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Abstract
Electron Devices Based on Transition Metal Dichalcogenides
by
Mahmut Tosun
Doctor of Philosophy in Applied Science and Technology
University of California, Berkeley
Professor Ali Javey, Chair

Integrated circuits consists of building blocks called transistors. A transistor is a switch that enables
logic operations to perform computing. Since the invention of the first integrated circuit, transistors
have been scaled down in their dimensions to increase the density of transistors per unit area to
enable more functionality. Transistor scaling is continued by introducing novel device structures
and materials at each technology node. Due to the challenges such as short channel effects and the
power consumption issues, novel materials are investigated as a candidate for next generation
transistors. In this thesis, 2-dimensinal layered semiconductors, namely transition metal
dichalcogenides (TMDCs) are studied to assess their electronic material properties as a candidate
channel material for next generation electronic devices.
Chapter one, introduces the challenges in the state of the art MOSFET devices. Then the
motivation for the use of TMDCs in MOSFETs is explained. In chapter two, doping of the TMDCs
is studied to be able to probe the intrinsic electronic properties of the devices fabricated using these
materials. Contact resistance can be decreased by doping and TMDC MOSFETs with near-ideal
performance metrics are demonstrated. In chapter three the CMOS integration of the devices using
TMDCs are examined. Logic operations are conducted by fabricating WSe2 n-FETs and p-FETs
on the same flake. Then vertical 3-dimensional integration of n-FETs and p-FETs are demonstrated
using the same gate. These transistors are connected as a CMOS inverter and logic operations are
performed. Chapter four presents the band structure engineering study using TMDCs. Monomultilayer MoS2 junctions are found to have a type-I heterojunction. Optoelectronic properties of
this junction are investigated and the junction is shown to have a photoresponse that dominates the
photoresponse coming from the contacts. In chapter five, the tunneling devices using TMDCs are
studied. Dual-gated heterojunctions and homojunctions are studied. Gate-tunable diode
characteristics of these structures are shown. Then p-TFETs are examined using black phosphorus
homojunction devices.
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Chapter 1. Introduction
1.1 Scaling Limits of Si MOSFETs
Metal oxide semiconductor field effect transistors (MOSFETs) have been the building blocks of
the integrated circuits (ICs). The increasing need for computation power and more functionality in
a given size of a chip, have led to the scaling down in the dimension of the MOSFETs. As the
channel length of the MOSFETs shrink, the ON current of the transistors increase and as a result,
the supply voltage (VDD) to operate the transistors at a given ON current decreases. Increase in the
ON current leads to decrease in the gate delay time, therefore increasing the clock frequency and
the speed of the chips. The scaling down in the industry has been predicted by Gordon Moore and
this trend is referred as the Moore’s law.1 Semiconductor industry has been following this trend to
bring novel products to the technology market.
In the early years of scaling the MOSFETs, for constant field scaling, as the density of the transistor
increase, the power dissipation for a given transistor used to decrease by the same scaling factor.2
Therefore power density of the chip remained constant. However as the scaling continued below
the technology node of 130 nm, due to the need for the low OFF current to be able to keep the
static power consumption low enough, the threshold voltage (VT) has become the bottleneck to
scale. As a result the VDD scaling started to lag behind. Moreover as the dimensions of the
transistors shrink down to tens of nanometers, short channel effects such as threshold voltage roll
off and drain induced barrier lowering start to arise and degrade the transistor performance. Short
channel effects occur since the gate loses control over the channel and the drain starts to compete
with the gate. Figure 1.1 demonstrates the gate oxide capacitance and the drain capacitance trying
to control the electrostatic potential of the channel.
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Figure 1.1 Schematic of a cross sectional MOSFET showing the gate oxide capacitance and the drain capacitance to
control the channel.3

When the electrostatic control of the channel by the gate becomes compromised, the obvious
solution is to reduce the drain capacitance (Cd), the junction depth (Xj) at the source and drain
contact regions and the depletion depth. In order to continue scaling down the dimensions
according to the Moore’s Law, both novel device architectures and materials are being extensively
investigated. As an example to novel device architectures, the extensive research has been done
on the ultra-thin body silicon on insulator (UTB SOI) and FinFET devices.
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Figure 1.2 Schematics of (left) UTB SOI4 and (right) FinFET3 device structures.

The purpose of using these structures were to enhance the electrostatic coupling of the gate to the
channel and minimize the effect coming from the drain. In addition to novel device architectures,
alternative channel materials such as III-Vs, carbon nanotubes, nanowires and 2-dimensional
layered materials have also been investigated due to their promising intrinsic material properties
such as high mobility, low dielectric constant etc.

1.1.2 Transition Metal Dichalcogenides (TMDCs) as Candidate Channel
Materials
Transition metal dichalcogenides belong to a family of materials that their intralayer bonding is
covalent however the interlayer bonding is Van der Waals. Therefore just like graphene these
materials can be grown on exfoliated down to a monolayer thickness. In contrast to graphene, they
have a band gap that enables them to be used in digital logic applications. The dielectric constant
of the TMDCs are lower than silicon, therefore they have a lower characteristic length than silicon.
As a result, TMDCs can offer to realize transistor with more immunity to short channel effects.5
In terms of the device structure, field effect transistors (FETs) using TMDCs as channel materials
can be fabricated similar to the UTB SOI FETs as seen in Figure 1.3.

Figure 1.3. Field Effect Transistor using TMDC as the channel material. Reprinted with the permission from

Tosun et. al. ACS Nano 2014, 8, 4948-4953.
3

1.2 Power Scaling Limits of Si MOSFETs
Scaling down the dimensions of the MOSFETs have increased the density of the transistors in a
given are and kept the power density constant according to the constant field scaling.2 However as
mentioned above, as the dimensions shrink even further, short channel effects became prominent
and the VT scaling become difficult to continue. Therefore VDD scaling slowed down and power
consumption is arising to be a serious concern.6 Since MOSFETs fundamentally limited to a
subthreshold swing of 60 mV/dec at room temperature, hence the steepness of the device going
from off-state to on-state can’t exceed this limit. In order to realize a more energy efficient switch,
novel device concepts have been investigated. Tunnel field effect transistors (TFETs) is an
example of these efforts.7 Unlike MOSFETs, the electron injection into the channel is not
controlled by thermal diffusion of the electrons over a barrier but band to band tunneling that
ideally does not depend on thermal processes.

Figure 1.4 Comparison of various MOSFET structures (bulk Si, multigate, high mobility) with TFET in terms of
subthreshold swing.6 Reprinted with the permission from Ionescu et. al. Nature 2011, 479, 329–337.

Figure 1.4 shows the qualitative comparison of three engineering solutions to improve the
characteristics of the bulk silicon MOSFET switch (red): a multigate device (MuG, blue) for
improved electrostatics; a high-mobility channel (purple) using group III–V and SiGe materials;
and a TFET (green), which has a steep off–on transition and the lowest IOFF.
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1.2.1 TMDCs as Candidate Materials for TFETs
Tunnel FET devices with respectable subthreshold swing (SS) have been demonstrated at room
temperature.7 However the obtained SS values have been just below 60 mV/dec although the
TFETs in theory can achieve lower SS values. In the calculations that are performed to assess the
performance of TFETs, the band edges are assumed to be without any defect. However in reality,
the defects and the interface traps at the tunnel junctions of the TFETs hinders the performance.
In the OFF-state, due to the defects at the interface, electrons can still tunnel from the valence band
to the available states just below the conduction band. This parasitic conduction path eliminates
achieving steep TFETs.8
TMDCs on the other hand, possess material properties that are ideal for TFETs. Upon mechanical
exfoliation or growth, on the surface, ideally no dangling bond exists. Therefore in a TMDC
heterojunction, at the interface, defects can be minimized. This enables obtaining steep TFETs.
Previous studies revealed that the band edge sharpness of a single layer MoS2 and single layer
WSe2 junction can be as low as 30 mV/dec.

Figure 1.5 Band edge sharpness of MoS2/WSe2 heterostack9 Reprinted with the permission from Fang et. al.

PNAS 2014, 479, 6198–6202.

Figure 1.5 demonstrates the band edge sharpness of a MoS2/WSe2 heterostack extracted using
photoluminescence measurements. The extracted band edge sharpness value found to be 30
mV/dec that is on the same range as the ultra pure, undoped GaAs and Si.8

5

By engineering a device structure with dual gates, doping the heterojunction of these devices can
be eliminated and the band edge sharpness of the heterojunction can be protected. Figure 1.6
demonstrates such a structure that will be discussed in chapter 5.

Figure 1.6 Dual gated TFET structure using TMDC heterostack tunnel junction.

1.3 Summary
In this thesis the material properties of TMDCs and their performances in electron devices such as
diodes, photodetectors, MOSFETs and TFETs are investigated. First the doping of the TMDCs are
studied followed by their use in CMOS devices. Then band structure engineering of TMDCs
explored using thickness modulation. Then tunnel diodes using TMDC heterostacks and TFETs
using 2-dimensional material black phosphorus examined.
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Chapter 2. Doping of TMDCs
2.1 Background
In order to study the of electron devices based on TMDCs and probe their intrinsic performance
metrics, forming low-resistance electrical contacts to TMDCs is crucial. In a metal-semiconductor
junction, electrons have to go over a barrier or tunnel through the depletion width. The contact
resistance associated with the Schottky contact hinders the intrinsic performance of the electron
devices based on TMDCs.
In order to realize low-resistance ohmic contacts at the metal-semiconductor junction, first the
metal of interest should be selected carefully in terms of its workfunction. The difference in the
workfunction of the metal and the electron affinity determines the barrier height at the contact
(ΦBn). Therefore a low workfunction metal should be chosen to contact an n-type semiconductor
and a high workfunction metal should be chosen to contact a p-type semiconductor. In addition,
the doping of the semiconductor at the contact region is inversely proportional to the depletion
width. As seen in Figure 2.1, the depletion width gets thinner with increased doping. If the
depletion width is thin enough the tunneling probability of the electrons through the barrier
increases and therefore the contact resistance becomes lower.

8

Figure 2.1 Qualitative band diagram showing the Scottky barrier height and the depletion width before and after
doping.

Many doping methods have been explored to reduce the contact resistance at the metal-TMDC
junction. The doping methods include surface charge transfer doping,1, 2 covalent
functionalization,3 substitutional doping,4 remote charge doping.5 In addition to doping, phase
engineered contacts have also been studied.6

9

2.2 Air Stable n-doping of WSe2 by Anion Vacancy Formation with
Mild Plasma Treatment1
2.2.1 Introduction
Transition metal dichalcogenides (TMDCs) are a subset of two-dimensional layered
materials that can be scaled down to a monolayer thickness. Since the interlayer bonding is based
on van der Waals forces, TMDCs ideally have no surface dangling bonds, thus enabling low
interface trap density at the semiconductor/dielectric or at the heterostructure interface. Therefore,
TMDCs offer the ultimate level of scalability (6.5 Å) for semiconductor thickness, while
preserving the integrity of the semiconductor in terms of electronic and material properties.1, 7 In
addition to offering extreme thickness scalability, this material family, specifically WSe2,
possesses respectable mobility values for electrons8 (110 cm2/V·s) and holes1 (240 cm2/V·s). High
effective mass9, 10 and the low dielectric constant11 values in these materials as compared to silicon
and III-V systems also promise to reduce the direct source-drain tunneling and reduce the
characteristic lengths12 for aggressively scaled metal oxide semiconductor field effect transistors.
In addition, optical properties of monolayer TMDCs are intriguing given that they have direct
bandgaps.13, 14 While optoelectronic devices such as light emitting diodes (LEDs) and lasers have
been realized with monolayer TMDC semiconductors,15-17 these proof-of-concept devices are
either realized through optical pumping15 or their performances are limited due to large contact
resistances.16-18 Therefore, developing optimized contacts to probe the intrinsic properties of the
TMDC semiconductors and their performance limits is a fundamental problem in the study of
TMDCs.18 To overcome this challenge, many doping schemes and work function engineering
studies have been performed.1, 5, 8, 19-22
Defects in a semiconductor crystal lattice play a profound role in determining both the
electronic and optical properties of the material. Therefore, defect engineering to either passivate
or intentionally generate defects within the crystal can be utilized as a powerful tool to obtain the
desired properties in a semiconductor. For the active regions of electronic and optoelectronic
devices such as LEDs, laser diodes, photovoltaic cells, and transistors where electron-hole pair
recombination/generation or electron transport occurs, defect-free materials are desired. However,
in all of the devices listed above, in order to have Ohmic contacts, heavy doping underneath the
metal contacts induced by impurities or defects in the lattice is necessary.23 In the conventional
semiconductors, such as in silicon and III-Vs, substitutional doping by inserting a foreign atom
(impurity) in the crystal lattice is typically used to increase the free electron or hole concentration.
In compound semiconductors, another doping mechanism can be induced by formation of anion
or cation vacancies. Anion vacancies act as donor sites and result in n-doping whereas cation
vacancies act as acceptor sites and result in p-doping.24, 25 Similarly, recent studies examining
defects in MoS2 flakes have reported that sulfur-deficient and sulfur-rich regions on the surface
are responsible for n-type or p-type doping, respectively.26, 27
In this study, we investigate the use of a mild H2 plasma treatment to engineer defects in
the WSe2 lattice as depicted in Figure 2.1. The effects of H2 plasma on the material properties of
WSe2 crystals and flakes are investigated extensively with X-ray photoelectron spectroscopy,
Raman spectroscopy, photoluminescence spectroscopy, and Kelvin probe force microscopy. The
results point to the formation of Se vacancies. Similar results are obtained employing a He plasma,
1

Reprinted with the permission from Tosun et. al. ACS Nano, 10.1021/acsnano.6b02521
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suggesting that the formation of vacancies is not due to a chemical reaction such as protonation.
We then demonstrate WSe2 n-type field-effect transistors (FETs) with plasma treated contact
regions that exhibit significantly lower contact resistance as compared to devices made without
plasma treatment of the contacts. The paper shows that a mild plasma treatment at the contact
regions can yield self-aligned and air-stable doping via generation of anion vacancies.

Figure 2.1. a. Schematic of an as-exfoliated WSe2 flake. b. Schematic of the WSe2 flake after the H2 plasma treatment
••
illustrating the creation of 𝑉"#
. Reprinted with the permission from Tosun et. al. ACS Nano,

10.1021/acsnano.6b02521

2.2.2 Results and Discussion
X-ray photoelectron spectroscopy (XPS) was used to investigate the effect of H2 plasma
on the material properties and chemical composition of the WSe2 lattice. WSe2 crystals (purchased
from HQ Graphene) were exposed to an inductively coupled, downstream hydrogen plasma (13.56
MHz, at 200 mTorr), and were transferred through a gate valve to the XPS chamber. The in situ
XPS analysis was performed with an Omicron Dar400 achromatic Mg-Kα X-ray source and an
Omicron EA 125 hemispherical analyzer operated at constant 50 eV pass energy. Figures 2.2a and
2.2b show the Se 3d and W 4f peaks, respectively, prior to exposure and after 3, 6, and 12 seconds
of exposure to H2 plasma. With increasing exposure times, the binding energies increase. The
upshift by 0.5 eV after 12 seconds of treatment indicates a Fermi level shift toward the conductionband edge, which can be attributed to n-doping. This core-level shift towards higher binding
energy is also consistent with previous studies of n-doped WSe2.8 Figure 2.2c shows the ratio of
the areas under the Se 3d and W 4f peaks. The areas are quantified after Shirley background
subtraction and corrected with sensitivity factors and attenuation according to the Beer-Lambert
law (see Methods section). The Se/W ratio decreases with H2 plasma time, indicating the loss of
selenium atoms with increased exposure to hydrogen plasma. This shows that the observed Fermi
••
level shift towards the conduction band is induced by creating Se vacancies (𝑉"#
) in the WSe2
lattice.
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Figure 2.2. a. XPS spectra of core level Se 3d binding energy peak with increasing H2 plasma treatment time. b. XPS
spectra of core level W 4f5/2 and 4f7/2 binding energy peak with increasing H2 plasma treatment time. c. Se/W ratio vs.
H2 plasma treatment time extracted by calculating the areas under the peaks in Figure 2.2 a and b. d. Normalized
valence band spectra with increasing H2 plasma treatment time. e. (EF – EV) values extracted by using Figure 2.2 d. f.
Electron doping concentration vs. increasing H2 plasma treatment time calculated by using (EC – EF) extracted by the
valence band spectra. Reprinted with the permission from Tosun et. al. ACS Nano, 10.1021/acsnano.6b02521

The XPS valence band spectra are used to evaluate the changes in the electron doping
concentration as a function of H2 plasma treatment time. Figure 2.2d shows the valence band
spectra of WSe2 with increasing H2 plasma time, which are used to extract (EF – EV), where EF
and EV are the Fermi level and valence band edge energies, respectively. Linear extrapolation of
the valence band edge tail is used to determine (EF – EV). As seen in Figure 2.2e, (EF – EV)
increases from 0.73 eV to plateau around 1.19 eV. By assuming a band gap value of 1.2 eV for
multilayer WSe2,1, 28, 29, the conduction band edge (EC) is calculated with respect to the Fermi level.
At the longest H2 plasma treatment time of 12 seconds, the Fermi level is calculated to be 10 meV
below EC. This corresponds to (EC – EF) < 3 kT at room temperature, and thus, to a degenerate ndoping level. This analysis shows that this doping scheme can be used to controllably dope WSe2.
After determining the position of the Fermi level relative to the conduction band edge, the electron
doping concentration (ND) is calculated. The 3-D effective density of states (NC) for electrons is
calculated using:
4

𝑁( = 2𝑥

,-./ 01 3
23

(1)

where mn is the effective mass for electrons, T is the temperature, k is the Boltzmann constant and
h is Planck’s constant. At room temperature, by assuming mn to be 0.53 m0,9, 30 NC is calculated to
be 8.8×1018 cm-3. Using the NC, and (EC – EF) extracted via XPS valence-band analysis, ND is
calculated from:
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(2)

using the Boltzmann approximation and assuming non-degenerate doping for pristine, 3, and 6
seconds of H2 plasma treatment. At the longest H2 plasma treatment time, for 12 seconds, because
of degenerate doping, the Boltzmann approximation cannot be used and Eq. 2 is not valid to
calculate ND. Therefore, assuming the boundary condition for degenerate doping (EC – EF = 3 kT),
ND is calculated to be 4×1017 cm-3 at room temperature. Given that 12 seconds of doping yields
degenerate doping (EC – EF < 3 kT), ND is concluded to be higher than 4×1017 cm-3 at room
temperature. The results of the analysis is presented in Figure 2.2f, showing that ND increases
monotonically with H2 plasma treatment time.
To verify that the crystal structure of the WSe2 remains intact after the mild H2 plasma
treatment, Raman spectroscopy is performed on the same flakes before and after H2 plasma
treatment. The samples are excited by the 514.5 nm line of an Ar ion laser (20 µW incident power)
and the spectra were measured with a triple spectrometer configured in subtractive mode with a
2400 g/mm grating in the final stage. Raman spectra of 1-, 2-, and 5-layer thick WSe2 flakes before
and after H2 plasma treatment are presented in Figures 2.3a.31 The samples show no significant
change in the Raman peak positions or line widths, indicating that the lattices of WSe2 flakes
remain intact after H2 plasma treatment, while point defects are created. A more sensitive probe of
the defects generated in the material is provided by photoluminescence (PL) measurements on
direct-bandgap monolayer WSe2 both at room temperature and 77 K.32, 33 These measurements are
taken using the 514.5 nm line of an Ar ion laser for excitation, and the PL spectra are dispersed by
a 150 groove/mm grating in a f = 340 mm spectrometer after removing the excitation signal with
a 550 nm long-pass filter. Figures 2.3b shows PL spectra of the same monolayer before and after
H2 plasma treatment, measured at an incident power of 5 µW at room temperature. A significant
full width half maximum broadening of the PL spectra from 62 to 98 meV is observed after H2
plasma treatment, and is expected for highly defective material due to the presence of sub-bandgap
and trap-states.34 Finally, to understand the nature of the defects that are generated by H2 plasma,
PL measurements are performed at 77 K in a flow micro-cryostat, as shown in Figures 2.3c.
Measurements taken on pristine samples indicate that there is a deep level trap, manifested as a
bound exciton (XB) at 1.37 eV, present in the as-exfoliated monolayers. However, after H2 plasma
treatment, the clear emergence of a second bound exciton peak, X0, at 1.52 eV is observed. It can
be confirmed by pump-power dependent measurements that both peaks originate from defects as
shown in Figures 2.3d. The bound exciton peak, XB, saturates at high illumination intensities,
whereas the free exciton, X0, shows linear dependence, which is consistent with previous reports.32
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Figures 2.3. a. Raman spectra measured before and after H2 plasma on the same WSe2 flakes of monolayer, bilayer,
and 5-layer thickness. b. PL spectra measured on the same WSe2 monolayer flake before and after H2 plasma treatment
at room temperature. c. PL spectra performed on the same monolayer WSe2 flake before and after H2 plasma treatment
at 77 K. d. Pump-power dependence of the free-exciton and bound-exciton luminescence for the WSe2 monolayer
flake measured at 77 K. Reprinted with the permission from Tosun et. al. ACS Nano,

10.1021/acsnano.6b02521

Kelvin probe force microscopy (KPFM) has been shown to be a useful characterization
tool to determine the band alignments in the TMDC flakes.35 Here, KPFM is used to demonstrate
lithographically patternable doping within the same WSe2 crystal. Figure 2.4a shows the schematic
of the WSe2 flake patterned using PMMA, allowing local regions to be exposed to H2 plasma,
resulting in defect induced doping, while leaving the PMMA coated region intrinsic (undoped). In
order to realize the structure shown in Figure 2.4a, e-beam lithography is used to define a mask
with PMMA, on the channel region. After developing the exposed regions, PMMA remains
protecting the region underneath from the H2 plasma treatment. A mild H2 plasma treatment was
then performed, only affecting the unmasked regions. Finally the PMMA was stripped in acetone,
and KPFM was performed. Figure 2.4b shows the atomic force microscopy (AFM) image of the
WSe2 flake after H2 plasma treatment and after stripping the resist in acetone. It is important to
note that after H2 plasma treatment, the flake still has a uniform thickness as can be seen in the
corresponding line scan. Figure 2.4c shows the KPFM image of the WSe2 flake with H2 plasma
treatment done on the unmasked regions. KPFM measures the contact potential difference (CPD)
between the AFM tip and the sample given by:
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CPD =

ABCD – AFGHDIJ
<#

(3)

where Φtip is the work function of the tip, Φsample is the work function of the sample, and e is the
electron charge.36, 37 By measuring the change in the CPD between the masked and the exposed
regions, the work-function difference is extracted and the band alignment is determined. When
KPFM is performed on the WSe2 flake, the masked region shows a lower CPD value as compared
to the exposed regions by 200 mV; in other words, the change in the CPD along the line scan
yields:
∆CPD = CPD#LMNO#P − CPDRSOT#P =

ΦRSOT#P – Φ#LMNO#P
= 200 𝑚𝑉
−e

This corresponds to a Fermi level shift of the H2 plasma treated regions by 200 meV towards the
conduction band, relative to the masked region. Using the difference in the Fermi levels, the
electron doping concentration ratio between the exposed and the masked region is calculated using:
XY,J[D\FJ]
XY,HGF^J]

= exp

(:;,J[D\FJ] < :;,HGF^J] )
01

(4)

yielding a value of ~2200 at room temperature.

••
Figure 2.4. a. Cross–sectional schematic of the WSe2 flake with 𝑉"#
on the doped (exposed) regions and pristine
(masked) region by using PMMA as the mask. b. AFM image of the WSe2 flake after H2 plasma treatment. c. KPFM
image showing the doped and undoped regions of the same WSe2 flake. Line scan along the exposed – masked –
exposed line shows a CPD of 200 mV. Reprinted with the permission from Tosun et. al. ACS Nano,

10.1021/acsnano.6b02521

In order to investigate the effect of the H2 plasma treatment on the electrical performance
of the WSe2 FETs, two transistor structures are fabricated on the same WSe2 flake (6 layers thick).
15

One is a control device, where the metal contacts are deposited on intrinsic WSe2 and the other
one is a device where H2 plasma treatment is performed immediately prior to metal contact
deposition as seen in Figure 2.5a. Devices are fabricated on WSe2 exfoliated on heavily doped
silicon wafers with 50 nm thick SiO2, which is utilized as a global back gate. First, the control
device is fabricated by defining the contact regions with e-beam lithography followed by metal
(30 nm Ni) deposition and liftoff using acetone. Then a second e-beam lithography step is carried
out to make the device with the H2 plasma-treated contacts. After defining the contacts regions in
the second e-beam lithography step and developing the exposed regions, the contact regions are
treated with a mild H2 plasma as explained in the methods section. After the H2 plasma treatment,
the fabrication is completed by metal (30 nm Ni) evaporation and liftoff in acetone. The control
and the H2 plasma treated devices are made on the same WSe2 flake and have the same channel
length (L = 1 µm) and the contact metal width such that the electrical performance can be compared
directly. Figure 2.5b shows the comparison of the transfer characteristics of the two devices in
ambient air and at room temperature. The on-current for the n-branch improves by two orders of
magnitude for the H2 plasma-treated device as compared to the control device. As for the large
negative gate bias, the ambipolar p-type conduction observed in the control device is suppressed
by two orders of magnitude in the device with the H2 plasma-treated contacts. Reducing the
ambipolar p-type conduction is advantageous to decrease the power consumption in the off-state
for the n-FETs. Figures 2.5c and 2.5d show the output characteristics of the control and the H2
plasma-treated devices, respectively. The control device has a significant non-linearity at low
source-drain voltage (VDS), which is a strong indication that electron injection to the channel is
dominated by Schottky contacts. In contrast, the output characteristics of the H2 plasma-treated
device show linear IDS vs. VDS dependence indicating that the Schottky effects are reduced. Figure
2.6 shows the transfer characteristics of two WSe2 FETs fabricated on the same flake, one without
He plasma treatment and one with He plasma treatment done on the contact regions. The on-current
in the He plasma-treated device improves by 3 orders of magnitude similar to the results seen for
the devices with H2 plasma-treated contact regions. The fact that He plasma also shows n-type
doping in the electrical characterization results indicates that the mechanism of doping is not due
to a chemical reaction of H2 plasma with the WSe2 lattice but rather due to the formation of Se
vacancies in the WSe2 lattice as discussed previously.
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Figure 2.5. a. Optical image of two transistors on the same WSe2 flake. One without H2 plasma treatment (as control)
and another with H2 plasma treatment done at the contact regions. b. Transfer characteristics of the devices with and
without H2 plasma treatment at VDS = 1V. c. Output characteristics of the device without H2 plasma. d. Output
characteristics of the device with H2 plasma. Reprinted with the permission from Tosun et. al. ACS Nano,

10.1021/acsnano.6b02521
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Figure 2.6. Transfer characteristics of two transistors on the same WSe2 flake at VDS = 50mV. One without He plasma
treatment (as control) and another with He plasma treatment done at the contact regions. Reprinted with the

permission from Tosun et. al. ACS Nano, 10.1021/acsnano.6b02521

The improvement in the electrical performance of the WSe2 n-FETs with H2 plasma-treated
contacts can be attributed to several effects. At the metal-semiconductor interface, electrons can
be injected from the metal to the semiconductor either by thermoionic emission over the Schottky
barrier or by tunneling through the Schottky barrier width. The Schottky barrier width, also called
depletion width, Wdep, at the metal-semiconductor interface depends on the doping concentration
(ND) of the semiconductor and, based on the depletion approximation, is proportional to 𝑁5<_ .
Therefore, as the doping concentration in the contact regions of WSe2 flake is increased by H2
plasma-treatment, Wdep decreases. As a result, the probability of electron injection into the
semiconductor by tunneling through the Schottky barrier increases, reducing the contact
resistance.1, 8, 19 In addition, the ideal TMDCs surfaces possess no dangling bonds, which prevents
the formation of strong covalent bonding at the metal-TMDC interfaces. As opposed to a strongly
bonded interface, a van der Waals gap exists between the metal - TMDC interface. This inherent
physical gap acts as an additional tunneling barrier to the depletion width discussed above.18
However, the defects and dangling bonds created by the loss of Se atoms at the WSe2 surface by
H2 plasma may improve bonding between the metal and the TMDC surface removing the intrinsic
van der Waals gap, and thus, reducing the tunneling barrier thickness.
To further investigate the effect of H2 plasma-treated contacts on the device performance
parameters of WSe2 n-FETs, few layer WSe2 flakes are transferred on local back gates with highk dielectric, ZrO2 (12 nm thick). Using the fabrication flow described previously, transistors with
no treatment (as control) and H2 plasma-treated contacts are fabricated on the same WSe2 flake, as
shown in Figure 2.7a. The devices are measured in high vacuum (~ 1×10-5 Torr) in order to reduce
the effects of hysteresis. Figure 2.7b shows the comparison of the transfer curves of the two
transistors fabricated on four-layer thick WSe2. The ON current of the H2 plasma-treated WSe2 nFET is improved by 20×. At large negative gate bias (VGS), the control WSe2 n-FET shows p-type
conduction, since the Fermi level of the control device at the contact regions is near midgap
allowing for the injection of both holes and electrons. On the other hand, in the WSe2 n-FET with
H2 plasma-treated contacts, the ambipolar p-type conduction is decreased by two orders of
magnitude at large negative VGS, owing to the fact that the Fermi level is closer to the conduction
band edge, increasing the barrier for hole injection.22 Another significant improvement observed
in the H2 plasma-treated device is the subthreshold swing (SS), defined as the gate voltage, VGS
that needs to be applied to raise the source-drain current (IDS) by one order of magnitude, 𝑆𝑆 =
a (bcd eYf ) <_
a (ghf )

. The subthreshold swing is a critical parameter to evaluate the power consumption

of the transistors since it determines the operating voltages required to run the transistors with an
acceptable ON/OFF ratio. In MOSFETs, the SS value is fundamentally limited to ~60 mV/dec at
01
room temperature, given by
ln 10 . As shown in Figure 2.7c, the control device shows SS
i

value of ~ 250mV/dec whereas the device with H2 plasma-treated contacts yields 66 mV/dec. The
near-ideal SS value at room temperature is attributed to the improved contacts enabled by H2
plasma treatment. Figure 2.7c shows that the near-ideal SS value of 66 mV/dec persists for nearly
3 orders of magnitude in the subthreshold regime of the WSe2 n-FET. Contact resistances (RC) for
the control and the H2 plasma treated devices are calculated by fitting the total resistance of the
channel and the contacts to an exponentially decaying fitting function as shown in Figure 2.7d.
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The asymptote to the y-axis at infinite VGS is defined as 2RC since the channel resistance becomes
negligible as compared to the contact resistances. The contact resistance for the H2 plasma treated
device drops by more than two orders of magnitude and it is found to be 8 kΩ·µm. This RC value
is on the same order of magnitude as WSe2 FETs fabricated using NO2 and K doping schemes.
However, unlike the previous methods, H2 plasma treatment is air stable and can be readily
integrated into a fabrication process flow.38 The field effect mobility for electrons (µFE) of the H2
q
plasma-treated WSe2 n-FETs at a low VDS of 50mV is calculated using: µn: = 𝑔. ∙
r∙gst ∙uvw

where L is the channel length, W is the channel width, COX is the capacitance per unit area of the
a ( eYf )
dielectric layer and gm is the transconductance 𝑔R =
. Approximately forty WSe2 n-FETs
a (ghf )

are fabricated using the H2 plasma-treatment and the field effect mobility values are found to be
ranging between 30 and 60 cm2/V·s.

Figure 2.7. a. Optical image of the control and H2 plasma-treated WSe2 n-FETs fabricated on the same flake. b.
Transfer characteristics of the control (no plasma treatment) and H2 plasma treated WSe2 n-FETs at VDS = 1 V and at
1×10-5 Torr. c. Subthreshold swing (SS) vs. IDS of the control and H2 plasma treated WSe2 n-FETs. d. Total resistance
vs. VGS used to extract contact resistance values for the control device and device with H2 plasma treated contacts.

Reprinted with the permission from Tosun et. al. ACS Nano, 10.1021/acsnano.6b02521

Figure 2.8a shows the transfer curves of WSe2 n-FETs with thicknesses ranging from single
to ten layers. Control devices and devices with H2 plasma-treated contacts were fabricated on the
same WSe2 flakes as described earlier, using local back gates with high-k dielectric ZrO2. It is
important to note that the mild H2 plasma treatment is able to reduce the contact resistance in
monolayer and bilayer devices, which are typically significantly higher than those observed in
thicker flakes. The monolayer device shows on-current improvement of over two orders of
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magnitude and an SS reduction from 270 mV/dec to 90 mV/dec. Figure 2.8b shows the contact
resistances of the devices presented in Figure 2.8a as a function of layer thickness. The most
dramatic RC reduction occurs in the monolayer device. Devices with thicker layers shows RC
reduction between 5× and 10×. For a thick device with 10 layers, RC as low as 4.4 kΩ·µm is
achieved.

Figure 2.8. a. Transfer curves of control devices (i.e., without plasma treatment of the contacts prior to metallization)
and devices with H2 plasma treated contacts with different layer thickness measured at VDS = 50 mV. b. Dependence
of RC on WSe2 layer thickness for both the control and the H2 plasma-treated devices. Reprinted with the permission

from Tosun et. al. ACS Nano, 10.1021/acsnano.6b02521

2.2.3 Conclusion
In conclusion, a defect engineering study is carried out using a mild H2 plasma treatment
on WSe2 flakes. Material characterization performed by XPS shows a binding energy shift to
higher values and a decrease in Se/W ratio, indicative of n-doping caused by Se vacancies in the
crystal. Low temperature PL measurements provide additional evidence of defect induced doping.
KPFM measurements on the treated and untreated regions of the same flake show a Fermi Level
shift towards the conduction band by 200 meV that corresponds to an electron doping
concentration increase by 2200× due to H2-plasma treatment. Finally, the H2 plasma treatment
method is optimized to treat only the contact regions of the WSe2 n-FETs. Doping the contact
regions provides significant improvements in the device metrics such as 20× improvement in the
20

ON current and two orders of magnitude reduction in the ambipolar p-branch, effectively reducing
the OFF current. Moreover, a near-ideal SS value of 66 mV/dec is achieved via H2 plasma treated
contacts. Moving forward, defect engineering at the TMDCs contact regions, which has been
explored for WSe2 using plasma treatment, can be utilized as an air stable and viable method to
achieve high performance electronic and optoelectronic devices, without introducing processing
complexities.
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2.2.4 Methods
H2 plasma treatment: H2 plasma treatments are performed using a commercially available plasma
system (The Plasma-Therm PK-12 RIE). The optimized plasma conditions are found to be 140
mTorr at a 100 sccm H2 flow rate, and a power of 5 W for 5 seconds. This treatment is used for
the fabrication of all devices shown in Figures 2.3, 2.4, 2.5, 2.7 and 2.8.
XPS Characterization: For a homogenous sample, elemental ratios can be calculated by a simple
relation between peak areas:
𝐼_
𝑛_
𝑆_
=
𝐼,
𝑛,
𝑆,
where ni is the number of atoms of element i, Ii is the peak intensity (i.e., peak area) after
background subtraction, and Si is the angle-adjusted atomic sensitivity factor. For multi-layer
systems, overlayer thickness leads to exponential attenuation of the photoelectron signal according
|

to the Beer Lambert Law, 𝐼z = 𝐼c 𝑒 <} , where d is the overlayer depth and λ is the mean free path
of an electron through the material.
In the case of multiple layers of stacked Se-W-Se, the final elemental ratio of Se/W is given by:
𝐼z~•
𝑛z~
=
𝑛r
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The peak areas for Se and W are quantified using regions of interest of 52.5 to 58.25 eV and 30.2
to 40.2 eV, respectively. Thicknesses d are calculated based on material parameters, and λ values
are taken from predictive models from the NIST Electron Inelastic-Mean-Free-Path Database.
The final ratios are sensitive to the background subtraction parameters, particularly the region of
interest in which background subtraction is carried out. Alternative choices of a constant Se region
width (± 0.5 eV) can translate into a uniform shift of the curve in Figure 2.2c of up to 5%, but does
not affect the relative ratio decrease as a function of plasma exposure time. Different sources for
the mean free path values can also introduce systematic error, but this similarly has a negligible
effect on the overall trend.
KPFM characterization:
PeakForce KPFM mode using PFQNE-AL probe on Dimension Icon AFM (Bruker Nano, Santa
Barbara) is used to obtain the KPFM data. Lift height of 25 nm and AC Bias Voltage of 4 V is
used during the measurement.
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Chapter 3. CMOS Integration Using TMDCs as
Channel Materials
3.1 High Gain Inverters Based on WSe2 Complementary FieldEffect Transistors2
3.1.1 Introduction
Continued scaling of metal-oxide-semiconductor field-effect transistors (MOSFETs) has enabled
lower operating voltages, faster switching speeds and enhanced computation power. However, as
the channel length of MOSFETs approaches the sub-10 nm regime, severe short channel effects
deteriorate the switching performance of the planar devices. In this regard, multiple device
architectures have been proposed for enhanced gate coupling and reduced short channel effects.
One approach involves the use of an ultrathin-body semiconductor, where the entire thickness of
the active channel is in close proximity to the gate electrode, thereby, enhancing the gate control
of the channel.1, 2 As a rule of thumb, the thickness of the semiconductor should be kept to ~< 1/3
of the gate length for effective gate coupling of the device. For ultra-short channel devices, this
corresponds to a semiconductor thickness on the order of only a few atomic layers. This aggressive
scaling possesses significant challenges since at such thicknesses, any variation of the thickness,
down at the atomic-scale, yields severe surface potential variation and thereby enhanced surface
roughness scattering of the carriers. Layered transition metal dichalcogenides (TMDCs), such as
MoS2 and WSe2, have been investigated as a promising material class for future scaled devices,
owing to their inherent thickness uniformity and control down to a monolayer.3-5 TMDC FETs
have exhibited excellent metrics such as ON/OFF current ratio of up to 108, 3 sub-threshold swing
of 60mV/dec,4 and electron and hole mobility of > 100 cm2/Vs.4, 6 To date, both n- and p-type
transistors have been demonstrated on different flakes of MoS2 and WSe2 through contact
engineering by either using low/high work function metals and/or surface charge transfer doping.4,
6-9
TMDC logic gates have also been demonstrated based on n-type MoS2 FETs10-12 and resistorloaded WSe2 devices.13 Moving forward, the demonstration of n- and p-type transistors on the
same substrate is needed to enable low power complementary MOS (CMOS) logic circuits given
their performance advantage over unipolar logic circuits. Building on the recent advancements
described above, here, we report the first operation of n- and p-FETs on the same WSe2 flake,
thereby enabling the realization of TMDC CMOS logic gates.
2

Reprinted with the permission from Tosun et. al. ACS Nano 2014, 8, 4948-4953.
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The polarity of a MOS transistor is determined by the type of carriers (i.e., electrons versus
holes) that the source contact can supply to the semiconductor channel. In conventional MOSFETs,
this is achieved through formation of degenerately doped n+ and p+ S/D contacts for n and p-type
operation, respectively. On the other hand, in Schottky barrier (SB) MOSFETs, where metal
contacts are fabricated directly on top of the channel, the polarity is governed by the Schottky
barrier height (and width) for electrons and holes at the source electrode. A low SB height to the
conduction band yields electron injection into the channel, thereby resulting in n-type device
operation. Similarly, a low SB height to the valence band yields p-type characteristics. Heavy
doping of the semiconductor region in the proximity of the contacts can reduce the SB widths,
thereby, enabling efficient electron or hole injection through the SBs by tunneling process. This
results in a device configuration that resembles the conventional MOSFETs. Note that in all cases,
the effect of channel doping is to simply control the threshold voltage of the device along with the
contact electrostatics for short channel effects.
The most commonly utilized device configuration for TMDCs is the SB-MOSFET
structure, with the two most explored materials being MoS2 and WSe2. Given the low conduction
band edge position (i.e., large electron affinity) of MoS2 and the Fermi level pinning near the
conduction band edge at the metal interfaces, most MoS2 SB-MOSFETs fabricated to-date have
been n-type. On the other hand, the high valence band edge position of WSe2 readily results in ptype operation. Thus, to achieve robust CMOS operation based on a single channel material
system, the contacts need to be degenerately doped – at least for one polarity depending on whether
MoS2 or WSe2 is utilized. In this work, we focus on WSe2 as the semiconductor material. We
achieve p-FETs by using high work function Pt contacts configured in a SB-MOSFET geometry.
On the other hand, n-FETs are obtained by degenerate doping of the underlapped contact regions.
This configuration provides us with a platform to fabricate WSe2 CMOS devices and logic gates.
Chemical doping of TMDCs, up to the degenerate level, has been previously reported by
our group using surface charge transfer processes. Given the molecular thickness of TMDCs, by
simply placing electron donating or withdrawing species on their surfaces, n- and p-type doping
can be obtained, respectively at degenerate carrier concentrations.4, 8 This principal is similar to
the doping process that has been extensively explored in the past for organic semiconductors,14
carbon nanotubes,15-17 graphene,18 and nanoscale III-Vs.19 Surface charge transfer doping is
distinct from substitutional doping since there is no replacement of lattice atoms, which is of
advantage for nanoscale materials where substitutional doping can lead to large stochastic
variation given the small number of atoms involved. Our previous work has shown that NO2 and
potassium serve as efficient electron withdrawing and donating species for WSe2, respectively.4, 8
By patterning the surface of TMDCs prior to exposure to the dopants, doping profiling along the
length of TMDCs can be readily obtained, thereby enabling fabrication of p- or n- FETs with
degenerately doped contacts. Here, we utilize patterned K doping for selective n+ doping of the
contacts of the n-FETs.
Contacting the conduction band of WSe2 with elemental metals is challenging,7 hence we
used surface charge transfer doping to form degenerately doped n+ contact regions. To achieve
patterned doping of the n+ contacts, a gate structure underlapping the S/D electrodes is fabricated
for the n-side, which acts as a mask for the subsequent doping process. On the other hand, an
overlapped gate structure is formed on the p-side. The overlapped top gate structure of the p-FET
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protects the integrity of the p-side channel during potassium doping. On the other hand, the
exposed WSe2 regions near the metal electrodes of the n-side are exposed to K atoms, leading to
the formation of n+ contacts on either side of the gate. The heavy n-doping of the contacts yields
low resistance contacts to the conduction band of WSe2 for electron injection.8 The false color
SEM image of the fabricated CMOS inverter and the device schematic are shown in Figure 3.1a
and Figure 3.1b respectively. The measurements of the devices are subsequently performed insitu, without breaking vacuum since K doping is not air stable. In the future, exploration of airstable dopants or encapsulation techniques is needed to enhance the stability of the devices to air
exposure.

Figure 3.1. a, False-color SEM image of a fabricated CMOS inverter on a single WSe2 flake. b, Schematic of the
CMOS inverter, depicting the n- and p-FET components. Reprinted with the permission from Tosun et. al. ACS Nano
2014, 8, 4948-4953.

3.1.2 Results and Discussion
Device schematics for the WSe2 p- and n-FETs used in this work are shown in Figures
3.2a-b, respectively. Figure 3.2c shows the drain current, ID versus gate voltage, VGS curve at a
drain voltage of VDS = -1V for a WSe2 p-FET fabricated on a ~10 nm thick flake with Pt contacts.
The channel length is L = 2 µm and the gate electrode overlaps the S/D contacts. The device
exhibits clear p-type behavior with an ON/OFF current ratio of > 104. The transistor has a threshold
voltage VT of -2 V as extracted by the linear extrapolation of the ID-VGS curve. The negative VT
of this p-FET makes it an enhancement mode device (i.e., OFF at VGS = 0V), which is desired for
CMOS logic circuit fabrication. The ON-current density of this long channel device at |VGS - VT|
= 1 V is 0.1 µA/µm, as normalized by the width of the WSe2 flake. This ON current, while
sufficient for proof-of-concept CMOS operation demonstrated in this work, is limited by the SB
to the valence band of WSe2 at the source contact. As shown previously by our group, the ON
current can be further improved by contact doping to reduce the thickness of SBs.4 Furthermore,
channel length and gate dielectric thickness down-scaling is needed to further enhance the ONstate drive currents.
The transfer characteristic of an n-type FET fabricated on the same flake as the one used
for the p-FET device above is also shown in Figure 3.2c. Here, the ID-VGS curves at VDS = 1V are
shown as a function of K doping time, up to 5 min. The channel length is 1µm and as discussed
earlier the gate electrode underlaps the metal S/D contacts. Since the entire gate stack, including
the dielectric layer was patterned by lift-off process, there is no dielectric layer on the surface of
the underlapped WSe2 regions making them directly exposed to the K vapor during the doping
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process. The measurements are performed in-situ under vacuum since K doping is not air stable.
From Figure 3.2c it is clear that the n-channel conduction increases as the doping time is increased
due to the thinning of the SBs to the conduction band of WSe2. Note that without doping, the ungated WSe2 regions on each side of the gate exhibit high sheet resistivity due to the low carrier
concentrations. In addition, in the absence of K doping, the high Schottky barrier height and width
at the metal/WSe2 junction further limits electron injection. As a result, without doping, the
underlapped device delivers no current drive (limited by the instrument noise baseline). After 5
minutes of exposure to K vapor, the doping was stopped by turning off the current to the potassium
dispenser. At this K doping level, the ON current density is 0.2 µA/µm at |VGS - VT| = 2V,
approximately matching that of its p-FET counterpart. Notably, the threshold voltage remains
unchanged as a function of doping time, which indicates that the doping concentration of the
channel (i.e., WSe2 region underneath the gate) is not being modulated. The results suggest that
the top gate stack used here serves as an effective mask is protecting the channel from the dopants,
with only the exposed underlapped regions being exposed to K. Desirable for CMOS logics, the
device operates in the enhancement mode with VT = 1 V. It should be noted that the transfer
characteristics of the p-FET device with overlapped gate structure remained unchanged during the
doping process.

Figure 3.2. a, and b, Device schematics (drawn not to scale) of the WSe2 p- and n-FETs, respectively. c, Transfer
characteristics at VDS=|1V| of a WSe2 p-FET and n-FET fabricated on the same flake as a function of potassium doping
time (1, 2, 3, and 5 min). The transfer characteristics of the p-FET remains unchanged after doping due to the gate
overlap structure. For clarity, only the data before doping is shown for the p-FET. d, Extracted contact resistance, Rc
as a function of K doping time for p- and n-FETs. Reprinted with the permission from Tosun et. al. ACS Nano 2014,
8, 4948-4953.
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A figure of merit that is often used to analyze long-channel MOSFETs is the carrier
mobility since it dictates the ON current drives for a given gate-field in the absence of parasitic
resistances. However, in the devices reported here, the contact resistances are large due to the
Schottky like nature of the metal/WSe2 interfaces for both p- and n-FETs. This is clearly evident
in the ID-VD curves (Figure 3.3) where a non-linearity is observed at the low VD regime, indicative
of the non-ohmic contacts. The total resistance of a device is given as Rtot=2Rc+Rch, where Rc is
the resistance of each contact and Rch is the channel resistance which depends on the channel
mobility and the charge density at a given gate voltage. In our devices, the total resistance in the
ON-state, especially at high VG where the channel charge density is large, is dominated by Rc.
That is at high VG-VT, Rtot~2Rc. In such a case, the mobility of the device cannot be correctly
extracted from the experimental I-V curves. Instead, a more proper figure of merit for these
Schottky devices is Rc. We have extracted the Rc of our p- and n-FETs as a function of K doping
time by calculating the resistance at VG=|3V| from the transfer curves (Figure 3.2d). The p-FET
transfer characteristics remain unchanged with doping since the channel is protected with a gate
that overlaps metal contacts. The extracted Rc for the p-FET is ~1 Mohm-µm, independent of K
doping. On the other hand, the Rc of the n-FET is drastically reduced from ~0.5 Gohm-µm to ~ 5
Mohm-µm after 5 min of K doping. At this doping level, the contact resistances of both p- and nFETs are on the same order of magnitude, which makes the design of a CMOS circuit feasible.
Figure 3.3 shows the output characteristics of the same p- and n-FETs discussed above.
The current densities for the two polarities are on the same order of magnitude, with that of the nFET being ~2x higher for the same gate voltage drive. As discussed earlier, the ON currents for
our devices are limited by the contact resistances. In fact, the ID-VDS curves depict a small nonlinearity in the low voltage regime for both devices, which is indicative of Schottky contacts. The
K doping time for the n-FET, which corresponds to the electron doping concentration, was chosen
such that the two devices would have similar current values, needed for the design of CMOS logic
gates. In the future, the p-contacts ideally need to be doped as well with a complementary surface
dopant to reduce the contact resistance of the p-FET. To date, the most successful p-doing of WSe2
has been achieved through surface charge transfer doping with NO2. However, neither NO2 nor
K are stable dopants, thereby making it difficult at this stage to perform complementary doping.
Future development of stable dopants for TMDCs is required which can further enhance the
performance of CMOS devices.
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Figure 3.3. Output characteristics of p- (on the left) and n-FETs (on the right) fabricated on the same WSe2 flake.
Reprinted with the permission from Tosun et. al. ACS Nano 2014, 8, 4948-4953.

Next, we focus on configuring the complementary n- and p-FETs into CMOS logic circuits.
As a proof of concept, an inverter gate (i.e., NOT logic gate) is demonstrated using one n- and one
p-FET connected in series. In a conventional manner, the n-FET is grounded and the supply
voltage VDD is applied to the p-FET. Both p- and n-FETs are controlled by the same top gate
electrode that serves as the input voltage (VIN) electrode. Output voltage (VOUT) is measured using
the common source electrode of the p-FET and n-FET. If a small input voltage is applied, the nFET is OFF and p-FET is ON therefore VOUT is connected to VDD, in other words VOUT is pulled
up to logic 1. In contrary, at high input voltages, the n-FET is ON and the p-FET is OFF, therefore
VOUT is connected to ground (0 V), in other words, VOUT is pulled down to logic 0. The circuit
schematic of a CMOS inverter is shown in the inset of Figure 3.4a with the false color SEM image
of the fabricated device shown in Fig. 1a. The transfer characteristics (VOUT vs VIN) of the CMOS
inverter as a function of VDD is shown in Figure 3.4a. Clear signal inversion is observed with high
„g
VOUT at low VIN and vice versa. The peak DC voltage gain of the CMOS inverter, | v…† |, is
„g‡ˆ

measured to be > 12 at a supply voltage VDD of 3 V (Figure 3.4b). The gain of the inverter is high
despite the non-optimal transistor currents. Noise margins are evaluated by extracting the
maximum low input voltage VIL, minimum high input voltage VIH, minimum high output voltage
VOH and maximum low output voltage VOL. VIL and VIH are the input voltages at which the slope
of the voltage transfer curve in Figure 3.4a is -1 (unity gain) whereas VOH and VOL are the
corresponding output voltages respectively. The high and low state noise margins (NMH and NML,
respectively) are then calculated by using the expressions, NMH = VOH - VIH and NML = VIL - VOL.
The noise margins are found to be NMH = 0.35VDD and NML = 0.32VDD for VDD = 3 V.
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Figure 3.4. a. Voltage transfer characteristics of a WSe2 CMOS inverter at different supply voltages. b. DC voltage
gain of the inverter at different VDD. Reprinted with the permission from Tosun et. al. ACS Nano 2014, 8, 4948-4953.

3.1.3 Conclusion
In conclusion, a CMOS inverter on the same TMDC flake, WSe2, is realized for the first
time. The operation of the p-FET is realized by high workfunction Pt contacts and overlapped topgate device structure, whereas the n-FET is enabled by potassium doping of the contact regions
using an underlapped top-gate structure as a self-aligned mask. The results depict that through
proper contact engineering, both transistor polarities can be obtained using the same TMDC on a
single substrate. Moving forward, further optimization of the contacts, and especially developing
air-stable electron and hole dopants are needed to explore the performance limits of TMDC CMOS
circuits.

3.1.4 Methods and Experimental
The fabrication process of WSe2 CMOS devices is as follows. WSe2 flakes were deposited on
Si/SiO2 (thickness, 260 nm) substrates using micromechanical exfoliation technique. The
transferred flakes were mapped in terms of location, dimensions and thickness using an optical
microscope. Three electron-beam (e-beam) lithography steps were performed in order to define
the p- and n- contacts as well as the top-gate stack. Specifically, a Pt/Au/Pd (10/30/20 nm) metal
stack was deposited by e-beam evaporation for the p-side source-drain (S/D) contacts followed by
lift-off in acetone. Subsequently, the devices were annealed in O2 ambient at 250 ⁰C for 1 hour to
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further improve the contact resistance. This metal stack was chosen for the p-FETs due to the high
work function of the Pt bottom layer, which provides a low Schottky barrier height for hole
injection into the valence band of WSe2. As a result, WSe2 p-FETs are realized as shown in the
manuscript. Au (60 nm) contacts were then formed for the n-side S/D electrodes by e-beam
evaporation and lift-off in acetone. The gate stacks are formed by e-beam lithography, atomic layer
deposition (ALD) of ZrO2 (thickness, ~20 nm) at 120 ⁰C, evaporation of Ni/Au electrodes (30/30
nm), and lift-off of the entire gate stack in acetone. Note that the low temperature ALD used here
allows for the use of the lift-off process for the entire gate stack using poly(methyl methacrylate)
(PMMA) as the resist. Subsequently, potassium doping is performed in vacuum at a pressure of
4x10-5 mbar by evaporating potassium from a commercially available dispenser filament (SAES
Getters) by applying a 5 A DC current through it. The doping setup, which resembles a
conventional thermal evaporator in terms of operation principles, is designed such that at a sample
distance of ~3 cm from the potassium dispenser, the deposition of potassium is uniform over 2cm
x 2cm area – which is a typical chip size. The doping concentration is controlled through K
evaporation time. Notably, the devices are electrically measured in-situ during the K evaporation
process and once a desired doping level is reached, as confirmed from the electrical measurements,
the current flow to the dispenser is stopped.
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3.2 Monolithic 3D CMOS using Layered Semiconductors3
3.2.1 Introduction
Integrated circuits (ICs) have been powering the devices that enable humans to progress in the
modern world. ICs opens up a wide range of technologyies in information processing, transmission
and storage. ICs are composed of complementary MOSFETs namely n-channel MOSFET
(NMOS) and p-channel MOSFET (PMOS) to be able to perform logic operations. MOSFETs are
continuously being scaled down in order to increase the areal density that provides more
functionality, higher performance while reducing the cost.1 Scaling rules lay out that for an
extremely scaled device, in order to have a reasonable ON/OFF ratio, the thickness of the channel
should be only a few nanometers thick.2 Transition metal dichalcogenides (TMDCs) can meet this
strict requirement while still protecting their material and electronic properties down to a
monolayer thickness. Up to this date, a couple MOSFETs using TMDCs as channel materials have
been reported demonstrating a subthreshold swing close to 60mV /dec at room temperature due to
the strong electrostatic coupling between the channel and the gate.3, 4 TMDCs are similar to
graphene in the sense that they can be grown to monolayer in thickness. Unlike graphene, TMDCs
possess an intrinsic band gap that is suitable enough to keep the OFF-current low enough. The
ultimate scaling limit of the MOSFETs are limited to the technology to fabricate these devices as
well as the material properties of the semiconductor channel. The most significant of these
fabrication techniques are namely lithography and etching. When the fabrication techniques
reaches their limit and planar scaling becomes not possible, the integration density can’t be
increased anymore using conventional methods5, 6. In this work we demonstrate 3D integrated
digital circuits using TMDC MOSFETs. The 3D integration is realized by fabricating NMOS and
PMOS layers vertically on top of each other in order to improve integration density for future
electronics.
Modern IC chips use CMOS logic circuits that are enabled by the operation of NMOS and PMOS
transistors as seen in Figure 3.5a. These circuits are realized by forming the channel materials of
the NMOS and PMOS transistors on the same plane and afterwards forming the gate stack and the
contacts. In one of the 3D integration methods, a thick isolation oxide is used in order to separate
NMOS and PMOS transistors vertically.7-9 In this work, we demonstrate further density
improvement through by operating the NMOS and PMOS transistors with a common shared gate
as seen in Figure 3.5b. In all CMOS logic circuits a pair of NMOS and PMOS transistors share the
same gate laterally that accepts an input signal as seen in Figure 3.5c. In order to fabricate vertically
stacked NMOS and PMOS devices, for example in an inverter, NMOS and PMOS transistors are
folded on top of each other along the line of symmetry (M-N) so that each pair of these transistors
share a common gate vertically as seen in Figure 3.5d. The source and drain contacts for NMOS
and PMOS transistors can be connected or isolated as the circuit layout requires. The 3D CMOS
inverter has an NMOS and a PMOS stacked on top of each other that use a common gate metal
and the source and drain contacts for the two transistors are electrically isolated as seen in Figure
3.5b.

3

Reprinted with the permission from Tosun et. al. Monolithic 3D CMOS Using Layered Semiconductors. Advanced
Materials 2016.
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Figure 3.5. (a) Schematic of Planar CMOS with NMOS and PMOS implemented on a single plane. (b) Monolithic 3D
device with NMOS and PMOS sharing a common gate. Source and drain electrodes are electrically isolated. (c)
Schematic of layout for Planar CMOS Inverter, 2-input NAND and 2-input NOR circuits. (d) Schematic of layout for
monolithic 3D using shared gates for Inverter, 2-input NAND and 2-input NOR circuits. Reprinted with the permission
from Tosun et. al. Monolithic 3D CMOS Using Layered Semiconductors. Advanced Materials 2016.
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3.2.2 Results and Discussion
3D CMOS using TMDC channel materials are fabricated using the fabrication flow in Figure 3.6.
MoS2 thin flakes are mechanically exfoliated on to Si/SiO2 (260nm thick) substrate to form the
first layer NMOS channel. Optical microscopy is used to select the flakes with appropriate
thicknesses (3nm to 7nm). Then the flakes are etched into rectangular patterns using XeF210 (Figure
3.6a) followed by source/drain (Figure 3.6b), gate oxide (Figure 3.6c) and metal gate formation
(Figure 3.6d). Then the gate oxide for the PMOS channel is deposited (Figure 3.6e). The PMOS
layer, WSe2 is transferred on to the gate oxide using a dry transfer method11. WSe2 films are
patterned into rectangular patterns using XeF2 etching (Figure 3.6f) followed by source/drain
metallization for the PMOS (Figure 3.6g). Figure 3.6(h) shows the high-resolution, cross-sectional
transmission electron microscopy image of the structure. Energy dispersive X-ray spectroscopy
data shows the regions where MoS2 and WSe2 are present.

Figure 3.6. Process flow and device cross-sectional view of shared gate CMOS monolithic 3D architecture. (a) Etching
MoS2 flake. (b) Source and drain metallization on MoS2. (c) ZrO2 oxide deposition using ALD. (d) Gate electrode
metallization. (e) Second layer ZrO2 deposition using ALD (f) Dry transfer and etching of WSe2 flake. (g) Source and
drain metallization on WSe2. (h) HR-X-TEM images of the shared gate monolithic 3D CMOS structure, MoS2 and
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WSe2 regions. EDS mapping of the MoS2 and WSe2 regions. Scale bar for figures (a) to (g) is 7µm. Reprinted with
the permission from Tosun et. al. Monolithic 3D CMOS Using Layered Semiconductors. Advanced Materials 2016.

The transfer and output characteristics of the NMOS layer (MoS2 MOSFET) and the PMOS layer
(WSe2 MOSFET) are shown in Figure 3.7. Some of the key parameters to assess the performance
of a MOSFET are the ON-current, OFF-current, ION/IOFF and the mobility. The devices are
operated using the same gate metal and they show an off-state leakage current (IOFF) of about a
few pA, on-state drain current (ION) in the μA range, and ION/IOFF ratio greater than 106. The series
resistance and mobility corrected for series resistance as extracted from drain current12 is about 1.3
kΩ-µm and 38 cm2/V-s, respectively for MoS2 MOSFET and 1.1 kΩ-µm and 238 cm2/V-s,
respectively for WSe2 MOSFET that are similar to the values reported in previous studies.3, 13
Drain induced barrier lowering (DIBL) is a parameter to assess the electrostatic control of the gate
over the channel and to quantify how significant are the short channel effects. Both the NMOS and
PMOS transistors show good electrostatic control as indicated by very low drain-induced barrier
lowering (DIBL) of about 80mV/V and 50mV/V for MoS2 and WSe2 MOSFETs respectively. The
devices also show good output saturation as can be seen in Figure 3.7b and 3d. Output saturation
along with good transconductance is important as they improve the gain of transistors and hence
circuits, which in turn improves their noise immunity.14 The transfer of the PMOS layer and the
deposition of the gate oxide as well as the metal layers are fabricated in a temperature range
without exceeding 160C⁰. The low temperature compatibility of the 3D CMOS processing is a key
feature in fabricating monolithic 3D structures presented here. Low thermal budget processing for
3D integration reduces degradation of the TMDC flakes, gate stack and contacts. The low
temperature process of forming 3D integration is promising in terms of fabricating more than 2
layers on top of each other and therefore even providing more room for the 3D integration of
TMDC MOSFETs.
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Figure 3.7. (a) ID-VG characteristics of MoS2 N-MOSFET. (b) ID-VD characteristics of MoS2 N-MOSFET. (c) ID-VG
characteristics of WSe2 P-MOSFET. (d) ID-VD characteristics of WSe2 P-MOSFET. Reprinted with the permission
from Tosun et. al. Monolithic 3D CMOS Using Layered Semiconductors. Advanced Materials 2016.

The structure in Figure 3.6g is used to implement a digital circuit such as an inverter (NOT gate).
In order to implement a 3D CMOS inverter, only two transistors of the device shown in Figure
3.6g is required. The NMOS at the bottom and the PMOS at the top layer are configured to operate
as a conventional inverter. The drain of the PMOS is connected to the supply voltage (VDD) and
the source of the NMOS is grounded. The corresponding voltage transfer curves of the inverter are
presented in Figure 3.8a. The output voltage (VOUT) is high when the input voltage (VIN) is low
and similarly VOUT is low when VIN is high. The operation of the inverter is presented by using
VDD values in between 3V to 0.5V. As a result of the good output saturation of the NMOS and
PMOS transistors, the noise margins are high and the transition region is sharp. The gain of the
inverter is shown in the inset of Figure 3.8a. The highest gain is extracted to be 10V/V at VDD =
3V. This gain value is in the same range with the inverters that are fabricated using TMDCs as
semiconducting channels on the same plane.15, 16. The gain needs to be larger than 1V/V for an
inverter to amplify signals in a circuit.14 In this 3D CMOS inverter, the VDD at which gain is larger
than 1 is found to be around 150mV as seen in Figure 3.8b. This shows significant potential of
using the 3D CMOS devices based on TMDCs to be used for ultra-low voltage, low-power circuits.

Figure 3.8. (a) Voltage transfer characteristics (VOUT vs. VIN) of inverter for supply voltage of 0.5V to 3V. (b) Voltage
gain (dVOUT/dVIN) of inverter as a function of supply voltage. Reprinted with the permission from Tosun et. al.
Monolithic 3D CMOS Using Layered Semiconductors. Advanced Materials 2016.

3.2.3. Conclusion
In summary, 3D integration of TMDC NMOS and PMOS transistors are demonstrated. The
performance of the transistors shown to be respectable in terms of mobility, ON current and OFF
current. Then CMOS logic devices are fabricated and CMOS inverters using the two layer
transistors have been shown. The minimum voltage for CMOS inverter operation is comparable
to the minimum supply voltage demonstrated in state of the art silicon CMOS technologies.17, 18
This is a significant demonstration that can lead to highly-integrated 3D, ultra-low voltage, ultralow power applications.
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3.2.4 Methods
Device Fabrication: MoS2 crystals purchased from SPI is transferred on to a Si / SiO2 (260 nm)
substrate using mechanical exfoliation. Optical microscopy and atomic for microscopy are used to
determine the flakes of interest. Standar ebeam lithography is used to make an etch mask for the
MoS2 flake and the flake is etched by using xenon difluoride (XeF2) gas. Then another ebeam
lithography step is done to define the contacts for the NMOS transistor (MoS2 NFET).
Metallization of the source-drain contacts are done by thermal evaporation of Ni (40 nm) and metal
liftoff in acetone. Afterwards another ebeam lithography step is done to define the gate oxide for
the NMOS layer. Then a 1 nm SiOx layer is evaporated as a seed layer followed by 20 nm of ALD
of ZrO2. The gate electrode of the NMOS layer is defined by ebeam lithography followed by an
evaporation of 40 nm of Ni deposited using thermal evaporation followed by metal liftoff in
acetone. This metal layer is the common gate metal that is used by the transistors at the bottom
layer and by the top layer. The gate oxide region for the PMOS transistor (Wse2 PFET) is defined
using ebeam lithography. Then 1 nm of SiOx (ebeam evaporation) and 20 nm of ZrO2 (ALD)
deposited followed by oxide liftoff. Wse2 flakes are exfoliated on another substrate, then the
PMOS transistor channel (WSe2) flakes are transferred a dry transfer method. Then the flakes are
etched by XeF2 gas. The source and drain regions of the top layer PMOS channel are defined using
ebeam lithography then Pt/Au (10/30 nm) are evaporated followed by liftoff in acetone.
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Chapter 4. Band Structure Engineering Using
Thickness Modulation
4.1 MoS2 Heterojunctions by Thickness Modulation4
4.1.1 Introduction
Semiconducting transition metal dichalcogenides (TMDCs) with a layered crystal structure
exhibit unique electrical1, 2 and optical properties.3-5 TMDCs provide opportunities in exploring
new device concepts given their atomic level flatness, and ability to form van der Waals (vdW)
heterostructures with strong interlayer coupling.6-8 For instance, vdW heterobilayers of
MoS2/WSe2 have been recently reported to exhibit spatially direct light absorption but spatially
indirect light emission, representing a highly intriguing material property.9, 10 Here, we explore the
optoelectronic properties of lateral “hetero”-junctions formed on a single crystal of MoS2 of
varying thickness (i.e., number of layers). As a result of the quantum confinement effect,11 when
the thickness of a MoS2 crystal is scaled down to a monolayer the optical band gap increases from
1.29 eV (indirect) to 1.85 eV (direct).12, 13 The change in the band structure and the electron affinity
of MoS2 with layer number opens up the path to the formation of atomically sharp heterostructures,
not by changing composition but rather by changing layer thickness. We experimentally examine
the surface potential of this thickness modulated heterojunction by using Kelvin probe force
microscopy (KPFM). We further use scanning photocurrent microscopy (SPCM) to probe the
photoresponse of the junction. A large photocurrent response is observed at the
monolayer/multilayer junction interface which confirms the presence of a strong built-in electric
field at the interface. Device modeling is used in parallel to experiments to understand the
underlying mechanism of the observed photocurrents and the band-alignments at the junction
interface, suggesting the formation of a type-I heterojunction.
SPCM has been previously used to study the photoresponse of metal contacted MoS2
transistors, where the channel thickness for MoS2 was uniform throughout the device.14, 15 The
results have shown that the photoresponse is primarily driven by the metal/MoS2 Schottky contacts
and photothermoelectric effect.15 In distinct contrast to previous studies, we observe that the peak
4

Reprinted with the permission from Tosun et. al. MoS2 Heterojunctions by Thickness Modulation. Scientific
reports 2015, 5, 10990.
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photoresponse is spatially located at the MoS2 monolayer/multilayer junction for our lateral
heterojunctions and not at the metal contacts.

Results
4.1.2 Band offset extraction at the monolayer-multilayer MoS2 junction
KPFM is performed to spatially map the surface potential, and shed light on the band
offsets at the monolayer-multilayer interface. The sample surface topography and contact potential
difference (CPD) between the tip and sample are measured simultaneously.16, 17 Figure 4.1a
demonstrates a monolayer-multilayer junction flake with 10 nm of multilayer (~14 layers; 14L)
thickness. In this particular flake, monolayer to multilayer transition occurs across ~100 nm of the
lateral distance in a terraced manner. KPFM is performed using a Bruker MultiMode atomic force
microscope under ambient conditions. A Si cantilever tip coated with Pt-Ir (SCM-PIT, Bruker Co.)
is used in the tapping mode. Electrical contacts to the MoS2 flake were grounded during the
measurements. An AC voltage of 2 V is applied to the tip while the tip height is kept constant at
5nm. The measured DC voltage of the tip, corresponding to CPD, determines the work function
difference between the AFM tip (Pt-Ir) and each region of the MoS2 flake,18, 19 i.e., CPDRN‰N =
ABCD – AH‘IBCIG’J“

ABCD – AH\Š\

for the monolayer side and CPDR‹Œ•ŽŒS•#• =
for the multilayer
#
side. Φmono, Φmultilayer, and Φtip are the work functions of monolayer MoS2, multilayer MoS2, and
the surface of AFM tip, respectively (Figure 4.1b). The measured surface potential difference,
AH‘IBCIG’J“ < AH\Š\IG’J“
∆CPD = CPDRN‰N − CPDR‹Œ•ŽŒS•#• =
, corresponds to the band bending
#
in the vacuum level Evac at thermal equilibrium, and is also equal to the workfunction difference
between the monolayer and the multilayer (Figure 4.1b). KPFM map of a representative 1L-14L
flake is shown in Figure 4.1c. From KPFM measurements, the workfunction difference is found
to be ~80 meV (Figure 4.1c).20, 21 Next, we focus on obtaining the energy band diagram for the
heterojunction by first extracting the conduction band offset at the interface. The conduction band
offset ∆𝐸( = χR‹Œ•ŽŒS•#• − χRN‰N at the heterojunction corresponds to the electron affinity
difference between the monolayer (χmono) and multilayer (χmultilayer). The workfunction difference
between monolayer and multilayer is related to effective density of states (NC), ∆𝐸( and doping
levels (ND) as shown in Eq. 1.
#

™Y,H‘IBC

ΦR‹Œ•Ž<RN‰N = ∆E( − kT

ln

™=,H‘IBC
™,YH\Š\
™=,H\Š\

…(1)

Boltzmann approximation is considered while deriving Eq. 1. Next we assume the doping level
per unit volume is identical in both monolayer and multilayer flakes. Here k is the Boltzmann
constant and T is the temperature. Thus Eq. 1 becomes,
ΦR‹Œ•Ž<RN‰N = ∆E( − kT

š
,

ln

R∗Š H\Š\
R∗Š H‘IBC

… (2)

ΦR‹Œ•Ž<RN‰N is measured from KPFM, effective mass values for electrons are taken to be m*n,mono
= 0.407 m0 and m*n,multi = 0.574 m0.22, From these parameters, ∆EC of ~70 meV at the 1L-14L
interface is extracted. This band offset corresponds to a type-I heterojunction as depicted in the
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qualitative band diagram of Figure 4.1d. Note that the relative values of the dielectric constant of
monolayer and multilayer MoS2 determine the electric fields and hence the band bending on both
sides of the heterojunction. The dielectric constants are assumed to be the same (~ 4) in this work.23

Figure 4.1. a. Atomic Force Microscope (AFM) image of a monolayer-multilayer MoS2 flake. b. Representative
energy band diagrams of isolated monolayer and multilayer MoS2 with respect to the AFM tip, depicting CPD and
work function values. c. Kelvin Force Probe Microscope (KPFM) image of a representative 1L-14L MoS2 flake. d.
Representative band diagram of a monolayer-multilayer device at equilibrium. Reprinted with the permission from
Tosun et. al. MoS2 Heterojunctions by Thickness Modulation. Scientific reports 2015, 5, 10990.

4.1.3 Photoresponse at the monolayer-multilayer MoS2 junction
Scanning photocurrent microscopy (SPCM), a spatially resolved photodetection technique
that combines electrical measurement and local illumination with a focused laser beam is used to
probe the local photoresponse of the monolayer-multilayer MoS2 devices.24-29 Optical image of a
representative device is shown in Figure 4.2a. Here, the device consists of a 1L-5L MoS2 junction.
The channel lengths for the monolayer and the multilayer regions are ~2 µm each. The contact to
the monolayer is defined as the source electrode and is electrically grounded. The contact to the
multilayer MoS2 serves as the drain electrode to which an external voltage, VDS is applied during
the measurements. The heavily doped Si substrate serves as the global back-gate to which voltage,
VG can be applied to modulate the electric potential in MoS2. The device is locally illuminated by
a focused laser beam (wavelength: 488 nm, diameter: ~ 1 µm) as depicted in Figure 4.2b. The
spatial resolution of the scanning stage is 0.1 µm. The light current, Ilight is recorded as the laser
spot is scanned across the length of the device. The photocurrent, Iphotocurrent, is then obtained as a
function of illumination spot by subtracting the dark current of the device, Idark, from Ilight. In
contrast to previous reports studying the photoresponse in MoS2 single layer or multilayer devices
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(Fig. S2),3, 14, 15, 30 the peak photocurrent in our device is observed at the monolayer-multilayer
interface rather than the metal/semiconductor junction. Figure 4.2c shows the spatial response of
the photocurrent along the dashed line of Figure 4.2a at VG = 0 V and laser intensity of 0.78 µW.
Source-drain voltage is varied from -0.5 V to 0.5 V. Even without source drain bias (VDS = 0 V),
a finite short circuit current (~8 nA) is measured as seen in the inset of Figure 4.2c. This implies
that the expected band bending and the resulting built-in electric field that is induced by the
difference in the electron affinities of the monolayer and multilayer MoS2 regions is capable of
separating the electron-hole pairs generated at the monolayer-multilayer interface. The dependence
of the photocurrent on VDS and the excitation power is investigated to further characterize the
monolayer-multilayer junction devices. The peak photocurrent, corresponding to the local
illumination of the monolayer-multilayer interface, is measured at different illumination intensities
of 2 nW, 0.78 µW, 2 µW and 10 µW and VDS of -0.5 V to 0.5 V at VGS = 0 V (Figure 4.2d). The
photocurrent increases as the applied VDS bias is increased due to the contribution of the enhanced
drift current and decreased transit time of the electrons.3 The increase in the photocurrent with the
illumination intensity can be attributed to generation of higher number of electron-hole pairs. It is
important to note that in all different intensities and VDS values the peak photocurrent response is
observed at the monolayer-multilayer heterojunction.

Figure 4.2. a. Optical microscope image of the monolayer-multilayer device with Ni/Au (30nm/30nm) contacts. b.
Schematic representation of the SPCM measurement. c. Photoresponse of the monolayer-multilayer MoS2 flake versus
position along the dashed line at VG = 0 V, with illumination power of 0.78 µW and with VDS = - 0.5 V, VDS = 0.5 V
and VDS = 0 V. d. Peak photocurrent vs. VDS at VGS = 0 V with different illumination powers. Reprinted with the
permission from Tosun et. al. MoS2 Heterojunctions by Thickness Modulation. Scientific reports 2015, 5, 10990.

4.1.4 Photoresponsivity at the monolayer-multilayer MoS2 junction
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To further characterize the photocurrent generation at the heterojunction,
photoresponsivity is experimentally investigated as a function of VDS and laser power intensity.
Photoresponsivity determines the gain of a photodetector system in terms of the ratio of
photocurrent generated (Iphotocurrent) and the incident laser power (Pincident), i.e., (Iphotocurrent) / Pincident.
Figure 4.3a shows the photoresponsivity with varying laser intensities at VG = 0V. It is found to
increase as the VDS increases from 0 V to 0.5 V. The maximum photoresponsivity is found to be
580 mA / W at VDS = 0.5 V and with the intensity of 0.78 µW. Given the power of the laser (0.78
µW) and the VDS value of 0.5 V and at VG = 0 V, the maximum photoresponsivity of the monolayer
– multilayer heterojunction is found to be greater than the highest reported MoS2 photodetector in
the literature.3, 14, 30, 31 Moreover, the dependence of the photocurrent on power is investigated.
Figure 4.3b shows a linear relationship between the peak photocurrent and the laser power. This
is consistent with the response of standard photodiodes where the photocurrent is proportional to
the carrier generation rate and hence the light intensity.32

Figure 4.3. a. Photoresponsivity vs. the applied VDS at VG = 0 V and with different laser power. b. Peak photocurrent
vs. laser power at VG = 0 V and at different VDS values. Reprinted with the permission from Tosun et. al. MoS2
Heterojunctions by Thickness Modulation. Scientific reports 2015, 5, 10990.

4.1.5 Dependence of the peak photocurrent on the gate bias
Next, we explore the effect of gate voltage on the peak photocurrent. Figure 4.4a shows
the measured photocurrent as a function of displacement along the length of the device for VGS
ranging from -30 V to 30 V. The drain voltage is maintained constant at 1V with an illumination
power of 2 µW. The effect of gate voltage on the photocurrent is minimal. This is further illustrated
in Figure 4.4b where the peak photocurrent is plotted as a function of gate voltage. For comparison
the dark current as a function of gate voltage for the same device is also shown. While the dark
current shows strong gate dependency, consistent with n-type characteristics of MoS2, the light
current exhibits nearly no gate dependence. This is distinct from the previous studies of
photocurrent for a uniform thickness MoS2 flake, where the gate voltage was shown to modulate
the Schottky barrier heights and thus the photoresponse.33 In contrast, the peak photocurrent in our
devices arise from the monolayer-multilayer junction where the global back-gate has minimal
effect on its potential profile.
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Figure 4.4. a. Photocurrent vs. position at VDS = 1V with illumination power of 2 µW and VGS varied from -30 V to 30
V at 10V increments. b. IDS vs. VGS at VDS = 1V in dark and with 2 µW of illumination power. Reprinted with the
permission from Tosun et. al. MoS2 Heterojunctions by Thickness Modulation. Scientific reports 2015, 5, 10990.

4.1.6 Discussion
Device modeling was performed using TCAD Sentaurus to further understand the junction
properties for a monolayer-multilayer device. For the Sentaurus simulations a ∆EC ~ 70 meV,
calculated from the KPFM data is used. The doping level for both monolayer and multilayer
regions are assumed to be ND,mono = ND,multi = 1018 cm-3.34 The effect of the back gate is modeled
as a change in the device doping concentration. The effective mass values are taken to be m*e ~
0.407 m0 for the monolayer and m*e ~ 0.574 m0 for the multilayer as described earlier.22 The
dielectric constants are assumed to be the same εmono = εmultilayer = 4 ε0.23 For the simulated device,
the exact dimensions of the measured device presented in Figure 4.2 are used. Electron affinities
are assumed to be χmonolayer = 4 eV35 and χmultilayer = 4.07 eV, such that ∆EC = 70 meV as obtained
earlier using the experimental KPFM data. Measured values for bandgap of monolayer (1.85 eV)
and 5 layers (1.4 eV) are used.12 A light window of 1 µm is used that corresponds to the spot size
of the laser and is shined in the center of the junction. A laser wavelength of 488 nm and an
absorption coefficient of 106 cm-1 for the monolayer and 105 cm-1 for the multilayer side is assumed
for the simulations.14, 36 Thus with the assumptions stated above and using the KPFM information,
simulations revealed a type – I heterojunction band alignment in the monolayer – multilayer MoS2
heterojunction flake as seen in Fig 5a-c.
Figure 4.5a shows the simulated band diagram at VDS = 0 V for the dark condition and
when light is illuminated at the monolayer-multilayer interface. Under illumination, Fermi levels
split (EF,n and EF,p) as a result of the generation of the electron hole pairs. At a simulated laser
power of 0.78µW, low level injection conditions prevail and no change in the quasi Fermi level
for electrons is observed as seen in Figure 4.5a. At zero VDS bias, due to the built-in electric field
at the heterojunction, electrons that are generated at the monolayer side of the monolayermultilayer junction are swept to the monolayer side (source). However electrons generated at the
multilayer side are subjected to a barrier height of 70 meV. Holes do not encounter any barrier and
freely move to the multilayer side (drain). This is consistent with the measured SPCM data, where
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a negative photocurrent of 8 nA is recorded at zero VDS signifying that the electrons are collected
at the source (monolayer) and holes at the drain (multilayer) side.
When a negative VDS (Figure 4.5b) is applied to the multilayer side (drain), there is a higher
built-in electric field and a wider depletion region at the junction. A wider depletion region at the
monolayer side allows the separation of a larger number of photogenerated electron-hole pairs thus
resulting in a larger negative photocurrent compared to the case of zero VDS as the electrons get
swept to the monolayer side (source) and holes swept to the multilayer side (drain) freely. However
electrons generated at the multilayer side still face a barrier height of ~70 meV, just like in the case
of zero bias. By applying a positive VDS (Figure 4.5c) the barrier height for electron transport from
the monolayer to the multilayer is nearly diminished. Electron-hole pairs generated at the
monolayer side contribute to the photocurrent since holes move to the monolayer side (source)
freely and electrons can go over the decreased barrier height and move to the multilayer side
(drain). Whereas, electron-hole pairs generated at the multilayer side don’t contribute to the
photocurrent since holes see a barrier of ΔEV (~0.38eV). This current flow mechanism is
consistent with measuring positive photocurrent at VDS > 0 and measuring negative photocurrent
for VDS < 0 as seen in Figure 4.2d.

Figure 4.5. Simulated band diagrams at a, VDS = 0 V, b, VDS = -0.5 V and c, VDS = 0.5 V in dark and with light shined
at the monolayer – multilayer MoS2 junction. d. Simulated photocurrent vs. VDS at different laser powers. e. Simulated
photocurrent vs. VDS with different ∆EC values. Reprinted with the permission from Tosun et. al. MoS2
Heterojunctions by Thickness Modulation. Scientific reports 2015, 5, 10990.

Photocurrent vs. applied VDS is also simulated in TCAD Sentaurus with different
illumination intensities. The same parameters and assumptions that are used to generate the band
diagrams mentioned above are used to simulate the VDS and the light intensity dependence of the
photocurrent. In the SPCM measurements, as seen in Figure 4.2c, at VDS = 0 V a negative
photocurrent is observed. As the applied bias is increased to VDS = 0.1 V, photocurrent becomes
positive (Figure 4.2d). This implies that the experimental crossover from the negative photocurrent
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to positive photocurrent is in between VDS = 0 V and VDS = 0.1 V. The simulated photocurrents are
shown in Figure 4.5d-e. The simulation is in qualitative agreement with the experimental data,
with the transition from the negative to positive photocurrent occurring at positive VDS values. The
negative to positive photocurrent crossover voltage is sensitive to the parameter values assumed
for the simulations. Figure 4.5e illustrates the large dependence of the simulated crossover voltage
on the ∆EC value. Quantitative differences between the simulated and experimental data can also
arise from the presence of a terraced junction as described in Figure 4.1a, compared to the ideal
step heterojunction simulated in Sentaurus. The Sentaurus simulations however qualitatively
explain the experimental data and all the trends, but a quantitative analysis warrants simulations
or first principle calculations using exact values of absorption coefficient, electron affinities,
effective masses, doping, carrier lifetimes, diffusion lengths, etc.

4.1.7 Conclusion
In conclusion, the type-I heterojunctions enabled by lateral thickness modulation of MoS2
are demonstrated. The junction properties are characterized by KPFM and SPCM. A workfunction
difference of 80 meV is measured by KPFM. Furthermore, a conduction band offset of 70 meV is
extracted from the difference in the electron affinities and work functions of the monolayer and
multilayer regions of the MoS2. Photocurrent generation at the monolayer-multilayer
heterojunction is observed with SPCM. The peak photocurrent generation at the monolayermultilayer junction is attributed to the electric field in the depletion region at the heterojunction
formed by the difference in the band gaps and the electron affinities of the monolayer and the
multilayer flake. A short circuit current of 8 nA is measured due to the built-in electric field being
able to separate and collect the generated electron hole pairs at the monolayer-multilayer junction.
The photoresponsivity of the monolayer-multilayer MoS2 junction is studied with respect to the
incident light power and the source-drain bias. The demonstration of the type-I heterojunction on
the same MoS2 flake will inspire further investigation regarding the electronic transport properties
of the atomically sharp type-I band alignment in the TMDC flakes.

4.1.8 Methods
The fabrication process for thickness modulated MoS2 heterojunction devices is as follows. MoS2
crystals (SPI Supplies) are transferred onto Si/SiO2 (260 nm thick) substrates using the
micromechanical exfoliation technique. The flakes of interest consisting of mono-multilayer
junctions are identified using an optical microscope. These flakes are formed naturally during the
exfoliation process. In order to verify the thicknesses of the mono-multilayer regions, atomic force
microscopy (AFM) is performed (Figure 4.1a). Monolayer thickness of 0.7 nm is confirmed1 and
a multilayer thicknesses ranging from 6-15 nm is measured for the different samples explored in
this study. Photoluminescence (PL) mapping of the flakes was conducted to further depict the
mono- and multi-layer regions using a 532 nm pump laser with 8-80 µW power and a spot size of
∼0.5 µm (Horiba Scientific LabRAM HR 800). PL map of a representative flake is shown in Fig.
S1c, where the luminescence signal ratio is approximately one order of magnitude between the
two regions of the MoS2, further depicting the formation of a thickness modulated heterojunction.
Metal source/drain (S/D) contacts are subsequently formed with one contact on the monolayer
region and the other on the multilayer region of the MoS2 flake. Electron-beam lithography was
used to pattern the metal contacts, followed by evaporation of Ni/Au (30/30nm), and lift-off of the
resist in acetone.
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Chapter 5. Tunneling Devices
5.1 Dual-Gated MoS2/WSe2 van der Waals Tunnel Diodes and
Transistors5
5.1.1 Introduction
The building blocks of integrated circuits (ICs) are metal-oxide-semiconductor field effect
transistors (MOSFETs). Over the past 5 decades and 16 technology nodes, MOSFETs have been
scaled down to increase the density of the transistors for enhanced computation power and more
functionality. In the meantime, scaling has also led to reducing the operating voltage (VDD) and
thereby although the density of the transistors increased, the power dissipation and the
consumption in the chips balanced out. However the need for continuous scaling results in short
channel effects in the MOSFETs. These effects make it difficult to scale the threshold of the
transistors anymore. Therefore the scaling in VDD has been slowing down and power dissipation
has become a critical issue in the recent technology nodes. VDD is almost approaching to its
minimum limit that is dictated by the fundamental working principles of the MOSFET.
Specifically, the carrier injection in MOSFETs is based on thermionic emission over the energy
barrier at the source, which theoretically limits the MOSFETs’ subthreshold swing to SS ~ 60
mV/dec at room temperature and places a floor for threshold voltage scaling as well. In ICs, to be
able to perform the logic operations a minimum ION/IOFF of ratio of ~ 106 is required. Taking these
two parameters, in the most optimistic case, the supply voltage is thus limited to about 6×60 mV,
corresponding to VDD~360 mV. In reality, SS for state-of-the-art MOSFETs is larger than the
theoretical limit and furthermore, to obtain sufficiently high ON-state currents for fast switching
operations, higher VDD needs to be applied. In order to tackle this challenge that IC industry is
facing new energy efficient switching mechanisms are being investigated. One promising
alternative switch to a MOSFET is tunneling field-effect transistor (TFET), where carrier injection
is governed by band-to-band tunneling (BTBT) of electrons, which does not depend on thermal
processes.1 Thus, in principle, SS < 60 mV/dec should be achievable with TFETs and therefore
the scaling in the VDD can further be carried out. To date, significant many proof of concept devices
has been studied exploring a wide range of TFET device architectures using carbon nanotubes,2
Si,3 Si-Ge,4 and III-V semiconductors.5-7 Both homojunction and heterojunction device
5

Reprinted with the permission from Tosun et. al. ACS Nano 2015, 9, 2071-2079.
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configurations have been explored with the heterojunction devices exhibiting higher ON-state
current densities due to the ability to obtain sufficiently small (or even zero) tunneling barrier
heights by using materials with proper band alignments.8 However, although significant progress
has been done, until this date, a TFET with SS<60 mV/dec at room temperature over multiple
current decades has not been demonstrated experimentally. The reason for not being able to
achieve the predicted transistor performance is shown to be the inadequate material quality at the
tunneling junction. Specifically, at the interface of the tunnel junction the band edges of the
constituent semiconductors are not sharp enough to provide a steep switch. The insufficient band
edge sharpness is caused by the material imperfections such as the trap states at the heterojunction
interface, defects and spatial inhomogeneity.9 In addition, doping is known to further reduce band
edge sharpness given the random distribution of the dopant atoms in the lattice. In order to address
these issues, novel material systems that can minimize these effects needs to be investigated. As
an example, transition metal dichalcogenides (TMDCs), a family of two-dimensional layered
materials, they offer atomically flat surfaces even when they are scaled down to a monolayer due
to their layered crystal structure.10-11 Heterojunctions using these materials can be easily formed
by using a dry transfer method that eliminates the requirements of lattice mismatch and the
associated imperfections caused by lattice mismatch.12 For the TMDCs investigated in this work,
namely MoS2 and WSe2 ideally on their surface, dangling bonds don’t exist and they don’t have a
native surface oxide. These intrinsic material properties contributes to the formation of
heterostructure of TMDCs with minimized trap states at the tunnel junction.13-15 Previous studies
using photoluminescence measurements showed that the sharpness of the band edges in MoS2 and
WSe2 monolayers as well as MoS2/WSe2 heterojunction can be as low as 30 mV/dec.13 Therefore
ideally, using these layered materials, given this measured optical band edge sharpness, it is
possible to realize tunneling devices with SS~30 mV/dec. However, before the realization of
tunnel transistors using TMDC heterostructures, band-to-band tunneling and its fundamental
properties in these heterostuctures need to be explored.
Heterostructures based on other layered material systems such as graphene and h-BN are
investigated in recent years. Interlayer tunneling and negative differential resistance (NDR) have
been observed in graphene – insulator – graphene heterostructures.16-17 However the performance
of these heterostructure is insufficient since graphene doesn’t have an intrinsic band gap, and the
device can’t be turned off effectively. MoS2/WSe2 heterostructures have been investigated in the
past year and these heterostructures found to show spatially direct absorption and spatially indirect
emission with a type II band alignment.13,18-21 Electrical measurements done on these
heterostructures revealed gate controllable, rectifying diode behavior in the forward bias.13,21
However, to investigate these heterostructures for a TFET application, the reverse bias operation
of a diode needs to be studied by creating a type III band alignment. Up to this date, a detailed
study to investigate BTBT in TMDC based heterojunctions hasn’t been reported. In principle, a
type III band alignment can be realized by electrostatically tuning the bands of the constituent
semiconductors at the tunnel junction. This can provide BTBT of electrons from the valence band
of one layer to the conduction band of another layer.9 In order to investigate the performance of a
TFET formed by these TMDC materials, the realization of a Zener diode is the first steps towards
eventual fabrication of a TFET. Thus, exploration and characterization of Zener diodes based on
TMDC heterostructures is of tremendous scientific and technological interest.
In this work, dual-gated MoS2/WSe2 heterostructure tunnel diodes are examined
experimentally and theoretically. The heterostack is controlled by two independent gates such that
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the electrostatic potential and the carrier concentrations are independently modulated. These dual
gates also can adjust the band alignment. Symmetric dual-gate device architecture is essential,
compared to single-gate or asymmetric dual-gate structures, so that the electric field from the
stronger gate will not dominate and affect the other layer. In the MoS2/WSe2 stack, MoS2 is used
as the n-layer and WSe2 is used as the p-layer. In order to ensure that the contacts are selected to
be low workfunction for MoS2 layer and high workfunction for WSe2 layer. In order to induce a
type III band alignment and observe Zener tunneling, the two gates are biased to opposite polarities
such that MoS2 is in strong electron accumulation and WSe2 is in strong hole accumulation. The
dual gated diode acts as a backward diode with a large built-in potential Vbi. In some of the devices
when opposite extreme values of gate biases are applied, the Fermi levels can be pushed into the
conduction and valence band so that the condition for negative differential resistance is satisfied
and NDR is observed in the forward bias. When the same device is operated with lower gate fields,
the band offset at the heterojunction can be changed to type II. In this case, the broken band
alignment doesn’t exist anymore and Vbi is lowered, therefore the reverse bias tunneling current
decreases and forward bias diffusion current increases. Thus, the same device is operated such that
the rectification is taking place in various regimes depending on how the two gates are biased. This
concept of gate tunable diode operation is novel since in conventional diodes the regime of
rectification depends on the doping of the n-type and p-type layers however in this device structure,
the diode can be electrostatically doped and the band alignments can be adjusted. As a result a dual
gated TMDC diode can behave both as forward rectifying and backward/tunnel diodes. TMDCs
provide another significant advantageous material property compared to conventional
semiconductors such as heterostructures of III-V compounds or Si-Ge in terms of bonding at the
tunneling interface. TMDCs have van der Waals bonding in between their layers whereas
heterostructures of III-V compounds and Si-Ge have covalent bonding at the interface that pins
the band offsets at the tunneling interface unless an insulator layer is grown in between the layers.
In TMDC heterostructures there is a vdW gap exists at the tunnel junction interface. The potential
can be dropped at this gap. Thus the bands of the constituent p-type and n-type semiconductors
can be moved independently at the junction by the applied drain voltage or electrostatic doping by
the two gates. Therefore, vdW heterostructures provide a new degree of freedom in terms of
modulation of the band offsets at the tunneling interface without the need of using an insulator in
between.

5.1.2 Results and Discussion
Figure 5.1 shows the fabrication process and corresponding optical images of a dual-gated
MoS2/WSe2 tunnel diode. First the local back-gate is fabricated by defining the gate metal with ebeam lithography and evaporating 50nm Ni thermally followed by liftoff in acetone. Then another
e-beam lithography step is performed to define the area for the local bottom gate dielectric. Atomic
layer deposition is used to deposit 20nm thick ZrO2 followed liftoff in acetone (Figs. 1a(i) and
1b(i)). MoS2 flakes were mechanically exfoliated onto a Si/SiO2 carrier chip then the flakes of
interest are transferred onto the local bottom gate using a dry transfer technique.22 Then a WSe2
flake was properly aligned and transferred on top of the MoS2 layer using the same transfer
method. The alignment of the WSe2 layer is done such that the overlap will be only on the local
bottom gate to ensure that the electrical contacts can be formed at each edge. The heterojunction
(i.e., overlap region) is therefore placed only in the middle of the flake. After transferring the
second layer, a rectangular shape is defined and the heterostructure is etched using XeF2 to
eliminate parasitic conduction paths (Figs. 1a(ii) and 1b(ii)).23 Ni (50 nm) is used as a good n-type
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contact to MoS2. Pd (50 nm) electrodes are used as a good p-type contact to WSe2. The electrodes
are patterned using two different e-beam lithography steps followed by metal evaporation and
liftoff, Figs. 1a(iii) and 1b(iii). The top gate stack is defined using e-beam lithography. For the top
gate, a 1 nm SiOx as a seed layer, 20 nm ZrO2 as the gate dielectric and 50 nm Ni as the gate metal
is deposited followed by liftoff in acetone. The bottom and the top gates are designed and the
transferred flakes are aligned such that the transferred flakes overlap in the middle of the device
and they are controlled by the top and the local back gates. The local back gate overlaps with the
contact metal of the MoS2 layer and similarly the top gate overlaps with the WSe2 layer in order
to minimize the parasitic contact resistances in the device. Figure 5.1a(iv) shows the optical image
of a representative dual-gate MoS2/WSe2 device. Figure 5.1b(iv) shows the cross-sectional
schematic of the fabricated device and how the overlap of the local back gate and the top gate
define the heterostructure. Figure 5.1c shows the corresponding three-dimensional schematic of
the complete device. The cross-section of the device is investigated with transmission electron
microscopy (TEM). The symmetric dual-gate structure of the diode is presented in Figure 5.1d.
The interface is further investigated with high resolution scanning TEM (STEM). Figure 5.1e
shows the interface between MoS2 and WSe2, the layers form a sharp and clean junction as
expected with no visible roughness. Energy-dispersive X-ray Spectroscopy (EDS) mapping is used
to study the material composition of the heterostructure. As seen in Figure 5.1f, The top 4 layers
are composed of W and Se, while the bottom layers are composed of Mo and S.
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Figure1. Device structure. (a) Optical microscope images, and (b) corresponding schematics (not to scale) for the
fabrication process steps of a representative dual-gated MoS2/WSe2 diode. (i) Local bottom gate electrode with Ni as
the metal electrode and ZrO2 as the gate dielectric. (ii) MoS2 and WSe2 layers dry-transferred onto the bottom gate
and etched to form a rectangular heterostructure. (iii) Metal contacts to MoS2 (Ni) and WSe2 (Pd) deposited, as source
and drain electrodes, respectively. (iv) Top-gate stack with ZrO2 as the gate dielectric and Ni metal as the electrode.
Scale bar = 10 µm on all optical images. (c). Three-dimensional schematic of the device (not to scale). (d) Crosssectional TEM image of a representative device showing the symmetric dual gate structure. (e) High resolution STEM
image of the same heterostructure, consisting of 4-layers of MoS2 and WSe2. (f) EDS mapping of the heterostructure.
Reprinted with the permission from Tosun et. al. ACS Nano 2015, 9, 2071-2079.
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The dual gated diodes electrically characterized with various gate and source-drain values
as well as at different temperatures. In Figure 5.2a, the device is operated at 77 K and the gate
voltage of the MoS2 is kept constant at 3V, and the gate voltage of WSe2 is stepped from -2 V to 3 V. At VGate-MoS2 = 3 V, the MoS2 layer is electrostatically doped to be highly n-type, and
accumulated strongly with electrons. Similarly, when VGate-WSe2 = -3 V, the WSe2 layer is
electrostatically doped to be highly p-type and accumulated with holes. In this setting of gate
voltages, the bands of the MoS2 layer are pushed down and the bands of the WSe2 layer are pulled
up such that a type-III band alignment is induced. Due to a high Vbi in the forward bias, no
rectification is observed. In the reverse bias a four orders of magnitude of rectification is observed
due to band to band tunneling (BTBT). The Zener tunneling is obtained when the device is
configured to be a backward didoe with the above mentioned gate values. In such type-III band
alignment an overlap between the valence band of the p-side and the conduction band of the nside exists. Electrons from the valence band of the p-side can tunnel to the available states in the
conduction band of the n-side. The amount of the tunneling can be further increased by applying
even more aggressive gate values to the gates to create even more overlap in the type-III
configuration. When VGate-WSe2 is decreased to -2.5 V, the bands of the WSe2 layer are pushed down
as compared to VGate-WSe2 = -3 V. In this situation, Vbi of the diode decreases, resulting in higher
forward bias current for the same drain voltage conditions as in the previous case. However due to
decrease in the overlap in the type-III band alignment, in the reverse bias, the BTBT decreases for
about one order of magnitude as compared to when VGate-WSe2 = -3 V. When the WSe2 gate is even
decreased further to -2 V, the Vbi is lowered resulting in even higher forward bias current. But in
the reverse bias, the type-III band alignment does not exist anymore since the bands of the WSe2
are pushed down. Thus, a four terminal diode that the operation regimes are controllable by using
dual gates, without the using any physical dopant.

Figure 5.2. Gate-tunability of a representative dual-gated device at 77 K. MoS2 is 8-10 layers in thickness and WSe2
is 6-8 layers thick as confirmed from AFM measurements. The area of the heterojunction is 2.8 µm2. (a) ID-VD with
varying VGate-WSe2; VGate-MoS2 = 3 V. (b) ID-VD with VGate-WSe2 varied at small increments from -2 V to -0.9 V; VGate-MoS2
= 2 V. (c) Tunneling onset voltage vs. VGate-WSe2, with the slope representing the gate coupling efficiency η. Reprinted
with the permission from Tosun et. al. ACS Nano 2015, 9, 2071-2079.

The control of the diode characteristics by the dual gates can be further investigated by
quantifying the efficiency of shifting the Fermi level of the layers by applied gate voltage. The
electrostatics of the gate control is studied by varying the WSe2 gate bias from -2 V to -0.9 V by
100 mV steps at 77 K while keeping the MoS2 gate at 2 V. Figure 5.2b shows that as the gate bias
on WSe2 goes from -2V to -0.9 V, the tunneling onset shifts to more negative VD values. Around
WSe2 gate bias of -1.5 V, the BTBT is not observed anymore in the reverse bias since the type-III
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broken band alignment is diminished. As the gate bias on WSe2 gate approaches -0.9 V, the reverse
bias current becomes dominated by the minority carrier drift. Figure 5.2c shows the shift in the
reverse bias tunnel onset voltage (i.e., tunneling breakdown voltage), Vtunnel, as the gate bias on the
WSe2 layer is varied. Here, the gate efficiency (ƞ) is defined as the amount of shift in the tunnel
onset voltage, over the change in the applied gate bias on WSe2 layer. The tunnel onset voltage is
defined as the drain voltage when the drain current reaches 10 pA. The gate efficiency extracted
to be 0.84. It means that if a 1 V of electrostatic potential is applied to the WSe2 gate, the Fermi
level of WSe2 can be modulated by 0.84 eV. This high efficiency is obtained by using high-k
dielectric ZrO2. The tunneling current and the steepness of the tunnel diodes are limited by the
large parasitic contact resistances since they are not doped.24-26 The performance of the dual gated
tunnel diode can be improved by using doped contacts.
The dual gated tunnel diode is investigated theoretically as well. In order to understand the
gate bias dependent diode characteristics a phenomenological device model is developed (Figure
5.3). Carrier statistics equations are solved self consistently with Poisson equation in capacitance
model form as described in a previous study on vertical tunnel transistors.27 Then, the source-drain
current is calculated for interlayer transport using these two mechanisms. The first one is an elastic
process at the interface, including the direct tunneling and thermionic emission, which is shown as
path I in Figure 5.3b. The current generated by this process can be described by,16
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!
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where DMX2 is the density of state (DOS) for each TMDC and fMX2 is the source/drain Fermi level.
VMoS2 and VWSe2 are electrostatic potentials of MoS2 and WSe2 layer, which account both gate and
drain bias and can be solved self-consistently as described before. is the reduced Plank constant,
q is electron charge, α is a fitting parameter which is related to the elastic transport time as
1

= / ( DMX 2 ) . For simplicity, the DOS in the conduction or valence band is assumed to be

constant, which is similar to previous studies on tunneling devices.14 The band tail states whose
DOS exponentially decay as a function of the difference between the energy E and the band edge
energy are included in the bandgap.
In addition to this elastic process, there is also an inelastic interlayer carrier recombination
process. Different from conventional PN junction, the atomically thin junction does not have any
depletion region in the vertical direction. Thus, the majority holes in WSe2 are in direct contact
with the majority electrons in MoS2, separated by only a vdW gap. As a result, the interlayer
majority carrier recombination is pronounced.13,21 This inelastic process can be either photon or
phonon assisted. We refer to this inelastic process as current path II as illustrated in the schematic
of Figure 5.3b. Simply, we adapted a second transport time of carrier, τ2, which is the interlayer
recombination lifetime, to account for the inelastic process, so that the current can be estimated
by,

J ine = q

np n0 p0
2 ( n + p ) (2)
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where n and p are electron and hole density of adjacent MoS2 and WSe2 layer, and n0 and p0 are
electron and hole density at equilibrium condition. As described in a previous study,19 Eq. (2)
assumes the Shockley Read Hall (SRH) mechanism for interlayer majority carrier recombination,
and an assumption of the Langevin mechanism results in a different quantitative equation but does
not change the qualitative conclusions. Finally, the total current conducted by the PN junction is

J =J +J

e
ine . Figs. 3a and 3c show the simulated I -V
the addition of these two processes,
D D
characteristics of a bilayer/bilayer diode under two different gate voltage conditions, with τ2/ τ1 =
1. At high gate overdrive voltages (Figure 5.3a), both the MoS2 and WSe2 layers remain
accumulated even when a moderate reverse bias is applied. As a result, Zener tunneling takes place
through band edge states or the band tail states in the bandgap region very close to the band edge.
The reverse bias current is contributed by Zener tunneling and is non-saturating. In comparison, at
a lower top gate overdrive voltage (Figure 5.3c), the WSe2 layer becomes depleted as a reverse
bias is applied. The depletion leads to a saturated reverse bias current. The results indicate that the
operation modes of the diode can be modulated by the applied gate voltage, qualitatively consistent
with the experiment. The quantitative difference can be attributed to us ignoring the parasitic
resistance and noise in simulations, and the uncertainty of the material and device parameters. The
following parameters were used in the simualtions: in Figure 5.3a, n0 = 1.01×1013 m-3, p0 =
2.91×1011 m-3, while in Figure 5.3c, n0 = 3.15×1014 m-3, with n0 >> p0. Fig. S3a-b shows the
simulated band diagrams for a MoS2 (bilayer)/ WSe2 (bilayer) device, indicating the influence of
the gate on each layer.
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Figure 5.3. (a) Simulated ID-VD characteristics of a MoS2/WSe2 (2 layers each) diode at VGate-MoS2 = 3 V and VGate-WSe2
= -3 V, at 77 K. (b) Corresponding qualitative band diagrams at forward and reverse biases. (c) Simulated ID-VD
characteristics of the diode at VGate-MoS2 = 3 V and VGate-WSe2 = -2 V, at 77 K. (d) Corresponding qualitative band
diagrams at forward and reverse biases. Reprinted with the permission from Tosun et. al. ACS Nano 2015, 9, 20712079.

The temperature dependent measurements of a diode can provide details for the transport
mechanisms. Figure 5.4 presents the temperature dependent study of a dual-gated MoS2/WSe2
heterosturcture with each material being 2 layers in thickness. Figure 5.4(a) shows the temperature
dependence of the backward diode characteristics. In order to induce the proper band alignment to
achieve a backward diode operation (Zener tunneling), the opposite polarity of the gate values are
applied to two gates such that VGate-MoS2 = 3.5 V and VGate-WSe2 = -4 V. In this diode, the tunneling
onset voltage is defined as the drain voltage when the reverse bias drain current reaches 100 fA.
As the temperature is increased from 77 K to 250 K, the tunneling onset voltage shifts closer to 0
V. This is expected in the Zener tunneling process due to the change in the bandgap (and band tail
states) with temperature. The dependence of the VTunnel on the temperature is called the temperature
coefficient of tunneling breakdown, θ. Figure 5.4(b) shows the temperature coefficient to be
extracted as -4.8 mV/K. The temperature coefficient of the MoS2/WSe2 materials system, is similar
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to Si Zener diode that has a temperature coefficient of -2 to -3 mV/0C.28 Figure 5.4(c) shows the
temperature dependence of the rectifying behavior in the forward bias regime. In order to obtain
this characteristics, the gate bias on the WSe2 is lowered to -2 V. By doing so the Vbi is lowered
and thermal diffusion in the forward bias is activated. As the temperature is increased, the reverse
bias saturation current increases due to increased recombination-generation processes. The builtin potential, Vbi is inversely proportional to temperature. Therefore Vbi decreases with increasing
temperature, and the slope of the forward bias current decreases slightly with temperature. Figure
5.4(d) shows the comparison of the inverse slope, of the tunnel diode operation and rectifying
diode configuration in mV/dec with respect to temperature. In the tunnel diode operation, the
inverse slope of the tunnel current remains nearly constant with temperature, as expected for Zener
tunneling. The inverse slope of the forward current decreases slightly with inverse temperature. In
a conventional, covalently bonded p-n junction, the inverse slope changes linearly with
temperature. This is because forward bias in such a diode is dominated by diffusion of majority
carriers. However in the MoS2/WSe2 van der Waals heterojunction, the temperature dependence
of the inverse slope in the forward bias is not as pronounced. The lack of temperature dependence
signifies that the forward bias current is dominated by the inelastic current mechanism (path II in
Figure 5.3b). Similarly, in a previous photoluminescence study of MoS2/WSe2 heterostack, the
main exciton recombination was shown to arise from the spatially indirect recombination of
electrons in MoS2 with holes in WSe2 at the heterojunction.13,21

Figure 5.4. (a) Temperature dependence of the tunnel current at VGate-MoS2 = 3.5 V and VGate-WSe2 = -4 V of a device.
MoS2 and WSe2 are 2-layers each in thickness for this device. Overlap area is 18 µm2. (b) Tunneling onset voltage vs.
temperature at VGate-MoS2 = 3.5 V and VGate-WSe2 = -4 V. (c) Temperature dependence of the forward diode current at
VGate-MoS2 = 3.5 V and VGate-WSe2 = -2 V. (d) Inverse slopes of the BTBT current (VGate-MoS2 = 3.5 V and VGate-WSe2 = -4
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V) and forward bias current (VGate-MoS2 = 3.5 V and VGate-WSe2 = -2 V) vs. inverse temperature. Reprinted with the
permission from Tosun et. al. ACS Nano 2015, 9, 2071-2079.

The quality of the interface can show device to device variation due to the fabrication
process. As a result, the interface quality can impact the carrier transport times. If the carrier
transport time, τ2, described earlier for this inelastic process, is longer compared to τ1, the elastic
tunneling (i.e. BTBT) process can dominate over the inelastic recombination process in the
forward bias. Because of this, different diode characteristics in terms of BTBT in the forward bias
can be observed. As seen in Figure 5.5, a tunnel diode can show NDR in the forward bias. This
device consists of 4 MoS2 layers and 4 WSe2 layers, with an overlap area of 4.6 µm2. In order to
induce a type III broken band alignment to study regime the gates are biased such that VGate-MoS2 =
3 V and VGate-WSe2 = -3 V. Figure 5.5(a) shows the NDR in the forward bias, the device behaves
like an Esaki diode. The gate voltages are applied to the WSe2 gate can control the peak-to-valley
ratio and the peak position by modulating the band alignment. When a more negative bias is
applied on the VGate-WSe2 the NDR peak position shifts to a higher positive value, signifying that the
drain needs to be pushed down more to align the conduction and valence band edges. Similarly
peak to valley ratio increases due to the increased overlap between the conduction and valence
band edges when a more negative bias is applied on the WSe2 gate. By varying VGate-WSe2, the drain
bias at which the MoS2 conduction band edge and WSe2 valence band edge are aligned is varied.
The change in the peak position of NDR with respect to the gate bias applied on the WSe2 layer
can be used to extract the gate coupling efficiency. Figure 5.5(b) shows the extraction of the gate
coupling efficiency to be ~80%. In this work, the dependence of the observation of NDR on the
flake thickness is not studied.
Temperature dependence of the Esaki diode operation is studied. The NDR diminishes
beyond 175 K as seen in Fig. (5c). As the temperature is increased, thermionic current dominates
over the tunneling current, therefore the NDR disappears. The ID-VD characteristics are simulated
at different temperatures with the bias condition of VGate-MoS2 = 3 V and VGate-WSe2 = -3 V by
assuming a life time ratio of τ2/ τ1 = 100. As seen in Figure 5.5(d) a clear NDR behavior is observed
at low temperature. At a low forward bias near equilibrium, an elastic carrier transport path,
corresponding to BTBT contributes to the current. As the applied forward bias increases, the elastic
carrier transport path is closed with the overlap of the band edges diminishing leading to a NDR
characteristic. Similar to experiments, NDR is only observed at low temperatures. In the
simulations, the NDR peak is much more pronounced as compared to the experiments even when
the non-ideality of the band edge sharpness is taken into account. The non-ideal band edges are
assumed to have a decaying bandgap states of 30 meV/dec.13 The lower peak-to-valley ratio is
attributed to the inelastic transport denoted as path II in Figure 5.3(b). When the interlayer
recombination time is lower, path II (Figure 5.5(e)) becomes more dominant and therefore the
peak-valley ratio decreases. Figure 5.5(f) shows the simulated peak-to-valley ratio dependence on
the the ratio of the carrier transport times of the inelastic interlayer transport process, τ2, and the
elastic interlayer carrier transport process, τ1. A low peak-to-valley ratio of the NDR characteristics
in the experimental device is observed, this is attributed to the efficient interlayer majority carrier
recombination.
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Figure 5.5. (a) ID-VD at VGate-MoS2 = 3V and VGate-WSe2 varied. MoS2 and WSe2 are 4-layers each in thickness for this
device. Negative differential resistance is observed at forward bias. (b) Voltage at which NDR peak occurs vs. VGateWSe2. (c) Temperature dependence of the NDR at VGate-MoS2 = -VGate-WSe2 = 3 V. (d) Simulated temperature dependence
of NDR at VGate-MoS2 = -VGate-WSe2 = 3 V, by assuming a lifetime ratio of τ2/ τ1 = 100. (e) Qualitative band diagrams
corresponding to points I (NDR peak) and II (NDR valley) in (d). (f). Simulated NDR peak-to-valley current ratio
(PVCR) vs. inelastic to elastic carrier transport time ratio (τ2/τ1). Reprinted with the permission from Tosun et. al. ACS
Nano 2015, 9, 2071-2079.

5.1.3 Conclusion
In conclusion, a symmetrical dual-gate device architecture is adopted in the study of
MoS2/WSe2 vertical heterostructures. Tunable diode characteristics of the heterostack are
investigated by the application of different electrostatic potentials on the two independent gates.
The same device operated as an Esaki diode, a backward diode or a forward rectifying diode by
tuning the applied gate voltages, making the device highly versatile. The use of high-k dielectrics
enabled a high gate coupling efficiency of ~80%. By the use of these gates, the band-offsets at the
MoS2/WSe2 vertical interface modulated to enable different modes of operation. 2D layers are
shown to have a weak electrostatic screening by the theoretical simulations. The lack of charge
depletion region at the vdW interface shown to induce inelastic current transport that impacts the
forward bias transport. This work demonstrates the observation of 2D-to-2D tunneling in the
vertical vdW heterostructures and their promise to be used in tunnel transistors for future low
power electronics.
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5.2 Tunnel Diodes and Transistors using Black Phosphorus
Homojunction Devices
5.2.1. Introduction
Integrated circuits utilize metal oxide semiconductor field effect transistors (MOSFETs) to
perform digital logic operations. The dimensions of MOSFETs have been scaled down in order to
increase the density of the transistors and reduce the power dissipation. Electron injection
mechanism in MOSFETs is governed by thermionic emission of electrons over the barrier at the
source contact. Thermionic emission of the electrons over the barrier depends on the probability
of electron diffusion subjected to Fermi-Dirac distribution function. Therefore the subthreshold
swing (SS) is fundamentally limited to 60 mV/dec. As an alternative device concept to reduce the
subthreshold swing and supply voltage (VDD), tunnel field effect transistors (TFETs), have been
investigated.1-3 TFETs offer achieving SS values lower than 60mV/dec since the operation of the
device does not depend on thermal diffusion. In the ON state, the electrons in the valence band of
the p-side can tunnel to the available states in the conduction band of the n-side. Band to band
tunneling (BTBT) in the ON state ideally does not depend on temperature, therefore the SS in
TFETs are not limited to 60 mV/dec.
In a tunnel junction, according to Wentzel-Kramers-Brillouin (WKB) approximation, tunneling
probability is inversely proportional to the effective mass and the bandgap.4 Black phosphorus,
has been studied as a channel material in TFETs due to its ideal material properties such as small
band gap and effective mass.5, 6 The band gap of the BP flakes ranges from 1.0 eV for a monolayer
down to 0.3 eV for the multilayer thicknesses.7
In this work, lateral homojunction tunnel diodes and transistors are fabricated using black
phosphorus (BP) flakes as the channel material. Homojunction tunnel diodes are realized by using
two gates on the same BP flake laterally next to each other. One of the gates are biased to high
positive voltages making the channel under that gate accumulated by electrons and pushing the
bands down. The other gate is biased to highly negative voltages making the channel under that
gate accumulated by holes and pulling the bands up. In a previous study the electrostatic potentials
of the constituent layers of a vertical heterojunction are modulated by using the electric field
applied with two gates.8 Similarly, in this work, a device structure with two gates laterally placed
next to each other is investigated as tunnel diodes and transistors using BP as the channel material.
Figure 5.6a shows the cross-sectional device structure.
The devices are fabricated by first exfoliating BP flakes on Si/SiO2 (260 nm thick) substrates as
seen in Figure 5.6b. Then the flakes of interest are mapped with an optical microscope. After that,
e-beam lithography is used to define the contact regions for the source-drain. Then the first gate is
defined using another e-beam lithography step. The gate stack is formed by depositing a 1 nm SiOx
(as the seed layer), 12 nm of ZrO2 and 30 nm of Ni deposited with e-beam evaporation, atomic
layer deposition (ALD) and thermal evaporation (Figure 5.6c). Then the second gate is defined by
another e-beam lithography step. The second gate is overlapped with the first gate such that there
will not be any ungated region to cause any parasitic resistance as shown in Figure 5.6d. The gates
can be used to dope the region underneath either to n-type or p-type electrostatically. Depending
on what side is made to be the p-type that side that side is assigned to be the drain and the n-side
is assigned to be the source in the diode operation.
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Figure 5.6. a. Cross-sectional schematic of the dual gated homojunction. b. Optical image of the exfoliated BP flake.
c. Dual gated homojunction after sour-drain metallization and 1st gate formation. d. Dual gated homojunction device
after fabrication is completed.

5.2.2 Results and Discussion
The electrical characterization of the fabricated dual gated homojunction is performed at low
temperature. The top gate for the p-side (TG_P) is biased to -3 V and the gate for the n-side (TG_N)
is stepped from 0 V to 2 V. The ID-VD of the diodes are shown in Figure 5.7.a (BP thickness ~ 3
nm). The electrical characterization is done at 77 K to clearly differentiate the thermal and
tunneling processes both in the reverse bias and in the forward bias. When the TG_N is at 0 V, the
diode rectifies in the forward bias. In the reverse bias, at lower drain values, minority carrier drift
is dominant, at higher drain values, Zener tunneling is observed. Then when the TG_N is set to 1
V, the built-in potential (Vbi) at the p-n junction increases and therefore in the forward bias thermal
diffusion current is not observed. In this case the diode behaves like a backward diode in which
the rectification takes place in the reverse bias due to band to band tunneling (BTBT). Then when
the TG_N is set to 2 V, the overlap between the valence band of the p-side and the conduction
band of the n-side, increases. Therefore even in the forward bias, BTBT persists. The reverse bias
current increases as compared to TG_N = 1 V since when the gate bias on the n-side is increased,
the bands pushed down even more, enabling enhanced tunneling current between the valence band
of the p-side to the conduction band of the n-side.
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Figure 5.7.b shows the Esaki diode operation of another device (BP thickness ~ 5 nm) with
negative differential resistance (NDR) observed in the forward bias at 77 K. NDR requires the
Fermi levels of both the p-side and n-side to be pushed inside the valence and conduction bands
respectively. This kind of high doping levels are possible to obtain by applying extremely high
gate fields to both sides. In order to observe NDR, TG_P is biased to -5 V and the TG_N is stepped
from 4.5 V to 5 V. As TG_N goes from 4.5 V to 5 V, the negative resistance i.e. the decrease in
conductance from the peak to the valley becomes more pronounced.

Figure 5.7. a. Tunable diode operation by the modulation of the band offset at the p-n junction with dual gates. b.
Observation of NDR in the forward bias by inducing a Esaki diode operation.

After demonstrating the tunable diode operation and observing BTBT in the reverse bias, TFETs
are fabricated to study the TFET characteristics of the electrostatically tunable BP homojunctions.
The tunneling probability in the homojunction is proportional to the electric field at the junction.
The electric field at the junction can be increased by using an ionic liquid gate dielectric that has
an electron double layer on the surface of the BP flake which minimizes the effective oxide
thickness. Previously ionic liquid gates are used in TFETs to obtain SS values of sub-60mV/dec.9
TFETs are fabricated by using the same process flow as explained above until the second gate. For
the second gate, only a gate electrode is fabricated to control the electrostatic potential of the ionic
liquid dielectric as seen in Figure 5.8a. All the other electrodes (source-drain and the first gate) are
covered with a SiOx layer of 40 nm thickness to isolate them from the ionic liquid dielectric. The
ionic liquid gate is prepared by using polyethylene oxide (100 000 M.W., Alfa Aesar) together
with LiClO4 (Sigma Aldrich) in a 16:1 ether oxygen:lithium ion ratio was dissolved in acetonitrile
to form a 10% (weight) solution.10 Then the ionic liquid gate is drop casted on the device using a
0.45 µm syringe filter.
Figure 5.8.b shows the operation of the p-TFET (BP thickness ~ 3nm) at room temperature by
sweeping the ionic liquid gate (ILG) and stepping the solid gate (SG). The potential of the solid
gate (n-side) set to start from 0 V, and then increased to 2 V while a drain bias of -100 mV is
applied to the p-side, to operate the homojunction in the reverse bias mode. As the ILG is swept
from positive to negative, the bands of the p-side is pulled up, creating a type-III broken band
alignment and enabling the electrons from the valence band of the p-side to tunnel to the available
states in the n-side. As the bias on the n-side is increased from 0 V to 2 V, the tunneling current
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increases since the bands of the n-side is pushed down, creating more overlap between the p-side
and n-side in the type-III band alignment. When the ILG is swept to more positive values, the drain
current rises again since the band alignment enables electrons to diffuse over the barrier at the
junction in a similar operation principle of n-MOSFETs. Qualitative band diagrams in Figure 5.8.e
explains the operation of the p-TFET and the n-MOSFET. ID-VG of the p-TFET demonstrates an
OFF current of 700 fA/µm and a maximum ON current of 10 nA/µm at VSG = 2V and VDS = -100
mV. In this p-TFET an ON/OFF ratio of ~ 1000X is obtained at room temperature. Figure 5.8.c
shows the output characteristics of the TFET. The p-TFET shows good current saturation at high
VDS values. The mimimum SS of the p-TFET is extracted to be 150 mV/dec at room temperature
as seen in Figure 5.8.d. The reason that the SS degrades as the SG is increased is attributed to the
uncovered edge of the metal SG affecting the potential of the ionic liquid dielectric. BP is known
to have anisotropic effective mass values in the zigzag and armchair direction.11 In future, the
crystal direction of the flake can be determined and etched along the lowest effective mass
direction to maximize the tunneling probability. By doing so both the ON current and the SS can
be further improved.
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Figure 5.8. a. Optical image of the BP homojunction TFET with one solid gate and one ionic liquid gate. b. Transfer
characteristics of the p-TFET at room temperature. c. Output characteristics of the p-TFET at room temperature. d.
Extracted SS vs. IDS of the p-TFET at room temperature. e. Qualitative band diagrams of the pTFET and n-MOSFET
operation.
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5.2.3 Conclusion
In conclusion, BP flakes are used to fabricate lateral homojunction devices by operating two gates
to modulate the band offsets are fabricated and characterized electrically. Gate-tunable diode
operation of backward diode, rectifying diode in the forward bias and Esaki diode are demonstrated
in the same device by controlling the band-offset at the junction and the doping levels of the nside and the p-side. Then the operation of a p-TFET at room temperature is demonstrated by using
one solid gate and one ionic liquid gate. Maximum ON current of 10 nA/µm and ON/OFF ratio of
around 1000X is observed at room temperature. The lowest SS value is extracted to be 150mV/dec
at room temperature. This work presents the promise of using of a 2-dimensional layered
semiconductor in a dual gated lateral homojunction device architecture for future low-power
electronic applications.

5.3 Future Work for TFETs using 2D Layered Semiconductors and
TMDCs
Up to this date, date promising proof of concept TFET devices based on 2D layered
semiconductors have been shown. Although TMDCs are shown to be ideal candidates with their
unique material properties such as having atomic smoothness at a monolayer thickness, sharp band
edges, no dangling bonds or native oxide at the surface, to realize the advantages of these properties
in the device performance is still challenging. The first main parameter in the TFETs based on 2D
layered semiconductors is the choice of materials to be used in the heterostructure.12 TMDCs offer
a large selection of different band alignment between materials as well as the effective mass values.
In terms of the band alignment, in a dual gated TFET structure the constituent p-type and n-type
layers should be chosen with a close to type-III band alignment and with low effective mass values
to maximize the tunneling probability. In terms of the device structure, the overlapped gates with
the contacts should be eliminated in order to eliminate the parasitic MOSFETs in the access regions
before the tunnel junction. The underlapped regions can be degenerately doped to remove the
contact resistances. In the tunnel junction, using an insulator layer can ease the movement of the
bands. These suggested improvements in the device structure are shown in Figure 5.9. Recent
studies have shown that the defects in MoS2 can be passivated by using a chemical treatment
method.13 This kind of a chemical treatment method can be applied in the fabrication process flow
of the dual gated TFET fabrication to passivate the defects at the interface and enable TFETs with
lower subthreshold swing.

Figure 5.9. TFET device structure using an insulator in between with underlapped gates and doped extension regions.
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Chapter 6. Conclusions
Semiconductor industry needs to continue scaling the dimensions of the transistors in order to be
able to keep up with the needs of the technology market. Power consumption of the transistors
became an issue as the supply voltage scaling started to lag behind. These reasons motivate
significant research to be done in order to find next generation transistors with low power
consumption. 2-dimensional layered materials (TMDCs) are investigated in this thesis as a
candidate channel material for those next generation devices. Electronic and material properties of
the TMDCs are investigated to address the main challenges to utilize these materials in the
functional devices.
In chapter 2, doping of these layered semiconductors are investigated. Any electron device that
has a semiconductor-metal junction suffers from a Schottky barrier and large contact resistances.
The contact resistance can be minimized by using metals with appropriate work function or doping
the semiconductor. A defect-induced air stable doping scheme with a mild H2 plasma treatment is
presented in chapter 2. Material characterization done on the WSe2 crystals show that the doping
concentration can be increased up to degenerate level by inducing Se vacancies in the crystal
lattice. This treatment is adopted in the fabrication of the WSe2 n-FETs and the device performance
improved in terms of contact resistance and subthreshold swing.
In chapter 3, CMOS integration of these materials are investigated. Two transistors are fabricated
on the same WSe2 flake; by using contact engineering one of them made to be p-type and by using
doping, the other one made to be n-type. Then these two transistors are operated as a CMOS
inverter and a NOT logic gate has been demonstrated. Then the 3-dimensional monolithic
integration of CMOS devices using TMDCs as channel materials are shown. Two layers of
transistors are fabricated on top of each other by using the same gate and they are connected to
operate as a CMOS inverter.
In chapter 4, band structure of a mono-multilayer MoS2 junction is studied. Material
characterization of the junction showed that by using thickness modulation, a type-I
heterostructure can be created in layered semiconductors. The optoelectronic properties of the
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junction is studied using scanning photocurrent microscopy and the junction is shown to have a
strong photoresponse. Then photodetectors using this structure is fabricated and characterized.
In chapter 5, band to band tunneling of 2-dimensional layered materials is investigated by
fabricating heterojunction and homojunction devices. A dual-gated vertical heterojunction device
is fabricated using MoS2 and WSe2. Dual-gates are used to modulate the band offset at the junction
and the operation mode of the diodes. The device is shown to operate as a backward diode,
rectifying diode in the forward bias and an Esaki diode. Band to band tunneling and NDR is
observed using this device structure. Homojunction devices are fabricated by using a dual gate
structure on the same black phosphorus flake. In this structure, similar to the vertical
heterojunction, a lateral homojunction is formed using the dual gates and tunable diode
characteristics are observed. Then p-TFETs are shown using this structure.
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