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Abstract

Two-dimensional (2D) semiconductor heterojunction has paved the way for
numerous exciting phenomena in the field of optoelectronics. Among them, a non-
linear current-voltage behavior with multiple threshold values finds its application in
multi-valued logic, which can increase the device density in electronics. This carrier
transport behavior termed negative differential resistance (NDR) is aided by band-to-
band tunneling in the broken-gap energy band-aligned heterostructures. Here, we
demonstrate this interband tunneling effect in type-III ZrS3/SnS; heterostructure at
room temperature. A prominent NDR effect with a peak-to-valley ratio (PVR) of 1.7
was observed in the current-voltage characteristic curves measured at room temperature.
The effect of the metal-induced gap states at the interface between electrode and 2D
material in the realization of the NDR effect at room temperature has been meticulously
studied by fabricating ZrS3 devices with different geometry and thickness. The results
indicate that in order to observe NDR effect, the choice of a suitable metal electrode is
very important. Under the illumination of a laser, the effect of NDR becomes more
pronounced and observed at lower gate potential. The ZrS3/SnS; heterostructure works
as a photodetector due to a considerable optical band gap in both materials. The
photoresponsivity of the device was estimated to be 300 mA W! for a very low laser
power and the detectivity was determined to be in the order of 10!° Jones. Hence, the
proposed ZrS3/SnS; heterostructure exhibiting a significant NDR effect and reasonable

photoresponsivity has a wide scope in the field of nanoelectronics in the near future.

Keywords: n-n heterostructure, trichalcogenides, negative differential resistance,

photodetector, Fermi level pinning
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Chapter 1 Introduction

The trend towards compacting electronic gadgets leads to the fabrication of
ultra-thin and densely packed electronic circuits. The multi-valued logic (MVL) circuits
which have multiple threshold voltages has been a boon to the researchers in this field,
which was realized through the non-linear current-voltage behavior in the negative
differential resistance (NDR) region in certain devices.! However, the realization of
this NDR effect at room temperature has been a major challenge. The incorporation of
two-dimensional semiconductor heterostructures has a compelling positive effect in
achieving negative differential transconductance and negative differential resistance.*
8 The type-I (straddling gap),’ type-II (staggered gap),*!? and type-III (broken gap)'!-1?
band-aligned 2D heterostructures have their own applications. Among these, type-III
heterostructure with a broken-gap band alignment has large band offsets resulting in the
band-to-band tunneling of carriers from the valence band of one semiconductor to the
conduction band of another semiconductor.!*!* This interlayer tunneling effect gives
rise to the NDR effect in certain heterostructure devices.

The NDR effect was observed initially in the MoS>/WSe» heterostructure at low
temperatures by applying dual gate voltage and by tuning the thickness of the layers.!%!

It was also reported in other 2D heterostructures at room temperature such as BP/SnSe;,

BP/ReS: and WSe»/SnSe,.!"121617 However, the stability of black phosphorous (BP)
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poses a major challenge in these heterostructures.'® In this work, we use transition metal
trichalcogenides (TMT’s) like zirconium trisulphide (ZrS3) along with well-studied
dichalcogenide (SnS») to obtain a type-III band alignment. ZrS; is a quasi-one-
dimensional trichalcogenide semiconductor with a considerable bandgap in the range
of ~ 2.1 eV.!%2% Recently, there are reports on these ZrS; as broadband photodetectors
due to their wide band gap and other interesting properties induced by the quantum
confinement effect.??> On the other hand, SnS; is a dichalcogenide n-type
semiconductor with a bandgap of ~ 2.2 eV.!

The present work focuses on fabricating a ZrS3/SnS» heterostructure device on
Si0,/Si substrate and carrying out electrical and optical measurements at room
temperature to study the NDR effect. The devices were measured in back-gated
transistor configuration with 300 nm SiO; as a dielectric and observed to exhibit a
significant non-linear current-voltage behavior with a considerable peak-to-valley ratio.
The influence of band-to-band tunneling at the interface is crucial for the realization of
NDR effect which takes place due to the broken gap energy band alignment in the
heterostructure. The effect of the metal-induced gap states at the interface between
electrode and 2D material in suppressing the NDR effect at room temperature has been
elaborated, indicating that in order to observe the NDR effect, the choice of a suitable

metal electrode is very important. Due to the wide bandgap of both ZrS3; and SnS,,
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reasonable photoresponsivity was observed in the device manifesting itself as a

photodetector. Thus, the present work reports compelling results, which are useful for

further study on trichalcogenides and the design of unique optoelectronic devices.
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Chapter 2 Theoretical Background
2.1 ZrS;

Z1S;3 is a kind of two-dimensional transition metal trichalcogenides (TMTs) in
the type of MX3 with M a transition metal atom (Zr, Ti... etc.) and X (S, Se... etc.) a
chalcogen atom. TMTs have some properties in common. For example: They possess
low cleavage energy, so it is easy to exfoliate. Second, the quasi-1D chain-like structure
of MX3 molecules leads to distinctive physical properties. Moreover, the optical band
gap of MX3 materials spans from the visible to the infrared region, making them
suitable for a wide range of optoelectronic applications.! Figure 2.1 shows the crystal
structure of ZrSs. The trichalcogenide ZrS; single crystals has layered structure
crystalized in monoclinic phase. ZrS; has a wide direct band gap of 2.13 eV and an
indirect band gap of 1.83 eV as a monolayer, offering the potential for effective

absorption of visible light.?

Figure 2.1 Schematic representation of ZrS3 crystal structure in three dimensions.
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2.2 SnS;

SnS; is a kind of two-dimensional transition metal dichalcogenides (TMDs) in
the type of MX,. Monolayer TMDs consist of a layer of M transition metal atoms atoms
sandwiched between two layers of X chalcogen atoms. Figure 2.2 shows the crystal
structure of SnS,. The monolayer SnS; has hexagonal lattice and Sn atoms located in
the octahedral sites are sandwiched by S atom layers. SnS; has attracted considerable
interest because of its outstanding electronic, photonic, and optoelectronic properties.
These properties encompass high theoretical carrier mobility, stability at the single-
layer level, adjustable bandgaps, and a substantial specific surface area, all stemming
from its unique ultrathin 2D structures.>* SnS; is considered a promising material for
short-channel FETs and integrated logic circuits, owing to its indirect bandgap of
around 2.2 eV.° Additionally, its cost-effectiveness, abundance in nature, non-toxic
nature, and environmentally friendly attributes make it a more suitable candidate for
meeting the demands of next-generation electronics and optoelectronics in comparison
to other 2D TMDs.® Furthermore, its flexibility and transparency render it a promising

optoelectronic material, particularly for use in wearable electronics applications.’
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2.3 Raman scattering

Raman spectroscopy, a highly effective experimental technique for identifying
material properties, is employed to study the vibrational modes, rotational modes, and
other low-frequency modes of lattices and molecules in a system. When a
monochromatic laser interacts with sample molecules, light undergoes scattering. If
there is an energy exchange between photons and molecules upon inelastic collision,
the photons transfer or gain some energy from the sample molecules, resulting in a
change in the frequency of light. This phenomenon is known as Raman scattering, and
the shift in signal position on the spectrum is referred to as the Raman shift.® The Raman
shift does not change with incident laser wavelength, making it possible to understand
molecular bonding and structure, furthermore, the properties of a material.

When a sample molecule absorbs an incident photon, it undergoes excitation
from its ground state to a virtual energy state. Subsequently, the excited molecule emits
a photon and returns to a rotational or vibrational state that differs from the ground state.
The energy difference between the ground state and the new state results in the emitted

photon having a frequency different from the wavelength of the excitation light. Several
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Raman scattering cases are shown in Figure 2.3. If the energy of the photon after
scattering is lower than that of the incident photon, it is referred to as “Stokes Raman
scattering”. If the energy of the photon after scattering is higher, referred to as “Anti-

Stokes Raman scattering”.

Virtual

energy states

Rotational or Vibrational
energy states

2
0
Rayleigh Stokes Anti-Stokes
scattering Raman Raman
scattering scattering

Figure 2.3 Energy-level diagram with Raman scattering excitation.
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Chapter 3 Experimental details
3.1 Thermal Evaporation System

Thermal evaporation is a commonly used thin-film deposition technique for
fabricating films on solid substrates. It is a physical vapor deposition (PVD) technique
that involves heating the source material to its evaporation point and condensing it onto
the substrate surface. The specific steps of thermal evaporation are as follows: Firstly,
the source materials titanium and gold are placed on two tungsten boats. Under a
vacuum environment (below 2.0x10 Torr), it is heated by an electrical power source
within a chamber. When the temperature reaches the melting point, the source material
undergoes a solid-to-gas transition and begins to evaporate. Next, the gaseous material
is transported within the evaporation chamber and ultimately condenses onto the
surface of the sample (deposited Ti/Au 7 nm/70 nm). Figure 3.1 shows the setup of

thermal evaporation system.

Figure 3.1 Picture of thermal evaporation system.
13
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3.2 Chemical vapour transport (CVT)

Chemical Vapor Transport (CVT) is a method used for growing single crystal
materials. It involves the conversion of precursor gases into transportable intermediate
compounds through chemical reactions at high temperatures. These intermediate
compounds are then deposited at specific locations by controlling the temperature
gradient, resulting in the formation of single crystals.

ZrS3 single crystals were grown using chemical vapor transport (CVT) method
with iodine as the transport agent. Initially, ZrSs polycrystalline powders were
prepared through the solid-state synthesis process. The stoichiometric quantity of
high-purity Zr slug (99.99%) and sulphur powder (99.99%) were taken into the silica
ampule and sealed at a high vacuum condition to avoid the oxidation of the samples.
The mixed compounds were heated at 400 °C and 600 °C for 24 hours, followed by
intermediate grinding inside the Argon-filled glove box. During the crystal growth
process, the synthesized polycrystalline powders were combined with 200 mg of
iodine (I2) and sealed inside a 40 cm quartz ampule under an internal pressure of
approximately 107 Torr. The sealed quartz ampule was placed inside a horizontal two-
zone furnace. The charge end and growth end of the ampule were situated in the hot
and cold zones of the furnace, respectively, maintaining a constant temperature of 680
and 620 °C for 200 hours. Once the growth process was completed, the temperature of

14
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the furnace was gradually cooled down to room temperature at a rate of 2 °C / min.
The high-quality ZrS; single crystals were then harvested from the cold end of the
ampule.

High-quality single crystals of SnS> were grown using the chemical vapor
transport (CVT) method with 1odine as the transport agent. Initially, SnS»
polycrystalline powders were prepared through the solid-state synthesis process. The
stoichiometric quantity of high-purity Sn slug (99.999%) and sulphur powder
(99.999%) were taken into the carbon coated silica ampule and sealed at a high
vacuum condition. The mixed compounds were heated at 400 °C and 700 °C for 24
hours, followed by intermediate grinding inside the Argon-filled glove box. The
synthesized polycrystalline powders were combined with 200 mg of iodine (I2) and
sealed inside a 40 cm quartz ampule under an internal pressure of approximately 107
Torr. The sealed quartz ampule was placed inside a horizontal two-zone furnace. The
charge end and growth end of the ampule were situated in the hot and cold zones of
the furnace, respectively, maintaining a constant temperature of 800 and 750 °C for 1
week. Once the growth process was completed, the temperature of the furnace was
gradually cooled down to room temperature at a rate of 2 °C / min. The high-quality

SnS, single crystals were then harvested from the cold end of the ampule.

15
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3.3 I-V Curve Measurement

The measurement of [-V curves is performed using an optical microscope

system, three tungsten probes, a Keithley 2400 electrometer, a GPIB-USB-HS interface,

and a computer. The ZrS3/SnS; device is placed on a flat glass slide on the microscope

stage. Three tungsten probes make contact with two adjacent Ti/Au electrodes and the

back gate, respectively. After ensuring perfect contact of the three probes, the Keithley

2400 is controlled by a computer program to apply bias to the ZrS3/SnS, device and

measure the current. Simultaneously, the computer program records the I-V relation. In

addition, we used the Agilent 4156C semiconductor parameter analyzer for I4s-V curve

measurement. The wavelength of the laser used for photodetector study is 405 nm.

Keithley 2400-1

405 nm laser

(supply V)
oo ’
Objective of microscope
Probes
Keithley 2400-2 PC and Keithley 2400
(supply V) controlling program

\_~

Figure 3.2 Illustration of the I-V probe measurement system.
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3.4 Atomic Force Microscopy (AFM)

AFM is a scanning probe microscopy technique used for studying the structure
and properties of material surfaces. It employs a non-contact probe to scan the surface
of a sample and measures the interaction forces between the probe and the sample to
obtain high-resolution images and characterization data.

The working principle of AFM involves suspending the probe above the sample
surface and scanning it by controlling the interaction forces between the probe and the
sample. The probe typically has a nanoscale tip, and the displacement of the probe is
detected using a laser beam or a piezoelectric sensor. The feedback is adjusted based
on the interaction forces between the probe and the sample surface.

AFM offers advantages such as the ability to operate in ambient conditions,
versatility across different sample types, and the capability for in situ measurements
and force spectroscopy analysis. Hence, AFM is an important tool for investigating and

understanding surface structures and properties at the nanoscale. The AFM which we
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used is from the company of nanosurf. Figure 3.4 shows the setup of AFM.

Laser Diode

Position-sensitive
Photodetector

Cantilever Spring

Figure 3.3 Schematic illustration of the working principle of AFM

ijsoStage
TABLE

Figure 3.4 Photographic image of AFM

3.5 Device Fabrication

The schematic illustration of each step involved in the ZrS3/SnS; heterostructure

device fabrication is shown in Figure 3.4. Initially, SnS flakes were exfoliated and
18
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transferred onto the substrate using a PDMS stamp. After removing the PDMS stamp,
the exfoliated ZrS; was precisely placed on the SnS» flake using the custom-designed
micromanipulator. The electrodes were deposited for the assembled heterostructure by

fixing a copper mesh using a micromanipulator.

Exfoliated SnS, flakes on PDMS PDMS is peeled-off after sticking SnS,
flak
PDMS akes

¥
e
Si Si

$

EDMS removed alter attaching Exfoliated ZrS; flakes on PDMS

ZrS, flakes on SnS,

.
T =
Si Si

$

Snsz er3
- ZrS,;/SnS, vertical
- heterostructure

Figure 3.5 Schematic illustration of the step-by-step procedure in the assembly of

Z1rS3/SnS; heterostructure.
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Chapter 4 Results and Discussion

The schematic representation of the ZrS3/SnS> device structure was shown in
Figure 4.1a. Both ZrS; and SnS; single crystals were grown by chemical vapour
transport (CVT) technique, which is detailed in the Experimental detail. The as grown
trichalcogenide ZrS3 single crystals has layered structure crystalized in monoclinic
phase and are easily exfoliable (Figure 2.1).! On the other hand, SnS, has hexagonal
lattice and Sn atoms located in the octahedral sites are sandwiched by S atom layers
(Figure 2.2).2 Dry transfer technique was employed to make the heterostacks and
polydimethylsiloxane (PDMS) stamps were used for the transfer process. The
schematic depiction of the step-by-step process involved in the heterostructure
assembly is represented in Figure 3.5. The optical microscopy image of the fabricated
ZrS3/SnS2 device was shown in Figure 4.1b. Raman spectrum was recorded for the
individual layers and the heterojunction region as represented in Figure 4.1¢. SnS;
layer exhibits the most prominent out of plane vibration (A;; mode) at 315 cm™.> The
prominent peaks at 280 cm™' and 320 cm™! in ZrSs layers corresponds to A’ and Ag° out
of plane vibrational modes.* At the ZrS3/SnS; heterojunction area, the A1, mode of SnS;
gets superimposed with A.® mode of ZrS; indicating a strong interlayer coupling effect.
The atomic force microscopy (AFM) scanning over the junction region along with the
height profile is shown in Figure 4.1d. From the height profile, the thickness of SnS;
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and ZrS3 layer is estimated to be ~ 15 nm and ~ 19 nm, respectively.

The transfer curves measured for the individual SnS; and ZrS3 devices in the back-

gate field effect transistor configuration is represented in Figure 4.2a. Both SnS; and

ZrS3 layers exhibits n-type nature indicating the majority carriers are electrons. Thus,

the junction formed at ZrS3/SnS> is isotype n-n heterojunction and the schematic of the

device along with circuit connection is shown in Figure 4.2b. In the back-gated

transistor configuration, the /4¢s-Vas characteristic curves of the ZrS3/SnS» device was

measured at constant gate voltages (V) as shown in Figure 4.2¢. If the curves are

observed carefully, a non-linear behavior was observed for gate voltages from 0 to 30

V. The differential conductance (dl4s/dVas) was calculated from Figure 4.2¢ and plotted

against the applied bias as shown in Figure 4.2d. The non-linear carrier transport

phenomenon is very prominent in the differential conductance indicating a pronounced

negative differential resistance (NDR) effect in the device. The inset of Figure 4.2d

represents the peak-to-valley ratio (PVR) as a function of gate voltage. It can be

observed that PVR is higher at zero gate voltage (~ 1.7) and gradually decreases with

an increase in gate voltage.

The NDR effect in the device can be understood from the energy band diagram

shown in Figure 4.3. The energy levels of ZrS; and SnS: taken from the previous

reports are represented in Figure 4.3a, which clearly indicates a type-III band alignment
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in the heterostructure.’ After contact, there is a charge transfer and the band bends at
the interface aligning the Fermi level as shown in Figure 4.3b and the green box
outlined represents a zoomed-in picture at the interface. In the NDR effect, the increase
in current is due to the tunneling effect in the broken-gap band alignment and the
decreased steady current is due to the diffusion current. At negative bias voltage (V' <0
V), the carriers tunnel from the valence band of ZrS; to the conduction band of SnS,
(Figure 4.3¢). When the positive bias voltage is applied (0 V < V< 1 V), this tunneling
of carriers from conduction band of SnS» to the valence band of ZrS; takes place, which
increases the current (Figure 4.2d). Till the Fermi level of SnS, reaches the valence
band of ZrS3, the tunneling takes place and the current keeps increasing and reaches a
peak value. When increasing the applied bias further (1 V < V' < 2.4 V), the tunneling
effect decreases due to the reduction of the energy states in the bandgap region (Figure
4.3¢). With further increase in the positive bias (2.4 V < V), the tunneling effect is
greatly reduced and the electrons diffuse through the barrier and there is a steady
increase in diffusion current. Thus, the tunneling effect due to the broken-gap band
alignment, there is a non-linear increase and decrease in current with increase in applied
bias voltage resulting in NDR effect.

Further, photoresponse study has been carried out in the ZrSs;/SnS;
heterostructure and the optical microscopy image of the device used for this study is
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shown in Figure 4.4. The /4s-V4s characteristic curve was recorded for the device at zero
gate voltage under dark and laser illuminated condition as shown in Figure 4.5a. The
wavelength of the laser used in this study is 405 nm and the power intensity is tuned
using the neutral density filter. The photocurrent (/pn = liight —/dark) determined from the
las-Vas characteristic curve at Vys = 5 V is plotted as a function of laser power intensity
as shown in Figure 4.5b. The generation of photocurrent decreases with decrease in
laser power. At the same time, due to the rate of increase in photocurrent per unit power,
the photoresponsivity increases with decrease in laser power. The responsivity (R) of
the device was estimated by taking the ratio of photocurrent estimated to the power
density (P) and device area (A) illuminated by laser.® The equation is written as follows.
R= 2. (1)

The calculated responsivity of the device to the laser illuminated is plotted as a
function of laser power intensity in Figure 4.5¢. The device was able to exhibit a
responsivity of 300 mA W-! for a very low laser power of 4.8 pW cm™, which indicates
the sensitivity of the device to the photons incident. To establish this quantitatively, the

specific detectivity (D*) of the device was determined using the following equation

using device area (A), measuring bandwidth (4f) and noise equivalent power (NEP).®

pr= ¥ )

NEP

Here, NEP indicates the minimum optical power that a photodetector can
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distinguish from a noise and is dependent on the noise current (/). Since the shot noise
in the dark current (/4ark) influences the noise current in the photodetector, the NEP is

estimated using the following equation.®’

Noise current, I, = /2elj5-kAf 3)
NEP = %.: V2eldarkAf (4)

R

JAXAf  RxVA 5
NEP ~ [2elgark (5)

Therefore, the detectivity can be estimated as, D* =
Here, R is the photoresponsivity and e is the electronic charge. The maximum
detectivity obtained for our device is 3.6x10'° Jones for a laser power of 4.8 pW cm™
at Vs = 5 V. The estimated detectivity as a function of laser power is represented in
Figure 4.5¢. Another parameter which describes the number of electrons detected per

incident photon is photogain (77) which can be estimated as follows.%’

RXxhxXc

n= (6)

exA

Here, 4 is the planck’s constant, ¢ is the speed of light and A is the wavelength of the

incident laser. The photogain estimated for our device at Vgs =5 V as a function of laser

power is represented in Figure 4.6. The time-resolved photo-switching stability of the

device is shown in Figure 4.5d. It can be observed that the current remains stable in

the dark condition as well as in the laser-illuminated condition and the change is abrupt

with the laser on/off condition.

Furthermore, /4s-V4s characteristic curves were measured for ZrS; devices with
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different structures using only Ti as contact electrode as shown in Figure 4.7. As we

observe from Figure 4.7d-f, the Schottky barrier is weak for the device as shown in

Figure 4.7a, the device is nearly ohmic for the flake represented in Figure 4.7b and

4.7¢. In some thicker devices as in Figure 4.7a, where the carrier density is more, the

diffusion current is able to overcome the contact resistance and exhibit significant

device current. On the other hand, where the dimension and thickness of the flake are

very less as in Figure 4.7¢, the carrier density is less and exhibits a very less device

current. The metal-induced gap states at the Ti/ZrS3 interface plays a vital role in the

observation of the NDR effect in the device for they provide the conduction channel of

charge carriers and suppress intrinsic conduction properties arising from 2D

heterostructure. To emphasize the importance of the contact electrode, the NDR effect

observed in another ZrS3/SnS; device with Au/Ti electrode is represented in Figure 4.8.

In the lg4s-Vas characteristic curve in the dark condition (Figure 4.8b), the NDR was

observed only at higher gate voltages (V; = 30 V and 50 V) and the PVR is very less

and the NDR effect is almost absent at ;=0 and 10 V as observed from the differential

conductance represented in the inset of Figure 4.8b. On the other hand, under the

illumination of a laser, this trend seems to change as can be observed in Figures 4.8c

and 4.8d. The NDR effect becomes more pronounced and can be observed obviously

starting from Vy = 0 to 50 V. This is because under the illumination of laser, the free
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charge carrier density is increased due to the separation of electron-hole pair and the

effect of Schottky barrier induced by the Fermi level matching becomes less significant

resulting in an enhanced NDR effect. This result indicates that in order to observe NDR

effect, the choice of a suitable metal electrode is very important.
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Figure 4.1 (a) Schematic illustration of the ZrS;/SnS, device structure on SiO»/Si
substrate. (b) Optical microscope image of the ZrS;/SnS, heterostack with contact
electrodes on SiO/Si substrate. (¢) Raman spectra of the individual ZrS; and SnS;
layers and the ZrS3/SnS» heterojunction. (d) AFM of the ZrS3/SnS; heterostructure with

the inset representing the height profile.
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Figure 4.2 (a) Transfer curves of the individual SnS> and ZrS3 device in the back-gated
field effect transistor configuration. (b) ZrS3:/SnS, device schematic with circuit
connection. (c) las-Vys characteristic curves of the ZrS3/SnS; device measured at
constant gate voltage. (d) Differential conductance (dlss/dVas) obtained from the
derivative of I4s-Vgs curves plotted as a function of applied bias voltage and the inset
represents the peak-to-valley ratio (PVR) of the peaks obtained in the differential

conductance plotted as a function of applied gate voltage.

28

doi:10.6342/NTU202303256



Energy (eV)
A

SnS, SnS,

V<0V 0V<V<1V 1V<V<24V 24V<eV

Figure 4.3 (a) Energy levels of the individual ZrS; and SnS; layers before contact. (b)

Energy band alignment in the ZrS3/SnS> heterojunction after contact. (¢) Changes in

the energy band alignment at different applied bias voltages.
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Figure 4.4 Optical microscopy image of the ZrS3/SnS; heterostructure device.
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Figure 4.5 (a) l4s-Vys characteristic curves of the ZrS3;/SnS; device measured at zero

gate voltage under illumination of 405 nm wavelength laser at different power intensity.

(b) Photocurrent (Z,n) estimated from the /gs-Vgs curves at Vys =5 V versus laser power

intensity. (¢) Responsivity (R) and detectivity (D*) of the ZrS3/SnS, device determined

at Vas = 5 V plotted as a function of laser power intensity. (d) Photo-switching

characteristic of the device under the illumination of laser.
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Figure 4.6 Photogain estimated for the ZrS3/SnS; heterostructure device plotted as a

function of laser power intensity.
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Figure 4.7 (a-c) Optical microscopy images of the ZrS; device with Ti contact
fabricated with different dimension and thickness of ZrS; flakes. (d-f) luas-Vas
characteristic curves of the ZrS; device corresponding to optical images (a), (b), and

(c), respectively.

33

d0i:10.6342/N'TU202303256



Igs (NA)

12

Laser on

0 5
Vds (V)

34

lqs (NA)

dlgs/dVyg (NAIV)

1.5 Dark

— OV

dlgeldVigs (NAN)

Dark

1 1] 1 2 3 4
Vs (V)
Ve
—50vV 10V
30V —ovV
4__—/
0 - /
5 0 5
Vds (V)
Ve Laser on

inset represents the corresponding differential conductance plot.

Vs (V)

Figure 4.8 (a) Optical microscopy image of the ZrS:/SnS; device. (b) luas-Vas

characteristic curve of the device at constant gate voltage in the dark condition and the

(C) Las-Vs

characteristic curve of the device at constant gate voltage in the laser illuminated
condition. (d) Differential conductance plotted as a function of applied bias voltage at

constant gate voltage in the laser-illuminated condition corresponding to (c).
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Chapter S Conclusion

In conclusion, a type-III broken gap heterostructure based on 2D ZrS3 and SnS»
stacking has been designed and fabricated, and the electrical measurements carried out
in the back-gated transistor configuration exhibit a significant NDR effect at room
temperature. The tunneling effect due to the broken-gap band alignment was explained
based on the energy band diagram. Additionally, the device has been studied as a
photodetector due to the significant band gap in both ZrS; and SnS>. The device
exhibited a prominent photoresponsivity in the range of 300 mA W for a very low
laser power manifesting a strong sensitivity towards the incident photons. The effect of
metal electrode caused by the metal-induced gap states in the observation of NDR and
the effect of incident light in realizing the NDR effect at room temperature has been
discussed in detail. We emphasize here that in order to observe the NDR effect, the
choice of a suitable metal electrode is very important. This non-linear carrier transport
phenomenon observed at room temperature, which has multiple threshold values can
be employed in multi-valued logics and can be a new direction towards the design of

future novel optoelectronic devices.
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