas sensors have low power consumption, small size, fast response and
high sensitivity [19]. In MEMS based sensors, electrical and mechanical components are integrated
in the form of a chip. The mechanical component of this sensor converts any physical change in the
surrounding into electrical signal [20].

Graphene based field effect transistor (FET) can be a potential candidate to detect the presence of
a wide range of chemicals, toxic compounds, biomolecules and gases with better sensitivity compared
to that of solid-state sensors. The sensitivity range of these graphene based FETs usually range from
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parts per billion (ppb) to parts per million (ppm) [21-23]. Typically, the gate electrode controls the flow
of electric current through FET based gas sensors. Actually, the adsorption of foreign gas molecules
and organic compounds effect the concentration of the charge carriers through the graphene layer and
consequently the current through the device changes at some gate voltage. Some gas molecules act
as donors of charge carriers for graphene and increase the electric current through the device after
adsorption. Whereas, some foreign gas molecules act as acceptor for the graphene layer and they
reduce the current through the device. This change in electric current is used as a detection signal for
gases and other organic/inorganic compounds [24,25]. Even the fluctuation of the conductance can be
used as a detection signal [26].

Moreover, propane and butane are the most commonly used fuel for household/industrial
environments [27]. These are flammable and toxic gases [28]. In order to avoid fatal explosion
accidents, the leakage of these gases in the environment must be detected. Different material processing
techniques are used to obtain graphene-based materials like carbon nano-sheets, carbon nanoribbons,
and carbon nanotubes with exceptional electronic attributes. Recently, graphene nanoribbons (GNRs)
have attracted the interest of researchers due to their distinct electronic properties. GNRs are promising
candidate as building blocks of next generation electronics devices [29]. Carbon nanotubes (CNTs)
are unzipped with different techniques to get GNRs [30]. Graphene nanoribbon based FETs have
very interesting electrical properties that change with the width and direction of the constituent
nanoribbons [29,31]. First principles simulations of graphene based FETs to study the doping effects
on the IV-characteristics have been reported in the literature [29,32]. Graphene based FET devices and
sensors have also been reported in the literature [33-35].

In this article, we simulated a novel FET device based on graphene nanoribbons with nanoscale
semiconductor device simulator, Quantumwise Atomistix Toolkit (ATK). This simulated device has
been used to detect the presence of propane and butane gases. The change in electric current through
FET device at different gate voltages in the presence of these gases has been used as a detection
mechanism. To the best of our knowledge, this type of device has not been reported in the literature
for the detection of propone and butane gases.

2. Materials and Methods

The simulations of GNR based FET for the detection of propane and butane gases have been
carried out with Quantumwise Atomistix Toolkit (ATK) software package. Graphical user interface
of ATK is called Virtual Nano Lab (VNL). ATK-VNL allows atomic scale modeling of nano-systems.
This software uses several in-built calculators to solve and calculate transportation properties of
quantum systems. Density functional theory (DFT) calculator has been used for the simulations of our
proposed device in ATK-VNL. The work flow and mathematical formalism used by ATK-DFT has
been given in [36]. All these simulations have been run in a high performance computing environment
(HPC) [37]. This HPC has 232 high power computing machines. Each machine has 24 processing
units and 48 GB of internal memory. Density of states (DOS) and IV-curves of simulated device in the
presence of propane and butane gases have been calculated using eight computing nodes of HPC. With
eight computing nodes of HPC, each IV-curve took around more than one week to calculate. A brief
description of used materials have been given in the next subsection below.

Graphene Armchair and Zigzag Nanoribbons

The constituent materials of simulated graphene field effect transistor are armchair graphene
nanoribbons (AGNR) and zigzag graphene nanoribbons (ZGNR). The termination pattern of the edge
of these structures defines the type of nanoribbon either armchair edge or zigzag edge, as shown in
Figure 1 [38]. The structure shown in Figure 1a is zigzag nanoribbon because the termination edge
forms a zigzag pattern. Whereas, the structure shown in Figure 1b is armchair nanoribbon because
the termination edge forms an armchair pattern. The bandgap of armchair and zigzag nanoribbons
change with an increase or decrease in number of carbon atoms in the ribbons [39]. The bandgap of
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AGNR decreases with an increase in number of carbon atoms in its structure. The bandgap of AGNRs
decreases from 3 to 0.75 eV with an increase in number of carbon atoms from 20 to 65 in its ribbon.
Whereas, change in bandgap for ZGNR with an increase in number of carbon atoms is different for
even and odd number of electrons in its structure. For both cases the bandgap decreases gradually
with an increase in number of atoms [39]. GNRs provides perfect interfaces to make junctions at atomic
levels. Generally, due to small contact areas, it is very difficult to avoid high contact resistance between
metal electrodes and molecular devices. So, this problem could be solved by using metallic GNRs
which can be directly connected to the circuits [29].

Furthermore, the two probe model of GNR based FET has been simulated by using AGNR and
ZGNR in ATK-VNL. The builder tool of ATK-VNL is used to simulate FET. All the details have been
given in next lines. First of all, the central region of the device have been simulated. The central region
of FET consists of AGNR. AGNR with width of four atoms has been created using Nanoribbon Plugin
Tool of ATK Software. Afterwards, this GNR has been extended 5 times along C-axis (the repetition
pattern) as shown in Figure 2. Whereas A, B and C vectors have been shown in each figure. In the
next step, ZGNR has been created with the same plug in tool. However, this time zigzag nanoribbon
consists of six atoms, as shown in Figure 3. After creating this ZGNR, its structure has been repeated
along C-axis four times and then a copy of this structure has been made. These two structures will be
used to form electrodes of FET by connecting them to the central region of the device.

After that, the next step is to join the central region (Figure 2) with the electrodes (Figure 3) to form
a z-shaped structure. For this purpose, armchair graphene nanoribbon has been rotated by 30 degrees
along X-axis (the axis have been shown in the upright position of Figures 2 and 3, as shown in Figure 4a).
Now, AGNR is ready to be joined with ZGNR (electrodes). The next step is to merge ZGNR with AGNR
to form a z-shaped structure, as shown in Figure 4b. After merging these cells, we get a z-shaped
structure in which AGNR is in the center (central region) whereas ZGNRs are on the left and right side of
this structures. These ZGNRs form the source and drain electrodes of FET, as shown in Figure 4c. In the
next step, dielectric material and gate electrode have been deposited on this structure to get FET device,
as shown in Figure 4d. The permittivity of the dielectric material has been chosen as 4¢, and a very thin
metallic layer has been deposited on it to form a gate electrode of field effect transistor. The lengths
of source and drain electrodes are approximately 7 A. In next step, three molecules of propane, three
molecules of butane and both propane & butane (four molecules of butane and one molecule of propane)
have been exposed to the FET device in three different experiments, as shown in Figure 4e. In order to
add the influence of atmospheric gases and humidity, oxygen and water molecules have been mixed
with the desired target gases (propane and butane). Two oxygen molecules and two water molecules
have been exposed to the device, as shown in Figure 4f. In the simulated device, these molecules have
also been mixed with propane and butane target gases in two different experiments.

Figure 1. Schematic of (a) zigzag graphene nanoribbon; (b) armchair graphene nanoribbon reproduced
from [38] with permission from SPIE publishers, 2012.
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Figure 4. Simulation steps for graphene zigzag and armchair nanoribbon based field effect transistor

for the detection of propane and butane gases under the influence of atmospheric oxygen and humidity.

Furthermore, an in-built Merger Tool of ATK-VNL has been used to expose the target molecules
(i.e., propane, butane, oxygen, water molecules) to the simulated FET device (Figure 4d). ATK-VNL has
an inbuilt Move Tool that is used to move (in X, Y, Z coordinates) the target molecules with respect to
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the simulated FET device. The position and geometry of each butane molecule along with X, Y, Z axis
have been shown as an example in Figure 4g. It can be seen in this figure that the geometry of all butane
molecules are almost identical to each other with respect to the FET device. Similar atoms (oxygen
atoms in case of butane molecules) of all target molecules are facing to the FET device. The same
procedure has been adopted for exposing other target molecules to the simulated FET device. All target
molecules have been kept at an optimal distance of few Angstroms to the FET device, ensuring that
Van der Waals Forces are acting between target molecules and FET device. Graphical user interface
of ATK-VNL software has been used to confirm that Van der Waals Forces are acting between target
molecules and FET device, as shown in Figure 4g. A more comprehensive detail about simulating
graphene nanoribbon based FET in ATK-VNL can be found at this reference [40]. The reason of
choosing this small number of gas molecules in these simulations is to reduce the computation time
in HPC environment. The change in density of states (DOS) and IV-characteristics of FET have been
calculated in the presence of propane and butane as target molecules.

3. Results and Discussion

In this section, the results obtained from simulations have been presented and discussed in detail.
The DOS and IV-characteristics of simulated FET based sensor have been calculated.

3.1. Density of States of Simulated Graphene Nanoribbon Field Effect Transistor Device

A significant and distinct change in the DOS of FET device have been observed in the presence of
different target gas molecules. A comparison of DOS of simulated FET device in the absence of any
target gas molecules and in the presence of three propane gas molecules has been shown in Figure 5a.
It can observed that many new energy states have been introduced by propane gas molecules both
above and below the fermi level of the device compared to that of the reference simulated device
(without any target gas), as shown in Figure 5a. Many new energy spikes can be observed at energy
levels of —1.8, —1.2, 0.8, 1.0 and 1.3 eV in FET device in the presence of propane gas.

Furthermore, the presence of three butane gas molecules affected DOS of FET differently compared
to that of propane gas molecules, as shown in Figure 5b. Many new energy states can be observed at
energy levels of —1.9, =14, 0.9, 1.6 and 1.8 eV, approximately. These energy states were not present in
the presence of propane molecules. Similarly, a distinct change in DOS can be observed in the device
when it is exposed to both propane and butane gas molecules simultaneously, as shown in Figure 5c.
It can be observed that the presence of both gases introduced new energy states in FET device. New
energy spiked can be observed at energy levels of —1.1, —0.6, 0.6, 1.3, 1.6, 1.8 and 1.9 eV approximately,
as shown in Figure 5c.

3.2. Current-Voltage Characteristics of Simulated Graphene Nanoribbon Field Effect Transistor Device in
Presence of Only Propane and Butane Molecules

Drain to source current (I;5) and voltage (V) curves of simulated FET have been calculated for
different applied gate voltages. The simulated device (in absence of any target gas molecules) showed
depletion mode MOSFET like behavior. A decrease in I;; versus Vs has been observed with an increase
in negative gate to source voltage (Vgs), as shown in Figure 6. The same IV-curves for the gate voltages
of —0.1, =0.3 and —0.5 V have been calculated in the presence of three propane molecules, three butane
molecules and both gases (four molecules of butane and one molecule of propane) in three different
experiments. In the presence of target gas molecules, a significant change in IV-curves of FET device
has been observed for the same voltage biased conditions compared to that of the device in the absence
of target gas molecules. This change in IV-characteristics can be used as a detection signal to detect the
presence of propane and butane gases.

In our previously published work [31], we used purely resistive method based on pristine AGNR
to detect propane and butane gases. However, in this article, we used FET based device in which the
electric current not merely depends on applied bias voltage (V ), but also on gate voltage. The adsorbed
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target gas molecules act as donors or acceptors of charge carriers for the graphene. If they act as donors,
they change (increase) the concentration of charge carriers in graphene. Consequently, the electric
current through the graphene based device increases in the presence of adsorbed target molecules
under same bias condition. When the foreign target molecules behave like acceptors of charge carriers,
they decrease the current through the graphene based device [41]. In resistive methods of graphene
based gas detectors, it is comparatively easy to realize this change in conductivity of graphene. Because
in such type of devices, graphene behaves like a resistive strip which is only a function of external
applied voltage. Nevertheless, in FET based graphene sensors, the change in charge carriers through
the graphene channel is also a function of gate voltage and hence could be more accurate. So one has
to keep in mind the effect of gate voltage as well as Vs on the IV-characteristics of FET based sensor.

Furthermore, our simulated device exhibited a considerable change in IV-characteristics in the
presence of the target gases. The reference FET device showed a current range between —24 nA to
—66 nA at Vg, = —0.1 V and at a fixed V5, shown with a solid black line in Figure 7. A decrease
in Iz has been observed in the presence of propane as a target gas, at Vgae = —0.1 V, as shown with
orange dotted line in Figure 7. The current range of FET based device in the presence of propane
target is between —22 nA to —44 nA, which is less than that of reference device. It seems that propane
molecules may have acted like acceptors of charge carriers for graphene and reduced the charge carrier
concentration in the device. Consequently, a decrease in current has been observed in the presence of
propane molecules. The device showed a sufficient increase in I;; in presence of butane gas molecules
compared to that of reference device. The range of the I is between —26 nA to —134 nA approximately
in the presence of butane gas, shown with blue color dashed line in Figure 7. It seems that butane
molecules may have acted like donors of charge carriers for graphene and increased the charge carrier
concentration in the device. Consequently, an increase in current has been observed in the presence of
butane molecules. A dramatic increase in I;; has been observed when FET device is exposed to four
butane and one propane gas molecules simultaneously. The range of I in this case is between —93 nA
to =167 nA at Ve = —0.1 V, which is quite high compared to that of the reference device. This high
amount of current through the device may be due to the donor like dominated effect of four butane
molecules compared to that of one propane molecule (acceptor like behavior), which are exposed to the
device simultaneously. This curve has been shown with a dotted-dashed green colored line in Figure 7.

However, an increase in negative bias gate voltage reduced the overall I;; through reference FET,
as it is a depletion mode n-channel FET. A similar trend of increase and decrease in Ijs at Vge = —0.3 V
for the same V45 has been observed with respect to the reference FET device, as shown in Figure 8.
In presence of propane gas molecules a decrease in I at this Vgare has been observed compared to that
of reference FET. The range of I, in this case is between —20 nA to =57 nA, approximately. Whereas
butane gas increased the I;; compared to that of reference FET and the range of current is between
—18 nA to —106 nA. The simultaneous presence of both gases increased the I in similar manner that is
observed in previous cases. The range of electric current under this bias condition is between —187 nA
to =220 nA, which is quite high compared to that of the device at Vggpe = —0.1 'V, as shown in Figure 8.
Finally, the IV-characteristics of the device have been calculated at Ve = —0.5 'V, as shown in Figure 9.
It also exhibited a similar trend but with different current ranges compared to that of the previously
discussed cases.
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Figure 5. Change in density of states (DOS) of simulated filed effect transistor in presence of (a) propane

gas molecules; (b) butane gas molecules; (c) both propane and butane gas molecules.
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Figure 9. Vs versus I;; curves of simulated field effect transistor at —0.5 V gate voltage in the presence
of target gas molecules.

3.3. Influence of Oxygen and Water Molecules on the Current-voltage Characteristics of Simulated Graphene
Nanoribbon Field Effect Transistor

In Section 3.2. the simulated graphene based FET device is exposed to only propane and butane
molecules in a controlled environment, where the influence of the atmospheric species like oxygen,
carbon dioxide, water vapors and humidity have been neglected. The purpose of the work presented
in this article is to access the feasibility of the simulated device for the detection of propane and butane
gases. But for real-time application of such device, the influence of other atmospheric parameters cannot
be ignored. Therefore, we also studied the effect of oxygen and water molecules on IV-characteristics
of simulated structure. For this purpose, additional simulations have been done. In two different
experiments, the simulated FET has been exposed to only two oxygen molecules and only two water
molecules. In third and fourth experiment, three propane molecules have been detected in the presence
of two water molecules and two oxygen molecules individually. In fifth and sixth experiment, three
butane molecules have been detected in the presence of two water molecules and two oxygen molecules
individually. The IV-curves of simulated device at Vgue = —0.1 and fixed Vs have been calculated.
A slight decrease in I of the simulated FET has been observed in the presence of two oxygen molecules,
as shown in Figure 10a. At exposure to two water molecules, the FET device also exhibited a decrease
in source-drain current, as shown in Figure 10a. In case of exposure to two water molecules, the
decrease in current of device is more compared to that of the oxygen molecules. Similarly, a decrease
in I 45 has been observed, when water and oxygen molecules are mixed with propane gas molecules, as
shown in Figure 10b. At the exposure of the device to butane molecules mixed with water molecules
simultaneously, the device showed a decrease in I4;, as shown in Figure 10c. Whereas, a similar effect
on I;; has been observed in the presence of mixture of butane and oxygen molecules, as shown in
Figure 10c.

The presence of both oxygen and water molecules degraded the device performance in terms of
reduction of detectable current for propane and butane gases. A careful calibration of such physical
sensor is required to nullify the environmental effects on the actual reading of the device in the presence
of desired target molecules. The presence of oxygen content in the atmosphere has a strong influence
on the electrical properties of graphene. The oxygen content of the air strongly affects the electrical
resistance of graphene which depends on the exposure time. The electrical conductance of graphene
reduces with passage of time at its exposure to the oxygen content of the air. Therefore, the change in
device performance may be expected as exposure time increases [42]. Similarly, the presence of water
content in the air also has an effect on the electrical properties of the graphene as water molecules act
as p-type dopant for graphene and change its electronic properties. Therefore, the device should be
encapsulated for stable operation [43-45].
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Figure 10. V4 versus I curves of simulated field effect transistor at —0.1 V gate voltage in the presence
of (a) only water and oxygen molecules; (b) propane, water and oxygen molecules; (c) butane, water
and oxygen molecules.

Moreover, in ambient atmospheric conditions, the effect of nitrogen (N;) and carbon dioxide
(COy) on the electrical conduction properties of graphene based sensors are negligible. Whereas,
water molecules have strong influence on the conductivity of graphene. The considerable response
of graphene to the water molecules makes it highly suitable for humidity sensor applications [46].
Therefore, N, and CO, gases have not been considered in these simulations. The purpose of these
simulations is to investigate the feasibility of simulated FET device for the detection of solely propane
and butane molecules for household and industrial environments. However, the concentration of
methane (CHy) gas is increasing day by day due to green house effect. Several efforts have been done
for the development of CHy gas sensors [47-58]. The detection of CH, with our proposed device for
climatic and household applications can be considered as future work. These simulation results are
convincing in terms of the ranges of detectable electric current values. In our previous work [31],
the differentiation between electric current values in the presence of the these target gases was difficult
for each individual gas and the combination of both gases. In current work, the behavior of FET
device and current values are more obvious. However, the trend of increase or decrease of current
values in IV-curves for both devices shows a conflict. The possible reason of this conflict could be the
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involvement of the effect of gate voltage and addition of zigzag nanoribbons as electrodes for the FET
device that was absent in our previously simulated device [31]. The physical fabrication of this type of
device could be challenging due to the handling and processing of nanoribbons at atomic level. In near
future, as the graphene technology will evolve, the physical fabrication of such type of devices will
be possible.

4. Conclusions

The goal of the work that has been presented in this article is to access the potential of graphene
nanoribbon based FET for the detection of propane and butane gases. Armchair graphene nanoribbons
and zigzag nanoribbon have been used to develop FET device. In the absence of any target gas
molecules, the IV-characteristics of the simulated device are similar to n-channel depletion mode
FET. In the proximity of target gas molecules, a change in source-to-drain current of FET at different
gate voltages has been observed. This change is distinct for each specific target gas i.e., propane
and butane. Our simulated FET device also exhibited a noticeable change in the density of states in
the proximately of these target gases. The change in source-to-drain current of FET in the presence
of target gas molecules has been used as a detection signal for the leakage detection of these gases.
The influence of atmospheric factors like the presence of water and oxygen molecules on the proposed
device have also been investigated. It has been observed that the presence of these molecules also
affected the IV-characteristics of the device. A careful calibration of such physically fabricated device
is required to nullify the effect of atmospheric factors and get the correct reading for desired target
gases. Our proposed device could be a promising candidate to replace conventional solid-state gas
sensors due to its exceptional electronic properties and compact size. Theoretically, it is possible to
simulate such type of FET sensors. However, the physical fabrication of these kind of device could
be a challenge due to extremely small dimensions of graphene nanoribbons that make it difficult to
handle at atomic levels. Moreover, during physical fabrication of our proposed FET, there is a need of
some suitable substrate like SiC or Si for the deposition of graphene. Our nearest future intension is to
develop graphene based FET device for the detection of propane and butane gases.
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Abstract: Carbon nanotubes (CNTs)-based sensors have gained significant importance due to their
tremendous electrical and physical attributes. CNT-based gas sensors have high sensitivity, stability,
and fast response time compared to that of solid-state sensors. On exposure to a large variety of
organic and inorganic compounds, the conductivity of CNT changes. This change in electrical
conductivity is being used as a detection signal to detect different target molecules. Hydrogen-sulfide
and benzene are hazardous gases that can cause serious health issues in humans. Therefore,
it is mandatory to detect their presence in industrial and household environments. In this article,
we simulated CNT-based benzene and hydrogen-sulfide sensor with a nanoscale semiconductor
device simulator—Quantumwise Atomistix Toolkit (ATK). The change in the device density of
states, electric current, and photocurrent in the presence of target molecules have been calculated.
The change in photocurrent in the presence of target molecules has been proposed as a novel detection
mechanism to improve the sensor selectivity and accuracy. This change in photocurrent as well as
electric current in the presence of target molecules can be used simultaneously as detection signals.
Our intension in the future is to physically fabricate this simulated device and use photocurrent as
well as electric current as detection mechanisms.

Keywords: carbon nanotube; benzene; hydrogen sulfide; sensor; detector; photocurrent; 4H-SiC

1. Introduction

The detection of hazardous biochemicals and gases in industrial and household environments
have been a great concern. It is very significant to monitor the emission of such gases for environmental
pollution control, industrial process controls, public safety, and health. The demand for the
development of miniature and portable gas sensors is increasing day by day. Nanomaterials, especially
one-dimensional nanomaterials like carbon nanotubes, nanoribbons and nanowires, are promising
candidates to replace the conventional solid-sate sensors due to their exceptional physical and electrical
attributes. These materials have great adsorption capabilities and are hence very suitable to adsorb
and detect a wide range of gases [1]. Carbon nanotubes (CNTs) were discovered by lijima in 1991 [2].
Since their discovery, CNT has attracted the attention of researchers due to their exceptional electrical,
mechanical, and thermal attributes that make them highly suitable for real-life applications. CNTs are
promising candidates for a wide range of applications such as supercapacitors, flexible heaters, medical
devices, sensors, nano-electronics, power storage batteries, electricity transmission, automobiles,
and light emitting displays [3-8].

Furthermore, the transition of electronic cloud distribution in CNT from uniform to asymmetric
circular clouds around its cylindrical structure (creating a 7-electrons clouds) makes it highly suitable
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for electrochemical reactions [9]. CNTs are made up of tiny covalently bonded carbon atoms. They
may be in a single layer of carbon atoms (single wall CNT/SWCNT) or multiple layers of carbon atoms
(multi wall CNT/MWCNT) [2,10]. The most popular techniques to synthesize carbon nanotubes are
chemical vapor deposition, arc discharge, and laser ablation [11-15]. Carbon nanotubes show a unique
diversity in their electronic behavior. The chirality and diameter of nanotubes dictate the behavior of
CNTs. They may show metallic nature or semiconducting nature [16,17]. Semiconducting SWCNTs
change their bandgap inversely with their diameter [18]. CNTs are totally made of surface atoms
that make them ideal candidates for the detection of chemicals and gases. The most commonly used
mechanism in CNT-based sensors to detect foreign particles is the resistive method. In this method,
the resistance of CNT changes after the adsorption of gas or chemical molecules. CNT-based field effect
transistors also work on the same principle, except that the current through the channel is controlled
by the gate voltage [19].

Moreover, in this article, we used the resistive method to detect hydrogen sulfide (H,S) and
benzene with SWCNT. H,S can be found in abundance in natural gas, sulphur hot springs, and volcanic
soil. This gas has bad effect on lungs and respiratory system of humans. It can diffuse into human lungs
while inhaling. H;S can cause serious damage to human nervous system and eyes [20]. Inhaling of this
gas causes halitosis (bad breathing) in humans. A very low concentration of about 0.1 to 0.5 ppm of
HjS can cause halitosis in humans [21]. Thus, this fact makes it very important to detect this gas even
at very low concentrations. Usually, the chromatography technique [18] is used to detect and diagnose
halitosis in humans. However, this technique is time consuming and expensive. Nanomaterials based
sensors are very promising candidates for the replacement of the chromatography technique due to
their small size and low cost [22].

Furthermore, benzene is another hazardous gas and the major sources of benzene are petroleum
products, automobile exhaust, building materials, and industrial discharges [23]. It can cause
nausea, cough, vomiting, and dizziness in humans. Benzene can enter into a human’s body through
inhaling [24-26]. Therefore, detection of benzene in industrial as well as household environments is
mandatory. Conventional solid-state gas sensors are not so accurate to detect a very low concentration
of such gases and require high operating temperature [27-30]. CNTs have emerged as promising
candidates to cope with the challenges of selectivity, accuracy, and sensitivity to detect a wide range of
organic/inorganic molecules.

In this article, SWCNT over intrinsic 4H-SiC substrate has been used to detect H,S and benzene
molecules. A novel method (change in photocurrent) has been added along with the existing one
(change in electric current) to improve the device accuracy to detect H,S and benzene molecules.
The work presented in this article is totally computational-based. All the simulations have been done
in a nanoscale semiconductor device simulator—Quantumwise Atomistix Toolkit.

2. Materials and Methods

In this section, comprehensive details about the used materials and simulated devices have been
given. All the simulations have been done in a nanoscale electronic device simulator, Quantumwise
Atomistix Toolkit (ATK) (QuantumWise, Copenhagen, Denmark). This software package has an inbuilt
graphical user interface called Virtual nanolab (VNL). The complete software package ATK-VNL
allows the users to model a large variety of nanoscale electronic devices. We simulated SWCNT and
deposited it on intrinsic 4H-SiC substrate to detect H,S and benzene molecules.

2.1. Carbon Nanotube over Intrinsic 4H-SiC Substrate for the Detection of Hydrogen Sulfide and Benzene Molecules

The constituent materials of the simulated sensor are SWCNT and intrinsic 4H-SiC substrate.
SWCNT has been deposited on intrinsic (0001)-oriented 4H-SiC substrate in the ATK-VNL builder
tool. In the first step, an inbuilt CNT plugin tool of ATK-VNL software has used to insert the basic
structure of CNT, as shown in left image of Figure la. Afterward, this basic structure of CNT has been
repeated along C-axis to form 50A long SWCNT, as shown in Figure 1a. In the second step, 4H-SiC has
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been cut along (0001)-orientation to form a substrate for CNT. After that, CNT has been deposited
on this quasi 2-dimensional intrinsic 4H-SiC substrate, as shown in Figure 1b. In the third step, this
simulated structure has been converted into device by defining electrodes and central region of the
device, as shown in Figure 1c.
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Figure 1. Simulation of single-wall carbon nanotube-based hydrogen-sulfide and benzene detector in
Quantumwise Atomistix Toolkit Software.

Rather than depositing metal electrodes, CNT itself has been used as electrodes to avoid Schottky
barrier formation at electrodes and reduce computational time in the simulator. Now, this structure is a
CNT-based device that can be used to detect desired target molecules. In the fourth step, the simulated
device has been exposed to the target molecules to detect their presence, as shown in Figure 1d. This
device has been exposed to two benzene, two hydrogen-sulfide molecules individually, and four H,S
and two benzene molecules simultaneously in three different experiments. A magnified 3-dimensional
side-view of the simulated sensor has been shown in Figure le. In this view, SWCNT over intrinsic
4H-SiC substrate has been exposed to hydrogen-sulfide and benzene molecules simultaneously to
detect their presence. In physical CNT-based sensors, the target gas molecules can stick to the surface
of CNT as well as penetrate into the CNT. CNT having open ends allows the penetration of target
molecules into its internal areas. This penetration of target molecule into CNT results in an increase in
the sensitivity of the sensor. That is why, the penetration of gas molecules into CNT has also been
realized in these simulations, as shown in Figure 1e [31]. The device density of the states (DOS), electric
current, and photocurrent have been calculated for four different scenarios, i.e., in the absence of any
target, in the presence of only benzene molecules, in the presence of only hydrogen-sulfide molecules,
and in the presence of both benzene and hydrogen-sulfide molecules.
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2.2. Methodology for Simulated Carbon Nanotube Based Benzene and Hydrogen Sulfide Sensor

All the simulations have been done in a nanoscale semiconductor device simulator, Quantumwise
Atomistix Toolkit (ATK). ATK has an inbuilt graphical user interface called Virtual Nanolab (VNL).
The ATK-VNL software package allows the users to model the electronic properties of a wide range of
organic and inorganic quantum devices [32]. This software is also being used for the simulations of
wide range of gas sensors [33-37]. This software has several inbuilt calculators to calculate a wide
range of electronic properties of the simulated nanostructures. We used ATK-DFT calculator [38] to
compute the electronic properties of our simulated CNT-based benzene and hydrogen-sulfide sensor.
ATK-VNL software follows a workflow for the simulations of nanoscale devices. This schematic of this
workflow has been shown in Figure 2. In step-1, Builder Tool is used to simulate the desired structure.
This tool is a graphical user interface of the software package. In step-2, the simulated structure is
transferred to the Scripter Tool. At this stage, an inbuilt calculator and the parameters to be analyzed are
added to form a Python code-based script file, as shown in Figure 2. In step-3, the Python code-based
script file can be modified and edited by using the Custom Scripter and Editor Tools. In step-4, this
Python file is forwarded to the Jobs Tool for execution, as shown in Figure 2. This simulated code
can be run at local computing machines or remotely available high-power computing machines. We
used remotely available high-power computing (HPC) machines [39] for our simulations. This HPC
uses 232 high power computing machines that have 1024 GB of total memory. We used 8-computing
nodes to calculate DOS, I-V curves, and photocurrent for our simulated devices. It took about two
weeks to calculate each I-V curve and photocurrent curve in HPC. The K-point sampling values used
in ATK-DFT calculator are K, = 5, K, = 5, and K. = 50 for each calculation. Finally, the simulation
results were viewed with the Viewer Tool of ATK-VNL Software. A more comprehensive detail of the
workflow used by ATK-VNL can be found at this reference [40]. ATK-DFT calculator has been used for
the calculation of DOS, I-V curves, and photocurrent curves for our simulated devices. Basis Set and
Exchange Correlation specifications are shown in Figure 2b.

Builder
1
Sapt
f . (& pevice
_Ii New Calculator {8l New Calaator
2 @ Anslysis from Fie \lll DeviceDensityOfStates
M Adjust Configuration Script
3 Ll reai sate generation
g
Ss | Optmizaton
ﬁ Angysis =
o script.py
4
)

(a)

Figure 2. Cont.



Micromachines 2020, 11, 453 60f13
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Calcuiators Exchange Correlation
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O ATK-SE: Extended Hiidkel (Device) Predefined functionals |PBE -

(O ATK-SE: Slater-Koster (Device)
() ATK-ForceField

Exchange PerdewBurkeErnzerhofExchange

Correlation PerdewBurkeErnzerhofCorrelation

Calaulator settings Parameters
Basic device Hubbard U Disabled -
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Numerical accuracy parameters
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Sulfur SG15 [Z=6] GGA.PBE Medium

Figure 2. (a) Workflow of ATK-VNL software package for the simulation of nanoscale devices; (b) Basis
set and exchange correlation details for the simulated devices.

3. Results and Discussions

In this section, the density of states (DOS), I-V curves, and photocurrent curves of the simulated
device have been presented and discussed in detail.

3.1. Density of States and Current-Voltage Characteristics Analysis of CNT-Based Device

The DOS of simulated CNT and 4H-SiC substrate have been calculated individually before
depositing CNT over 4H-SiC substrate. Then, density of states of only CNT, only 4H-SiC substrate
and CNT over 4H-SiC have been compared with each other, as shown in Figure 3a. In this figure,
DOS of simulated CNT and intrinsic 4H-SiC have been shown with red and green curves, respectively.
Whereas, the DOS of CNT after depositing it over intrinsic 4H-SiC substrate has been shown with a
blue curve in Figure 3a. The change in DOS after depositing CNT over 4H-SiC substrate compared to
that of only CNT and only 4H-SiC substrate can be observed in Figure 3a.

Moreover, the simulated device shown in Figure 1c has been used as a reference device (in the
absence of any target molecules). Later on, this device was exposed to benzene and hydrogen-sulfide
target molecules and change in DOS and I-V curves were compared with this reference device.
In Figure 3b, DOS of CNT-based sensor in the absence of any target molecules has been compared to
that of in the presence of two H,S molecules. It can be observed in the figure that many new energy
states have been added in DOS of the device in the presence of H,S gas. Many new sharp energy
peaks can be observed in DOS of the device at energy levels of —2.7, 2.3, —=2.2, -0.8, 0.9, 1.1, 1.7,
and 2.5 eV approximately in the presence of H;S gas. These new energy states are not present in the
device before its exposure to the target gas, as shown in Figure 3b. Furthermore, a comparison of DOS
of the reference device with device in the proximity of two benzene molecules has been shown in
Figure 3c. It can be seen in this figure that many new energy states have been added into DOS of the
device by the benzene molecules. The new energy states can be viewed at energy levels of 2.3, -2.1,
-1.9,-1.7,-1.6,-1.4,-1.2, -1.1, -1, and 1.8 eV approximately. These new energy states will definitely
influence the conductivity of the device in the presence of benzene molecules.

Similarly, a comparison of DOS of the reference device with the device in the presence of both
hydrogen-sulfide and benzene molecules has been made in Figure 3d. The device has been exposed to
two benzene and four H,S molecules. It can be observed in this figure that the joint influence of H,S
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and benzene on DOS is very different and unique compared to that of the device in the presence of
only HjS gas. Many new energy states have been introduced by H,S and benzene in the DOS of the
device. These new energy peaks can be observed at energy levels of —2.1, 1.8, =1.7, —1.6, and 0.4 eV
in the DOS of the device in presence of both H,S and benzene molecules in Figure 3d. These energy
states were not present in the reference device.

The I-V characteristics of the simulated device have been calculated for four different scenarios,
i.e., in the absence of target molecules, in the presence of only benzene target molecules, in presence of
only HjS target molecules, in the presence of both benzene and H,S target molecules simultaneously.
These I-V curves have been shown in Figure 4. The simulation results revealed that the influence of
each target molecule on electric current of the simulated CNT-based device is unique and different.
CNTs exhibit a significant change in electric current at the exposure to a wide range of organic/inorganic
molecules. The response time of CNT-based sensors is very fast [41,42]. This change in electrical
conductivity is used as a detection mechanism to detect foreign adsorbed molecules [43,44].
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Figure 3. Density of states (DOS) of (a) only carbon nanotube-based device; (b) device in presence
of only hydrogen-sulfide molecules; (c) device in presence of only benzene molecules; (d) device in
presence of both hydrogen-sulfide and benzene molecules.

In this subsection, the change in electric current in the presence of benzene and H,S as target
molecules has been presented. The simulated device in the absence of any target molecules has been
used as a reference device to observe and compare the change in electric current in the presence of
target molecules. A voltage bias of 0 to 1 V has been applied at the electrodes of the simulated device
and [-V characteristics have been calculated, as shown in Figure 4. The reference device exhibited
a current in the range of 0 to 9.2 pA approximately, as shown with the solid black line in Figure 4.



Micromachines 2020, 11, 453 8of13

After that, the device was exposed to two H,S molecules and change in current has been calculated.
It has been observed that exposure of the device to H,S gas molecules increased the electric current
through the device compared to that of reference of device. The range of current in this case is between
0 to 9.9 pA for the same voltage bias condition, as shown with the orange dotted line in Figure 4.
Actually, the adsorbed target molecules act as acceptor or donor for CNT. If they act as donor of
charge carriers, they increase the charge carrier’s concentration. Consequently, the conductivity of
CNT increases after the adsorption of such molecules. On the other hand, if adsorbed molecules act as
acceptors of charge carriers, they reduce the electrical conductivity through CNT [42]. It seems that
H,S gas molecules act as donors of charge carriers for CNT. Due to which they increase the electric
current through CNT after adsorption.

16 T .
—o— Only Device Current
~4--Current in Presence of
124 Hydrogen Sulfide Target
°
5 —o - Current in Presence of
g Benzene Target A
,§ 8 + *Current in Presence of
& Benzene and Hydrogen
% Sulfide Target
c |\ e __--
4+ ol _
-—
0 e + + + t {
0 0.2 0.4 0.6 0.8 1

Voltage (V)

Figure 4. Current-voltage (I-V) curves of carbon nanotube based simulated device in the proximity
of benzene and hydrogen-sulfide as target molecules (*multiply current axis with 10 to get the exact
value of current in pico ampere for benzene and hydrogen-sulfide target curve).

Furthermore, the reference device is exposed to two benzene molecules and change in current has
been calculated. The device showed a decrease in electric current at its exposure to benzene molecules
compared to that of the reference device, as shown with the green dashed line in Figure 4. The range of
the current is between 0 to 4 pA for the same voltage bias condition. Benzene molecules may have
acted like acceptors of charge carriers for CNT. Consequently, they reduced the electric current through
the CNT, as shown in Figure 4. Whereas, the device exhibited a very high current at its exposure to two
benzene and four H,S molecules simultaneously. The range of the current in this case is between 0 to
16.678 mA, approximately. The possible reason of this high current could be the presence of more H,S
gas molecules (which act like donors) compared to that of benzene molecules (which act like acceptor).
Consequently, the overall effect of change in charge carrier concentration in CNT is dominated by H,S
and a large increase in current is observed. The joint influence of both target molecules on electric
current is unique and different from the last two cases.

Moreover, electron densities of the simulated device have been calculated to investigate the
reason of very large values of electric current through the device at its exposure to both benzene and
hydrogen-sulfide molecules simultaneously. At bias voltage of 0.6 V, electron densities have been
calculated for all the previously discussed scenarios (in presence of different target molecules). It has
been observed that the joint influence of the benzene and hydrogen-sulfide target molecules on the
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electron density of the device is very strong compared to that of all other cases. At the exposure to
benzene and hydrogen-sulfide molecules, high electron density/A3 has been observed, as shown in
Figure 5b. In all other scenarios, the values of electron densities/A% are quite low and approximately in
the same range that have been shown in Figure 5a. That is why in all other cases the change in current
values are quite low.

(b)Electron density/A%in CNT based device in
presence of H,S and Benzene molecules

(a)Electron density/A3in CNT based device in
presence of H,S gas molecules

Figure 5. Electron density/A3 of simulated device in presence of (a) only H,S gas molecules; (b) both
H,S and benzene molecules.

Furthermore, in the physical environment the influence of the presence of other gases like
hydrogen, oxygen, carbon dioxide, and humidity cannot be neglected. In the simulator, a controlled
environment has been used to detect benzene and hydrogen-sulfide gases. In physically fabricated
device, a careful calibration is required of to get the actual change in electric current in the presence of
only desired gases. For this purpose, the physical device can be first exposed to only desired gases in a
controlled environment and change in current is measured. Then, the same device is exposed to the
target gases in the physical environment for real-time detection of gases. The difference in electric
currents in controlled and uncontrolled environment can be used to get the actual values of current for
the detection of desired gases.

3.2. Photocurrent Analysis of Carbon Nanotube Based Benzene and Hydrogen Sulfide Detector

In this article, we proposed a novel additional mechanism (change in photocurrent) to be added
with the conventional chemical detection mechanism (change in electric current) to improve device
selectivity and accuracy for the detection of desired target molecules. The simulated CNT-based
sensor has been illuminated by AM1.5 solar spectrum [45] in the presence of benzene and H,S targets.
The change in photocurrent in the presence of these targets has been measured and compared to that
of the device in the absence of target molecules.

However, we could not achieve significant values of photocurrent for our simulated device due
to some limitations of the simulator (in controlling polarization of incident light and other related
parameters). The generation of photocurrent in CNT is also dependent upon the polarization of
incident light [46,47]. CNT has been accepted as an active photo-responsive material. It has several
optical attributes like ultraviolet absorption, polarization selectivity, and infrared absorption [48-51].
It is possible to use this mechanism of change in photocurrent as an additional mechanism along
with the conventional techniques to improve the device selectivity and accuracy. In our simulations,
we bombard the photons having energy values between 0 to 5 eV on CNT to generate photocurrent.
In physical device, a light emitting diode can be used as a light source to illuminate CNT and change in
photocurrent as well as electric current in the presence of different target molecules can be measured.

Moreover, photocurrent versus photon energy has been shown in Figure 6. It can be observed
that the magnitudes of photo-generated current are different for different target molecules. In all
cases, an increase in photocurrent with an increase in photon energy has been observed, as shown
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in Figure 6. The values of photocurrent in the device in absence of target molecules are between 0
to 0.028 fA. Whereas, the range of photo-generated current in the presence of two benzene target
molecules is between 0 to 0.0035 fA, as shown with a green dashed line in Figure 6. In the presence of
two H,S molecules, the range of photo-generated current is between 0 to 0.0007 fA, as shown with the
orange dashed line in Figure 6. The highest values of photocurrent was observed when the device
was exposed to two benzene and four H,S molecules simultaneously. The range of photo-generated
current in this case is between 0 to 0.03 fA, as shown with the yellow dotted-dashed line in Figure 6.
Although, all these values of photo-generated current are quite low. Still, these values can be extracted
and used to detect gas targets in the physical device.

0.03 T

=—@— Device Photocurrent

0.025 +

—® - Photocurrent in Bnezene Target

= <40~ - Photocurrent in Hydrogen Sulfide

0.02 ¥ Target

Photocurrent in Presence of

Benzene and Hydrogen Sulfide
0.015 T Target

0.01

Photocurrent (femto ampere)

0.005

Photon Energy (eV)

Figure 6. Photon energy vs. photocurrent curves of carbon nanotube-based device in presence of
benzene and hydrogen-sulfide target molecules.

Furthermore, the purpose of using intrinsic 4H-SiC substrate for CNT is to investigate the
influence of SiC substrate on the generation of photocurrent in a physical device. Because generation
of photocurrent is also influenced by the plasmon-phonon interaction of graphene and insulated
substrates. Plasmon-phonon mode can be excited in graphene-based devices in the mid-infrared
region under s-polarization. This interaction increases the overall temperature of interacting phonons
and electrons and results in an increase in photo-generated current in graphene-based devices [52,53].
But as mentioned above, due to some limitation of simulator in controlling polarization of incident
light, high values of photo-generated current could not be achieved in the presented work. In the
near future, we want to investigate this plasmon-phonon coupling mode in case of SiC substrate in a
physically fabricated device.

We next intend to create the physical fabrication of this simulated device and implement both
detection mechanisms in that device. Our plan is to use a locally developed amplifier [54] to remove
noise signal and extract the correct values of photocurrents from the CNT-based sensor. In this
experiment, two strips of this same CNT-based devices will be placed parallel to each other. One device
will be kept in dark condition while the other one will be illuminated with a light source. Both signals
will be fed to the amplifier to detect the change in photocurrent and get rid of noise signal.
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4. Conclusions

The purpose of the work presented in this article is to access the feasibility of CNT as a benzene
and hydrogen-sulfide molecule detector and introduce a new gas detection mechanism. Carbon
nanotube (CNT)-based molecule detectors could be promising candidates to replace conventional
solid-state sensors due to their small size, better sensitivity, low operating temperature, and low cost.
In this article, nanoscale simulations of CNT-based benzene and hydrogen-sulfide sensors have been
done. Single-wall CNT has been deposited on intrinsic 4H-SiC substrate to form a sensor. The change
in density of states (DOS), electric current, and photocurrent have been calculated for the simulated
carbon nanotube-based sensor. A significant change in DOS, electric current, and photocurrent in the
presence of benzene and hydrogen-sulfide molecules have been observed. A novel molecule detection
mechanism (change in photocurrent) along with the state-of-the-art molecule detection mechanism
(change in electric current) for CNT-based sensors have been proposed to improve the sensor selectivity
and accuracy. The simulation results revealed that different target molecules affected the DOS, electric
conductivity, and photoconductivity of the device uniquely. This change in electric current as well as
photocurrent in the presence of different target molecules can be used simultaneously to detect their
presence effectively. Although due to some limitation of the simulator in controlling the polarization of
incident light and other related parameters, high values of photocurrent could not be achieved. Still,
CNT has been recognized an exciting material for photo detection applications. We next intend to
physically fabricate this simulated device and implement our proposed molecule detection mechanism
in that device.

Author Contributions: M.H.R. and A K. conceived the idea. M.H.R. performed the simulations. M.H.R. and
M.H.Z. drafted the article. A.K. and T.R. reviewed the article and managed funding of the project. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by the Estonian Research Council through Research Projects PUT 1435,
IUT 1911, by the Horizon 2020 ERA-chair grant “Cognitive Electronics COEL H2020-WIDESPREAD-2014-2"
(agreement number 668995; project TTU code VFP15051) and by ETAg grant PRG620.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Kolmakov, A.; Moskovits, M. Chemical sensing and catalysis by one-dimensional metal-oxide nanostructures.
Annu. Rev. Mater. Res. 2004, 34, 151-180. [CrossRef]

2. Lijima, S. Helical microtubules of graphitic carbon. Nature 1991, 354, 56-58.

3. Ajayan, PM.; Zhou, O.Z. Applications of carbon nanotubes. In Carbon Nanotubes Topics in Applied Physics;
Springer: Berlin, Germany, 2001; Volume 80, pp. 391-425.

4. Baughman, R.H.; Zakhidov, A.A.; Heer, W.A.D. Carbon nanotubes—The route toward applications. Science
2002, 297, 787-792. [CrossRef] [PubMed]

5. Dresselhaus, M.S.; Dai, H. Carbon nanotubes: Continued innovations and challenges. Adv. Carbon Nanotub.
2004, 29, 237-243. [CrossRef]

6.  Dai, H. Carbon nanotubes: Opportunities and challenges. Surf. Sci. 2002, 500, 218-241. [CrossRef]

7. Tran, T.Q.; Lee, ] K.Y,; Chinnappan, A ; Jayathilaka, W.A.D.M.; Ji, D.; Kumar, V.V.; Ramakrishna, S. Strong,
lightweight, and highly conductive CNT/Au/Cu wires from sputtering and electroplating methods. ]. Mater.
Sci. Tech. 2020, 40, 99-106. [CrossRef]

8. Duong, H.M.; Myint, SM.; Tran, T.Q.; Le, D.K. Post-spinning treatment to carbon nano fibers. In Carbon
Nanotubes Fibers and Yarn; WOODHEAD Publishing: Cambridge, UK, 2020.

9. Meyyappan, M. Carbon Nanotubes: Science and Applications; CRC Press: Washington, DC, USA, 2004.

10. Harris, PJ.F. Carbon Naotube Science; Cambridge university Press: Cambridge, UK, 2010.

11.  Antisari, M.V.,; Marazzi, R.; Krsmanovic, R. Synthesis of multiwall carbon nanotubes by electric arc discharge
in liquid environments. Carbon 2003, 41, 2393-2401. [CrossRef]

12.  Arepalli, S. Laser ablation process for single-walled carbon nanotube production. Nanosci. Nanotechnol. 2004,
4,317-325. [CrossRef]



Micromachines 2020, 11, 453 12 0f 13

13.

14.

15.
16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Braidy, N.; El Khakani, M.A; Botton, G.A. Carbon nanotubular structures synthesis by means of ultraviolet
laser ablation. J. Mater. Res. 2002, 17, 2189-2192. [CrossRef]

Choi, Y.C.; Bae, D.J.; Lee, Y.H.; Lee, B.S. Growth of carbon nanotubes by microwave plasma-enhanced
chemical vapor deposition at low temperature. J. Vac. Sci. Technol. 2000, 18, 1862-1868. [CrossRef]

Ajayan, PM.; Ebbesen, T.W. Large-scale synthesis of carbon nanotubes. Nature 1992, 358, 220-222.

Treacy, M.M.].; Ebbesen, T.W.; Gibson, ].M. Exceptionally high Young’s modulus observed for individual
carbon nanotubes. Nature 1996, 381, 678-680. [CrossRef]

Zhu, W.Z.; Wang, F.; Wang, T.; Sun, L.; Wang, Z. Chirality dependence of the thermal conductivity of carbon
nanotubes. Nanotechnology 2004, 15, 936-939.

Dresselhaus, M.S.; Dresselhaus, G.; Eklund, P.C. Science of Fullerenes and Carbon Nanotubes; Academic Press:
San Diego, CA, USA, 1996. [CrossRef]

Martel, R.; Schmidt, T.; Shea, H.R.; Hertel, T.; Avouris, P. Single- and multi-wall carbon nanotube field-effect
transistors. Appl. Physc. Lett. 1998, 73, 2447-2449. [CrossRef]

Choi, K.I; Kim, H.J.; Kang, Y.C.; Lee, ].H. Ultraselective and ultrasensitive detection of HS in highly humid
atmosphere using CuO-loaded SnO, hollow spheres for real-time diagnosis of halitosis. Sens. Actuators
B Chem. 2014, 194, 371-376. [CrossRef]

Tangerman, A.; Winkel, E.G. Extra-oral halitosis: An overview. |. Breath Res. 2010, 4, 017003. [CrossRef]
Konvalina, G.; Haick, H. Sensors for breath testing: From nanomaterials to comprehensive disease detection.
Acc. Chem. Res. 2014, 47, 66-76. [CrossRef]

Exposure to Benzene: A Major Public Health Concern (World Health Organization). Available online:
https://www.who.int/ipcs/features/benzene.pdf (accessed on 17 April 2020).

Oberlin, A.; Endo, M.; Koyama, T. Filamentous growth of carbon through benzene decomposition. J. Cryst. Growth
1976, 32, 335-349. [CrossRef]

Collins, J.J.; Lineker, G.A. A review and meta-analysis of formaldehyde exposure and leukemia. Regul. Toxicol.
Pharmacol. 2004, 40, 81-91. [CrossRef]

Seo, H.; Jung, S.; Jeon, S. Detection of formaldehyde vapor using mercaptophenol-coated piezoresistive
cantilevers. Sens. Actuators B Chem. 2007, 126, 522-526. [CrossRef]

Zhang, YM.; Lin, Y.T.; Chen, ].L.; Zhang, J.; Zhu, Z.Q.; Liu, Q.J. A high sensitivity gas sensor for formaldehyde
based on silver doped lanthanum ferrite. Sens. Actuators B Chem. 2014, 190, 171-176. [CrossRef]

Gu, C; Xu, X,; Huang, J.;, Wang, W.; Sun, Y.; Liu, J. Porous flower-like SnO, nanostructures as sensitive gas
sensors for volatile organic compounds detection. Sens. Actuators B Chem. 2012, 174, 31-38. [CrossRef]

Xu, K.; Zeng, D.; Tian, S.; Zhang, S.; Xie, C. Hierarchical porous SnO, micro-rods topologically transferred
from tin oxalate for fast response sensors to trace formaldehyde. Sens. Actuators B Chem. 2014, 190, 585-592.
[CrossRef]

Li, Y,; Chen, N.; Deng, D.; Xing, X.; Xiao, X.; Wang, Y. Formaldehyde detection: SnO, microspheres for
formaldehyde gas sensor with high sensitivity, fast response/recovery and good selectivity. Sens. Actuators
B Chem. 2017, 238, 264-273. [CrossRef]

Barkaline, V.A.; Chashynski, A.S. Adsorption properties of carbon nanotubes from molecular dynamic
viewpoint. Rev. Adv. Mater. Sci. 2009, 20, 21-27.

Atomic-Scale Modelling for Semiconductor & Materials Research. Available online: https:/www.synopsys.
com/silicon/quantumatk.html (accessed on 1 November 2019).

Hu, F-F; Tang, H.-Y; Tan, C.-J.; Ye, H.-Y,; Chen, X.-P; Zhang, G.-Q. Nitrogen dioxide gas sensor based in
monolayer SnS: A first principles study. IEEE Electron Device Lett. 2017, 38, 983-986. [CrossRef]

Song, H.; Li, X.; Cui, P,; Guo, S.; Liu, W.; Wang, X. Sensitivity investigation for the dependence of monolayer
and stacking graphene NHj gas sensor. Diam. Relat. Mater. 2017, 73, 56-61. [CrossRef]

Harada, N.; Sato, S. Electron properties of NH4 adsorbed graphene nanoribbon as a promising candidate for
gas sensor. AIP Adv. 2016, 6, 055023.

Nabhlik, J.; Voves, J.; Laposa, A.; Kroutil, J. The study of graphene gas sensor. Key Eng. Mater. 2014, 605, 495-498.
[CrossRef]

Ruixue, D.; Yintang, Y.; Lianxi, L. Working of a SiC nanotube NO2 gas sensor. J. Semicond. 2009, 30, 114010.
[CrossRef]

QuantumWise User Manual, “ATK-DFT Calculator”. Available online: https://docs.quantumwise.com/
v2017/manuals/ ATKDFT.html (accessed on 18 November 2019).



Micromachines 2020, 11, 453 13 0f 13

39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

High Performance Computing. Available online: https://www.ttu.ee/support-structure/it-services/services-
4/high-performance-computing-2/ (accessed on 5 November 2019).

VNL Tasks and Workflow. Available online: https://docs.quantumwise.com/v2017/tutorials/vnl.html
(accessed on 10 November 2019).

Wang, Y.; Yeow, T.W. A review of carbon nanotube-based gas sensors. J. Sens. 2009, 2009, 24. [CrossRef]
Zaporotskova, L.V.; Boroznina, N.P.; Parkhomenko, Y.N.; Kozhitov, L.V. Carbon nanotubes: Sensor properties.
A review. Mod. Electron. Mater. 2016, 2, 95-105. [CrossRef]

Sinha, N.; Ma, J.; Yeow, J.T. Carbon nanotube-based sensors. J. Nanosci. Nanotechnol. 2006, 6, 573-590.
[CrossRef]

Schroeder, V.; Savagatrup, S.; He, M; Lin, S.; Swager, T.M. Carbon Nanotube Chemical Sensors. Chem Rev.
2019, 119, 599-663. [CrossRef] [PubMed]

National Renewable Energy Laboratory-Solar Spectra. Available online: https://www.nrel.gov/grid/solar-
resource/spectra.html (accessed on 15 November 2019).

Freitag, M.; Martin, Y.; Misewich, J.A.; Martel, R.; Avouris, P.H. Photoconductivity of single carbon nanotubes.
Nano Lett. 2003, 3, 1067-1071. [CrossRef]

Balasubramanian, K.; Fan, Y.; Burghard, M.; Kern, K. Photoelectronic transport imaging of individual
semiconducting carbon nanotubes. Appl. Phys. Lett. 2004, 8, 2400. [CrossRef]

Pichler, T.; Knupfer, M.; Golden, M.S; Fink, J.; Rinzler, A.; Smalley, R.E. Localized and delocalized electronic
states in single-wall carbon nanotubes. Phys. Rev. Lett. 1998, 80, 4729-4732. [CrossRef]

Ohfuchi, M.; Miyamoto, Y. Optical properties of oxidized single-wall carbon nanotubes. Carbon 2017,
114, 418-423. [CrossRef]

Puzder, A.; Williamson, A.; Reboredo, EA.; Galli, G. Structural stability and optical properties of nanomaterials
with reconstructed surfaces. Phys. Rev. Lett. 2003, 91, 1-4. [CrossRef]

Bubke, K.; Gnewuch, H.; Hempstead, M. Optical anisotropy of dispersed carbon nanotubes induced by an
electric field. Appl. Phys. Lett. 1997, 71, 1906-1908. [CrossRef]

Freitag, M.; Low, T.; Zhu, W.; Yan, H.; Xia, E; Avouris, P. Photocurrent in graphene harnessed by tunable
intrinsic plasmons. Nat. Commun. 2013, 4, 1-8. [CrossRef] [PubMed]

Falk, A.L.; Chiu, K.-C.; Farmer, D.B.; Cao, Q.; Tersoff, ].; Lee, Y.-S.; Avouris, P.; Han, S.-]. Coherent plasmon
and phonon-plasmon resonances in carbon nanotubes. Phys. Rev. Lett. 2017, 118, 257401-257406. [CrossRef]
[PubMed]

Ojarand, J.; Min, M.; Koel, A. Multichannel electrical impedance spectroscopy analyzer with microfluidic
Sensors. Sensors 2019, 19, 1891. [CrossRef] [PubMed]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution
BY

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).






Appendix K
H. Rashid, A. Koel, T. Rang and H. Mehmood
“Modelling and Simulations of 4H-SiC/6H-SiC/4H-SiC Double Hetero-structure

Single Quantum-well Light Emitting Diode,” Materials, 2020. (Under-review in
ETIS 1.1)

171






Abstract “Paper K”

During the last decade, Silicon carbide (SiC) has emerged as an exceptional material for
high temperature and high frequency electronics and optoelectronics applications. SiC
exists in more than 200 different crystallographic forms, called polytypes. The most
distinguished polytypes of SiC are 3C-SiC, 4H-SiC and 6H-SiC due to their tremendous
physical and electrical properties. In this article, simulations of a novel structure of light
emitting diode (LED) based on a unique combination of 4H-SiC and 6H-SiC have been
done by considering a novel material joining technique, called diffusion
welding/bonding. Single quantum well (SQW), edge emitting SiC based LED has been
simulated with a commercially available semiconductor device simulator, SILVACO TCAD.
Current-voltage characteristics, luminous power and power spectral density of simulated
LED have been calculated. Our proposed LED device exhibited promising results in terms
of luminous power efficiency and external quantum efficiency (EQE). The device achieved
luminous efficiency of 25% and EQE of 16.43%, which are quite good for a SQW LED. This
type of edge emitting LED is used in fiber optic communication links as light source. Our
proposed LED structure can be customized by choosing appropriate materials of different
bandgaps to get the light emission spectrum in desired wavelength range. Physical
fabrication of this LED by direct bonding of SiC-SiC wafers will improve the device
performance and reduce the fabrication cost.

173



Curriculum vitae

Personal data

Name:

Date of birth:
Place of birth:
Citizenship:

Contact data

Address:
Phone:
E-mail:

Education

Educational Institution

Tallinn University of
Technology, Estonia
Ghulam Ishaqg Khan

Institute of Engineering
Sciences and Technology,

KPK, Pakistan
The University of
Faisalabad, Pakistan

Language competence

Urdu:
English:

Professional employment
June 2015 to November 2016:

Muhammad Haroon Rashid
15.04.1990

Pakistan

Pakistan

Akadeemia Tee 5, Tallinn, Estonia.
+37253912599
haroonrashid199@gmail.com

Year Degree
2016-2021 Ph.D., Electronic and
Telecommunication

2013-2015 MS in Electronics Engineering

2009-2013 BS in Electrical Engineering
(Specialization in Electronics)

Native

Fluent

Lecturer at School of Electrical Engineering,
The University of Faisalabad, Pakistan

174


mailto:haroonrashid199@gmail.com

Elulookirjeldus

Isikuandmed
Nimi:
Slinniaeg:
Slnnikoht:
Kodakondsus:

Kontaktandmed

Aadress:
Telefon:
E-post:

Hariduskaik

Haridusasutus
Tallinna Tehnikaulikool

Inseneriteaduste ja
Tehnoloogia Instituut,
KPK, Pakistan

The University of
Faisalabad, Pakistan

Keelteoskus

Urdu keel:
Inglise keel:

Teenistuskaik

Juuni 2015-Detsember 2016:

Muhammad Haroon Rashid
15.04.1990

Pakistan

Pakistani

Akadeemia Tee 5, Tallinn, Estonia
+37253912599
haroonrashid199@gmail.com

Aasta Haridus

2016-2021 PhD, elektroonika ja
telekommunikatsioon

2013-2015 Magister, elektroonikatehnika

2009-2013 Bakalaureus, elektroonikatehnika

emakeel

korgtase

dppejdud, elektrotehnika kool, Faisalabadi Ulikool,
Pakistan

175


mailto:haroonrashid199@gmail.com

ISSN 2585-6901 (PDF)
ISBN 978-9949-83-659-8 (PDF)



	Contents
	List of publications
	Author’s contribution to the publications
	Abbreviations
	List of Figures
	Organization and graphical abstract of the thesis
	Introduction and motivation
	Problem statement and research questions
	Contribution of the thesis
	Claims about the novelty of the thesis
	1 Numerical simulations of Silicon Carbide based hetero-structure devices
	1.1 SiC and its different forms
	1.2 Heterostructures of SiC
	1.2.1 Bandgap alignment at the heterojunction interface
	1.2.2 State-of-the-art fabrication techniques for SiC heterostructures
	1.2.3 Novelty of SiC related work of this Ph.D. thesis

	1.3 Methodology of simulated SiC based heterostructures
	1.3.1 Why SILVACO TCAD and QuantumWise Atomistix Toolkit (ATK-VNL)
	1.3.2 Computational procedure of SILVACO TACD and QuantumWise Atomistix Toolkit (ATK-VNL)
	1.3.3 Exchange-correlation Functionals for DFT based simulations
	1.3.4 Microscale simulations of SiC based heterostructure diodes
	1.3.5 Nanoscale simulations of SiC based heterostructure diodes
	1.3.6 Geometry optimization of simulated SiC based heterostructures in ATK-VNL

	1.4 Results and discussion on simulated SiC based heterostructures
	1.4.1 Differences in nano- and micro-scale simulation results

	1.5 Validation and comparison of results related to SiC based hetero-structures
	1.6 Conclusions from the simulations of SiC based heterostructures
	1.7 Challenges in the prospective physical fabrication of simulated Devices
	1.8 Overview of publications related to the numerical analysis of  SiC-based heterostructures

	2 Numerical simulations of graphene-based gas sensors
	2.1 Introduction to Graphene
	2.1.1 Derivatives of carbon-based nanomaterials
	2.1.2 State-of-the-art of gas sensing technology
	2.1.3 Types of interactions between graphene and target molecules
	2.1.4 Novelty of graphene-based gas sensors related work of Ph.D. thesis
	2.1.5 Methodology adopted for graphene-based gas sensors related work of the Ph.D. thesis
	2.1.6 Geometry optimization of graphene and CNT based simulated devices in ATK-VNL
	2.1.7 Graphene-based simulated structures for the detection of a wide range of molecules

	2.2 Results and discussion on simulated graphene-based gas sensors
	2.2.1 Geometry optimization of simulated graphene-based field-effect transistor
	2.2.2 Density of states of simulated graphene-based field-effect transistor (FET)
	2.2.3 IV-characteristics of simulated FET

	2.3 Validation of results of graphene-based simulated sensors (surfaces)
	2.4 Conclusions from graphene-based gas sensors simulations
	2.5 Challenges in the prospective physical fabrication of proposed gas/molecule sensors
	2.6 Overview of publications related to the numerical simulations of graphene-based molecule detectors

	Limitations of DFT based Simulations
	Limitations of SILVACO TCAD based  Simulations
	Summary of conclusions of Ph.D. work
	Prospective work
	References
	Acknowledgements
	Abstract
	Lühikokkuvõte
	Appendix A
	Appendix B
	Appendix C
	Appendix D
	Appendix E
	Appendix F
	Appendix G
	Appendix H
	Appendix I
	Appendix J
	Appendix K
	Curriculum vitae
	Elulookirjeldus
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page
	Blank Page



