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Abstract

STRAIN ENGINEERING of TWO DIMENSIONAL TRANSITION METAL
DICHALCOGENIDES for ELECTRONIC APPLICATIONS

Sheng Yu, PhD.
George Mason University, 2016

Thesis Director: Dr. Qiliang Li

Two-dimensional (2D) layered materials, such as hexagonal boron nitride (h-BN) and
transition metal dichalcogenides (TMDCs), have gained considerable attentions for
electronic applications. Their mechanical properties, possible application in body
movement, muscle stretching and blood vessel contraction, have also been studied. The
MoS2 monolayer, a typical member of 2D TMDCs, becomes piezoelectric after
exfoliation from the bulk crystal whereas the inversion symmetry is broken. Therefore,
MoS; nanostructures have become promising in NEMS application in nanopiezotronics, a
rapidly emerging field.

This study explicitly investigated the effect of tensile strain on 2D MoS2 monolayer using
first-principle calculation. We have found that the bandgap is reduced monotonically and
harmoniously by the increasing tensile strain. Two straight lines: exy (ex, y) With ex + &y =
0.66% and ex + gy = 19.06% were found as the transition boundaries between the direct

and indirect bandgap structure and between the semiconductor and metal phases,



respectively. The strains along [1,0] (armchair) and [0,1] (zigzag) directions have an equal
contribution to bandgap modulation. Moreover, the values of carrier effective mass along
different directions behave differently under tensile strain, although they are equal to each
other for biaxial strain exy = ex = &y. In addition, we have found that carrier mobility can
be enhanced significantly by strain and lowering temperature. Overall, this study has made
a very interesting observation with detailed information on the effect of tensile strain on
carrier effective mass and mobility in MoS2 monolayer, which is very helpful for future
research on monolayer MoS:; electronics. The method and conclusion developed in this
work can also benefit the research on other 2D TMDs and devices.

| have designed and simulated a novel piezoelectric device realized by MoS, monolayer
based PN junction. Its electromechanical property was simulated by first-principle
calculations. 0.31 V of output voltage can be achieved by 0.051 eV/ A3 of the laterally
tensile stress, which leads to 8% strain in transport direction. The investigation on size-
dependent performance demonstrates that by increasing width, length and layer number
the output will finally converge to constant output. Our investigation on the doping effect
shows that various doping positions affect slightly on the output voltage and the low
concentration gives rise to higher output performance. We conclude that the structure with
higher EPD can obtain higher output voltage. Our study suggests a novel TMDCs PN
junction and heterojunction based mechano-electric generator with high output voltage.
This may open up a suite of applications in 2D-TMDCs based piezoelectric transistor.
The next focus is the interface between dielectric layer and 2D TMDC semiconductor. The

interface between Al,O3 and MoS; monolayer was investigated. The evolution of



separation between Al>03 and MoS2 monolayer vs. the various thickness of dielectric layer
have been studied. Also the intrinsic lattice parameter of the interface was specified by
figuring out the minimum total energy. The intrinsic strain effect introduced by dielectric
layer is in the range of -0.3% to -0.6% by varying the dielectric layer thickness of 1.3nm
to 5.2nm.

One-dimensional (1D) phosphorene nanotube (PNT) is also investigated in this study. We
expect that wrapping-engineering on 2D phosphorene, which models 1D phosphorene
nanotube (PNT), can also tune the electrical conductance. | explicitly explored the
electronic properties of armchair PNTs (APNT) and zigzag PNTs (ZPNTs) in different
diameters. The strain and size effect on the bandstructure, the electron and hole effective
mass and the carrier mobility are investigated for room temperature. Our study indicates
that the compressive strain applied along the transport direction in our 1D structure can
abate the direct bandgap as well as improve the carrier mobility of APNTSs. The diameter
enlargement can also enhance the electronic conductance. For the study on ZPNTs, Dirac
fermions emerge at the electronic bandstructure during the wide range of lattice
parameter at the transport direction. The characterization of current and voltage relation
demonstrates that the conductance becomes lower as the higher diameter of ZPNT. Our
observed wrapping-engineered high conductance provides many opportunities for novel

applications in nano-photodetector, light-emitting diode and field-effect transistor.



Chapter 1 Introduction

1.1 Challenges and opportunities in 2D TMDCs

2D transition metal dichalcogenides (TMDCs) can provide the thinnest channel with
optimized gate control for metal oxide semiconductor field-effect transistors (MOSFET).
B. Radisavljevic et al. fabricated the MoS2 monolayer based MOSFET and demonstrate
effective gate control effect.[1] The starting point for the fabrication of the transistors was
scotch tape-based micromechanical exfoliation of single-layer MoS,. MoS, monolayers
were transferred to degenerately doped silicon substrates covered with 270-nm-thick SiO».
They proceeded with atomic layer deposition (ALD) of 30 nm HfO> as a high-k gate
dielectric for the local top gate and mobility booster to realize the full potential of the
single-layer MoS,. The resulting structure, composed of two field-effect transistors
connected in series, is shown in Fig. 1.1. lgs—V¢g curve recorded for a bias voltage ranging
from 10 mV to 500 mV, as displayed in Fig. 1.2. Measurements are performed at room
temperature with the back gate grounded. Top gate width was chosen as 4 mm; top gate
length was 500nm. The device can be completely turned off by changing the top gate bias
from —2 to —4 V. For V4= 10 mV, the lon/los ratio is 1x 10°. For Vgs= 500 mV, the lon/lost
ratio is 1x 108 in the measured range while the subthreshold swing S= 74 mV/Vs. Top and

bottom gate leakage is negligible. Inset: lss—Vig for values of Vpg=-10, -5, 0, 5and 10 V.



b, Ids—Vgs curves recorded for different values of Vtg. The linear dependence of the current

on bias voltage for small voltages indicates that the gold contacts are Ohmic.

30nm | [ Hio, _
Au l 50 nm

B -

= e

Vg =

Figure 1.1 Schematic view of MoS2 monolayer transistor

Figure 1.2 Local gate control of the MoS2 monolayer transistor.

Mahmut Tosun et al. conduct WSe2 monolayer based complementary logic
inverter [2]. In this work, the operation of n- and p-type field-effect transistors (FETs) on
the same WSe; flake is realized and a complementary logic inverter is demonstrated. The

p-FET is fabricated by contacting WSe, with a high work function metal, Pt, which



facilities hole injection at the source contact. The n-FET is realized by utilizing selective
surface charge transfer doping with potassium to form degenerately n-type doping contacts
for electron injection. An ON/OFF current ratio of >10* is achieved for both n- and p-FETs
with similar ON current densities. A dc voltage gain of >12 is measured for the
complementary WSe; inverter. This work presents an important advance toward
realization of complementary logic devices based on layered chalcogenide semiconductors

for electronic applications.
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Figure 1.3 (a) False-color SEM image of a fabricated CMOS inverter on a single WSe>
flake. (b) Schematic of the CMOS inverter, depicting the n- and p-FET components.

Figure 1.5(a) shows Photograph of the MBG device on the PEN substrate showing

its outstanding flexibility and transparency. (b) Reflection mode and (c) transmission-



mode optical micrographs of the flexible and transparent MBG device [3]. Each dashed
line indicates the border of each material. (d) Transfer curves of the flexible MBG device
under different bending conditions up to 1.5% strain. (e) Relative field-effect mobility
(W/p0) of the flexible MBG device as a function of strain. The insets show the photograph
of the strained MBG device by 1.5% and schematic diagram of the strained device. The
arrows in the images indicate the y-direction for strain. It indicated that the carrier mobility

did not increase as higher strain.
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Figure 1.4 (a) Voltage transfer characteristics

(b) Direct current voltage gain of the inverter at different supply voltage



1.2 Strain-engineered TMDCs

Strain has an effective impact on the electronic, transport, and optical properties of
semiconductor [4]. The strain effect is very useful when engineering one-dimensional (1D)
and two-dimensional (2D) crystals because these low-dimensional structures can sustain
much larger strains than bulk crystals [5] [6] [7]. For example, monolayer graphene and
MoS: have been reported to be strained up to their intrinsic limits (~15% for graphene
and ~11% for MoS2) without substantial damage in crystal structure, enabling a
dramatically wide range of tuning on the mechanical and electronic performances [7]
[8]. The investigation of strain-engineering on the electronic properties of 2D crystals
indicated that these materials is efficient in harvesting mechanical energy, which is a
ubiquitous energy sources in the environments and readily accessible from the human
activities [9] [10]. For example, mechano-electric generators built on 1D ZnO
nanowires and 2D MoS; nanoribbons have been attracting a great deal of interest among
the scientific community [11-15]. Besides device applications, a spatially modulated
strain can even mimic a gauge field which is of particular importance to the study of
fundamental phenomena in 2D systems. For example, strain was used to achieve ultra-
strong magnetic fields and the associated zero-field quantum Hall effects as observed

in graphene [16,17].



d 107F 125 1.2
—0.0%
g 0.5% | T ? o
10°F —10% ’ THElt 1)
1.5%
109g
<
—© 10"k
10" iy/
J
Yt |
10‘2M\n.\f'ﬂﬂv g 1 n
2 94 0 1 2 . 1.0 1.5
H 0
V_(V) Strain (%)

G

Figure 1.5 Transfer curves of the flexible MBG device under different bending and the
relative field-effect mobility (u/p0) of the flexible MBG device as a function of strain

2D transition-metal dichalcogenides (TMDCs) have attracted intensive attention
due to their novel properties that differ from their bulk counterparts [18-20]. Graphene
was known to have remarkable electrical and mechanical properties, including high
carrier mobility, high thermal conductance, and excellent stiffness [21-24]. However,
the absence of intrinsic energy bandgap obstructs its further application in logic and

memory devices which require high on-off ratio and low off-state current [25]. MoSo,

as a typical member of TMDCs, has the intrinsic direct bandgap (Eg ~ 1.8 eV) [26,27].



This makes it promising for application in future field-effect transistors (FETs) with
excellent current on/off ratio (>108) [1,28]. However, MoS, monolayer has low carrier
mobility, about several tens of cm?/Vs, limiting its application in high-performance
FETSs [29,30]. Also, the carrier transport in these 2D monolayers is heavily affected by
the scattering of the acoustic phonon via intra- and inter-valley deformation potential
coupling. This further reduces the electrical conductance at room temperature (RT)
[31,32]. In addition, the large variation in electrical properties induced by doping and
strain in MoS, monolayer could affect its applications in nanoelectronics [33].
Furthermore, MoS: layered structures undergo transition from direct to indirect bandgap
when the monolayer is stacked to multilayer structures. This restricts its applications in
optoelectronic devices.

Figure 1.6 shows the atomic structure of monolayer MoS2. The (2 x 1) rectangular
supercell used for elastic constants calculation is delineated by the dashed (red in the web
version) line. ax and ay are the lattice constants in the x and y directions [34]. Fig. 1.7(a)
shows the plot of strain energy Es as functions of elastic strain €. It seems that the strain
energy obeys a monotonic ascend trend as the strain increasing. By calculating the derivate
of strain energy with respect to strain, we find that the harmonic region is between 0.0 < ¢
< 0.02, where the structure responses to the strain linearly. Beyond the region comes into
inharmonic region, higher order terms in strain energy equation are larger than 10% and

can’t be omitted.
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Figure 1.6 Schematic of strain engineered MoS; monolayer
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Figure 1.7 The strain energy and bandgap vs. strain and electron and hole effective mass
vs. strain

The effective mass of electrons at CBM and holes at VBM in strained monolayer

MoS2, is shown in Fig. 1.7(b). It is apparent that the applied strain engenders an



asymmetric influence on electrons and holes. That is, the effective mass of holes
experiences an oscillation as the strain increases, whereas that of electrons displays a stable
trend. The oscillation is caused by the VBM jumping from K to I" point during strain
induced deformation of band structure. Since the effective mass of holes and electrons is
determined by the dispersion of energy at the VBM and CBM respectively, the jumping

of VBM leads to a dramatic increase of associated effective mass value.
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Figure 1.8 (a) Top view and (b) side view of BP/M0S2 bilayer. The green and blue
rectangular regions present the unit cells of BP and MoS2. The supercell of BP/Mo0S2
bilayer is depicted in red rectangular region. (c) Evolution of the total energy of
BP/MoS2 bilayer as a function of uniaxial strains. (d) Brillouin zone with high-
symmetry points labeled.

Top and side views of the relaxed atomic structure of BP/MoS: bilayer are shown

in Fig. 1.8 [35]. To minimize the lattice mismatch between the stacking sheets, a
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Figure 1.9 (a) Evolution of band edges and total energy of BP/MoS2 bilayer as a
function of the applied compressive strain. (b) The difference between the integrated
charge density of BP/M0S2 bilayer under different compressive strain and that of the
isolated monolayers. (c,d) The band alignment of BP/Mo0S2 bilayer under applied

compressive strain of 0 A and 0.4 A, respectively. Et is the quasi-fermi level of
BP(Mo0S2) in BP/M0S2 bilayer

rectangular unit cell of MoS: is constructed. The supercell of this system is composed by
1 x 4 unit cells of BP and 1 x 5 unit cells of MoS,, which is the same with our previous
work. The optimized lattice constants of monolayer MoS2 are av = 3.19 A, bu = 5.53 A
and the calculated lattice constants of monolayer BP are aP = 3.30 A, bP = 4.62 A. To
determine the stable structure of BP/M0S2 bilayer, the total energy as a function of
uniaxial strains along X (zigzag) and Y (armchair) directions is depicted in Fig. 1.8(c).

Both curves show their minimas under zero strain, at which point, the lattice constants of
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the supercell employed here are a=3.26 A, b = 22.18 A. Evolution of band edges and total
energy of BP/MoS2 bilayer as a function of the applied compressive strain is concluded in
Fig. 1.9(a). It can be proved that the interlayer distance dO at equilibrium state is 6.92 A.
The vdW interaction exerts little influence on the band edges of BP/M0S2. The BP/M0S2
bilayer shows a finite indirect band gap up to 0.45 eV. Upon applying compressive strain,
both the VBM and CBM move towards the Fermi level, resulting in a decreasing band gap
with the applied strain. The BP/MoS2 bilayer experiences a semiconductor-to-metal
transition when the applied compressive strain is larger than 0.85 A, which may lead to

tunable conductivity and transport properties.

1.3 Mechanoelectric generators
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Figure 1.10 Scheme of stretched single-layer MoS2 piezoelectric device

The piezoelectric characteristics of nanowires, thin films and bulk crystals have been
closely studied for potential applications in sensors, transducers, energy conversion and
electronics [36]. With their high crystallinity and ability to withstand enormous strain,

two-dimensional materials are of great interest as high-performance piezoelectric
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materials. Monolayer MoS2 is predicted to be strongly piezoelectric, an effect that
disappears in the bulk owing to the opposite orientations of adjacent atomic layers. Here
we report the first experimental study of the piezoelectric properties of two-dimensional
MoS; and show that cyclic stretching and releasing of thin MoS> flakes with an odd
number of atomic layers produces oscillating piezoelectric voltage and current outputs,

whereas no output is observed for flakes with an even number of layers.
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Figure 1.11 Piezoelectric outputs for single-layer MoS: under open-load and short circuit
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A single monolayer flake strained by 0.53% generates a peak output of 15mVand
20 pA, and a 5.08% mechanical-to-electrical energy conversion efficiency. In agreement
with theoretical predictions, the output increases with decreasing thickness and reverses
sign when the strain direction is rotated by 906. Transport measurements show a strong
piezotronic effect in single-layer MoS2, but not in bilayer and bulk MoS2. The coupling
between piezoelectricity and semiconducting properties in two-dimensional nanomaterials
may enable the development of applications in powering nanodevices, adaptive bioprobes

and tunable/stretchable electronics/optoelectronics.
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Chapter 2 Strain Effect on 2D TMDCs

2.1 Strain effect on MoS2 monolayer

In experiment, tensile strain in MoS2 monolayer can be achieved by stretching or
bending elastomeric substrate with external stress. The strain in MoS,; monolayer can be
detected by Raman spectroscopy in which the Ezg mode splits and shifts due to strain [37-
39]. It has been also demonstrated that strain can reduce photoluminescence and tune the
polarization associated with K-K direct band gap transition. To date, many works have
been reported on the simulations and modeling about the energy band structure
transformation activated by strain [40]. The strain effects on electronic, optical and
magnetic properties have been investigated and predicted [41]. It is widely accepted that
tensile strain will cause reduction in Eg. Also, the conduction band minimum (CBM) and
valence band maximum (VBM) will be overlapping each other at Fermi level under
sufficiently large strain [42]. However, the distinct transition from direct to indirect
bandgap structure and the transition from semiconductor to metal phase are still not clear.
In addition, the low carrier mobility (u) is one of the major barriers for the application of
MoS; based field-effect transistor (FET). There have been found the value of u can be
enhanced to about 200 cm?V1S? by deposition of high-dielectric HfO; layer. In this work,
we have studied the effect of tensile strain on the phase transitions, carrier effective mass

and mobility in MoS, monolayer. The results have quantitatively demonstrated the carrier
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mobility enhancement by using tensile strain, this suggesting an alternative to improve the

electrical performance of MoS2 monolayer for device application.
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Figure 2.1.(a) Atomic structure of MoS2 monolayer. The rectangle supercell
used for elastic constants calculation is delineated by the red line. (b) The band
structure for unstrained MoS; monolayer

In this study, first principle calculations were carried out with Virtual Nanolab
Atomistix ToolKit (ATK) package using density functional theory (DFT). The Localized
Density Approximation (LDA) exchange correlation with a Double Zeta Polarized (DZP)
basis is used with a mesh cut-off energy of 150 Ry [43]. A unit cell containing two Mo
atoms and four S atoms was chosen with a periodic boundary condition. We used 1x11x11
Monkhorst-Pack k-grid mesh in this simulation [44]. All atomic positions and lattice

constants were optimized by using the Generalized Gradient Approximations (GGA) with
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the maximum Hellmann-Feynman forces of 0.05 eV/A [45]. The Pulay-mixer algorithm
is employed as iteration control parameter with tolerance value of 10°. The maximum
number of fully self-consistent field (SCF) iteration steps is set to 100. The result of
structural optimization indicated that the simple orthorhombic lattice constant ap = 5.47 A,
bo=3.16 A, and the thickness of MoS; monolayer = 3.17 A. ap and bo represent the lattice
constant in armchair and zigzag directions, respectively. This optimized MoS, monolayer
structure is in a good agreement with other publications [46].

At first, we have investigated the effect of tensile strain on the direct to indirect
bandgap transition of MoS, monolayer. Fig. 2.1(a) shows the lattice structure of MoS;
monolayer where the orthorhombic supercell, the smallest rectangular structure used for
elastic constants calculation, is enclosed within the solid lines. The supercell built in
orthorhombic way to demonstrate the carrier conduction along the armchair and zigzag
directions is more intuitive than the hexagonal lattice [47]. The K point, which is defined
as the fractional reciprocal coordinates (1/3, 1/3) in hexagonal lattice, is equivalent into
(1/3, 0) at the midpoint between I'-Y for orthorhombic supercell in this study. The band
structure of unstrained MoS, monolayer is shown in Fig. 2.1(b). Its bandgap is about 1.82
eV which is in a good agreement with the previous studies. In addition, the valence band
energy at I'(0, 0) is slightly lower than the VBM at K(1/3, 0), indicating a direct bandgap
at K point.

Then, we investigated the electronic properties of MoS, monolayer under tensile
strain for different in-plane direction configurations. Strains applied along armchair and

zigzag directions are noted as ex and gy, respectively. In this work, the strains are evaluated
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as the lattice stretching percentage. We defined ex = Aao/ao and &y = Abo/bo, where Aao and
Abo are the increase of lattice constants ap and bo due to the tensile strain, respectively. A
wide range of strain configurations (magnitude from 0 to 18%, in both directions) has been
employed in the study. For the purpose of precision and computational efficiency, a small
increment of strain, Ae = 0.1%, has been used to study the direct-indirect bandgap
transition, while a large As = 2% has been used to study the semiconductor-metal

transition.
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Figure 2.2 Bandgap energy with variations of strain with € (Aao/ao) and g
(Abo/bo) for MoS2 monolayer (a) under small strain strength (sX <0.7%, 8y§
0.7%) (b) under large strain strength (aX <18%, ayS 18%)

The elastic strain will induce direct to indirect bandgap transition for MoS;

monolayer. However, very few studies have focused on the exactly detailed boundary, and
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Figure 2.3 The effective mass of charge carriers as the function of strain strength ¢
and & for (a) electrons at K (1/3, 0), (b) holes at K (1/3, 0) and (c) holes at T" (0,
0).

great contradiction exists between them. T. S. Li obtained that 1% uniaxial strain is
insufficient for this transition, whereas the study by W. S. Yun et al. showed that the
critical point for direct to indirect change is 0.3%.[48] In order to make clear about this
issue, we make an explicit study: monolayer MoS; was applied by the tensile strain in both
armchair and zigzag directions by different combinations (ex and &y). The strain coefficient
ex and gyare both ranging from 0 to 0.7% by Ae = 0.1%, totally producing 64 combinational
configurations. Fig. 2.2(a) exhibits the variations of bandgap with this small strain

configuration. The bandgap is reducing monotonically and linearly with increasing ex+ gy
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by the shift rate of 50 meV/%. Our simulation is in good accordance with the experimental
48 meV/% measured by C. R. Zhu. et al. The straight line ex+ gy = 0.6% is observed as the
boundary of direct to indirect transition. This is also in excellent consistence with the
aforementioned report by W. S. Yun et al., which indicated ex= ey = 0.3% is the critical
point for this transition.

Next we turn to study the direct to indirect bandgap transition under large tensile
strain. As aforementioned in order to make an explicit investigation we made a wide range
of strain (from 0 to 18%) by Ae = 2% in both armchair and zigzag directions, creating a
mesh grid comprising 100 data points. Fig. 2.2(b) reveals the variations of bandgap energy
with ex and &y. As shown the bandgap is decreasing monotonically with increasing applied
strain, and vanishes when the edges of valence and conduction bands overlap the Fermi
level under adequate strain. A straight line representing the boundary between the
semiconductor and metal has the simple formula ex + gy = 20%, implying that the strain
along zigzag and armchair directions have the symmetric effect on bandgap reduction. W.
S. Yun et al. obtained 9.8% for the transition boundary by the hexagonal lattice stretch,
which is in good agreement with our study, since for his symmetrically biaxial strain, 9.8%
strain strength is equivalent to 19.6% of ex + ey In our simulation using simple

orthorhombic lattice.
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Figure 2.4(a) The effective mass of electrons and holes, (b) The mobility of electrons at
CBM and holes at VBM. Both are for MoS2 monolayer under strain with e =¢_= g,

Strain also changes the curvature of the bands, reflected in a change in the effective

masses of charge carriers. Thus we investigate the effective masses for electrons at K (1/3,

0), holes at K (1/3, 0) and I" (0, 0) in MoS2 monolayer under different strain combinations
(ex, &y). The effective mass is calculated using m = h%/(6?E/0k?). Fig. 2.3 displays the
dependence of the effective mass of charge carriers on the different tensile strain
combinations (ex, gy): ex= 0, 4%, 8% and 12% while &y is changing from 0 to 12% by Agy
= 2%. As shown in every panel all the three curves, which represent effective mass along
[1, O] (armchair), [0, 1] (zigzag) and [1, 1] directions respectively, surprisingly converge
at a crossover point posited at ex = &y. The same phenomenon occurs for other strain
strength of ex=2%, 6% and 10%. In other words, for ex= &y, the effective masses of charge
carriers will remain the same along different directions, whereas if ex# ey, they will exhibit

anisotropic behavior. Fig. 2.4(a) displays the effective masses for electrons and holes
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under biaxial strain with ex= &y. The applied strain engenders asymmetric effect on holes
atI" (0, 0) and charge carriers at K (1/3, 0): the effective mass of holes at I (0, 0) decreases
significantly with increasing strain, whereas they experience a slight oscillation for the
charge carriers at K (1/3, 0). Our calculations obtained 0.47 and 0.60 me for the effective
mass of electrons and holes for unstrained MoS, monolayer, which is consistent with
previous estimation of 0.48 and 0.64 me.

The mobility of charge carriers play more important role in determining the
induced current by external electrical field. Since the elastic strain can alter the effective
mass of charge carriers, we expect their related mobility are also changing [32]. The
room temperature mobility in 2D system is dominated by optical phonon scattering via
intra and intervalley deformation potential couplings, which can be effectively calculated
by the deformation potential (DP) theory raised by Bardeen and Shockley. Based on the
effective mass approximation, the DP theory can be simplified [49] [50]:

3 2eh3C
 3KgT|m*|2E,>

U

where m* is the effective mass, Kg is the Boltzmann constant and T is the absolute
temperature. E; is the DP constant which denotes the shift of the band edges (CBM for
electrons and VBM for holes) induced by the strain and it can be calculated by dE .44 /de.
C is the elastic modulus of a uniformly deformed crystal activated by the strain. For the
2D system the in-plane stiffness C = [0E2/ds?] /S,, where E is the total energy of
supercell, € is the strain strength coefficient, and S, is the area of the supercell. Q. Yue et

al. obtained constant value 123 N/m of C,[34] which we have used in our following
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calculations. Fig. 2.4(b) exhibits the mobility of electrons and holes as the function of
isotropic strain with € = &x = &. As shown the mobility of electrons is enhanced
dramatically as the increasing strain. However, a deep reduction of mobility for holes at
VBM is observed when the strain is changing from 0% to 2%. This reduction is caused by
VBM jumping from K (1/3, 0) to I" (0, 0) during band structure deformation induced by
increasing strain strength. The mobility for holes is then rapidly increasing after 2% strain,
as the similar trend as that for electrons. As high as 1212 cm?V-1s? of electron mobility is
obtained by 10% strain and it increases over 15 times compared to 79 cm?V-1s?! for
electrons in unstrained MoS, monolayer. Since high mobility means shorter switching
time and higher drain-source current density, the transistor based on strained MoS; is

expected to possess high electrical performance.

2.2 Strain Effect on ReS. monolayer

ReS; is a member of TMDCs, which has recently attracted attention on
photoluminescence, Raman scattering response, and transconductive properties [51,52].
Due to the lack of interlayer registry and weak interlayer coupling arising from Peierls
distortion of the 1T structure of ReSy, the band renormalization is absent and the bulk
behaves as electronically and vibrationally decoupled monolayers [53]. Consequently, the
decoupled structures lead to weakly tuned bandgap by the reduced layer number: Eg=1.35
eV (bulk) and 1.43 eV (monolayer), respectively [51]. Also, from monolayers to bulk,

ReS; remains a direct-bandgap semiconductor and its photoluminescence (PL) intensity

increases with increasing number of layers. In addition, the low coupling energy (~ 18
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meV per unit cell in the single layer lattice), only 8% of that of MoS: (460 meV), makes
itself easy to be exfoliated, which is favorable for its device fabrication. Due to the stable
distorted 1T phase, the reduced symmetry leads to in-plane anisotropy in various material

properties leads to in-plane anisotropy in various material properties.
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Figure 2.5 Schematic of crystalline structure of ReS> monolayer (a) Top view,
(b) side view. The parallelogram displays the unit cell. Blue balls represent Re
atoms and yellow balls represent S atoms.

Intensive studies on the anisotropic optical, electrical and Raman scattering have
been recently reported. The observed anisotropic ratio in electrical conductance along two
principle axes reaches 3.1, which is the highest among all known two-dimensional
semiconducting materials [54]. In our study, we explicitly explore the anisotropic
electronic and mechanic properties of ReS> monolayer by first-principle calculations. The

results indicate that the strain applied in different directions can induce different elastic

23



modulus, band structure, effective mass and carrier mobility along different directions. In
addition to a contribution to the understanding of the electronics of 2D TMDCs, our study
indicates that ReS» layered structures have promising practical applications in
photodetector, strain sensor and field-effect transistors (FETS).

In this study, first principle calculations were carried out by using the Virtual
Nanolab Atomistix ToolKit (ATK) package with density functional theory (DFT). The
localized density approximation (LDA) exchange correlation with a double zeta polarized
(DZP) basis is used with a mesh cut-off energy of 150 Ry. The temperature is set to 300
K for our simulations on the band structure, charge carriers’ effective mass and their
mobility under strain effect at RT. For the investigation on the temperature dependent
mobility, we set this value to 200 K, 300 K and 400 K, respectively. A unit cell containing
4 Re atoms and 8 S atoms was chosen with a periodic boundary condition. We used 11 x
11 x 1 Monkhorst-Pack k-grid mesh in this simulation. All atomic positions and lattice
constants were optimized by using the generalized gradient approximations (GGA) with
the maximum Hellmann-Feynman forces of 0.05 eV/A, which is sufficient to obtain
relaxed structures. The Pulay-mixer algorithmis employed as iteration control parameter
with tolerance value of 107>, The maximum number of fully self- consistent field (SCF)
iteration steps is set to 100. The optimized ReS; unit cell, which exhibits in a distorted
octahedral layer structure with triclinic symmetry with lattice constant ap= 6.51°A, bo=
6.41°A, and the thickness of ReS2 monolayer co =3.60°A. As highlighted in Fig. 2.5(a) by
the red arrows in the top view, there are two in-plane principle axes, ap and bo axes, which

correspond to the second-shortest and the shortest axes in the basal plane. This optimized
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monolayer structure is in a good agreement with other publications. Due to the intrinsic
distorted 1T structure, ReS; offers an ideal candidate for investigation on the spatial
anisotropic properties in 2D materials.

The components of strain along a, b and ¢ directions are noted as &x, €y and &,
respectively. In this work, the strains are evaluated as the lattice stretching percentage. We
defined ga= Aao/ao, en= Abo/bo and .= Aco/Co Where Aao, Abg and Aco are the increase of
lattice constants in each direction, respectively, due to the tensile strain. We investigated
the structure with tensile strain which ranged from 0 to 5% at incremental step of 1%. The
mechanical property and the electronic property affected by the strain applied along three
principle axes were investigated. We calculated the strain dependent elastic modulus, the
band structure, the carrier effective mass and the carrier mobility along various in-plane

directions. The temperature effect on carrier mobility has also been investigated.

Strain=0 a-strain=5% b-strain=5% c-strain=5%

"/ | N\
]

Figure 2.6 The band structure of ReS> monolayer applied by 0%, 5% a-direction,
5% b-direction and 5% c-direction strain, respectively.
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In the first part of our study we investigated the strain effect on the electronic
band structure of ReS, monolayer. The strain was applied along in-plane directions (a-
direction, b-direction) and out-of-plane direction (c-direction). The band structure of
ReS> monolayer under 0%, 5% strain applied along a-, b- and c-direction are displayed
in Fig. 2.6, respectively. As demonstrated the ReS> monolayer has direct bandgap at I'-
point with value of 1.50 eV. a-direction strain induces indirect bandgap with the valence
band shifting from I"-point to [0.133, 0.133, 0] in Brillouin zone. This direct to indirect
transition occurs at 1% a-direction strain. For strain along b- and c-directions, the
bandgap remains direct with conduction band minimum (CBM) and valence band
maximum (VBM) staying at I'-point. The bandgap is monotonically reduced with

increasing strain in each direction, whereas c-direction strain induces the most reduction

in bandgap.
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Figure 2.7 (a) The evolution of total energy of unit cell with the strain and (b)
The conduction band minimum (CBM) and valence band maximum (VBM) as a
function of strain.
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Next we investigated the mechanical property of ReS, monolayer. Fig. 2.7(a)
displays the total energy of the unit cell as a function of the tensile strain applied along
each direction. For a 2D crystal, the elastic modulus (stiffness) C = [0E2/0€?]/So [34]. So
is the unit cell area for 2D materials, which equals to 0.31 nm? in this study. The total
energy vs. strain relation was fitted with quadratic parabolic curve: E=Ag?. The in-plane
elastic modulus Ca (a, b direction) and out-of-plane elastic modulus C. are calculated to
be 142 N/m and 352 N/m by using C = [0E2/0g%]/So = 2A/ So. The out-of-plane elastic
modulus is much higher than in-plane elastic modulus due to the much stiffer resistance
in response to the applied strain along out-of-plane direction. The biaxial in-plane elastic
modulus is calculated to be 284 N/m, which is much higher than other 2D TMDCs with
hexagonal lattice: MoS (171+ 11 N/m) and WS; (1774 12 N/m). It should be noted that
the elastic modulus of ReS; monolayer is approaching to that of graphene (339 = 17 N/m),
which is recognized as the material with the strongest stiffness [55].

Fig. 2.7(b) demonstrated the variation of CBM and VBM as a function of strain
applied in each axis direction. Generally, the higher strain lowers CBM and raises VBM,
resulting in the reduced bandgap. However, each tensile strain applied in different
direction makes difference in bandgap reduction. The c-direction strain induces the most
decrease in the bandgap, whereas the bandgap reduces much slower if the a-direction
strain is applied. The deformation potential (DP), which is defined as the shift rate of band
edge with respect to strain: dEeqdge/d€, indicates the resistance of band edge in response to

the applied strain. The DP constant exhibits differently in the case of the tensile strain
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applied along different directions: it is the smallest for a-direction strain while largest
for c-direction strain.

Besides the total energy and bandgap, strain also changes the energy band
curvature which is directly related to the carrier effective mass (m”): m* = h?/(9%E/
0k?), where h is the reduced Planck constant, E is the energy and k is momentum. Due

the 2D nature of ReS> monolayer, as well as the intrinsic anisotropic property, we expect
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Figure 2.8 The evolution of the carrier effective mass with strain along (a) a-
direction, (b) b-direction and (¢) c-direction, respectively. The spatial direction
dependent carrier effective mass under 0%,
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that the carrier effective mass is highly anisotropic: they demonstrate different values
along different spatial in-plane directions. Fig. 2.8(a), (b) and (c) demonstrates the

evolution of the carrier effective mass with strain applied along a-, b- and c-direction
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Figure 2.9 (a) The carrier mobility as a function of spatial in-plane directions for
unstrained structure. The electron mobility (b) and hole mobility (¢) in a- and b-
direction for the structure under a-, b- and c-direction strain, respectively.

respectively. Each figure also demonstrates the strain dependent carrier effective mass in
both a- and b-direction. As aforementioned a-direction strain leads to indirect bandgap that
VBM shifts from I'-point to [0.133, 0.133, 0] in the Brillouin zone and this direct to
indirect bandgap transition occurs at £,=1%. Therefore the hole effective mass changes
significantly when a-direction strain is applied from 0 to 1%: a-direction hole effective
mass jumps up from 0.84mp to 1.37mo and b-direction hole effective mass reduces
profoundly from 2.34mo to 0.81mo. The structure remains direct bandgap when the strain
is applied along b- or c-direction. Therefore we calculated the effective mass of electrons

and holes at I"-point. Generally b-direction hole effective mass is reduced the most

29



significantly whether for a-, b- or c-direction strain. However, the strain places limited
effect on the electron effective mass. Fig. 2.8(d) and (e) display the profile of effective
mass according to different spatial in-plane directions for electrons and holes, respectively.
The strain doesn’t give rise to a big difference in electron mobility. The hole mobility is
mostly reduced in b-direction and the in-plane direction vertical to a-direction. This
implies that ReS, monolayer has promising applications in strain sensor by using b-
direction as transport direction.

The carrier mobility is a very important parameter to evaluate the electrical
properties of materials. Since the carrier effective mass is affected by tensile strain, it is
expected that the carrier mobility will also be affected. Kaasbjerg et al. have clearly shown
the carrier mobility in these 2D monolayers is dominated by acoustic phonon scattering
via intra- and intervalley deformation potential couplings at room temperature. The
mobility can be figured out by the deformation potential (DP) theory raised by Bardeen
and Shockley. Based on the effective mass approximation, the DP theory determines the
mobility as:

_ 2eh3C
T 3KgT|m*|2E;2

H2p (1)

where e is electron charge, m* is the carrier effective mass, Kg is the Boltzmann constant
and T is the temperature, E; is the DP constant. As aforementioned the elastic modulus C
exhibits anisotropic properties where the in-plane C,=142 N/m and the out-of-plane C.=
352 N/m. Fig. 2.9(a) demonstrates the profile of the carrier mobility as a function of spatial
in-plane directions for unstrained structure. As illustrated both the electron and hole

mobility are strongly anisotropic where the electron mobility exhibits the largest along b-
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direction (799.64 cm?/Vs) and the smallest along a-direction (338.83 cm?/Vs), while the
hole mobility is the largest along a-direction (239.80 cm?/Vs) but the smallest along b-
direction (30.90 cm?/Vs). Generally the electron mobility is much higher than hole
mobility. The anisotropic ratio in electron mobility along two principle axes reaches 2.36

(b-direction mobility > a-direction mobility) while the ratio in hole mobility along these

two axes is 7.76 (a-direction mobility > b-direction mobility).
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Figure 2.10 The temperature (200K, 300K and 400K ) dependent carrier mobility.
(a) The the electron and hole mobility in a-direction for the structure under applied
c-direction strain. (b) The the electron and hole mobility in b-direction for the

Liu et al. reported that the conductance ratio along these two directions of ReS, based FET
are gate dependent with values of ~ 2 when Vpg= 50V (where electrons are majority) and

~ 8.2 when Vpg=-50 V (where holes are majority) [56,57]. Our study is in good agreement
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with this experimental observation. Our study suggests the conductance-switch FET based
on ReS; monolayer tuned by gate control [58].

Fig. 2.9(b) and (c) demonstrate the electron and hole mobility along two in-plane
axes affected by the applied strain in a-, b- and c-direction. The anisotropic effect is clearly
shown: the carrier mobility behaves differently along different directions under applied
strain with distinct directions: they are mostly boosted by c-direction strain. 5% c-direction
strain can improve a-direction electron mobility from 338.83 cm?/Vs to 3940.21 cm?/V/s
and b-direction electron mobility from 799.64 cm?/Vs to 4300.22 cm?/Vs. The hole
mobility is also significantly improved by 5% of c-direction strain: from 239.80 cm?/Vs
to 1439.84 cm?/Vs in a-direction and from 30.90 to 1100.76 in b-direction. This
impressively enhanced carrier mobility by applied c-direction strain is mainly attributed
to the significantly reduced DP constant and carrier effective mass. The hole mobility
along b-direction is significantly improved by 1% a-direction strain and then reduces with
the larger strain. As aforementioned, 1% a-direction strain induces the bandgap transition
from direct to indirect and pushes VBM away from I'-point. During this process the hole
effective mass is significantly reduced. As 1% strain can be capably achieved in reality,
we conclude that ReS> layered structures are very attractive for applications in the strain
sensor.

We also investigated the temperature dependent carrier mobility affected by c-
direction. Since the electron velocity with energy ksT around room temperature (from
200 K to 400 K) is in the order of magnitude of 10’ cm/s, and according to A= h/mv, the

corresponding wavelength possesses a value of several nanometers, which is much larger
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than the lattice constant, thus the electron is scattered mainly by the acoustic phonons.[59]
Therefore the aforementioned mathematical expression of mobility, which takes the
temperature, the elastic modulus, the DP constant and the effective mass of charge carriers
into account, remains good validity for our investigated temperatures. Fig. 2.10(a) and (b)
separately demonstrate the c-direction boosted carrier mobility along a-direction and b-
direction under different temperatures (200K, 300K and 400K). As shown they decrease
monotonically as the temperature rises up. Their altered trend under applied strain shows
great similarity between different temperatures: both electron and hole mobility are
monotonically enhanced with larger strain. The electron mobility can achieve 5910.43
cm?/Vs and 6449.76 cm?/Vs when c-direction strain reaches 5%. Our study indicates p ~
T ! of temperature dependence. The relaxation time for acoustic phonon scattering is
independent on the carrier energy and they exhibit temperature dependence p' ~ T.
Therefore the mobility acquires p ~ T~ dependence characteristic for two-dimensional
systems and layered materials dominated by acoustic phonon scattering.[60,61] It should
be noted that the effective mass, deformation potential constant and elastic modulus in Eq.

(1) have negligible temperature dependence.

2.3 Summary

The bandgap of MoS, monotonically and harmoniously reduces as the increasing
strain strength. The two straight lines ex + &y = 20% and ex + &y = 0.6% are found to serve
as the transition boundaries between semiconductor to metal and direct to indirect

bandgap, inferring a symmetric effect by the strain along armchair and zigzag directions.
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Moreover, the effective mass of carriers changes with respect to tensile strain. It is shown,
for strain with ex = gy, they will remain the same along different directions, otherwise
anisotropic character is demonstrated. By means of DP theory, the mobility for charge
carriers under isotropic strain are also investigated. They are enhanced dramatically as the
increasing strain strength, which is expectable for semiconductor to metal transition.

The ReS, monolayer exhibits different electronic properties along different
directions: the electron mobility exhibits the largest along b-direction and the smallest
along a-direction, while the hole mobility is the largest along a-direction but the smallest
along b-direction. The strain applied along different directions induces different
mechanical and electronic properties: the elastic modulus is largest for out-of-plane
direction. a-direction strain induces indirect bandgap while b- and c-direction strain remain
the direct bandgap. The hole effective mass along b-direction is mostly sensitive to the
strain. The carrier mobility can be significantly improved by c-direction tensile strain and
lower temperature. This study gives us a comprehensive understanding of strain effect on
the electronic properties of ReS> monolayer. We also indicate that it has promising

applications in nanoscale strain sensor and conductance-switch FETS.
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Chapter 3 Novel Two-Dimensional Mechano-Electric Generators and
Sensors Based on Transition Metal Dichalcogenides

3.1 Introduction

Mechanical energy is one of the most ubiquitous energy sources in the environments
and is readily accessible from the human activities. Therefore, the conversion of
mechanical energy into electricity offers an immediate, stand-alone power support for
remote control systems, wearable electronics, wireless sensing and remote battery
charging [62,66]. Piezoelectric transducer is the most distinguished technique for
harvesting vibration based energy by its high power output and relatively low-cost
manufacturing [9]. Recently, the piezoelectric properties of nanowires have been widely
studied for potential applications in sensors, transducers, energy conversion and
electronics [67,68]. The power generators based on piezoelectric nanostructures were
successfully designed and fabricated. The coupling of semiconductor and piezoelectric
properties in one-dimensional (1D) ZnO nanowires (NWSs) in a nanogenerator was
reported with excellent power conversion efficiency from 17% to 30% [69]. However, the
difficulty in aligning 1D ZnO NWSs may hinder high-performance applications in

Nanoelectromechanical Systems (NEMS) [12,15].
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Two-dimensional (2D) layered materials, such as hexagonal boron nitride (h-BN) and
transition metal dichalcogenides (TMDCs), have gained considerable attentions for
electronic applications [70,71]. Their mechanical properties, possible application in body
movement, muscle stretching and blood vessel contraction, have also been studied [72].
The MoS2 monolayer, a typical member of 2D TMDCs, becomes piezoelectric after
exfoliation from the bulk crystal whereas the inversion symmetry is broken [73]. The
asymmetry leads to valley polarization caused by valley-selective circular dichroism [74].
This attracts potential applications in valleytronic devices [75,76]. Therefore, MoS;
nanostructures have become promising in NEMS application in nanopiezotronics, a
rapidly emerging field [77].

The piezoelectric properties and applications of MoS> monolayers, such as
mechanical energy harvesting and piezotronic sensing, have very recently been explored
experimentally. Angular dependence of inversion symmetry has been measured by optical
second-harmonic generation (SHG), indicating that it is mostly broken along armchair
direction while preserves along zigzag direction. The absence of centrosymmetry endows
MoS> monolayer with piezoelectricity along the armchair direction. An open-circuit
voltage of 18mV has been demonstrated at 0.53% strain along the armchair direction? in
a MoS; monolayer of a dimension of 10um in length and Sum in width. This output voltage
is quite small. Enhancement of output performance is very important for further
application of 2D materials in mechanical-to-electric generators.

In this work, we report a novel mechano-electric conversion device based on TMDC

nanoribbon PN junctions and heterojunctions. As shown in Fig. 3.1(a), a TMDC
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nanoribbon mechano-electric generator can be used to convert human muscle stretching
power to support wearable electronics. Our first-principle calculation has shown that high
output voltages, 0.036V and 0.31 V at 1% and 8% strain, respectively, can be achieved in
a 1.5nm x 5nm MoS: nanoribbon PN junction. In consideration of the small size of
nanoribbon, this mechano-electric generator has a high conversion voltage and its
performance can be improved significantly by a series of connection. Our study indicates
the mechano-electric conversion of 2D TMDC PN junction is better than that of the
heterojunction. This work is the first study of designing 2D TMDC junctions for
application in high-performance mechano-electric conversion, suggesting a new way of

using 2D TMDCs for future nanogenerators and sensors.

3.2 Methods in Simulation

In this work, the energy diagrams of 2D TMDC nanoribbon PN junctions and
heterojunctions have been calculated by first principle calculations carried out by the
density functional theory (DFT) in Virtual Nanolab ATK package. The n-type and p-type
TMDCs are achieved by substitutional doping. The Localized Density Approximation
(LDA) exchange correlation with a Double Zeta Polarized (DZP) basis was used with a
mesh cut-off energy of 150 Ry. We used 1x1x50 Monkhorst-Pack k-grid mesh in this
simulation with more k-points in transport direction. All atomic positions and lattice
constants were optimized by using the Generalized Gradient Approximations (GGA) with
the maximum Hellmann-Feynman forces of 0.05 eV/A. Pulay-mixer algorithm was
employed as iteration control parameter with a strict tolerance value of 10°. The maximum

number of fully self-consistent field (SCF) iteration steps was set to 1000. The electronic
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temperature was set to 300K (Room temperature) for all the simulations. The self-
consistent field calculations were checked strictly to guarantee fully converging within the
iteration steps.

In order to clearly illustrate the design and characteristics of TMDC junction
mechano-electric converters, the results are reported as follows: (1) The intrinsic
piezoelectricity of 2D infinite MoS2 monolayer was studied. (2) The PN junction-based
device electric output performance was evaluated. (3) Effects of sizes (width, length and
layer number) on output voltages were investigated. (4) The fluctuation in output voltage
induced by various doping positions and concentrations was studied. (5) The mechano-
electric conversion of TMDC nanoribbon heterojunctions were studied and compared with
that of PN junctions. Finally, the mechano-electric conversion of various designs based on

2D TMDCs was analyzed and compared.

Figure 3.1 Carry-on electronics with mechano-
electric generator based on 2D semiconductors
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3.3 Results and Discussion

The basic MoS, monolayer PN junction was configured as Fig. 3.2(a). The model is
divided into three regions: left electrode, right electrode, and central region. The central
scattering region consists of 5x9 unit cells: the width is composed of 5 periodic unit cells
in zigzag direction and 9 basic lattice lengths are included in armchair direction, which is
designed as transport direction in this study. In the transport direction Dirichlet boundary
condition was applied on the two opposite electrodes, in which the electric potential was
held homogeneously across the boundary. Neumann condition was employed on the other
two directions, in which the electric field was held homogeneously at the boundary. MoS>
nanoribbon exhibits intrinsic semiconducting property and strongest piezoelectricity along
the armchair direction while metallicity and highly crystal inversion symmetry are
demonstrated in zigzag direction [78-79]. The coupled semiconducting and piezoelectric
properties are responsible for the mechanism of power generator. Substituting sulfur (S)
by chlorine (CI) shifts the Fermi level towards conduction bands, resulting in n-type
doping while the inverse p-type doping is realized by the replacement of phosphorus (P).
The impurity density on both sides is chosen to be 10 cm™ within reasonable
computational burden. Fig. 3.2(b) displays the electrostatic potential as a function of
position in the unstrained central region. As shown it is decreasing monotonically along
the transport direction and the electrostatic potential dropping (EPD) is 1.174 eV at right
edge with respect to the left counterpart. This is consistent with our design that p-type is

realized at the left side while the right side is n-type.
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Fig. 3.2(a) Configuration of our designed device. The left and right rectangles
represent the left and right electrode. (b) The electrostatic potential as a
function of position in the central region under zero strain. (c) The polarization
charge as the function of strain along in-plane armchair direction for undoped

two dimensional infinite MoS2 monolayer. Inset: the atomic structure of MoS;
monolayer. The strain is applied along armchair direction.

Firstly, the intrinsic piezoelectricity of MoS, monolayer is investigated.
Noncentrosymmetric lattice structure is necessary for a material to be piezoelectric [80].
The three-dimensional (3D) bulk stacked-layer h-BN and 2H-TMDC crystals are
centrosymmetric due to their experimentally observed antiparallel stacking sequence.

However, the two dimensional (2D) monolayer of TMDCs, such as MoS2, WSez, WSy,
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MoSe; etc., which have been successfully fabricated by exfoliation from their 3D bulk
materials, exhibits noncentrosymmetric crystal structure. This noncentrosymmetry stems
from the particular dislocated stacks of the different layers composed by chalcogen atoms
and transition elements and accordingly results in the absence of inversion center. As a
typical member of TMDCs, 2D MoS, monolayer is naturally piezoelectric. Figure 3.2(c)
shows its polarization charge as the function of strain applied along in-plane armchair
direction. In this work, the strain is evaluated as the lattice changing percentage. We
defined ex = Aao/ag, where Aap is the increase of lattice constant ag due to the strain. ao 5.47
A, signifying the lattice constant along the transport direction (armchair direction). The
coefficient e11, defined as the slope of linear fit line for charge vs. strain curve, reveals the
change in polarization along armchair direction per area by strain. Our estimation of e11l
is 2.98x1071% C/m, which is very close to the experimentally reported 2.90x1071° C/m.
Secondly, the electronic property of our model under lateral strain has been
simulated. The strain given by e=(L—Lo)/Lo is initially applied along transport direction,
where Lo and L is the equilibrium length along the transport direction of the unstrained
and strained device, respectively. Fig. 3.3(a) reveals the electrostatic potential distribution

along the transport
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Figure 3.3 (a) 0%, 4% and 8% tensile strain modulated electrostatic potential along
transport direction in the central region. (b) The output voltage as a function of strain.
The negative value in our study denotes the electrical potential in left electrode is higher
than right electrode. (c) The stress and total energy of the central region of our model
as a function of strain. (d) Red: stress in sine waveform-time domain is laterally applied
on our device. Blue: the output voltage response.

direction in the central region for the device applied by 0%, 4% and 8% tensile strain,
respectively. The central region was extended from 49.2 A to 53.2 A in length by 8%
strain. As shown the structure under 8% strain has the smallest EPD. EPD reduces from
1.174V for unstrained structure to 0.878V for the structure under 8% strain. Fig. 3.3(b)
demonstrates the output voltage as a function of strain applied along the transport
direction. The absolute value of output voltage is linearly increasing by larger strain. The

maximum output voltage is 0.310V in the case of 8% strain. The negative value denotes
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that the electrical potential at left electrode is higher than that of right electrode and
therefore the left side serves as the anode while the right counterpart is the cathode in our
device. Our study suggests a nano-generator with excellent performance, which has output
of ~20mV in small size (5nm x 1.5nm) under 0.5% strain. This indicates significantly
enhanced performance by doping and PN junction based device over undoped MoS;
nanosheet in large area. This tremendous improvement in output is attributed to the
strongly enhanced polarization between bipolar atoms induced by the coupled built-in
electric field and external strain.

Next, we investigate the mechanical property of our device based on PN junction.
Fig. 3.3(c) demonstrates the variation of total energy with uniaxial strain applied along
transport direction. The total energy (Etotal) is increasing monotonically as the increasing
strain (€). The slope of this curved line given by dEta/de is also rising by the increasing

strain. The evolution of the stress with strain is estimated by the mathematic expression:
6 = VidEtom/ds, where V is the volume of our sampled system. The orthorhombic cube

with the total volume of 9.6 nm® was sampled in our study. The stress required for
deformation intensity denoted by strain € is increasing monotonically with the larger
strain. The stress vs. strain relation keeps good linearity within the small strain range 0< €
< 3% and the elastic modulus C is keeping constant by the expression: C = de6/d«.
Previous report indicated that this parameter can remain constant within small strain (-
2%< € < 2%) for MoS, monolayer. For the larger strain from 4% up to 8%, this relation
slightly deviates from linearity and accordingly the elastic modulus C reduces. Fig. 3.3(d)

shows the output voltage response for our device under laterally applied stress in Sine
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waveform-time domain. The periodic time of our dynamic stress is 1ms. Therefore a
proper assumption can be suggested that there is negligible delay between input force and
output voltage phase. Experimentally, the stress can be realized by bending the substrate
periodically. For the mathematic expression of time dependent stress, we deduce it as

following:

Stress = %sin[an(t — 0.25m] + 2 = Asin?(kmt) (1)

2_

where A is the maximum stress with the value of 0.051 eV/ A3, which induces 8% strain.

As shown the maximum output voltage ~0.310V is reached at the maximum stress.
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Figure 3.4 The investigation on width effect. (a) The evolution of output voltage with
MoS2 nanoribbon width. All the structures are keeping one doping atom at each side.
(b) Configuration of nanoribbon with width (Na=8, Na=12) by 2 doping and 3 doping
atoms, respectively.
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The evolution of the output voltage with the nanoribbon width (Na) was also investigated.
The nanoribbon width is denoted by periodical number of unit cells in zigzag direction
vertical to the transport direction. For each structure with incremental width, one doping
atom was kept at the center of lateral edge. The length of nanoribbon was kept 9 periodic
unit cells in the transport direction. As displayed in Fig. 3.4(a), the output voltage
oscillations are observed for the narrow ribbons, and those nanoribbons of Na = 3p + 1
(where p is an integer) have larger output than the neighboring two nanoribbons. With
increasing width, the output voltage finally converges to a constant value ~0.355 V. The
enlarged size will attenuate the doping concentration, and might lead to unexpected impact
on the performance of our device. To

clarify this issue, two pairs of phosphorus and chlorine doping atoms are introduced in 8-
width structure (Fig. 3.4(b)), and also, three pairs of doping atoms are introduced in 12-
width nanoribbon (Fig. 3.4(c)). The doping concentration of these structures are keeping
the same as 4-width structure with one pair of doping atoms. The output voltage for these
two structures are 0.328 V and 0.346 V, indicating slight difference with one doping
structure of 8-width (0.328V) and 12-width (0.352V), respectively. It should be noted that
the output of the structure with low doping concentration is slightly higher than that of the

highly doping structure. This issue will be discussed in part 3.3.4) doping effect.
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Figure 3.5 The investigation on length effect: (a) Definition of length for MoS;
nanoribbon.

(b) Comparison of the output voltage for structures with different lengths. The
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Figure 3.6 The investigation on layers effect: (a) Configuration of 3 layers MoS;
mechano-electric converter. Each layer is doping by a pair of P and ClI, respectively.
(b) Output voltage for device under 8% strain as a function of layer number.
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In addition to the width effect, we also investigate the influence of nanoribbon
length on the output performance. As displayed by Fig. 3.5(a) the length of nanoribbon is
defined by the periodic lattice number (Nb) of the central region in the transport direction
(armchair direction). The width number (Na) is kept constant value of 5 for all the
investigations on length effect. The output voltage for the device under 8% strain as a
function of Ny is shown in Fig. 3.5(b). The output voltage of the nanoribbon with Np= 6
is 0.3103446 V, setting as the reference value. The output voltage is slightly increasing
by the order of magnitude of 10 V with increasing Np. The rising rate (AOutput/ANp)
reduces as larger Ny, indicating that the output will saturate to a constant value under
sufficiently large Np. Our study indicates that the structure length has negligible effect on
the output voltage.

We also investigated the output voltage as a function of layer number of MoS>
stacked structure. Fig. 3.6(a) shows the configuration of 3 layers MoS, mechano-electric
converter. Each layer is doping by a pair of P and Cl, respectively. P replaces S at left side

while Cl is
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Fig. 3.7 The investigation on doping effect:

(@) The various combinational doping positions of P and Cl, denoted by P(m, n). As
displayed, m, n are the atomic ordinal of P and CI. (b) The output voltage (under 8%
strain) as a function of doping position P(m, n). (c) Configuration of 2 pairs of doping
atoms. (d) Comparison of output performance between 2 pairs of doping and 1 pair

doping at right side. As demonstrated by Fig. 3.6(b), the output voltage exhibits a fluctuant
behavior as increasing layers. It reaches maximum of 0.310V by single layer, while is
reducing significantly to 0.16V by 2 layers stacked structure. As limited by the simulation
complexity and its converging difficulty, we only put forward our investigation to 5 layers.
However, a reasonable speculation can be made that the output voltage finally converges
to a constant value as increasing layer number, which is trended similarly as that tuned by
increasing width. In experiments the output voltage of undoped MoS: in large area shows

a proportional relation with the second-harmonic generation (SHG) intensity for stacked
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structures: MoS; flakes stacked by odd number of layers exhibited strong piezoelectricity
along armchair direction, while the output voltage disappeared for even number of layers.
Our study shows that the structures with even number of layers still have strong output,
indicating a distinct underlying physical principle with the device by undoped nanosheet.
It should be noted that as the larger size (Larger width, length and layer number), the output
voltage of our device tends to converge to a constant value. Our study suggests a mechano-
electric generator with weak dependence on dimension and size, which is exceedingly
favourable for industrial application.

Precisely control the dopant position and number is the main challenge for the
application of low-dimensional nanomaterials. This inaccuracy in fabrication induces
variations in mechanic and electronic properties of 2D materials and devices. Therefore
we investigate the variation of output voltage upon the various doping positions in MoS>
nanoribbon mechano-electric converter. As displayed by Fig. 3.7(a), the various
combinational doping positions of P and Cl are denoted by P(m, n), where m, n are the
atomic ordinal number of doping atoms P and CI. P replaces S at left side while Cl is
doping at right side. The variation of output voltage upon the doping combinations is
exhibited in Fig. 3.7(b). The combination P(4,4) has the nearest distance between P and
Cl while they reaches farthest away from each other in P(1,1). Generally the output voltage
randomly fluctuates within small range from 0.301V to 0.312V. This limited variation
modulated by various doping positions is favourable for future industrial applications. The
doping concentration effect are also revealed in our study. 2 pairs of doping atoms are

introduced in our device, as shown in Fig. 3.7(c). The dependence of output voltage on
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strain is demonstrated in Fig. 3.7(d). It increases linearly as larger strain. However, the
output is lowered by higher doping concentration compared to that of the device based on
one pair of doping atoms. The output is 0.028V and 0.256V for the device applied by 1%

and 8% strain, respectively.
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Figure 3.8(a) Configuration of nano-power generator based on WSe2 and MoS2
heterojunction. The left part consists of WSe2 and the right part is MoS2.

(b) 0%, 4% and 8% tensile strain modulated electrostatic potential along transport
direction in the central region for device displayed in Fig. 5(a). Inset: the enlarged view
of electrostatic potential within the region from 40A to 55A. (c) The evolution of the
output voltage with strain.

We also investigate the mechano-electric converter based on TMDCs heterojunctions. Fig.
3.8(a). displayed the WSe>-MoS: heterojunction based mechano-electric generator. The

left part is WSez nanoribbon and the right counterpart is MoS; nanoribbon. Fig. 3.8(b)
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reveals the electrostatic potential distribution along transport direction in the central region
for the device under 0%, 4% and 8% tensile strain, respectively. The EPD mainly occurs

at the narrow connection region between WSez and MoS: nanoribbon. This radical change
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Figure 3.9 The output voltage as a function of strain for 4 heterojunction
structures: (a) WSe2-MoS; (b) WSez-MoSe; (c) WS2-MoS; (d) WS2-MoSe;

in electrostatic potential arises from the great difference between the work functions of
WSe, and MoSz monolayer. As opposite to the regulatory change of EPD by strain in MoS»

PN junction, increasing strain causes larger EPD in heterojunctions. Fig. 3.8(c) reveals the
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output performance as a function of strain. The output voltage increases with larger strain
and 0.185V can be achieved by 8% strain. Our observation suggests that MoS; PN junction
based device has better output performance than TMDCs based heterojunctions.

Fig. 3.9 shows the output voltage as a function of strain for 4 different
heterojunctions: a)  WSe2-MoS; (b) WSez-MoSe: (¢) WS2-MoS; (d) WS2-MoSe,. As
shown in Fig. 3.9(c), WS2-MoS; heterojunction reaches maximum output of 7.21 x 103
V under 5% strain, then reduces significantly by larger strain. For the other 3 structures,
the output voltage is generally increasing by larger strain. Among these structures, WSe»-
MoS: heterojunction achieves the largest output of 0.185V under 8% strain. However,
this is still inferior to the performance of MoS2 PN junction, which possesses the output
of 0.310V under the equal strain. WSe>-MoS; and WS>-MoSe; can obtain the output
voltage with a value of one order of magnitude larger than those of the other two
structures, indicating that the enhanced output can be achieved by the TMDCs
heterojunction based on different chalcogen materials. Table 1 summarizes the output
voltage and EPD for 8 different TMDCs PN junctions and heterojunctions, all of which
are in the same size of 5x9 (Na=5, Nb=9). The heterojunction structures with higher EPD
can achieve higher output voltage. Larger EPD is attributed to larger difference in work
functions of distinct nanoribbons at opposite sides. This rule is also
applied appropriately to the TMDCs PN junctions, among which the output voltage and

EPD both reach largest value in WSz PN junction.
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Table 1. The comparison of output voltage and EPD for different structures.

Strain=8% Output [ V] EPD[eV]
MoSz2 PN junction 0.310 1174
WSe2 PN junction 0.328 1.089
MoSez PN junction 0.189 0.992
WS2 PN junction 0356 1.369
WSe2-MoS2 heterojunction 0.185 2543
WS2-M0S2 heterojunction 0.00721 0.296
WS2-MoSez heterojunction 0.0855 21377
WSe2-MoSez heterojunction 0.0157 0215

3.4 Summary

In summary, enlightened by the intrinsic piezoelectricity of TMDCs based two
dimensional monolayer, we have designed and simulated a novel piezoelectric device
realized by MoS> monolayer based PN junction. Its electromechanical property was
simulated by first-principle calculations. 0.31 V of output voltage can be achieved by 0.051
eV/ A2 of the laterally tensile stress, which leads to 8% strain in transport direction. We
have also demonstrated the time domain-output voltage in the case of the applied stress in
Sine waveform. The investigation on size-dependent performance demonstrates that by
increasing width, length and layer number the output will finally converge to constant

output. Our investigation on the doping effect shows that various doping positions affect

53



slightly on the output voltage and the low concentration gives rise to higher output
performance. The piezoelectric performance based on 4 different TMDCs-heterojunction
were also simulated. We conclude that the structure with higher EPD can obtain higher
output voltage. Our study suggests a novel TMDCs PN junction and heterojunction based
mechano-electric generator with high output voltage. This may open up a suite of

applications in 2D-TMDCs based piezoelectric transistor.
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Chapter 4 Strain engineered Phosphorene nanotube and its applications

in field effect transistors

Nowadays, phosphorene, a new 2D material, was prepared successfully in the
laboratory and has immediately received considerable considerations. Both experimental
and theoretical studies turn out that phosphorene possesses intrinsic bandgap as well as
high carrier mobility [81-83] . The electron mobility reaches over 2000 cm2/Vs under
room temperature (RT) predicted by theoretical calculation [84,85] . Also, narrow but
finite bandgap makes it well-suited for photodetector applications [86]. Thus phosphorene
was believed to be a promising candidate for future nanoelectronics. Another attractive
feature distinguishing itself from other 2D materials is its profoundly anisotropic electrical
conductance along various directions.

During the past decade 1 dimensional (1D) materials have attracted a great deal of
attentions among the scientific community. 1D ZnO and GaN nanostructures exhibit
numerous electronic and optoelectronic applications such as ultraviolet (UV) laser, field-
effect transistor, solar cells, gas sensor, UV photodetector, photo catalyst, light-emitting
diode applications and nano power generators. Recently 1D phosphorene nanotube (PNT)
was explored theoretically. Previous study showed that the PNT exhibits direct bandgap,

which is modified by diameter enlargement. In selected PNTSs, a metal-insulator transition
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can be induced by strain or by changing the number of walls. In this study we expect that
wrapping-engineering on 2D phosphorene, which models 1D phosphorene nanotube
(PNT), can also tune the electrical conductance. Single-walled TMD nanotubes (SWTMD
NTSs) have interesting electronic properties that depend on their diameter and chirality. We
explicitly report the electronic properties of armchair PNTs (APNT) in different diameters.
The strain and size effect on the bandstructure, the electron and hole effective mass and
the carrier mobility are investigated for room temperature. Our study indicates that the
compressive strain applied along the transport direction in our 1D structure can abate the
direct bandgap as well as improve the carrier mobility. The diameter enlargement can also
enhance the electronic conductance. The carrier mobility approaches its saturation value
of 2D phosphorene as the diameter enlarges to infinity. Our observed wrapping-engineered
high conductance provides many opportunities for novel applications in nano-

photodetector, light-emitting diode and field-effect transistor.

4.1 Armchair phosphorene nanotube (APNT)

In this study, first principle calculations were carried out by using the Virtual Nanolab
Atomistix ToolKit (ATK) package with density functional theory (DFT). The localized
density approximation (LDA) exchange correlation with a double zeta polarized (DZP)
basis is used with a mesh cut-off energy of 150 Ry. The electronic temperature is all set to
300 K for our simulations. All atomic positions and lattice constants were optimized by
using the generalized gradient approximations (GGA) with the maximum Hellmann-

Feynman forces of 0.05 eV/A, which is sufficient to obtain relaxed structures. The Pulay-
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mixer algorithm is employed as iteration control parameter with tolerance value of 107,

The maximum number of fully self-consistent field (SCF) iteration steps is set to 100.
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Figure 4.1 The schematic of PNTs: (a) 2D phosphorene nanosheet (b) Side and axial
view of the armchair phosphorenen nanotube (APNT). (c) Side and axial view of the
zigzag phosphorene nanotube (ZPNT). L is the lattice parameter in transport direction.

Single-walled Phosphorene NTs (PNTSs) can be classified as armchair nanotubes
(ANTS) and zigzag nanotubes (ZNTs) based on their chiral vectors, as displayed in Figure
4.1. In this study we focus on the electronic properties of APNTs. N.-APNT represents the
phosphorene nanotube rolled up by Na times of unit cells in armchair direction. In this
study Na is varied from 10 to 16 to investigate the size effect on the electronic properties
of APNT. The simple orthorhombic box in 60A x 60A x L. size is employed as the
sampled system in our investigation, where L is the lattice parameter along the transport

direction. The periodic boundary conditions were applied for the simple orthorhombic
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lattice box, which contains Na times of unit cells. Each unit cell, also serving as the
primitive cell of single layer phosphorene, composes of 4 basic phosphorus atoms. A
separation of 60A for the adjacent nanotubes is employed to minimize the neighboring
interaction. We used 1 x 1 x 11 Monkhorst-Pack k-grid mesh in this simulation on our 1D
structures. The self-consistent field calculations were checked strictly to guarantee fully
converging within the iteration steps.

For the first part of our report, we employ 12-APNT to investigate the strain effect
on its electronic properties. The optimized structure is the unit cell with lattice parameter
L. of 3.24 A.As displayed in Figure 4.1(b), the strain is defined as € = (L — Lc)/Lc, where
Lc and L are equilibrium and strained lattice values in transport direction, respectively. In
this study we investigate the structure applied by the strain varied from -5% to 5% with
incremental step of 1%.

Firstly we investigate the strain effect on the electronic bandstructure of 12-APNT.
The electronic bandstructure of 12-APNT under 0, 5% and -3% were displayed in Fig 4.2,
respectively. They all exhibit direction bandgap consisting of CBM and VBM both at T'-
point. In our calculation, all the PNTSs are considered as one-dimensional systems, and just
K-points along the axial direction are calculated. The bandstructure at the transition
between metal and semiconductor was also demonstrated. This transition occurs at high
compressive strain € with value of -10%. The bandgap is reduced by compressive strain
whereas increasing monotonically by higher tensile strain. The bandgap for unstrained
structure is 0.363eV, which is in fair consistence with 0.56eV by other publication [42].

As opposite regulatory change of bandgap by strain effect on PNTSs, tensile strain can
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reduce the bandgap of 1D MoS> nanotubes and realizes semiconductor to metal transition

at the critical value of about 8% strain [43].
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Figure 4.2 The bandstructure of 12-APNT under applied strain of 0, 5%, -3% and -10%,
respectively.

Next we considered the total energy of our sampled system as a function of the
lattice parameter Lc. As shown in Figure 4.3(a) the most stable system with minimum total
energy is at L= 3.24 A. For a 1D crystal, the elastic modulus (stiffness) C =
[0E?/0<?] /L.. The total energy vs. strain relation was fitted by the quadratic parabolic

curve: E = A%, Accordingly we got value of 349.92 ev/A for elastic modulus of 12-

APNT by C = idEztotaI/dSZ = 2A/Lc. This is much higher than value of 179.21 ev/A for
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(10, 0) zigzag MoS; nanotube [43], signifying much stiffer resistance to the applied strain,

as well as implying a higher carrier mobility along the transport direction.
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Figure 4.3 The mechanic and electric properties of 12-APNT under applied strain from
-5% to 5%. (a) The total energy vs. strain. (b) The electron and hole effective mass vs.

strain. (¢) The conduction band minimum (CBM) and valence band maximum (VBM)

vs. strain. (d) The carrier mobility vs. strain

Besides the bandgap and the total energy, strain also changes the energy band
curvature which is directly related to the carrier effective mass (m”): m* = h?/(9%E/
0k?), where h is the reduced Planck constant, E is the energy and k is momentum. In this

study, since CBM and VBM are keeping at I'(0, 0) in the Brillouin zone for the various
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strained and enlarged structures, we focus on the electron and hole effective mass at I'(0,
0). Figure 4.3(b) displayed the evolution of carrier effective mass with respect to the
various strain. Due to the intrinsic 1D structure, the effective mass is only evaluated along
the transport direction. The electron and hole effective mass are 1.21me and 3.08me for
unstrained structure. The hole effective mass m;, is more sensitive to the strain than the
electron effective mass m;. m; is slightly enhanced from 1.19 me to 1.26 me under strain
in a large variety of -5% to 5%. whereas m;,is increasing monotonically up to 4% strain,
then undergoing slight reduction for 5% strain. R.X. Fei et al. reported that the electron
effective mass of 2D phosphorene monolayer is 1.246 me along the zigzag direction [90],
which is very close to that of our wrapping structure. Zigzag direction is equivalent to the
transport direction in 1D APNT. Our study reveals that the wrapping-engineering has a
limited effect on the electron effective mass of phosphorene. The evolution of the
conduction band minimum (CBM) and valence band maximum (VBM) with respect to
strain are displayed in Figure 4.3(c). They varied linearly with regard to the strain within
the range from -3% to 5%. Thus the deformation potential (DP), which is defined as the
shift rate of band edge with respect to strain: dE,44./de, is keeping constant within this
region. We got the value of 3.78 eV and 3.51 eV for the DP constant of electrons and
holes, which will be used for the calculation of carrier mobility.

The carrier mobility is a very important parameter to evaluate the electrical
properties of materials. Since the carrier effective mass is affected by tensile strain, it is
expected that the carrier mobility will also be affected. K. Kaasbjerg et al. have clearly

shown that the carrier mobility in these 2D monolayers is dominated by acoustic phonon
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scattering via intra and intervalley deformation potential couplings at room temperature
[18,19]. The mobility can be figured out by the deformation potential (DP) theory raised
by Bardeen and Shockley [44]. Based on the effective mass approximation, the DP theory
determines the carrier mobility of 1D system as [45]:

_ eh?¢ (1)
D = kD2 m B 2E,?

where e is electron charge, m* is the carrier effective mass, Kg is the Boltzmann constant
and T is the temperature, E; is the DP constant denoting the shift of the band edges (Eedge)
(CBM for electrons and VBM for holes) induced by strain (g): dEgqgc/de. As
aforementioned C=349.92ev/ A, signifying the elastic modulus of a uniformly deformed
crystal activated by the strain. Figure 4.3(d) shows the variation of carrier mobility with
response to the strain applied along the transport direction. Both electron mobility and hole
mobility slightly decrease with the larger tensile strain. The hole mobility is more sensitive
to the tensile strain than electron mobility. As demonstrated the hole mobility reduces from
40.7 cm?/Vs to 26.0 cm?/Vs when the strain is reaching 5%. This is mainly attributed to
the elevated hole effective mass induced by the tensile strain. The compressive strain gives
rise to much more dramatic influence on carrier mobility, especially for the strain within

the range: -3% < ¢ < -5%. The hole mobility are boosted sharply by 4.8 times from 40.7

cm?/Vs to 197.0 cm?/Vs as the compressive strain increases to -5%. This dramatic
enhancement benefits from the significantly reduced DP constant caused by larger strain.
As aforementioned the DP constants for both electrons and holes are remaining constant
value during the strain from -3% to 5%, hence the main factor for the slightly reduced
mobility is the enhanced carrier effective mass. Our study suggests the elevated mobility
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of 1D structure activated by compressive strain, which is differing in the strain effect on
MoS2 monolayer: the carrier mobility are significantly enhanced by tensile strain [26].
The carrier mobility of 1D nanotubes is associated with deformation potential
constant, the elastic modulus, temperature and electron and hole effective mass. In this
study the temperatures are all set to 300K that we only consider all the simulations and
calculations at room temperature. Firstly we begin with the bandstructure of APNT with
Na varied from 10 to 16. The bandgap transition, the elastic modulus, deformation potential
as well as carrier effective mass are discussed in sequence. The evolution of carrier
mobility with regard to N, is calculated by DP theory, revealing the significant improved

mobility motivated by enlarged size of APNT.
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Figure 4.4 (a) The transition of bandstructure of APNT for various Na (10 <Na < 16).
(b) The evolution of bandgap vs. Na.
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Na-depended bandstructure is demonstrated in Figure 4.4(a). All the structures are
fully optimized to the most stable system at first step. The valence band (VB) and
conduction band (CB) are shifted oppositely to each other, leaving a larger bandgap by
enlarged APNT diameter. Figure 4.4(b) exhibits the direct bandgap at I'-point as a function
of Na. As shown the bandgap of 10-APNT is 0.304 eV, while increasing to 0.611 eV for
16-APNT. The energy band spectra of single-walled PNTs should approach to that of 2D
monolayer counterpart, when the diameter increases to infinity. Also, the infinite 2D
phosphorene exhibits direct bandgap about 0.9 eV at I'-point [90], which is expected to be
the limit value of the phosphorene nanotube with infinitely enlarged diameter. The narrow
and direct bandgap make APNTs well-suited for applications in infrared detectors.

Next we investigate the mechanic property of 1D APNTSs with various diameters.
As demonstrated in Figure 4.5(a), the elastic modulus (C) is monotonically enhanced with
diameter enlargement, indicating much stiffer structure with the diameter enlargement. It
increases from 309.3 eV/A for 10-APNT to 516.7 eV/A for 16-APNT. As aforementioned
C of PNTs is significantly higher than that of MoS. nanotube, which is favored for
realizing high carrier mobility along the transport direction. The optimized lattice
parameter Lc along the transport direction for relaxed structures are also shown. L. is

increasing initially by Na up to 12, then keeping constant value of 3.24 A for further
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Figure 4.5 The mechanic and electric proeperties of APNTs vs. Na (10 < Na < 16). (a)
The elastic modulus C and lattice parameter L¢ vs. Na. (b) The deformation potential
constant of electrons and holes vs. Na. (¢) The electron and hole effective mass vs. Na.
(d) The carrier mobility vs. Na.

enlargement. This is smaller compared to 3.35 A of the relaxed 2D monolayer, indicating
that 1D wrapping engineering compresses the lattice in transport direction. The DP
constant of electrons and holes are displayed in Figure 4.5(b). They are irregularly tuned
within the range from 2.72 eV to 3.47 eV for electrons and from 2.77 eV to 3.33 eV for
holes by the enlarged diameter. They exhibit much lower electron DP constant than that
of MoS2 nanotubes (7.0-9.5 eV), which is expected to induce much higher electron

mobility in APNTS.
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The carrier effective mass are also investigated for APNTs with various diameters.
As displayed in Figure 4.5(c), the electron mobility is fluctuated within small range (1.210
mMe-1.226 me) for 10 <N, < 16. Also the hole effective mass is oscillating more sensitively
(3.04 me-3.30 me) to the diameter enlargement. The evolution of the electron and hole
mobility as a function of Na is displayed in Figure 4.5(d): they are both enhanced with the
diameter enlargement. The electrons with high mobility of 109.9 cm?/Vs to 415.7 cm?/Vs
for 10 < Na < 16 dominate the charge transport. The hole mobility increases from 25.2
cm?/Vs to 90.1 cm?/Vs with the diameter enlargement. As the diameter enlarges to infinity,
the carrier mobility are expected to saturate to that of infinite 2D phosphorene, which
possesses 2000 cm?/eV of electron mobility.

We have explicitly explored the various electric properties of 1D phosphorene
nanotube by first-principle simulations. The intrinsic semiconducting behavior is exhibited
along the transport direction for APNTSs. The investigation of strain effect on 12-APNT
reveals that the bandgap is reduced by compressive strain. Also, the calculation by using
deformation potential theory indicates that the compressive strain can induce higher carrier
mobility. Moreover, the study on size effect shows that the carrier mobility are
significantly improved by the diameter enlargement. And, the electron mobility is much
higher than that of holes, indicating a dominant charger carrier for electric conductance.
Overall, the moderate direct bandgap and the high carrier mobility of 1D phsphorene
nanotube renders it a promising potential used for future filed-effect transistors as well as
in photodetectors. The method and conclusion developed in this work can also benefit

the research on other nano 1D and 2D materials and devices.
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4.2 Zigzag Phosphorene nanotube (ZPNT)
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Figure 4.6 The schematic of PNTs: (a) 2D phosphorene nanosheet and (b) side and axial
view of the zigzag phosphorene nanotube (ZPNT). (c) Side and axial view of the
armchair phosphorene nanotube (APNT). L. is the lattice parameter in transport
direction.

| propose the strain engineered Dirac Fermions in zigzag PNTs (ZPNTSs) by first
principle calculations. We demonstrate that Dirac cones emerge at lattice parameter (Lc)
within a wide range. The investigation on the density of states (DOS) indicates that the
Dirac cone mainly stems from p shell of phosphorus atoms. The characterization of 12-
ZPNTs based field effect transistor (FET) provides a strong evidence on the semimetal
property of 12-ZPNT at L. of 4.10A, due to the observed weakly modulated drain-

source current by gate voltage, while it demonstrates semiconducting property at Lc of
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4.6 A. Our study suggests a novel 1D material possessing Dirac Fermions with high
transport motivation via axial strain, offering many opportunities for future applications
in high conductance devices.

In this study, first principle calculations were carried out by using the Virtual
Nanolab Atomistix ToolKit (ATK) package with the density functional theory (DFT)
[92]. The localized density approximation (LDA) exchange correlation with a double
zeta polarized (DZP) basis was used with a mesh cut-off energy of 150 Ry.[43] The
electronic temperature was all set to 300 K. All the atomic positions and lattice
parameters were optimized by using the generalized gradient approximations (GGA)
with the maximum Hellmann-Feynman forces of 0.05 eV/ A, which is sufficient to
obtain relaxed structures [43]. The Pulay-mixer algorithm was employed as iteration
control parameter with tolerance value of 10° [93]. The maximum number of fully self-
consistent field (SCF) iteration steps was set to 100 [43]. For the calculations on the
current-voltage characterization of ZPNT FETs, we extended the number of SCF
iteration steps to 1000, which is sufficient for the device-related simulations [43]. In the
transport direction Dirichlet boundary condition was applied on the two opposite
electrodes, in which the electric potential was held homogeneously across the boundary
[94]. Neumann condition was employed on the other two directions, in which the
electric field was held homogeneously at the boundary [94]. The self-consistent field
calculations were checked strictly to guarantee fully converging within the iteration

steps.
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Single-walled PNTs can be classified as zigzag nanotubes (ZPNTs) and
armchair nanotubes (APNTSs) based on their chiral vectors, as shown in Fig. 4.6. Ne-
ZPNT indicates the nanotube size: the nanotube is rolled up from its nanoribbon
counterpart with width of Na times of unit cells in zigzag direction. N, was selected
from 12 to 16 to investigate the size effect on the electronic properties of ZPNTs. The
simple orthorhombic box in 60A x 60A x L. size was employed as the sampled region
in our investigation, where L. is the lattice parameter along the transport direction. The
sampled region is enclosed within the solid lines as shown in Fig. 4.6(b). Periodical
boundary conditions have been applied for the sampled region in simple orthorhombic
lattice, which contains Na unit cells [95]. Each unit cell, which also serves as the
primitive cell of single layer phosphorene, composes of 4 basic phosphorus atoms. A
separation of 60 A for the adjacent nanotubes was employed to minimize the mirroring
interaction. We used 1x1x11 Monkhorst-Pack k-grid mesh on our 1D structures.[44]
The self-consistent field calculations were checked strictly to guarantee fully
converging within the iteration steps. For the calculations on the source-drain current
of devices, the non-equilibrium Greens function (NEGF) was employed:

1 =22 dE.T(E) fu(E, 1) — fa(E, ug)} (1)
where factor 2 counts for spin degeneracy, q is electrical charge of carrier, h is Planck’s
constant, T (E) is transmission spectrum coefficient, uL(r) is chemical potential of left
(right) electrodes and fu) is the Fermi distribution of left (right) electrode.

For the first part of our study, we investigate the electronic bandstructure at

different lattice parameters. Firstly, the evolution of the total energy of the unit cell in
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12-ZPNT with different lattice parameters L. is investigated, as shown in Fig. 4.6(a). It

reaches minimum at L. of 3.85A, indicating the intrinsic lattice parameter for 12-ZPNT.
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Figure 4.7 (a) the total energy vs. Lc for 12-ZPNT. The bandstructure of 12-ZPNT at
(b) Lc=3.80 A; () Lc=3.85 A; (d) Lc=4.10A; (e) Lc=4.30 A; (f) Lc=4.60 A,
respectively. The Fermi level is set to energy=0.

Fig. 4.7(b)-(f) show the electronic bandstructure of the structure with L. of 3.80A,
3.85A, 4.10A, 4.30A and 4.60A, respectively. In our calculation, all ZPNTs were
considered as one-dimensional systems, therefore, only K-points along the axial direction

were calculated. It is noteworthy that 12-ZPNT undergoes phase transition from metal
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to semimetal and from semimetal to semiconductor, respectively. Extraordinarily, the

semimetal property is exhibited distinctly by different Lc: valence band maximum
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Figure 4.8 (a) The wrapping energy as a function of Lc for Na-ZPNT. Na is varied
from 12 to 16. (b) The comparison of the binding energy per atom (BEA) between
ZPNT and APNT.

(VBM) and conduction band minimum (CBM) are located at different positons in
Brillouin zone at L. of 3.85A, while they are converging at the cross point at [0, O,
0.333] in k-space at L. of 4.10A. With further increasing L, the structure exhibits
semiconducting property along the transport direction: it opens up a direct bandgap of
0.24eV at [0, 0, 0.333] at L. of 4.60A. Our investigation suggest the bandstructure of
ZPNTs with phase transitions, indicating different electronic properties at different

lattice parameters tuned by strain.
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Next we turn to investigate the structural stability of ZPNTs. Fig. 4.8(a) shows
the wrapping energy as a function of the nanotube diameter. The wrapping energy is
denoted by the difference between the total energy of the unit cell in zigzag phosphorus
nanotube (ZPNT) in comparison with that of its counterpart in zigzag phosphorene
nanoribbon (ZPNB). As demonstrated among our selected Na, 12-ZPNT has the highest
wrapping energy while it is lowest for 16-ZPNT. This indicates that the larger diameter

of ZPNT, the higher stability of the structure. This is due to the smaller curvature at the
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Figure 4.9 The analysis of the density of states (DOS) of 12-ZPNT: (a) The total
DOS and separated DOS by s, p and d atomic shell, respectively. (b). The total DOS
and separated DOS by group 1 and group 2.

nanotube surface that requires lower wrapping energy for ZPNT with larger diameter.
Also, we investigated the binding energy per atom (BEA), which can directly be related
to the major stability of nanotube structures. Fernandez et al. [96] proposed the
following formula to calculate BEA values:
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BEA = (NEgiom — En)/n (2)
where Eatom iS the total energy of single P atom and E is the total energy of n atoms
included in the unit cell. We used this formula to calculate BEA for ZPNTs with
different diameters. The stability of armchair PNTs (APNTSs) was also evaluated by
BEA. Generally APNTs exhibit higher BEA than ZPNTs, indicating the higher
structural stability. Also, BEA increases with the larger diameter, both for ZPNTs and
APNTSs. This reveals that the stability was improved for nanotube structures with larger
diameter and smaller surface curvature. This suggestion is consistent with the
evaluation from the perspective of the wrapping energy.

We further analyze the physical origin of the unique Dirac cone. Fig. 4.9(a)
shows the density of states (DOS) of 12-ZPNT at L. of 4.00A. As demonstrated the
density of states around Fermi level majorly stem from p orbital shell of phosphorus
atom. To further consider the origin of the Dirac cone, we classified the phosphorus
atoms into two groups: the atoms at outer-ring noted as group 1 and the atoms at inner-
ring marked as group 2, which was depicted in the inset of Fig. 4.9(b). Fig. 4.9(b)
displayed the DOS of these two groups, respectively. It indicates that in comparison

with group 1, group 2 atoms make larger contribution to the Dirac cones.

4.3 PNT based transistors
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Figure 4.10 The current-voltage characteristic of ZPNT based transistor: (a) The

profile of phases transition and distribution by L for N -ZPNT for N, varied from 12 to

16. Yellow line represent the intrinsic LC for each Na-ZPNT. (b) The schematic of
ZPNT based transistor. (c) Current vs. bias voltage for 12-ZPNT at 3.90A, 4.30A,

4.60A and 12-APNT at 3.24A, respectively. (d) The current density vs. ZPNT diameter
at bias voltage of 0.001V, 0.002V and 0.003v, respectively.

The phase transition for ZPNTs with different diameters are investigated. Fig.
4.10(a) shows the profile of the phase transitions of N.-ZPNTs with different diameters
by Na varied from 12 to 16. L. corresponding to the transition boundary, both from
metal to semimetal and from semimetal to semiconductor, are gradually reduced as the

larger nanotube diameter. However, the intrinsic lattice parameter, which is leading to
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the minimum total energy of the unit cell, gradually increases as the larger diameter. As
expected, due to the smaller curvature of ZPNT with larger diameter, the lattice
becomes relaxed so as to release itself in the transport direction, leading to the increased
Lc. As Na becomes very large, i.e., the diameter increases to infinite, Lc should approach
to that of its 2D monolayer counterpart. In addition, 2D phosphorene exhibits intrinsic
L. of 4.62A at transport direction, which is expected to be the limit value for ZPNT with
very large Na. It is noteworthy that 12-ZPNT and 13-ZPNT intrinsically exhibit the
metallic property, while 15- and 16-ZPNT demonstrate the semi-metallic property along
the transport direction. The phase profile indicates that the conductance of nanotubes
reduces monotonically under the tensile strain. This suggestion is evidenced by the
calculations on the current-voltage characterization of nanotube transistor (Fig.
4.10(c)). The schematic of 12-ZPNT based transistor is displayed in Fig. 4.10(b).
Generally the current reduces significantly as the increasing L¢, and it increases
proportionally to the higher bias voltage within the small range from Ov to 0.005V. We
also give a comparison between the electrical performance of 12-ZPNT and 12-APNT.
Our previous study indicated that APNTs exhibit strain-modulated semiconducting
property. The calculation results shown in Fig. 4.10(c) attest this characterization: the
semi-metallic 12-ZPNT has much higher conductance in several orders of magnitude
than that of 12-APNT with semiconducting property. Moreover, it appears noteworthy
that the phase transition boundaries reduce as the larger ZPNT diameter, implying that

the conductance of ZPNTs decreases with the diameter enlargement. This is further
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evidenced by the calculations shown in Fig. 4.10(d): the current smoothly reduces under
the same bias voltage for the nanotube with the larger diameter.

The ZPNT based field effect transistors (ZPNT-FETs) have also been
investigated by adding cylinder metal gate around the nanotube, the schematic of which
Is shown in Fig. 4.11(a). We employed pn junction as the channel for ZPNT-FETSs:

silicon atom replaces the phosphorus at the left side to realize p-type doping while sulfur
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Figure 4.11 The characterization of 12-ZPNT field effect transistor (FET) based on pn
junction. (a) The schematic of 12-ZPNT FET. Si replace P to realize p-type doping at
left side. S replace P to realize n-type doping at right side The metal tube gate was
added around ZPNT. Drain-source current (Ips) vs. Gate votage (Ves) for 12-ZPNT
FET at (b) L= 4.10A,; (c) Lc= 4.60A. Drain-source current (Ips) vs. bias voltage (Vps)
at (d) Le= 4.10A; (e) L= 4.60A.
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substitutes phosphorus to achieve n-type doping at right side in the channel. The device
with L. of 4.10A and 4.60A along the transport direction were separately investigated
by a variety of the gate voltage at -2V, 0V, 2V and 4V, respectively. As aforementioned,
the structure with Lc of 4.10A exhibits semi-metallic property while it demonstrates
semiconducting transport at L. of 4.60A. Our calculations on the behavior of ZPNT
FETs attest this suggestion. Fig. 4.11(b) demonstrates the gate voltage tuned drain
source current (Ips) for the device at Lc of 4.10A. Ips does not improve significantly
under the modulation of gate voltage. Fig. 4.11(c) shows the semiconducting transport
of 12-ZPNT FET with L; of 4.60A. The on/off ratio is obtained in excess of 10° at

Vps=0.001v. It is noteworthy that the on current is obtained to ~1nA under Vgs=4V,

which is significantly smaller in several orders of magnitude than that of 12-ZPNT FET
with L. of 4.10A. Moreover, we extended the range of Vps to -0.2V to 0.2V to compare
Ips vs. Vps for these two devices with distinct L.. The calculation results are
demonstrated in Fig. 4.11(d) and Fig. 4.11(e). lps increases monotonically, but not
strictly proportionally, to the increased Vps for semimetal transport at L¢ of 4.10A. Vs
does not modulate Ips effectively. However, in the case of L.=4.60A, Ips is going to
saturate when Vps is increasing over 0.1V. The on/off is over 10° at Vgs=4V, indicating

an effective metal gate modulation.

4.4 Conclusion
The various electric properties of 1D phosphorene nanotube was explored by first-

principle simulations. The intrinsic semiconducting behavior is exhibited along the
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transport direction for APNTSs. The investigation of strain effect on 12-APNT reveals that
the bandgap is reduced by compressive strain. Also, the calculation by using deformation
potential theory indicates that the compressive strain can induce higher carrier mobility.
Moreover, the study on size effect shows that the carrier mobility are significantly
improved by the diameter enlargement. And, the electron mobility is much higher than
that of holes, indicating a dominant charger carrier for electric conductance.

We also demonstrated the zigzag phosphorene nanotubes: its strain engineered
phase transition and electronic properties. Dirac fermions emerge at the electronic
bandstructure during the wide range of lattice parameter at the transport direction. The
calculations on the wrapping energy indicate that ZPNT with the larger diameter
possesses higher stability. The characterization of current and voltage relation
demonstrates that the conductance becomes lower as the higher diameter of ZPNT.
Also, as expectation the conductance of ZPNTs is much higher than that of APNTSs.
Furthermore, we add the metal tube gate to investigate the gate control effect on the pn
junction based ZPNT field effect transistors. It is evidenced that 12-ZPNT with L. of
4.10A exhibits semimetal property due to the observed weakly tuned gate effect.
However, it indicates strong semiconducting transport because 12-ZPNT with L. of
4.60A has very effective gate control. Our findings offer extraordinary opportunities for
development of high-performance strain-tuned electronic devices based on 1D Dirac

materials.
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Chapter 5 Strain effect introduced by dielectric layer/2D TMDCs
interface

Metal-oxide-semiconductor field-effect transistors (MOSFETs) have shown
impressive performance improvements over the past 10 years by incorporating strained
silicon (Si) technology. This review gives an overview of the impact of strain on carrier
mobility in Si n- and pMOSFETSs by considering strain-induced band splitting, band
warping and consequent carrier repopulation, and altered conductivity effective mass and
scattering rate. Different surface orientations, channel directions, and gate electric fields
are included for a fully theoretical understanding. The results are used to predict strain-
enhanced silicon-on-insulator (SOI) and multigate device performance, mainly focusing
on potential 22-nm and beyond device options such as double-gate and trigate fin field-
effect transistor (FInFET) structures. Insights into strain-enhanced potential future channel
materials (SiGe, Ge, and GaAs) are also summarized. Finally, recent technology nodes
with strain engineering are reviewed, and the future developing trend is given.

Metal/semiconductor contact can induce strain effect are widely reported. The
strain effect introduced by Ag and heating effect introduced by Ti to monolayer MoS; are
also revealed by Raman spectroscopy. However, little is explored on the strain effect
induced by dielectric layer/2D TMDCs semiconductor. The quasi-superlattice method was

employed. The evolution of separation between Al,Oz and MoS; monolayer vs. the various
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thickness of dielectric layer have been studied. Also the intrinsic lattice parameter of the
interface was specified by figure out the minimum total energy. The systematic

bandstructure and density of states are explored by various thickness of dielectric layer.
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Figure 5.1 Schematic of interface between Al.Oz with MoS2 monolayer

Figure 5.1 displays the schematic of Al,O3/Mo0S2 monolayer interface. The
thickness of Al203 dielectric layer is varied at 1.3nm, 2.6nm, 3.9nm and 5.2nm. Firstly,
we focus on the thickness of dielectric layer into 1.3nm. The distance between the
dielectric layer and MoS2 monolayer is continuously varied from 2.3A to 2.7A. Figure
5.2(a) demonstrates the evolution of the total energy of the unit cell as a function of

separation distance. It indicates the most stable structure occurs at separation of 2.4A. Next
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step is to investigate the intrinsic lattice parameter of the unit cell. Figure 5(b)
demonstrates the total energy of the unit cell vs. the lattice parameter. The total energy
reaches minimum at Lc of 9.51A. Thus the strain induced by dielectric layer with 1.3nm
thickness is calculated to be 0.3%.

We also investigate the strain effect in cases of different thickness of dielectric
layer. Figure 5.3(a) demonstrates the separation distance between these 2 layers with
different thickness of dielectric layer. It indicates that L. monotonically decreases with

increasing thickness. Also | study the intrinsic lattice parameter in cases of different

thickness.
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Figure 5.2 The total energy vs. Separation between two layers and the total energy vs.
lattice parameter.
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The intrinsic L at thickness of at 1.3nm, 2.6nm, 3.9nm and 5.2nm is shown to be
9.51A, 9.52A, 9.53A and 9.54A, respectively. As expectation the intrinsic Lc goes to

approach the limit value of 9.594A, which is the intrinsic Lc of bulk Al2Os.
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Figure 5.3 The separation between two layers vs. AI203 thickness and the intrinsic lattice
parameter vs. Al203 thickness.
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Chapter 6 Future Work

The electrical performance tuned by applied strained is in further investigation. The
tensile/compressive strain must have distinct effect on the electrical performance. Also the
strain intensity is another factor that determines the electrical performance. Generally,
tensile strain improves the output current significantly at two main factors: strain-enhanced
carrier mobility and strain-induced higher carrier concentration. In ballistic transport,
which require the short channel length usually less than 20nm, constrain the carrier
concentration in the channel. Thus the key factor is enhanced carrier mobility induced by
strain. Therefore based on the study on the carrier mobility vs. strain, we can further
investigate the output current vs. strain.

The next issue is to investigate the strain induced by dielectric layer and electrode
metal. In the simulation, the dielectric layer usually requires the lattice matching between
dielectric layer and 2D semiconductor channel. The slight mismatching between the lattice
of these two layers gives rise to the strain on the channel material. The various channel
material (MoS2, MoSez, MoTez, WS,, WSez, WTez, ReS,, PdS, and NiSz) vs. various
dielectric material (SiO2, ZrO,, Al203, HfOy) are in further investigation. The different
lattice type between the dielectric layer and TMDCs is the main difficulty in this study.
The other method rather than the quasi-superlattice should be proposed to solve this

difficulty.
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During the last decade, one-dimensional (1D) materials have attracted a great
deal of attentions among the scientific community. For example, ZnO and GaN 1D
nanostructures exhibit numerous electronic and optoelectronic applications such as
ultraviolet (UV) laser, field-effect transistor, solar cells, gas sensor, UV photodetector,
light-emitting diode, and nano power generators. Recently, an interesting phosphorene
nanotube (PNT) designed by wrapping 2D phosphorene was reported. Topological
material Bi2Se3/Bi2Te3 based 1D nanotube are remained unexplored. The nanotube
based field effect transistor are in further investigation in terms of gate modulation,
current voltage characteristic, the negative resistance and short channel effect. Its
applications in strain sensor are also extraordinarily appealing due to the intrinsic
piezoelectricity of topological insulators.

Novel materials/structures aiming at applications in power generator are in
further investigation. PdS2/NbSe2/NiS2/NiSe2/NbS2/TaS2/TaSe,/TaTe, are introduced
in combination to apply for the power generator. The different device structures
(Heterojunctions/three-terminal structure) are proposed to account for the strain
sensors. The output performance vs. various structure length/width/thickness is in

further investigation.
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