Electrical and Optoelectronic
Properties of Two-Dimensional Lateral
Heterostructure Semiconductors

Master’s thesis in Nanotechnology

KRISHNA KUMAR BASKAR

DEPARTMENT OF MICROTECHNOLOGY AND NANOSCIENCE

CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2024
www.chalmers.se






MASTER’S THESIS 2024

Electrical and Optoelectronic Properties

of Two-Dimensional Lateral Heterostructure
Semiconductors

Krishna Kumar Baskar

CHALMERS

UNIVERSITY OF TECHNOLOGY

Department of Microtechnology and Nanoscience
Division of Quantum Device Physics
CHALMERS UNIVERSITY OF TECHNOLOGY
Gothenburg, Sweden 2024



Electrical and Optoelectronic Properties of Two-Dimensional Lateral Heterostruc-
ture Semiconductors

Krishna Kumar Baskar

© Krishna Kumar Baskar, 2024.

Supervisor:

Prof. Saroj Prasad Dash, Department of Microtechnology and Nanoscience, Chalmers
University of Technology

Assistant Supervisor:

Dr. Anamul Md Hoque, Department of Microtechnology and Nanoscience, Chalmers
University of Technology

Examiner:

Prof. Saroj Prasad Dash, Department of Microtechnology and Nanoscience, Chalmers
University of Technology

Master’s Thesis 2024

Department of Microtechnology and Nanoscience
Division of Quantum Device Physics

Chalmers University of Technology

SE-412 96 Gothenburg

Telephone +46 31 772 1000

Cover: Schematic of MoS,-WS, lateral heterostructure field effect transistor. The
SiO4/Si acts as a back gate. Blender software is used for the design.

Printed by Chalmers Reproservice
Gothenburg, Sweden 2024

iv



Electrical and Optoelectronic Properties of Two-Dimensional Lateral Heterostruc-
ture Semiconductors

Krishna Kumar Baskar

Department of Microtechnology and Nanoscience

Chalmers University of Technology

Abstract

Two-Dimensional (2D) semiconductors are promising materials for atomically thin
electronics and optoelectronics. Specifically, p-n junctions and their gate voltage-
controlled effects in the lateral heterostructures of such 2D semiconductors offer
several advantages because of their atomically thin in-plane superlattices. 2D p-
n junctions have great potential for application in low-power, high-performance
electro-optical devices, such as tunnel transistors, light-emitting diodes, photode-
tectors and photovoltaic cells. Although vertical heterojunctions are promising for
electro-optical devices, the use of mechanical exfoliation process to obtain the ver-
tical heterostructure is unsuitable for wafer-scale fabrication. The in-situ growth of
high-quality lateral heterostructures with multiple junctions has just started to be
explored.

In this master’s thesis, we fabricated field-effect transistors (FETs) based on MoS,-
WS, lateral heterostructures and performed their electrical and optoelectronic char-
acterization. The lateral heterostructures grown using the water-assisted one-pot
chemical vapour deposition (CVD) are used to fabricate the back-gated FETs on
Si-SiOy substrates with Ti/Au contacts. We characterized the individual MoS,
and WS, channels and their heterojunctions. The junctions show diodic behaviour,
which could be understood by the formation of n-n* junction. The transistor pa-
rameters are extracted for MoS,, WSy and MoSs-WS, heterojunction. Furthermore,
we observed a persistent photoconductivity (PPC) effect with a time constant of 10
hrs at the heterojunction. The PPC effect is being explored for applications such as
optoelectronic synapses, optical memory, artificial vision etc.

Keywords: Two-dimensional semiconductors MoSs-WSs lateral heterostructure, back-
gated field effect transistors, persistent photoconductivity effect.
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1

Introduction

Transistors play a pivotal role in the development of modern microelectronics. In
logic applications, the metal-oxide-semiconductor field effect transistor (MOSFET),
an electronic switch, is the fundamental unit of integrated circuits. For the last six
decades, vigorous MOSFET scaling has taken place. Scaling down of MOSFETs
will not only increase the density of transistors but also increase the frequency re-
sponse and reduce the switching energy [1]. However, MOSFET size scaling leads
to short-channel effects (SCE) which severely affect the transport of electrons in
the channel and the electrostatics of the MOSFET. In short-channels, the congested
inversion layer sheet carriers at the oxide-semiconductor interface at high gate over-
drive enhance the interface roughness scattering and phonon scattering which results
in severe carrier mobility degradation [2].

Besides mobility degradation, the scaling of MOSFETs has undesirable effects such
as threshold voltage (V1) roll-off, drain-induced barrier lowering (DIBL), and degra-
dation of subthreshold swing (SS) due to the dominance of drain electrostatics on the
channel charges. To avoid these SCE, MOSFET has undergone various device design
changes in the last 50 years such as the introduction of high-k dielectric (Hafmium
Oxide (HfO,)) [3] and strained channels [4] to improve the performance of MOSFET
and keep the trend of Moore’s law. To further decrease the gate length with im-
proved channel electrostatics and reduced electrostatic length, FinFET architecture
was introduced at the 22nm technology node. However, scaling fin width below 5 nm
results in performance degradation due to fin width variability [5]. Gate all around
(GAA) FET is being explored with nanosheets and nanowires for beyond FinFET
technology [6]. However, confining the channel into a two-dimensional (2D) layer will
result in an energy band splitting and reduce the inversion layer capacitance. Silicon
(Si) channel experiences significant mobility degradation due to surface roughness
scattering below 4nm thickness [7]. Therefore, it’s challenging to scale Si thickness
beyond 4nm without mobility degradation and bandgap enhancement. Further gate
length scaling and better control over off-state leakage require thinner body channel
materials with high carrier mobility.

Atomically thin, dangling bond-free 2D layered transition-metal dichalcogenides
(TMDs) are extremely promising channel materials for atomically thin transistors
because they retain their carrier mobilities down to monolayer thicknesses less than
1 nm. Although graphene shows high mobility, the zero bandgap results in a sig-
nificant off-state current. 2D materials have initiated numerous research efforts in
developing novel electronic devices and design architectures. Among TMDs, MoSs,
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1. Introduction

MoSey, WS,, and WSe, based devices are extensively investigated because of their
large band gap and high mobility. [8] [9]

2D materials are also promising candidates for ultrathin photodetectors [10]. A
photodetector is an optoelectronic device used to convert light signals into electri-
cal signals. High-performance photodetectors have various applications including
optical communication, electro-optical displays, biomedical imaging, environmen-
tal monitoring etc [11]. Graphene-based photodetectors show a fast photoresponse
time, and wider bandwidth in the range of GHz. However, the semimetal nature
of graphene leads to high dark current which prevents their use as photoabsorbers.
2D TMDs and their heterostructures are good choices for photodetectors because
of their strong light-matter interaction and broadband photoresponse. Monolayer
TMDs with a direct bandgap in the range of 1-2.5 eV are being investigated for
visible and near-infrared photodetectors [12].

The integration of TMD lateral heterostructure offers several advantages over sin-
gle TMDs for optoelectronic applications: (1) optimization of band alignment (2)
efficient production, confinement and transport of photogenerated carriers due to
dangling bond-free interface (3) advantage of combining different TMD materials
to achieve a wide range of photodetection spectrum [11]. Recently, photodetectors
based on 2D TMD lateral heterostructure exhibited ultrahigh photoresponsivity and
specific detectivity, much higher than single 2D TMDs [13]. These excellent perfor-
mances render 2D TMD lateral heterostructures promising candidates for photode-
tectors.

Recently, Persistent Photoconductivity (PPC) has been observed in 2D TMDs with
time-constant ranging from a few seconds to several days [14] [15]. PPC is an op-
toelectronic phenomenon, in which the photoconductivity persists even after the
termination of the light source. The PPC effect has been explored for applications
such as optoelectronic synapses, optical memory, artificial vision etc. The optoelec-
tronic memory has been demonstrated with the gate tunable PPC effect in MoS,
phototransistors [16]. So far, the demonstration of the PPC effect is only limited to
single TMDS such as MoS,, WS,, MoSes, and WSes.

In this master’s thesis, we have fabricated back-gated field effect transistors (FETSs)
based on MoSy-WSs lateral heterostructures and performed the electrical and op-
toelectronic characterization. The lateral heterostructures grown using the water-
assisted one-pot CVD method are used to fabricate the devices. Transfer length
method (TLM) analysis is performed for MoS,. The Schottky barrier height (SBH)
of MoS; and WS, are extracted using a back-to-back diode model. The photorespon-
sivity and gain factor at the heterojunction are calculated. We also demonstrated
the PPC effect at the MoSy-WSs heterojunction.

The master thesis is organised as follows: Chapter 2 discusses the theoretical back-
ground and the state-of-the-art challenges in the field of 2D TMDs. Topics such as
synthesis of 2D TMDs heterostructure, contact engineering, photodetectors based
on TMDs, and PPC phenomenon in TMDs are discussed in detail. Electrical mea-
surement techniques used for the transistor characterization are discussed briefly in
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1. Introduction

Chapter 3. Chapter 4 focuses on the electrical and optoelectronic characterization
of MoS,-WS, heterostructure. Results of temperature-dependent measurements,
Schottky barrier extraction, photoresponse and PPC effect are presented and dis-
cussed. Device fabrication processes and material characterization are also explained
at the beginning of this chapter. A detailed description of the water-assisted one-
pot CVD method and the device fabrication processes are given in Appendix A and
Appendix B respectively. Supplementary data are given in Appendix C.



2

Theoretical Background and
Recent Developments

2D TMDs have been extensively explored as channel materials for low-power elec-
tronics, because of their dangling bond-free van der Waals surface and atomic level
thickness. The suppressed short-channel effects, absence of gap states at inter-
faces, and good electrostatic control of 2D TMDs make them promising for scaled
field-effect transistors. However, the pathway of 2D TMDs and their heterostruc-
tures is still in a nascent stage and poses numerous challenges including, difficulties
of low thermal budget synthesis of wafer-scale single-crystalline of 2D TMDs, and
low carrier mobilities. In this section, a comprehensive overview of the theoretical
background and the state-of-the-art challenges in the synthesis of 2D TMDs lateral
heterostructures, metal contact engineering, and 2D TMDs-based photodetectors
are discussed.

2.1 Synthesis of 2D TMDs

The lateral heterostructures (LHS) of 2D TMDs will enable the fabrication of in-
plane diodes and transistors. Unlike vertical heterostructures, LHS cannot be syn-
thesized through the exfoliation method and therefore direct synthesis is the only
way to grow lateral heterojunction. Large-scale direct growth of LHS with controlled
domain size, orientation, layer number and clean and atomically sharp interface is
necessary [17]. The CVD method is generally used to synthesize heterostructure
compared to MOCVD and MBE.

Huang et al. synthesized the first CVD-grown LHS of monolayer MoSe,—WSe, using
a heterogenous mixture of bulk powders (MoSea~WSe,) as a source precursor [18].
In this method, the precursor is heated to 950°C and H, is used as a carrier gas.
The change in the vapour pressure of the precursor led to the formation of LHS.
However, through this method, multijunction heterostructures cannot be realized.
The in situ source transfer CVD method is developed by Duan et al. to synthe-
size WSo-WSey LHS. In this method, after the initial synthesis of WS, the source
precursor is taken out of the hot chamber and replaced with the WSe, precursor
[19]. The unsaturated dangling bonds at the edges of the WS, triangular films act
as a nucleation site for the growth of WSe,. Zhang et al. developed a lateral TMD
multijunction which requires the exchange of a CVD growth chamber for the growth
of each individual TMD domain [20]. However, since the TMDs are very sensitive

4



2. Theoretical Background and Recent Developments

Precursor

Pressure
Temperature

CVD growth of 2D
TMD heterostructure

Carrier gas

Substrate

Figure 2.1: : Dllustration representing how different parameters influence the thermodynamic
and kinetic factors during the CVD growth of TMD domains. The illustration is adapted from
[17].

to minute variations in growth conditions such as vapour pressure and temperature,
the unsaturated dangling bonds can be passivated by reacting with other chemical
or gaseous reagents. These sequential exposures to the laboratory environment lead
to the formation of alloys at the heterojunction interface and lack of long-range
ordering [21].

To overcome the limitations of the sequential multijunction LHS fabrication, Sahoo
et al. has developed a water-assisted one-pot synthesis method [22, 23]. In this
method, heterogenous TMD bulk powders (MoS;/WS,) are used as a precursor
and carrier gas is changed to promote selective vaporization and growth of TMD.
The carrier gas, Ny + HyO(g) promotes the vaporization of Mo-related precursors
and results in the nucleation of MoXy; domains. When the carrier is changed to
Hs + Ar, W precursor will get vaporized and WX, domains will start nucleating
by terminating the growth of MoX,. Through the sequential exchange of carrier
gas, multijunction heterostructure is realized. In this master’s thesis, TMD LHS
grown using this method is used to fabricate the back-gated field effect transistors
(FETS). More details about the growth mechanisms and conditions are explained
in Appendix A.

Though novel electronics and optoelectronics are being developed using 2D TMD-
based LHS, there are many challenges that need to be addressed prior to real-world
applications. To date, the size of LHS is limited to pm and requires transferring
to the target substrate. For large-scale applications, direct growth of wafer-scale
single-crystalline 2D LHS is required. Also, further understanding of the growth
mechanism is required to get precise control over grain size, thickness, grain orienta-
tion, defects, and morphology of LHS. Furthermore, it’s essential to fabricate devices
based on LHS with low thermal budget, high reproducibility, spatial uniformity and
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| Precise control over layer number, and, domain size |

| Wafer scale growth | | Low thermal budget |

Future Targets for the synthesis
of 2D TMD- heterostructure

High reproducibility | | Electronic grade quality |

| In situ carrier doping |

Figure 2.2: Future targets for the state-of-the-art CVD grown 2D TMDs and LHS.

temporal uniformity. Figure 2.2 shows the future targets of the CVD-grown 2D
TMDs heterostructure.

2.2 DMetal contacts to 2D TMDs

In principle, 2D TMDs should have vdW interaction with metal. However, covalent
bonding is observed at metal- 2D material interfaces. This leads to a strong Fermi
level pinning (FLP), which results in Schottky barrier height (SBH). The FLP and
SBH are the main reasons for large contact resistance (R.) and low carrier charge
mobilities observed in 2D TMDs. In Si-based transistors, this problem is circum-
vented by heavy doping. The substitutional doping techniques used in Si MOSFETs
to achieve ohmic contacts, such as ion implantation and thermal diffusion, cannot
be employed in 2D TMDs, because of the introduction of surface defects and de-
struction of crystals lattice by the energetic ions.

The absence of such doping methods necessitates the use of suitable contact metals
for efficient carrier injection into the channels to achieve low contact resistance.
When a contact metal of work function ¢,, is deposited on a 2D TMD channel
having electron affinity ys, Schottky barriers (SB) are formed with SB height given
by Schottky-Mott rule:

PsB—n = OM — Xs (2.1)

¢SB—p = EG + Xs — ¢)M (22)

Where, E, is the bandgap of the TMD channel and ¢gp_n, ¢sp—, are the SB heights
for electrons and holes respectively. A low work-function metal with the fermi level
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2. Theoretical Background and Recent Developments

near the semiconductor conduction band will improve the electron injection whereas
a high work-function metal will facilitate hole injection. Only in an ideal metal-
semiconductor (MS) interface, the Schottky-Mott rule will be followed. However,
in practical devices, the Schottky-Mott rule does not agree with the experimental
data due to the presence of interface gap states. These interface states act like donor
atoms below the charge neutrality level (Ecyy) and acceptor atoms above the Ecyy.
The distribution of these electronic states within the semiconductor band gap at the
MS interface leads to fermi-level pinning (FLP). When the density of gap states is
infinite, the metal fermi level gets pinned at the interface charge neutrality position
and this limit is called as Bardeen limit. This leads to a weaker dependency of
SB height on contact metal work function and causes severe deviation from the
Schottky-Mott rule. With the inclusion of the FLP phenomenon, the actual SB
height is given by Eq (2.3), where S is the pinning factor and ¢;¢ represents the
interface charge neutrality position.

Gsp—n = (5 X ¢ — xs) + (1 — 5)¢rs, S = 0¢sp—n/Oum (2.3)

It varies between S=0, for strong pinning (Bardeen limit) to S= 1 for weak pinning
(Schottky limit). The pinning factor, S is related to the interface gap state density
N by

1
1+N6e

E€o

S:

(2.4)

where 0 and ee, represent the decay length of the states and dielectric constant
around the interface. In an ideal metal-TMD contact, a vdW gap that exists acts as
a tunnelling barrier for carrier injection. However, in practical TMD FET devices
disorder gap states, strong metal TMD hybridization and work function modification
can occur at the interface, which results in FLP.

2.2.1 Fundamentals of Fermi Level Pinning

Due to the atomic level thinness of 2D TMDs, the surfaces get easily damaged re-
sulting in interface gap states. Interface gap states such as metal-induced gap states
(MIGS) and disorder-induced gap states (DIGS) are often observed in 2D TMDs.
FLP has been observed in 2D TMDs and from the theoretical and experimental
investigations several conjectures were made about the origin of FLP:

1. Intrinsic contributors: Due to the strong chemical bonding between the
chalcogen atoms and the contact metal atoms, the metal electron wave function
can penetrate the 2D TMD and create MIGS, which results in FLP. Another
intrinsic contributor apart from MIGS is the interface dipole caused by the
electron exchange between TMDs defect states and the substrate Fermi level
[24]. The interface dipoles alter the energy band alignment at the MS interface
and make the fermi level pin near the conduction band edge. Furthermore,

7



2. Theoretical Background and Recent Developments

the metalwork function gets modified severely due to the presence of a charge
depletion region. MIGS and interface dipoles are believed to be the main
contributors to FLP in 2D TMDs Even in a defect-free interface, it is observed
that the metal fermi level is strongly pinned with a pinning factor of around
S=0.3 due to MIGS and interface dipoles [25].

2. Extrinsic contributors: The presence of structural defects strengthens the
FLP by creating DIGS. Structural defects are classified based on their di-
mensionalities as 0D (vacancies, adatoms, substitutional), 1D (line vacancies,
passivation of edges, grain boundaries), and 2D (heterolayer stacking, wrin-
kling, folding, rippling). It is observed that the pinning factor gets reduced by
40% due to DIGS compared to pristine surface [26]. High concentrations of
sulfur vacancies, which can act as electron donors within the bandgap are re-
sponsible for strong FLP. In MoS,, S vacancies are formed spontaneously due
to low formation energy [27]. The agglomeration of sulfur vacancies during
electron bombardment results in an extrinsic sulfur line vacancy. Line vacan-
cies along the zig-zag direction are predominant because of the low formation
energy. Ripples, folding, and wrinkles are also common 2D structural defects
observed during the growth and transfer process. The thermal expansion co-
efficient mismatch between TMD and substrate results in the formation of
ripples [28]. Structural defects such as grain boundaries, vacancies, and sub-
stitutional doping are unintentionally generated due to the fluctuating growth
conditions during the CVD method.

2.2.2 TImpacts of FLP on Device performance

FLP in TMDs often leads to high contact resistance and unipolarity characteristics
of transistors. The large SB height and width, which prevent efficient injection
of carriers from the contact metal into the TMD channel, are responsible for high
contact resistance [29]. Since the SB height deviates much from the Schottky-mott
rule due to strong FLP, the polarity (n-type and p-type) of transistors is often
unadjustable.

1. High contact resistance: In Schottky contacts, the contact resistivity de-
pends on the Schottky barrier height (¢py) and doping at the interface (N)
as given by the following equation

Pe X exp (%;LBU 8817\7*) (2.5)

The contact resistivity can be reduced by either increasing the doping concen-
tration or decreasing the SB height. Ohmic contacts with contact resistance
below 0.1 kQum is required for low-power consumption transistors. However,
due to strong FLP and lack of doping methods in 2D TMDs, realizing low
contact resistance and ohmic contacts is a major challenge. Even for low-work
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Figure 2.3: Band diagram of a monolayer MoSs with fermi level pinning of contact metals
at the interface. For wide-ranging metals with work functions ranging from 3.4 eV to 5.9 eV, the
fermi level is pinned onto a narrow energy band near the conduction band edge. Therefore, n-type
polarity is often achieved in 2D TMDs.

function metal such as Sc, ohmic contact has not been achieved. For TMDs,
contact resistance of 10-10* kQum has been commonly observed. There are
several issues with device performance due to large contact resistance. The
effective mobility is significantly reduced due to large voltage drops at the con-
tact interface. Since the Schottky barrier influences the on-state characteristics
and device switching, weak gate tunability is observed at short channels.

2. Unipolarity of 2D TMD transistors In MoS,, the FLP pins near the con-
duction band edge with a low pinning factor of 0.01 which often results in
n-type transistor characteristics for different contact metals with work func-
tion varying from 3.5 to 5.9 €V [30]. Figure 2.5 illustrates that for wide-ranging
contact metals, the fermi level is pinned to a narrow energy band near the con-
duction band edge for monolayer MoS,. In MoS,, the SB height for electrons
is much lower than for holes and this always leads to n-type transistor char-
acteristics regardless of metals with high work function. This unadjustable
polarity in MoSy prevents the realization of complementary logic devices that
require both n-type and p-type characteristics. For WSe,, the FLP is near the
middle of the band gap and thus makes the hole injection easier compared to
MoS,. However, the ON state current is low due to less efficient hole injection
through SB [31]. Although WSe; is a better choice for p-type 2D TMD FETs,
still the MS interface must be improved to reduce the contact resistance. By
optimizing the metal deposition technique, defect-free van der Waals contact
between WSe, and Pd has been achieved recently [32].
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2.3 I-V curves of TMD Lateral Heterostructures

Several authors have reported diode-like responses of the TMD lateral heterojunc-
tions that are useful in optoelectronic device applications. However, control over
the polarity of the transfer behavior of the TMD domain remains challenging.

Sahoo et al. demonstrated a diode-like response across the MoSe,-WSes hetero-
junction [22]. The water-assisted one-pot CVD-grown lateral heterostructure was
used to fabricate the devices. Figure 2.4 (a)-(i) shows the optical image of the fab-
ricated MoSes-WSey heterostructure field-effect transistor. As seen from the figure
2.4 (a)-(ii), MoSes and WSe, shows p-type and n-type transfer characteristics. The
MoSe; domain is electron-doped whereas the WSe; domain is hole-doped. This
difference in the doping level results causes the energy band to bend at the het-
erojunction. Figure 2.4 (a)-(iii) indicates that the lateral heterojunction displays
diode-like behaviour/p-n junctions.

Liu et al. reported n-type rectifying characteristics of a lateral bilayer MoSs-WS,
heterojunction [13]. Figure 2.4 (b)-(i) shows the schematic diagram of the fabricated
device. The lateral heterojunction showed a diode-like response with a current ratio
of 10%. Figure 2.4 (b)-(ii) shows the output characteristic curve of the heterojunc-
tion. Figure 2.4 (b)-(iii) shows the transfer curve of the heterojunction. The inset
illustrates the energy band diagram at the heterojunction. Since both MoS, and
WS, showed n-type transfer behavior, the heterojunction is n-n* doped.

The amount of doping level in the TMD domains determines the polarity of the
transfer curve. The structural defects incorporated during the CVD growth process
such as chalcogen vacancies alter the doping level.
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Figure 2.4: Electrical characterization of TMD Lateral Heterojunctions: (a)-(i) Opti-
cal image of the CVD grown MoSes-WSes heterostructure field-effect transistor.(ii) Transfer char-
acteristics of MoSe; and WSey showing n-type and p-type behavior respectively. The inset shows
the output characteristic curves. (iii) Diode-like behavior of the heterojunction. (b)-(i) Schematic
diagram of the Lateral bilayer MoS,-WSq heterostructure device configuration (ii) Output charac-
teristic curve of heterojunction showing rectifying behavior. (iii) Transfer characteristic curve of
the MoS32-WSs heterojunction. The inset shows the energy band diagram of the heterostructure.
The figures from (a) and(b) are adapted from [22] and [13] respectively.
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2.4 2D TMD based photodetectors

2D TMD heterostructures are promising materials for photodetectors because of
their high photoresponsivity, high bandwidth, and fast response speed. Excel-
lent optoelectronic performances have been reported for p-n junction 2D TMD
heterostructures-based photodetectors. The p-n junction is important for the pho-
todetection mechanism and is widely used in various applications such as photosen-
sors, LED, and photovoltaic cells. Vertical and lateral TMD/TMD heterostructures
have shown promising results.Several authors have reported TMD-based photode-
tectors with promising results.

Li et al. demonstrated a photodetector based on MoS; /WS, lateral heterostruc-
ture grown using a one-step liquid phase CVD method (figure 2.5 (a)) [33]. The
heterostructure shows a photoresponsivity of 570 A/W and detectivtivity in the
order of 10'. The observed longer response time (rise and fall time) is attributed
to the photogatong effect. The charge impurities and trapping sites present in the
heterostructure resulted in a high 1/f noise.

Caeri et al. have developed a WS, /MoSs heterobilayers grown using a pulse laser
deposition (PLD) and demonstrated a photodetector with an ultrahigh responsivity
of 2.5 x 10 5 AW™!, detectivity of 4.2x 10 1* Jones at 405 nm excitation (figure 2.5
(b)) [34]. The heterojunction showed an on-off ratio in the order of 10°.

Alkesh et al. demonstrated a photodetector based on MoSe,/WSey heterostructure
with enhanced absorption in the visible region and 1.5 times improved performance
than WSey. The in-situ measurement at the heterointerface revealed a staggered
band alignment. The heterojunction exhibited a responsivity of 1.03mA /W at 560
nm excitation (figure 2.5 (c)) [35].

Outstandingly performing photodetector based on lateral bilayer MoS,-WS, het-
erostructure has been reported by Yongjun Tian et al[13]. The heterostructure
showed a high photoresponsivity and detectivity of 6.7 x 102 AW~! and 3.1 x 103
AW! respectively for 457 nm laser excitation. The photodetector performed much
better than single TMDs (MoS,, and WS,). The MoS,; and WS, showed n-type and
p-type characteristics behaviour. The heterojunction exhibited a rectifying ratio of
10® with current flowing from WS, to MoSs,.

Wang et al. for the first time reported an infrared light photodetector based on
WS, /MoS, vertical heterostructure [36]. Although MoS, and WS, are insensitive to
the infrared light, the MoSs-WSs heterojunction showed a good response to infrared.
The interlayer coupling at the heterojunction shrinks the energy gap which even-
tually makes the heterostructure respond to longer wavelengths. The infrared light
absorption is further enhanced by incorporating gold nanoparticles. The surface
plasmon resonance phenomenon in Au nanoparticles enhanced the photoresponsiv-
ity by 25 times.

Although photodetectors based on TMD heterostructure shows encouraging results,
there is still much improvement needed to realize the full potential of the material
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Figure 2.5: Photodetectors based on TMD heterostructures:(a)- (i) Schematic diagram
of MoS2-WSs photodetector. (ii) Dependence of responsivity on laser power density. (iii) Photo-
switching characteristics. Figures are adapted from [33].(b) (i) Schematic diagram of the Laeral
bilayer MoSa-WSs heterostructure device configuration (ii) Responsivity as a function of the inci-
dent laser power density. (iii) Temporal responses of the photodetector. Figures are adapted from
[34].(c) (i)Schematic diagram of MoSe,-WSes heterojunction, (ii) Output characteristic curves un-
der dark and illumination. (iii) Transient photoresponse. Figures are adapted from [35].

and find potential application. The ultrathinness of 2D TMDs often limits the ex-
ternal quantum efficiency and detectivity due to insufficient light absorption. The
high photoresponsiity reported in 2D TMD photodetectors is because of the longer
carrier life time which often results in large response speed. In most of the TMD
photodetectors, large generation-recombination (G-R) noise is observed due to the
prolonged carrier life time which limits the detectivity of the photodetector. There-
fore, TMD photodetectors with detectivity greater than 10 '? Jones and response
time in the range of u sec are required. The most important challenge is the growth
of large-scale high-quality homogenous 2D TMD heterostructures. It’s observed that
the heterointerface with structural defects results in a longer carrier lifetime.
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2.5 Persistent Photoconductivity (PPC)

Persistent Photoconductivity (PPC) is a mechanism in which the photoconductivity
persists for some time after the termination of light excitation. PPC phenomenon
has been observed in 2D TMDs such as MoS,, and MoSes. Recently, the PPC
effect has been explored for a wide range of applications such as optoelectronic
synapse, optoelectronic memory, artificial vision, and solar cells [37, 38]. The origin
of the PPC phenomenon has been explained through various models such as Random
Local Potential Fluctuation Model (RLPF), Macroscopic Barrier Model (MB), and
Large Lattice Relaxation Model(LLR) [39, 40, 41]. The RLPF model is often used to
explain the observed PPC in TMDs. However, what causes the potential fluctuations
is still unclear. Several authors have observed PPC in various TMD materials and
have tried to explain the origins of the PPC effect.

Wu et al. analyzed the effect of substrate on the PPC effect in monolayer MoSs, [14].
Figure 2.6 (a) shows the schematic diagram of the device and the photoresponse of
the substrate supported and suspended MoS;. The suspended sample showed neg-
ligible PPC, whereas the substrate supported MoS, exhibited significant PPC. This
clearly shows that the extrinsic defects from the substrate such as surface adsor-
bants, and substrate non-uniformity causes the PPC effect. This finding signifies
the importance of the extrinsic defects on the PPC.

A giant persistent photoconductivity (GPPC) effect has been reported by George
et al. in a monolayer MoS, (figure 2.6 (b)) [15]. The decay of the photocurrent
exhibited a time constant of around 30 days at room temperature. The author
concluded that the GPPC effect arises due to the spacial potential fluctuations near
band edges caused by structural defects of TMDs such as atomic vacancies. Scanning
tunnelling microscope and transmission electron microscope characterization are
done to corroborate the results.

Bartolomeo et al. observed the PPC effect in monolayer MoS,; with a time constant
of 300 sec [42]. The author attributed the PPC effect to the photogating effect caused
by the charge trapping at the SiOs-MoS, interface and due to random potential
fluctuations arising from the structural defects on the surface of Mos,.

PPC effect has also been observed in a CVD grown and stacked MoSes-Mo; x W, Ses
vertical heterostructure [43]. Figure 2.6 (c) shows the optical image of the vertical
heterojunction and decay of photocurrent. The photoconductivity persists for few
days with a decay time constant of 12.2 hrs at room temperature.

In conclusion, both the extrinsic (substrate defects, SiOo-TMD interface) and in-
trinsic defects (atomic vacancies), cause PPC phenomenon in 2D TMDs and het-
erostructure.
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Figure 2.6: Persistent Photoconductivity (PPC) effect in TMDs:(a) (i) Schematic
diagram of substrate supported and suspended MoSs. (ii) Photoresponse of the suspended MoS,
exhibiting negligible PPC effect. (iii) Photoresponse of the substrate supported MoS; showing
significant PPC effect. Figures are adapted from [14]. (b) (I) Schematic of MoSy device with
the experimental setup. (ii) Comparison of transfer characteristics curve before and after UV
irradiation. (iii) Drain current decay showing giant persistent photoconductivity (GPPC) with
time constants of 34 days. Figures are adapted from [15].(c) (i) Optical image of the MoSes-
Mo x W, Sey heterostructure.(ii) Output characteristic curve of the heterojunction before and
after illumination. (iii) Photoresponse after removal of light showing PPC effect with a time
constant of 12.2 hrs. Figures are adapted from [43].
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3

Measurement techniques

To assess the electrical performance of the TMD FETs, we extracted carrier mo-
bility, threshold voltage, subthreshold swing (SS), drain-induced barrier lowering
(DIBL), Imaz/Imin ratio, contact resistances (R¢), channel sheet resistances (Rgy)
and Schottky barrier height (SBH). The transfer length method (TLM) is used to
find the R¢ and Rg,. We measured the photoresposivity and gain factor from the
photocurrent to perform the optoelectronic characterisation. In this section, how the
parameters mentioned above are extracted from the transfer characteristics curves
is briefly explained.

The TLM structure, developed by H.H. Berger in 1972 [44] is widely used to de-
termine the contact resistance between semiconductor and metal. TLM structure
consists of several FETs with varying channel lengths as shown in figure 3.1(a). The
total resistance of 2D FET depends on the contact resistance (R¢), the channel sheet
resistance (Rgy), the channel length (L) and width (W) as shown in the following
equation.

L
Rt = 2R. + Ry, (%) (3.1)

Using TLM structure, the Ry is determined from the transistors and plotted as
a function of L., as shown in figure 3.1 (b). The y-intercept of the plot gives the
sum of the source and the drain contact resistances and the slope gives the channel
sheet resistance. In this master’s thesis, TLM structure is fabricated on MoS, with
channel lengths varying from 0.52 pym to 1.5 pm. Resistances normalized by channel
width are reported. Although TLM analysis is widely used, the presence of large
error bars in contact resistance due to poor TLM design is a main disadvantage. The
error bars in contact resistance can be minimized by decreasing the channel lengths.
Fabricating a TLM with shorter channel lengths would reduce the confidence interval
bandwidth at L., = 0 pum. This would significantly decrease the stand error in R.

Depending on the extraction method, there are two types of carrier mobility : (a)
effective mobility and field-effect mobility. The effective mobility is extracted from
the linear regime of the output characteristic curve whereas the field-effect mobility
is extracted from the transfer characteristics curves in the linear regime. Since the
output characteristics curve of our sample did not show a linear dependence on V4,
the effective mobility gives erroneous values. Therefore, field-effect mobility is used
in this thesis to assess the electrical performance of the transistors.
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Figure 3.1: Transfer length method: (a) Schematic of TLM structure on monolayer-MoSy
with 4 FETs of varying channel length. The top view and side view are shown. (b) Plot showing
the dependence of total resistance (Riy) on channel length (L.,). The contact resistance (R¢)
and sheet resistance (Rgp,) are determined from the y-intercept and slope of the plot.

The field-effect mobility is extracted by calculating the average transconductance
(gm) in the linear regime of the transfer curves as shown in figure 3.2 (a). The
following equation is used to calculate the mobility.

d[ds Lch )
- . 3.2
a <dvgs> (Wch.Cox.VD (3.2

where L.,, W, and C,, are the channel length, channel width and capacitance per
unit area.

The sharpness of the switching behaviour of the MOSFET is characterized by the
subthreshold swing (SS), also referred to as the inverse subthreshold slope. The SS
is defined as the voltage required to increase the drain current by a decade. The
expression for SS is given as follows

S = (%) =23 (If) . (1 + Cfdo) (3.3)

where Cgq = Cgep + Cirgp is the sum of depletion and trap capacitance.

The threshold voltage (Vr) is extracted using the transfer curve linear extrapolation
method. In this method, the tangent line in the linear regime of the transfer curve
(40 V to 70 V) is linearly extrapolated to V, as shown in figure 3.2 (b). The
x-intercept gives the Vr.

Drain-induced barrier lowering (DIBL) is a short channel effect which is referred to as
a decrease in threshold voltage with an increase in drain-source voltage. The DIBL
is defined as the ratio of the lateral shift of the transfer curves in the subthreshold
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(a) Field effect mobility of MoSs extracted using the transconductance of the

linear regime. (b) Transfer characteristics showing the extracted threshold voltage using linear
extrapolation method (c¢) The transfer characteristics of WS, for different Vg, in logarithmic scale
showing the presence of drain-induced barrier lowering phenomenon.

regime (A Vr) and the drain voltage difference of the two curves. The unit of DIBL
is V/V. Figure 3.2 (c¢) shows the observed DIBL in WSs.
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Results and Discussion

2D TMDs are promising candidates for atomically thin transistors. 2D TMDs and
heterostructures are also being explored for ultrathin photodetectors because of their
strong light-matter interaction and broadband photoresponse. In this thesis, elec-
trical and optoelectronic characterization of MoSs-WS, lateral heterostructure are
done. Schottky barrier height (SBH) of MoS,; and WS, are extracted by fitting the
[-V curves with the back-to-back-diode model. Photoresponsivity and gain factors
are measured. Persistent photoconductivity (PPC) effect is also observed at the het-
erojunction. In the literature, the demonstration of the PPC effect is only limited
to MoSs and WS,. Here, we demonstrated the PPC effect at the heterojunction.

4.1 Experimental Details

MoS,-WS, lateral heterostructures grown using the water-assisted one-pot CVD
method are used to design the FETs. First, the LHS are transferred to the target
substrate (Si/SiOs) using the PMMA wet transfer technique [45]. SiO of thickness
250 nm is used as a back gate. Next, suitable flakes are identified using an optical
microscope and rectangular channels of length 5 microns are patterned using e-
beam lithography and CHFj3/Ar etching. Ti (20nm) /Au (80 nm) contacts are
deposited on MoSy; and WS, using an electron beam evaporator. The double-layer
resist method is used to improve the resolution. After the device fabrication, the
electrical characterization is done using a semiconductor parameter analyzer in a
probe station. All measurements are done at room temperature and in vacuum
conditions. The optoelectronic characterization is performed by illuminating the
sample with green laser light of 1.3W with a beam size of 25 um?.

4.2 Electrical Characterization

Figure 4.1(a) shows the optical image of the fabricated MoS,-WS, lateral het-
erostructure FET device and a schematic diagram of the device. The dotted black
line represents the MoSs-WSs heterojunctions. The measured output character-
istics of MoSy and WS, are shown in Figure 4.1(b) and 4.1(c) respectively. The
exponential increase of drain current at low bias shows the presence of Schottky
barrier contacts [1]. Figure 4.1(d) and 4.1(e) shows the transfer characteristics.
Both MoSs and WS, shows n-type characteristics behaviour with threshold voltage
(V) of about 25 V and 33 V respectively. Since the WS, has higher Vi than MoS,
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there exists a n™ — n junction at the heterojunction, where MoS, is n* doped while
WS, is n doped.

The field effect mobility is calculated using the following expression

d[ds Lch )
- . 41
a <dvgs> (Wch.Cox.VD (1)

where L., Wg, and C,, are the channel length, channel width and capacitance
per unit area. The channel width is 5 pym. The capacitance of SiO, is found to
be 0.012 uF/cm?. The calculated p is about 0.06 ¢cm?V ~'s™ in Ly, = 4 ym for
MoS; and 0.001 em?V~ts7!in Ly, = 0.52 pm for WS, . The very low field effect
mobility is due to the presence of large Schottky barrier height [29] and structural
defects [46] which act as electron scattering centres. Structural defects such as grain
boundaries, vacancies, and substitutional doping are unintentionally generated due
to the fluctuating growth conditions during the CVD method [28]. Ripples, folding,
and wrinkles are also common 2D structural defects observed during the growth
and transfer process [26]. The thermal expansion coefficient mismatch between
TMD and substrate results in the formation of ripples during the CVD growth. The
subthreshold slope (SS) is calculated using the following expression,

dVys B KT Ca
5= (gms) =23(50). (14 =) (1.2

where Cy = Cgep + Cirap is the sum of depletion and trap capacitance [47]. The
minimum SS is found to be around 2 V/dec for both MoSs and WS,. The observed
large value of SS is because of the thick SiO, which increases the interface trap
density [48]. High interface trap density increases the depletion capacitance which
results in a large SS. The best performing MoSs device showed 1,4,/ Inin ratio in
the order of 10% with I,,4, of 1.1 x 1072 pA/pum and I, of 1.7 x 1077 pA/um,
and a DIBL of 6 V/V. WSy showed 1,4/ min ratio of 3 x 10% with I,,,4, of 7.4 x
10-3 pA/pm and I, of 3 x 1077 pA/um, and a DIBL of 3 V/V.

All the measurements discussed so far are for pristine material. To improve the
electrical performance of MoSs-WS, lateral heterostructure, we annealed the sample
at 180°C' for 2 hrs in Ar/Hs environment. Annealing the sample has increased the
mobility from 0.04 em?V ~1s7! to 0.45 em?V ~1s7 !, decreased the Vy by AVy = -
10 V, enhanced the I,4;/Inin by 10% orders, and significantly decreased the SS and
DIBL by 1.3 V/dec and 3 V/V respectively. The transfer characteristic comparison
of annealed and pristine MoS, is shown in figure 4.1 (f). The enhancement of the
device electrical properties after annealing is due to the improved crystal quality,
elimination of defects and impurities such as organic photoresists residues, enhanced
carrier mobilities, and reduced Schottky barrier height (SBH) by reducing the metal
work function [49]. Annealing enhances the electrical conductivity by influencing
the crystal domains and crystal grain boundaries. Moreover, annealing of TMDs
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reduces the tunnelling barrier and van der Waals gap between the TMD and metals
by forming an alloyed metal- TMD interface [50]. In addition, annealing can also
influence the optical properties of TMDs by modifying the bandgap energy [51].
Generally, the effects of annealing depend on the annealing temperature, duration,
and environment.
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Figure 4.1: Electrical characterization of MoS; and WS, (a) Optical image of the
fabricated MoSy - WSy LHS FET. The dotted black line represents the heterojunctions. Ti/Au
is used as a contact metal. The interior and exterior region corresponds to the MoSs and WSy
respectively. (b), (c) Output characteristics of MoSs and WS, at different gate voltages (V)
respectively. V. increases in a step of 5 V. The exponential increase of current shows the presence
of Schottky barrier contact. (d), (e) Transfer characteristics of MoSs and WS, at different drain-
source voltages (V) respectively. (f) Transfer characteristics curve of a pristine MoSs and annealed
MoSs at Vg5 =1 V. The sample is annealed in Ar/Hy at 180°C for 2 hrs.

Figure 4.2 (a) shows the schematic diagram of the MoS,-WS, heterojunction. Fig-
ure 4.2 (b) shows the output characteristic curves of the heterojunction for different
gate voltages. A low drain current during the reverse bias and an exponential in-
crease of drain current in the forward bias confirms the rectifying behaviour of the
heterojunction. The rectifying behaviour arises because of the internal band bend-
ing which occurs due to the difference in the fermi level of MoSs and WS,. Figure
4.2 (b) shows the transfer characteristic curve for different drain-source voltages.
The heterojunction showed n-type characteristic behaviour. Figure 4.2 (d) shows
the formation of internal band bending at the heterojunction using the energy band
diagram. The fermi level of MoSs lies closer towards the conduction band edge
than WS,. The best perforing heterojunction showed a mobility of 0.13 ecm?V ~1s~1,
Imaz/ Imin tatio of 3 x 103 and SS of 4.4 V/dec. The ON-OFF ratio of the hetero-
junction is around 10? which is low when compared to p-n junctions based on 2D
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TMDs [52] [53]. Figure 4.2 (e) and 4.2 (f) compares the output and transfer curves
of pristine and annealed heterojunction. Annealing has increased the mobility to
0.47em?V ~ts7! decreased the SS to 2.4 V/dec and increased the I,z / Inin ratio to
2x 10%.
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Figure 4.2: Electrical characterization of MoS,-WS, lateral heterojunctions(a) Opti-
cal image of the fabricated MoS;-WSs LHS FET. (b) Output characteristics of the heterojunction
showing rectifying behaviour. Since the heterojunction is n — n* doped, a low on-off ratio is ob-
served. (c¢) Transfer characteristics of the heterojunction for different drain voltages. (d) Energy
band diagram at the heterojunction. The difference in the carrier concentration between MoSs and
WS, causes the formation of internal band bending. (e), (f) Output and transfer characteristics
curve comparison of pristine and annealed heterojunctions.

Figure 4.3 shows the temperature dependent measurements for MoSs and WSs.
We varied the temperature from 100K to 300K in the step of 50 K and extracted
the field effect mobility from the transfer characteristic curves. We observed that
the mobility increases with the temperature at V43 = 1 V. The observed increase
in mobility with the temperature as shown in figure 4.3 (c) confirms the presence
of a thermionic electron emission current injection mechanism at the metal-TMD
Schottky contact interface [54]. In an ideal Schottky contact, the current density
equation is given as follows,

Jy = J,(eM/ET ) (4.3)

where J, is the reverse saturation current density which originates from the thermionic
emission mechanism. The relationship between J, and temperature is given by the
Richardson formula:
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Jo B

where [ is the scaling exponent term which depends on the type of Schottky contact
formed at the metal-TMD interfaces, A and B are material/interface dependent
constants. Generally, there are two types of Schottky contacts found in 2D materials:
vertical Schottky contacts and lateral Schottky contacts[55].
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Figure 4.3: Temperature dependent data:(a),(b) Transfer characteristics at Vgs=1 V and
V4s=5V for temperature ranging from 100 K to 300 K respectively. (¢) Dependence of field effect
mobility on temperature for Vgys=1 V.
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4.3 Schottky barrier height extraction

The Schottky barriers are often formed at the metal/TMD interface and have a
strong influence on the electrical behaviour of the monolayer and bilayer TMDs.
Therefore, for a better understanding of the device physics, it is essential to extract
the SBH accurately. We extracted the SBHs at Ti/Au contacted MoSy, WSa, us-
ing two methods: (a) Double Schottky barrier model and (b) Richardson’s equation.
The Richardson’s constants of MoSs and WS, are calculated using their correspond-
ing electron effective masses. MoS; and WS, has an effective mass of 0.4*m, and
0.34*m, respectively [56]. The obtained value of Richrdson’s constant for MoS, and
WS, are 47 Acm 2K ™! and 40.47 Acm 2K ! respectively.

Although the Arrhenius method is widely used for the SBH extraction in 2D TMDs,
the presence of surface defects and van-der-Waals gap results in a weak temperature-
dependent thermionic current which often leads to erroneous SBH [57]. At temper-
atures below 100 K, the thermionic current is significantly suppressed in contact-
dominated 2D TMD FETs with considerable SBH >100 eV. This makes it extremely
difficult to measure the current at lower temperatures.

In 2D TMDs, since the SBH is strongly influenced by the interfacial chemistry and
structural defects, there is a possibility that SBH might be different at drain and
source metal electrodes. Therefore, it is prudent to extract both the SBHs. Figure
4.4(a) shows the energy band diagram with two different SBH at the source and drain
contacts. We have used the back-to-back diode model which allows the extraction
of SBH at both the contacts (drain and source electrodes) [58], [59]. In this model,
the thermionic current at each contact is given by

_[1 = Isl(qul/KT - ].)
I = =I5 — 1) (4.6)

where

Lo = S1pA™ TP e Pnon02/KT) (4.7)

are the reverse saturation current, V, 5 are the voltage drop across the contacts which
are assumed to be V/2, Sy 5 are the contact areas, A* is the Richardson constant,
T is the temperature, ¢pg; and ¢pes are the Schottky barriers heights. The total
current through the device, the sum of I;; and [, is expressed as

 2Ualpsink (557)

2 (4.8)

av_ —qV
I,1€2KT + [,ne3KT

To include the effects of the interface oxides and structural defects, the Schottky
barriers are replaced with an effective Schottky barrier that includes the effects of
image charge lowering and ideality factors. The effective barriers are expressed as
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1
¢B1,BQ = ¢Bo1,302 + €V1,2 (1 - ) (4-9)

ni2
where n; 5 is the ideality factor at the contacts.

Figure 4.4(b) and 4.4(c) shows the model fitting of output characteristics curve for
MoS,-WS, at Vi = 60 V. The extracted SBH are ¢; = 0.45 eV, and ¢y =0.42 eV
for MoS, and ¢p; = 0.5 eV, ¢z = 0.48 eV for WS,. The most significant difference
between the model and the data is the low bias nonlinearity, which is highlighted
by the black circle. This prominent deviation at low bias is due to the absence
of inclusion of series resistance in the model [60]. We found that there was no
significant difference between the SBHs at the source and drain contacts and the
ideality constants were nearly unity.

Unlike the Arrhenius method which requires the analysis of temperature-dependent
transfer and output characteristics curves, the Richardson method requires the anal-
ysis of output curves at constant temperature [61]. The Richardson’s equation is
rearranged as

Tysexp(qVas/ KpT)
exp(qVas/KpT) — 1

= In(lo) + (¢Vas/KT) (4.10)

The Schottky barrier and ideality constant are determined from the y-intercept and
slope of the above equation in the negative V4 regime.

In SB contacts, the current injection takes place through two mechanisms: (a)
Thermionic emission current (Iipermionic) and (b) tunnelling/field emission current
(Ltunner). Figure 4.4(d) illustrates the current injection mechanism at the metal-
semiconductor interface. In lipermionic, the charge carriers pass over the top of SB.
Whereas in Iiyune, the charge carriers pass through the SB when there is a suffi-
ciently small SB width. The dominance of these two components is controlled by
Vs, At low Vi, Liyunne component is negligible because of the large SB width, and
therefore only Iipermionic dominates. But at high V,, the smaller SB width increases
the probability of tunnelling current, thus making the ;e component dominate.
The actual SBH is calculated from the ¢p.rr vs Vs plot by identifying the ¢p s¢
at the flat band voltage (Vrg). The Vpp is the voltage at which the energy band
at the metal-semiconductor interface appears flat because of the zero surface poten-
tial. Due to the exponential dependence of ¢p.fs on Vi, for V3 < Vpp, a linear
dependence is observed in the Arrhenius curve. When V,; < Vpp, the thermionic
current dominates. However, at Vy, >Vpp the ¢p.rr shows a weak dependence on
Vys, because of the dominance of tunnelling current, which results in the deviation
of initial linearity. At Vpp, the ¢pfr tends to deviate away from the initial linear
dependency due to the thermionic- tunnelling regime transition.

Figure 4.4(e) compares the SBHs extracted from the back-to-back diode model and
Richardson’s model. We observed not much disagreement between these two mod-
els. The effective SBH of MoS, was around 0.35 eV, which is comparable with
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previous works [58], [62]. The effective SBH of WS, couldn’t be extracted, since
there wasn’t any clear transition between tunnelling and thermionic regime. Figure
4.4(f) compares the SBH of MoS; and WS,. WS, has higher SBH than MoS,, which
explains the poor performance of WS,. The large SB height obtained for MoS, and
WS, which prevents efficient injection of carriers from the contact metal into the
channel is responsible for high contact resistance [63]. This unexpectedly large SBH
arises due to fermi-level pinning (FLP). FLP has been often observed in 2D TMDs
and they are caused by the presence of extrinsic contributors such as metal-induced
gap states (MIGS), interface dipoles, and intrinsic contributors such as structural
defects and defect-induced gap states (DIGS) [64].
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Figure 4.4: Extraction of Schottky barrier height (SBH): (a) Energy diagram of 2D
TMDs showing two different SBH at the metal contacts for an unbiased condition (V45=0). The
strong dependence of SBH on structural defects at the metal-TMD interface might result in different
SBH at source and drain contacts. (b-c) Output characteristic curve of MoS, and WS, for V4, =
60 V. The experimental data (black line) were fitted with a back-to-back diode model (red line)
with SBH and ideality factor as fitting parameters. (d) Schematic diagram explaining the current
injection mechanism at the Schottky barrier contact. (e) Comparison between back-to-back diode
model and Richardson model. (f) Comparison of net SBH between MoSs and WSs.
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4.4 Optoelectronic characterization

To study the optoelectronic properties, we used a green laser light of 1.65 W to illu-
minate the sample and measured the output and transfer characteristics. The beam
size of the laser is around 25 um?. Figure 4.5(a) shows the schematic of the sample
with the experimental setup. Figure 4.5(b) and 4.5(c) shows the measured transfer
characteristics curves and photocurrent under green laser light at the heterojunction
respectively. The photocurrent is calculated by subtracting the dark current from
the current under laser illumination (Eq 4.11).

Zphoto = Ilz'ght - Idark (411)

The illumination had drastically decreased the threshold voltage by 10 V| increased
the e/ Imin by 10 times, slightly increased the carrier mobility from 0.47 cm?V ~1s~1
to 0.62 em?V 1571, We also observed an increase in hysteresis.

Generally, there are two mechanisms through which photocurrents are generated:
(i) photoconductive effect and (ii) photogating effect [65]. In the photoconductive
effect, the photoexcited electron-hole pairs increase the free carrier concentration
in the conduction and valence band, and these carriers drift towards their respec-
tive metal electrodes by the external bias (Vjys), thus generating the photocurrent.
The photogating effect occurs due to the traps present near the band edges, which
become charged upon illumination and give a gating effect to the device [66]. The
shift in threshold voltage upon optical excitation is a tell-tale sign of the photogat-
ing effect. In our sample, the MoS,;, WSy and heterojunction showed a significant
negative threshold voltage shift (AVr) of -17 V, -26 V, and -11 V respectively, upon
laser excitation. Since the sign of AVr is opposite of the polarity of the trapped
charges, the negative shift shows that the traps at the proximity of the valence band
edge become positive charges upon illumination and these positive charges shift the
fermi level towards the conduction band thus increases the electron concentration.
The increase in hysteresis further confirms the presence of traps [67]. Figures 4.5
(d) and 4.5 (e) schematically explain the photoconductive and photogating effects
respectively.

We conclude that our sample is dominated by the photogating effect because of the
observed strong dependence of photocurrent on V. The photoconductive effect is
less dependent on Vi, [68], [42] whereas the photogating effect is strongly dependent
on Vi,.

To measure the sensitivity of the lateral heterojunction to the incident laser light,
we calculated the photoresponsivity. The photoresponsivity is defined as a ratio
between photocurrent and total optical power (Eq 4.12).

R = Ipy/Pa (4.12)
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where R is the photoresponsivity, I, is the measured photocurrent, and P4 is the
total incident power imping on the detection area. The calculated photoresponsivity
of the heterojunction is around 0.2 A/W at V45 =1 V and V,, = 0 V. The photore-
sponsivity increases with source-drain voltages. It reaches 2.6 A/W at Vs =5 V.
We also calculated the gain factor, which is defined as the number of charge carriers
flowing through the circuit per photogenerated electron-hole pair [69].

G = (hv)/(en)R (4.13)

where R is the photo responsivity, h is plank constant, v is the frequency of laser
light, n is the light absorption rate and e is the absolute value of electron charge.
By assuming a light absorption rate of 8 % [70], the calculated gain factor of het-
erojunction is found to be 6 for R = 0.2 A/W. We also observed an exponential
dependence of the gain factor with source-drain bias.
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Figure 4.5: Optoelectronic characteristics of a MoS,-WS, heterojunction(a)
Schematic drawing of the MoSa- WSs heterojunction FET with the experimental setup. (b) Com-
parison of transfer characteristics under green LED laser with dark condition. (c) Plot showing the
extracted photocurrent (I,,) at the heterojunction. The photocurrent is obtained by subtracting
the dark current from the current under laser illumination. The photocurrent increases with the
gate voltage. (d) Possible photoconductivity mechanism in MoSe-WS, heterostructure: Photocon-
ductive and photogating effect.
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Schottky barrier height dependence on gate voltage in dark conditions and under
laser light for MoSs and WS, are shown in Figure 4.6(a) and 4.6(b). It’s observed
that, upon laser illumination, the SBH decreased appreciably. For MoS,, the SBH
decreases from 0.5 eV to 0.3 eV at Vy, = 0 V. This lowering of the net SBH is
due to the presence of trapped charges at the metal-TMD interfaces [71]. The
observed hysteresis confirms the presence of mid-gap trap states. The applied exter-
nal bias makes the photogenerated electrons and holes drift toward their respective
electrodes. Although photogenerated electrons easily reach the positive electrode
(anode), the photogenerated holes get trapped at the metal-TMD interface near the
negative electrode (cathode). This formation of positively charged trap states in-
creases the electron carrier concentration in the TMDs, thus moving the fermi level
toward the conduction band at the metal-TMD interface. This leads to a significant
reduction of SBH. Figure 4.6(c) schematically explains the photoinduced SBH lower-
ing. Similar photoinduced trapped holes accumulation at the metal-semiconductor
interface is reported for Au-WS, [72] and GaAs MSM photodetectors [73] [74] [75].
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Figure 4.6: Photoinduced Schottky barrier lowering (a), (b) Dependence of net SBH
on gate voltage for MoSe and WS, respectively. Noticeable SBH lowering upon laser illumination
is observed. The SBH is extracted using a double Schottky barrier model. (c) Band diagram
of metal-MoS, illustrating the photoinduced Schottky barrier height lowering. The mid-gap trap
states, which influence the SBH through the fermi level pinning effect are shown. Upon illumi-
nation, electron-hole pairs are generated. The photogenerated holes drift towards the cathode
(negative electrode) and get trapped at the metal-semiconductor interface, thus lowering the effec-
tive SBH. The dashed and solid line denotes the energy band position before and after illumination
respectively.
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4.5 Persistent Photoconductivity

We also measured the photoconductivity after the termination of laser light. Mea-
suring the photoconductivity after the termination of light in photodetectors can
help us understand the response time and speed. The decay characteristics of pho-
toconductivity can also reveal the presence of trap states and defects in the channel
materials. In MoSs, WS, and heterojunction, the photoconductivity persists for sev-
eral hours. The decay of the drain current is fitted with a double decay exponential
curve,

I =1,+ Ajexp(—t/m) + Asexp(—t/72) (4.14)

where 71 and 7, are the two characteristics time constants. We observed that 7
(order of 10? sec) was much smaller than 75 (order of 10% sec), which explains the
observed rapid decay of photoconductivity immediately after the turn-off of the laser
illumination. The exp (-t/ 71) term corresponds to the regime immediately after the
termination of laser light and exp (-t/ 72) corresponds to the regime long after
the termination of laser light. Figure 4.7(a), 4.7(b) and 4.7(c) shows the observed
PPC for MoSy, WS, and heterojunction measured at V= 1 V and Vg3 = 70V.
The extracted time constants at the MoS,-WSs heterojunction were 7 = 2,600 sec
and 7 =37,000 sec. Similar values were obtained for MoSy ( 7= 1,660 sec and 7,
=37,000 sec). However, WS, showed a faster decay process with 7= 915 sec and 7,
=1,400 sec.

During the measurement, the laser light was turned off once the photocurrent sat-
urates. Since the time taken by the photocurrent to become sufficiently saturate
is not the same for all the measurement cases, we couldn’t maintain a constant
laser illumination time. This is because the materials didn’t recover fully from the
previous laser illumination, and the initial state of the current was not same.

This double exponential decay phenomenon was also observed in several semicon-
ductor materials such as CdS, ZnO, and WOs3 [76] [77]. The variable decay rates
in CdS FETs are caused by the non-uniform thickness of CdS [78]. In metal ox-
ides such as ZnO, the type of oxygen adsorption mechanism (i.e physisorption and
chemisorption of oxygen) leads to variable trapping rates and results in different
decay processes [79].

The observed double decay process in our study could be attributed to the band-
to-band transition, and the charge trapping at the extrinsic and intrinsic defects.
Generally, the band-to-band transition (i,e electron-hole recombination) is a domi-
nant mechanism for the initial rapid decay rate process. The presence of shallower
traps can also be attributed to the shorter decay component. The observed PPC
after the initial drop can be explained through the random local potential fluctua-
tions (RLPF) model. According to this model, the local fluctuations of the potential
energy of carriers arise due to extrinsic charge impurities and intrinsic structural ef-
fects [37]. Upon laser illumination, the photoexcited carriers get trapped at the
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local potential minima/deep traps and cause a decrease in the rate of recombina-
tion, which leads to PPC. Figure 4.7 (d) illustrates the spatial potential fluctuations
at the conduction and valence band edge proximity.

Extrinsic defects such as alloy disorder, photoresist contaminants during the lithog-
raphy process, and substrate effects are predominant in 2D TMDs. Previous study
[14] on the substrate effects of PPC on MoS, confirmed that PPC arises due to
charge trapping by the gas adsorbates/chemical impurities [80], [81] present at the
TMD-SiO, interface, by comparing the PPC effects with a substrate supported
and suspended MoS, devices. Intrinsic structural defects such as chalcogen vacan-
cies, and substitutional doping are often observed in TMDs. Ripples, wrinkles, and
folding are also common 2D structural defects observed which contribute to the
potential fluctuations. These 2D structural defects are observed during the growth
and transfer process. After the TMDs are grown at high temperatures, during cool-
ing the thermal expansion coefficient mismatch between TMD and substrate results
in the formation of biaxial strain [82]. This local lattice strain results in an inho-
mogeneous charge distribution, and surface potential and shifts the energy level of
materials near the fermi level which leads to the fluctuations in band structure[83].
Therefore, analyzing the decay characteristics of persistent photoconductivity can
help us understand the effect of structural defects and substrate interface on the
photoresponse of the photodetectors.
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Figure 4.7: Experimental observation of persistent photoconductivity (PPC). (a),
(b), (c) Decay of drain current with time after the termination of laser light for MoSs, WS,, and
MoS2-WS, heterojunction measured at Vg, = 1V and Vg4, = 70 V under vacuum. The sample is
illuminated at Vg4, = 70 V. The drain current decay is fitted with a double decay exponential curve
to extract the carrier recombination lifetime. (d) Illustration of spatial fluctuations of potential
energy near the conduction and valence band edges. The photoexcited electrons and holes gets
trapped at the local potential minima and take a longer time to recombine which results in a
persistent photoconductivity. The potential fluctuations are caused by extrinsic defects (substrate
effects, surface adsorbates, photoresist contaminants during the lithographic process), and intrinsic
defects such as chalcogen vacancies, grain boundaries, ripples, etc. The illustration is adapted from

[15].
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Summary and Conclusions

Atomically thin, dangling bond-free 2D TMDs are promising channel materials for
next-generation transistors because of their ability to retain their carrier mobili-
ties down to monolayer thickness. TMDs such as MoSy, MoSes, WSy, and WSes
are being widely researched. 2D TMDs are also promising candidates for ultrathin
photodetectors due to their strong light-matter interaction and broadband photore-
sponses. TMD lateral heterostructures offer several advantages over single TMDs
for optoelectronic applications. Photodetectors with ultrahigh photoresponsivity
have been reported recently. Persistent Photoconductivity (PPC) effect has been
observed in 2D TMDs. The PPC effect is being explored for optoelectronic synapses,
optical memory and artificial vision applications. The demonstration of the PPC
effect is only limited to single TMDs such as MoSs, MoSes, WSs, and WSes.

In this master’s thesis, MoSs-WS, lateral heterostructure field effect transistor is
fabricated and electrical and optoelectronic characterization are performed. MoSs-
WS, lateral heterostructures grown using the water-assisted one-pot CVD method
are used for the FET fabrication. We used the PMMA wet transfer technique
to transfer the as-grown lateral heterostructures to the target substrate (SiOy/Si).
Ti(20nm)/Au(80nm) metal contacts are deposited on MoS; and WS,. A green laser
light of 1.3W is used to illuminate the sample for the optoelectronic characterization.
The electrical measurements are done at room temperature and vacuum conditions.

Both MoS; and WS, showed n-type characteristics behaviour. We observed a Schot-
tky barrier contact between the metal /TMD interface. We observed a very low field-
effect mobility due to the presence of 2D structural defects such as grain boundaries,
wrinkles, and folding which arises during the growth and transfer process. Since the
WS, has a higher threshold voltage than MoSs, a n™-n junction is formed at the
MoS,-WS, heterojunction, where MoS, is n™ doped and WS, is n doped. A recti-
fying behaviour is observed at the heterojunction due to the internal band bending.

The Schottky barrier height (SBH) of MoSy and WS, is extracted using a back-to-
back diode model and Richardson’s model. The effective SBH of Mos, is around
0.35 eV which is comparable with the previous works. The large SBH arises due
to high contact resistances. The contact resistance extracted using transfer length
analysis is found to be in the range of a few MQ.pm.

We get a potoresponsivity of 0.2 A/W at V= 1 V and a gain factor of 6 for R =
0.2 A/W at the MoS2-WS, heterojunction. A significant decrease in the threshold
voltage and an increase in hysteresis is observed upon illumination of green laser
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light. We conclude that the photoconductive effect at heterojunction is dominated
by the photogating effect. We also noted that the SBH decreased appreciably upon
illumination.

The persistent photoconductivity (PPC) effect is also demonstrated at the MoSs-
WS, heterojunction. A time constant of around 10 hours is observed. The PPC
effect arises due to random potential fluctuations caused by the extrinsic charge
impurities and intrinsic structural defects.

In summary, the electrical and optoelectronic characterization of MoSy-WSs het-
erostructure FET is successfully performed. The electrical and optical properties
of the lateral heterostructure FETs are strongly dependent on structural defects,
charge impurities, and large contact resistances. These findings are important as
they contribute to an understanding of the physics of 2D TMD lateral heterostruc-
ture devices for future applications.
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A

Water assisted one pot CVD
growth of 2D TMD LHS

Water assisted one pot synthesis method is used to fabricate the TMD lateral het-
erostructure. In this growth strategy, a heterogenous mixture of MoX, and WXy
(X= 'S, Se) is used as a source precursor and only the type of carrier gas type is
controlled to attain the selective TMD domain growth [22]. In this master’s thesis,
a bilayer MoS,; /WS, grown using this method is used to fabricate the FET. The
growth substrate temperature is maintained in the range of 750°C to 800°C and the
carrier gas is maintained at 1060°C.

For the initial growth of MoX, domains, Ny along with water vapour is used as a
carrier gas to promote the vaporization of MoX, precursor. At high temperature
(1060°C), the water vapour oxidises the MoXy precursor to MoO, (reaction A.1)
which is transported to the growth substrate. At the substrate, the MoO, interacts
with HoX and forms MoX, domains (reaction A.2).

MoXys) + 4H20(g) — MOOQ(S) + Hy Xy + XOg(g) + 3Hyy) (A.1)
MOOQ(Q) + 2H2X(g) — MOXQ(S) + QHQO(Q) (AQ)
MOOQ(S) + 2H2(g) — MO(S) + 2H20(g) (A3)

Before growing the next TMD domain (WX,), the growth of MoXs is terminated by
switching the carrier gas to Ar/Hy (5). The Hj aids in the rapid reduction of MoO,
(reaction A.3). On the other hand, WX, precursors interact with H2 and H,O to
form different W suboxides such as WO,, W13015, W9qOss. But, due to the poor
evaporation rate, these suboxides do not take part in the growth process. When
the carrier gas is switched from H;O to Hy, high index W suboxides undergoes a
phase transition to low index suboxides by interacting with Hs which subsequently
evaporates and sublimates to form WX, domains (reaction A.4 and A.5).

(WO3) ) + 2H2 Xy — W Xo(s) + 2Hs0,y) (A.4)

WOQ(Q) + QHQX(Q) — WXQ(S) + QHQO(Q) (A5)

Figure A.1 illustrates the one pot growth mechanism of MoS; /WS, LHS. Multiple
heterojunctions are obtained by sequentially changing the carrier gases between Ny
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A. Water assisted one pot CVD growth of 2D TMD LHS

+ H,O and Ar + Hy. The monolayer and bilayer LHS are obtained by control-
ling the growth temperature. High temperature favours vertical epitaxial growth
and low temperature promotes monolayer growth. The bilayer MoS, /WS, LHS are
synthesised by placing the growth substrate closer to the source where the temper-
ature is > 800°C. Figure A.2a shows the relative kinetic coefficients of detachment
and attachment of adatoms on the edges of the developing TMD layers. Figure
A.2b shows the optical image of the fabricated Bilayer MoSs-WSs having faceted
hexagonal geometry.

(a) (b) ()

Stage 1: Growth of MoS, Stage 2: Growth of WS,
SZ

B
o ¢ A gMoOz a X

MoO,, #* -
MoS, S MoO, - > s H A
o + HO r+H, > 9"
a @& & &€ °

. WS, & WO, n(H,0) WS, & WO, n(H,0) ~ WOx

Sequential repeat:
Stage 1-2-1-2

Figure A.1l: Schematic representation of the growth mechanism of MoS;/WS, lateral het-
erostructure (a) No and HoO promotes selective evaporation of Mo related precursors which results
in the growth of MoSs (b) Switching the carrier gas to Ar and Ha, promotes the growth of WS,
while terminating the MoSs growth. (c) Formation of multijunction by sequential exchange of
carrier gas. This figure is adapted from [23]

(b)

o
N—

~ 013
¥ 2L °
S 012 1L+2L/Q
$ on Lo
‘g ")
o 0.10 . °
-
x T T T v v
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Figure A.2: : (a) Relative kinetic coefficient (K,; /K,_) as a function of growth temperature,
combination of monolayer and bilayer LHS are formed at higher temperature (>800°C) (b) Optical
image of Bilayer MoS,-WSs having faceted hexagonal geometry after PMMA assisted transfer.
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B

Fabrication

In this section the process flow of the device fabrication is discussed. Cleanroom
facilities at Myfab Chalmers is used to fabricate the devices. Figure B.1 explains
the fabrication process with schematic diagrams.

1. PMMA transfer method

(a) The PMMA is spin coated on the growth substrate at 700 rpm at an
acceleration of 300 cm?/s? for 60 sec. The sample is prebaked at 60°C for
10 min.

(b) The PMMA-coated growth substrate is immersed in HoO. The capillary
action draws the water to the substrate/PMMA interface and detaches
the hydrophobic PMMA /TMD from the growth substrate. The detached
PMMA /TMD flakes float on the surface of the water.

(¢) The PMMA/TMD film is fished out of the water and transferred to the
target substrate (SiOy/Si).

(d) The PMMA resist is removed from the target substrate in an acetone
bath at 60°C for 5 min and IPA rinse, followed by Ny blow dry.

2. Channel patterning using electron beam lithography and reactive plasma etch-
ing

(a) Spin-coated MMA ELS8 at 6000 rpm for 60 sec followed by prebaking at
150°C for 10 min. Prebake is used to evaporate the solvent from the
resist. Prebaking improves the adhesion, uniformity and etch resistance
of the resist.

(b) Spin-coated ARP at 6000 rpm for 60 sec followed by prebaking at 135°C
for 7 min. Double-layer resist is used to avoid undercut.

(c) Exposed the sample in e-beam current.

(d) The sample is developed in n amyl acetate for 45 sec, and 1:1 MIBK: TPA
for 1 min 15 sec, followed by acetone and IPA rinse.

(e) The exposed TMDs are etched away using CHF3/Ar for 40 sec followed
by O, stripping for 20 sec.

(f) The resist is removed in an acetone bath for 5min at 60°C followed by
IPA rinse and Ny blow dry.
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B. Fabrication

3. Contact electrode deposition using electron beam lithography and electron
beam evaporation

(a) Spin coated MMA ELS8 at 6000 rpm/3000 acc for 60 sec followed by
prebaking at 135°C for 8 min and ARP at 6000 rpm and 300 acc for 60
sec, baked at 135°C for 7 min.

(b) Exposed the sample in e-beam current.

(¢) The sample is developed in n- amyl acetate for 45 sec, and 1:1 MIBK:
IPA for 1 min 15 sec, followed by IPA rinse.

(d) Electron beam evaporator- Lesker PVD 225 is used for contact electrode
deposition. The deposition pressure is maintained at 10-7 Torr.

(e) The metal and the resist are lifted off in an acetone bath at 60°C for 5
min, followed by IPA rinse.

4. Annealing

(a) The sample is annealed at 180°C for 2 hrs in Ar/H, environment.
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B. Fabrication

Growth substrate

(5)

.1 _ i

Target substrate

Ti/Au
Contacts

Figure B.1: Step by step process flow for the fabrication of lateral heterostructure TMD FET:
(1) Schematic diagram of as-grown lateral MoS2-WSy heterostructure on the growth substrate.
(2) PMMA is spin-coated on the growth substrate. (3) The PMMA-coated growth substrate is
immersed in water. (4) PMMA /TMD film is fished out of the water and transferred to the target
substrate. (5) PMMA is removed from the target substrate using acetone and IPA. (6) Optical
image of the transferred MoS,-WSo LHS. The dark contrast region corresponds to MoSs and the
bright contrast region corresponds to WS,. (7) The channel is patterned using EBL and CHF3/Ar
etching. (8) Ti/Au is deposited using an e-beam evaporator. (9) Optical image of the fabricated
device. The dotted black line is the MoS,-WS, heterojunction.



Supplemenatry

C.1 Supplementary MoS, and WS, results

Figure C.1 shows the electrical characterization of MoS; and WS,. Figure C.1
(a) shows the two point and four point probe output characteristics of MoSs. In
2PP measurements, the voltages and currents are applied and measured at the
same terminals. The presence of contact resistance in the 2PP measurements often
leads to significant errors in the parameters extracted from the transfer and output
characteristics curves. The 4-point probe (4PP) method, which avoids the effect
of contact resistances is preferred for accurate measurements of parameters such as
channel sheet resistance, field effect mobility, and threshold voltage.

(a) (b) (c)

3.0

Output characteristics 0.009| Transfer characteristics 0.006r  Transfer characteristics

0.006 MoS,

(wA/um)

- 0.003 Vg =1V /

0.000 /

-80 -40 0 40 80 80
Ves(V)
(d) (e)
0.02 = 2 T
Transfer charcateristics Output characteristics
i WS -
3 £ 264 2 E O
= S =
g g S g
= R = Vg =60V
- ~ 2E6 2
Annealed
Pristine
0 B T R I [0

Ves (V)

Figure C.1: Electrical characterization of MoS; and WS,: (a) Comparison between
two-point probe (2PP) and four-point probe (4PP) of output characteristics curve of MoS,. (b)
Transfer characteristics curve of MoSy at Vg, = 1V with forward and reverse sweep showing the
presence of hysteresis. (c) Transfer characteristics curve of MoSy and WSy at Vg = 1V. The
threshold voltage (V) of MoSs is lower than that of WSy. (d), (e) Transfer curve of MoSs and
WS, for different V4 in logarithmic scale. The decrease in Vp with the increase in V45 confirms
the presence of DIBL. (f) Comparison between annealed and pristine MoSs sample.
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C. Supplemenatry

Figure C.1 (b) shows the observed hysteresis in the transfer characteristic curve
of MoS,. The difference in the threshold voltage between the forward and reverse
voltage sweep is defined as the hysteresis. Hysteresis arises due to the presence
of trapped charges at the SiO, — TMD interface and on the surface of the TMDs.
When the fermi level moves towards the valence band edge during the reverse sweep,
the traps above the fermi level get emptied and become positively charged which
causes the observed negative shift in Vy. During the forward sweep, as the fermi
level moves closer to the conduction band edge, the trap states that are presented
below the fermi level get occupied by electrons and become neutralised, resulting in
a positive Vo shift. The absence of the device encapsulation (eg, with Al;O3) in our
fabricated device has resulted in large hysteresis. Typically, the hysteresis depends
on environmental conditions, voltage sweep rate, sweep direction and sweep range.

C.2 Supplementary MoS,;-WS, heterojunction re-
sults
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Figure C.2: Transfer length method (TLM) analysis of MoS»: (a) Optical image of the
fabricated MoS2-WSs lateral heterostructure with TLM structure on MoS,. (b) Total resistance
(Rtot vs channel length (L.p,) for different overdrive voltages at V45 = 1V. The contact resistance
(2R¢) and channel sheet resistance (Rgp) are extracted from the y-intercept and the slope re-
spectively. (c) Contact resistance (2R¢) as a function of charge carrier density (ng). (d) Sheet
resistance (2Rgy,) as a function of charge carrier density (ns). (e) Plot showing the dependence of
the extracted threshold voltage (V1) of MoSs on Ly
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C. Supplemenatry

Figure C.2 shows the transfer length method (TLM) analysis of Mos,. We used
the TLM structure to extract the contact resistances (R.) and sheet resistances
(Rsn) of MoS,. The channel length is varied from 0.75 pm to 4 pm. Figure C.2
(b) shows the plot between the total resistance (Ry,) and channel length (L) for
different overdrive voltages (Vp,). The contact resistances and sheet resistances are
extracted from the y-intercept and slope of the plot respectively. The calculated R,
and Ry, are in the range of MQ.um. The decrease in contact resistances with the
increase in carrier density (ng) as shown in the figure C.2(c) confirms the presence
of Schottky barrier contacts. As the carrier density increases, the width of the
Schottky decreases which enhances the tunnelling current. The carrier density (n;)
is calculated from the threshold voltage using the expression ngy = (C;,5.Vo,)/q. The
calculated conductivity mobility (fie.,) using the expression fie, = 1/(q.ns.Rgp) is
around 0.06 pecm?V—ts~t,

C.3 Swupplementary SBH extraction results
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Figure C.3: Extraction of Schottky barrier height (SBH):(a), (b) Comparison of the
extracted SBH at source and drain contacts for MoS, and WSs. No significant difference in SBH
is observed at source and drain contacts. (c) Dependence of SBH on gate voltage V 4.

Figure C.3(a) and C.3(b) shows the comparison of Schottky barrier height extracted
from the back-to-back diode model at the source and drain contacts for MoS, and
WS,. It is evident from the plots that there is no significant difference between ¢ g,
and ¢po. Therefore, the fermi level is pinned at almost same energy level. Figure
C.3(c) compares the SBH extracted from Richardson’s equation and back-to-back
diode model. Since there is no thermionic-tunnelling transition, we couldn’t extract
the actual SBH of WS,-Ti contacts.
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C.4 Supplementary photoresponse results
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Figure C.4: Optoelectronic characterization of MoS; and WSy: (a) Comparison of
transfer characteristic curve of MoSs under laser illumination with dark condition at V4o =5 V. A
significant increase in hysteresis is observed under illumination. (b), (¢) Plot showing the extracted
photocurrent (Ipp,) for MoSy and WS, respectively. The photocurrent is obtained by subtracting

the dark current from the current under laser illumination. The photocurrent increases with the
gate voltage.

Figure C.4 (a) shows the full sweep transfer curve of MoS, under LED laser and
under dark condition. The prominent increase in hysteresis is due to the trapped

charged carrier upon illumination. Figure C.4(b) and C.4(c) shows the dependence
of the photocurrent on gate voltage.

C.5 Swupplementary table

M082
Pristine Annealed | Laser illuminated
Laz (LA/pm) 1.1 x1072 0.14 0.38
Loin (LA /pm 1.7 x1077 2.4 x107° 1.4 x107°
Loz / Lonin 6.4 x103 5.7 x10% 2.7 x108
SS (V/dec) 2 5.7 1.9
Vo 24 6.4 -20
pu(em=2V=1s71) 1 0.055 4 0.026 | 0.45 4 0.08 0.7 £ 0.13
DIBL (V/V) 4.2 1.2

Table C.1: Basic transistor parameters of MoSs in pristine, annealed and laser illuminated
conditions
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MoS;-W'S, Heterojunction

Pristine Annealed | Laser illuminated
Lae (pA/pm) 1 x1072 0.047 0.1
Loin (pA/um | 0.35 x107° | 2 x107° 2 x1077
Loz / Lmin 2857 x10% | 2.35 x10% 5 x10°
SS (V/dec) 4.44 2.45 1.29
Vo 29 20 11.5
plem=2V=1s71) 1 0.13 £ 0.03 | 0.47 & 0.09 0.62 & 0.14

Table C.2: Basic transistor parameters of MoSs-WS, Heterojunction in pristine, annealed and
laser illuminated conditions

WS,
Pristine Laser illuminated

Loz (LA/pm) 7.4 x1074 0.012

Loin (LA pm 3 x107° 4 %1077

Loz / Linin 246 x10° 3 x10?

SS (V/dec) 3 3

Vr 34.33 13

pu(em=2V=1s71) 1 0.001 4+ 0.03 0.62 £ 0.004

Table C.3: Basic transistor parameters of WS, in pristine, annealed and laser illuminated
conditions

Table C.1, C.2, and C.3 shows the basic transistor parameters of MoS,, WS, and
MoS,-WS, Heterojunction in pristine, annealed and under laser illumination con-
ditions. For The annealing has improved almost all the parameters. We saw a
significant improvement in mobility, DIBL, and 1,4, / L ratio. Illuminating the
sample with a green LED laser further enhanced the transistor properties.
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