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W ith the growing demand on enhanced functionality, and hence, size, speed, and power consumption becoming the most cru-

cial factors for the next generation electronic devices, innovation in materials synthesis and modification becomes imperat-
ive. Till date, the unabated growth of electronic technology has been mainly achieved by dimensional scaling of the conventional
complementary metal-oxide-semiconductor (CMQOS) technology. However, as the device scaling continues to grow further, it is
becoming more and more challenging to overcome the enhanced short channel effects such as high leakage current, low mobility,
gate induced drain leakage (GIDL), and many more. Therefore, the conventional “Moore’s Law” cannot be maintained further only
by improving the conventional scaling technology alone, and eventually, additional new materials and transistor geometries are
needed to address these challenges [1].

Inthisregard, one-dimensional and two-dimensional(2D) nanomaterials (such as carbon nanotubes, Graphene, MoSs, WSes, N9 2Ses
etc.) due to their unique structure property correlation can provide viable solutions to these above-mentioned problems. Actual
realization of future generation devices such as ultrafast photo detectors, highly efficient field effect transistor (FET), spin FETs etc.
is possible utilizing these materials. Thus, understanding the fundamental properties of these material becomes essential torealize
these next generation devices. Therefore, in the past | have developed significant expertise in understanding core properties of
these materials that can be utilized for developing next generation devices.

PAST RESEARCH EXPERIENCES
ELECTRONIC TRANSPORT IN LOW DIMENSIONAL MESOSCOPIC SYSTEMS

Mesoscopic systems are positioned in the middle-ground between
@) (b) the conventional macroscopic systems and the exotic nano-scopic

systems and thus becomes very exciting and notoriously difficult to

- gy VyoB0V . . .
W oo g 8:888- , 1 analyze. Thus, in modern technologma! con’gext, understgndmg the
% gg\w@@jg%zg;::% fundamental charge transport mechanisms in mesoscopic systems
;2“7'5 G Gef;'bf;g\-\@ 1 are of critical importance to address the fundamental practical prob-
% o0l \OO/D-@D\ e | lems associated with the miniaturization of the electronic devices
_________________________ < °‘~°,/'/ RN from pm to nmscale. Typically, mesoscopic systems contain disorders
Localized States 105 /s, . 1 whichinturnlocalizesthe charge carriers and thus impedes electronic
Tﬁ“ 120 V“f"“’v ‘ 0 5 transport even in otherwise conducting materials. The presence of

016 020 T/&Z;‘) om0 disorders creates localized states at various energies throughout the

sample and the charge-carrier conduction occurs via hopping through

Figure 1.(a) Source-Drain contacted exfoliated MoS, flake ~ theselocalized states. Since these localized states are distributed ran-

on SiOy and the corrsponding schematic of the band- domly throughout the system the typical conduction mechanisms can

diagram (b)Temperature dependent conductance shows be often described by the variable range hopping (VRH) model. Des-

2D VRH transport mechanism. pite of the negative impact on the electrical conduction, the presence

of disorders can be utilized to tailor the electrical response. For ex-

ample, an insulator with the Fermi level inside the gap. If these local-

ized statesare located close to Fermilevel, thenthey canbe utilized by the charge carriers for moving through the sample generating

significant electrical response. In case of various low dimensional mesoscopic devices, these disorders often arise from extraneous

sources, such as presence of charged impurities on the substrate, surface adatoms, grain boundaries etc. [2,3]. Some of my past

studies involved understanding the fundamental nature of electronic conduction mechanisms in various mesoscopic devices utiliz-
ing various low dimensional nano-materials such as Graphene,MoS,[4] etc.

PHOTO-CONDUCTION & DETECTION IN NANO-MATERIALS

Low dimensional materials, such as nanotubes, quantum dots, graphene
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Figure 2.Fast photo-switching in multi-layer exfoli-
ated Culn;Seq1 based photo detector[5].



FIELD EFFECT TRANSISTOR (FET) DEVICES BASED ON NANO-MATERIALS
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Sofar, thesilicon based conventional metal-oxide-semiconductor
(MOS) FETs have been the key component for various elec-
tronic devices ranging from microprocessors to electronic
sensors. Over the past few decades, significant development
in microfabrication technology and integrated circuits has led
to rapid growth in Si based electronics by miniaturizing the Si-
FET channels even down to few nano-meters. However, the
demand for flexible, bendable/wearable electronic applications
poses the ultimate challenge and limitations for these solid-
state Sibased MOS transistors technology. In this regard low-
dimensional nano-materials such as nano-wires, nano-tubes,
2D materials etc. based FETs have been envisioned as some
of the prime candidates due to its unique mechanical behaviors
with the capability to support a range of important flexible elec-
tronic applications, which would be difficult to achieve using
conventional semiconductor materials such as Si or Ge. Addi-
tionally, some of these nano-scale materials such as Graphene,
nanotubes etc. also provide superior electronic properties
which can further revolutionize the performances of the nano-
electronic devices. Thus, understanding the device proper-
ties of these nanomaterials under common experimental con-

ditions is of critical importance for proper utilization of these in nanoscale FET devices. A sizable portion of my research experi-
ences fall into exploring the device characteristics of low-dimensional systems, including experimental verification of novel device
concepts for improved transistor performance, exploration of nano-materials, and nano-interfaces for future nanoelectronics ap-

plications.

ELECTROCHEMICAL ENERGY STORAGE APPLICATION UTILIZING NANO-MATERIALS
To meet the global energy demand and the
associated challenges of global warming
and limited fossil fuel reserve, environment
friendly and more efficient energy storage
devices are of critical importance. Among
various energy storage systems, electro-

chemical capacitors (ECs), are especially
attractive for use in portable electronic
devices, electric vehicles etc.

for their

combined capabilities of providing high en-

ergy density as well as high power dens-
ity and have very long lifetime of opera-
tion. ECs take advantage of near-surface
charge storage mechanisms by forming an
electrochemical double-layer capacitance
to achieve much greater power density.
In this regard, nano-materials offer unique
advantages due to their high surface to

Voltage (V)

volume ratio for the use of ECs electrode

material.

During my M.S. thesis, | have

gained considerable experience on electro-

chemical energy storage application using
some of these nano-materials such as MoS,
[7], functionalized Graphene [8] etc.
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Figure 4.(a) Exploded view of the geometry used to prepare EDLC devices. (b) Cyc-
lic voltammetry at various scan rates of a MoS, EDLC using KOH as the electrolyte
[7] (c) Extended charge—-discharge cycling of PCA-graphene electrode for testing the

stability and reliability of the electrodes and (d) comparison of specific capacitances of
devices made with graphite powder (starting material), graphene, and PCA-graphene
electrodes [8].



ONGOING RESEARCH
NANO- MATERIALS BASED BIOSENSING DEVICES

The unique properties of low-dimensional materials such as

large surface area, tunable energy band diagrams, a relat-

(@) (b) ively high electron mobility, photoluminescence, stability in li-
quid media, relatively low toxicity, and intercalatable morpho-
logies have led to significant research thrust for potential bio-
sensing applications [10]. The major focus of this area lies
in the development of probes for selective detection. So far,
Graphene is extensively studied in bio-sensing research due
to their inherent biocompatibility, structural flexibility, easy
synthesis, high electrical conductivity and the extensive post-
103025 201510 5 0 5 10 15 20 25 30 modification capability. However, the absence of band-gap
Yoe® in graphene often results in low sensitivity [11]. My current

Figure 5.(a)Schematic representation of Aptamer based selective post—doctoral research vvprk i? primarily focused on develop-
protein detection using Graphene FETs (b) Transfer characterist- ing aptamer based selective bio-sensors for detection of sev-

ics of Graphene-FETs before and after protein binding[9]. eral protein molecules by exploiting the FET characteristics of
Graphene and other atomically thin non-Graphene 2D layered

materials such as MoS,, black-phosphorous etc.
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FUTURE RESEARCH INTEREST

As the family of 2D crystals is expanding day by day, a plethora of opportunities appear in areas ranging from exciting new physical
phenomena to novel proof of concept device applications. With the amount and kind of experiences | have honed so far, | would
like to focus in the specific areas as described in the following sections.

2D HETEROSTRUCTURE BASED OPTOELECTRONICS

Two-dimensional (2D) materials offer a platform
that allows creation of heterostructures with a
variety of properties. Held together by van der
Waals forces (the same forces that hold layered
materials together), such heterostructures allow
a far greater number of combinations than any
traditional growth method. Such heterostruc-
tures have already led to the observation of nu-
merous exciting physical phenomena. The exten-
ded range of functionalities of such heterostruc-
tures yields a range of possible applications. For
example, highest-mobility graphene transistors
are achieved by encapsulating graphene with h-
BN[12]. Similarly, photovoltaic and light-emitting
devices have been demonstrated by combin-
ing optically active semiconducting layers and
graphene as transparent electrodes[13,14]. However, the stacking of various 2D structures also leads to very rich and complex
synergetic effects. One of my primary future research objectives is to develop various novel nano-optoelectronic systems such as
solar cells,LEDs etc. based upon two-dimensional (2D) heterostructures and to investigate some of the fundamental synergetic
effects such as doping control, contact formation, carrier mobility and other fundamental effects of heterogeneous integration of
various monolayer or bilayer 2D materials.

2D MATERIALS BASED FETS FOR FLEXIBLE ELECTRONICS AND SENSORS

Nano-scale electronic sensors are becoming increasingly important in our modern-day lives. Electronic sensors are fundamentally
electronic devices which can convert the physical or chemical environmental changes such as radiation, motion, heat, chemical po-
tential etc. into measurable output signals. Among several types of electronic sensors devices, FETs are the most commonly used.
Even though FETs-based sensors have been well-developed, flexible version of such sensors remains a big challenge and requires
new materials and new sensing designs. Two-dimensional (2D) materials such as graphene and transition metal dichalcogenides
are promising candidates for FET-based sensors due to their flexibility, transparency and potential for high electrical performance.
Additionally, due to atomically thin nature of 2D materials, their electrical properties are extremely sensitive to their atomic-scale
structure as well as to their surfaces and interfaces with other materials. Specifically, defects, dopants, attached molecules can
shift the Fermi level resulting in a measured change in current. In this regard, considerable number of studies on Graphene based
FETs have shown potential promise for sensing functionalities on extended number of species (ranging from air molecule to se-
lective biological species). However, since graphene has a zero band-gap, the transistors based on intrinsic graphene have a low
on-to-off current ratio, resulting in high standby power dissipation, which limits their real circuit application. On the other hand,

Figure 6.Schematic representation of the proposed plan for various applica-
tions of 2D heterostructure.



2D non-graphene materials have almost all the necessary range of band gap values, they can be used for the design of a FET device.
FET is characterized by high electron mobility and a high on-to-off ratio. Thus, integrating the 2D non-graphene material-based
channel of FET with bio-sensing layers, one can expect the design of a complex bio-sensing device. Another significant feature of
2D non-graphene materialsis that unlike graphene, many of them have either an intrinsic direct band gap in a bulk state or undergo
the transition from indirect to direct semiconductors upon being scaled down to single layers. This opens up their application as
a transducer for biosensors of the optical type of detection, where their strong light-matter interaction can be influenced by the
interface-related biological actions producing significant change in their photo current response. At the same time, recent reports
suggest that solid state metal-substituted DNA incorporated hydrogel based dielectric system at the graphene/electrolyte inter-
face exhibit fast response time with high operational frequencies of 1IMHz[15]. Therefore, by integrating some high mobility non-
graphene 2D semiconductors such as WSes based FETs on a flexible optically transparent substrate with solid state hydrogel based
electrolytes can further pave the way for extremely fast optical bio-molecular detectors.

In future, I would like to dedicate my research efforts on the following aspects of this field.

e Build uptheoretical collaboration to have a better understanding on the detection mechanisms and interactions between 2D
nanomaterials and varieties of interfaces, molecules, and cells.

e Investigate miniaturization and functionalization of 2D material-based sensors to facilitate the fabrication of 2D material-
based sensors in arrays on flexible substrates that can be used for highly sensitive, selective, and high-throughput sensing.

e Characterize and optimize the selectivity and stability of the 2D material-based sensors in real-time environment for in vitro
or invivo biological sensing applications.

e Developthe fundamental understanding of the impact of materials processing, structure, interfaces and surfaces onresultant
sensing characteristics.

o Explore the possibilities of building advanced sensor architecture and sensing mechanisms based on 2D heterostructures.

STUDENT ENGAGEMENT AND FUNDING OPPORTUNITIES

In the long-term future, | hope to advise undergraduate students and graduate students at the M.S as well as doctoral level. Fol-
lowing the legacy of my mentors, | endeavor to participate in and establish a strong research team with the active engagement
of graduate and undergraduate students. | would like to disseminate my future research projects across diverse student levels.
The particular learning objectives for the undergraduate students will be material synthesis via mechanical exfoliation and wet/dry
transfer of flakes on the flexible substrates, optical characterization such as Raman and AFM measurements. The graduate level
students will be engaged more on gaining hands-on training on microscale FET device fabrication, building the necessary experi-
mental setup and device characterization, manuscript writing etc.

My future research agenda in an exciting, vigorous, high-impact area of scholarship comprising the need for improved understand-
ing in basic sciences as well as for future technology development. Due to the significance of my research, including its impact on
the field, it will bring value to several national level funding agency’s missions. In the immediate future,l would like to submit pro-
posals to secure funding for large multi-year projects from the national level funding agencies listed below-

o NSF Faculty Early Career Development (CAREER) Program

Army Research Office - ARO Young Investigator Program

Research Corporation for Science Advancement, Cottrell College Science Awards

Air Force Office of Scientific Research Young Investigator Program

National Science Foundation (NSF) bio-sensing program which supports fundamental research in areas related to novel sens-
itive, discriminative, low cost, and easy to operate bio-sensing systems
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