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Abstract

Recently, a novel two-dimensional (2D) semiconductor of few-layer black phosphorus (BP) or
phosphorene has been explored extensively for future electronic device applications. BP field-effect
transistors (FETs) exhibited promising device characteristics such as high field-effect mobility (uerr >
1,000 cm?/V-s), large on current (Z,, ~300 pA/um), and large on-off current ratio Uon/ Loy > 10%). In
principle, the performance of BP FETs can be further improved by scaling the device, but their
performance limit has not been explored particularly for multilayer BP FETs. In addition, most BP
devices were studied individually without performing optimization in material or device parameters,
and therefore, comprehensive design strategies for different target applications are currently absent.
In this thesis, performance limit and design strategy of phosphorene FETs will be discussed by means
of self-consistent atomistic quantum transport simulations using non-equilibrium Green’s function
(NEGF) formalism.

First, the scaling limit of bilayer BP FET is investigated. It is shown that, while the scaling of gate
dielectric monotonically enhances the overall performance of bilayer BP FETs, channel length can
only be scaled down to ~8 nm due to significant short-channel effects. Bilayer phosphorene FETs are
benchmarked against bilayer MoS, and WSe, FETs along with a monolayer phosphorene device,
which reveals that bilayer phosphorene FETs have favorable switching characteristics over other
similar 2D bilayer semiconductor devices, making both monolayer and bilayer phosphorene attractive
for future switching applications.

In general, thickness or the number of layers in 2D semiconductors is a key parameter to determine
the material’s electronic properties and the overall device performance of 2D material electronics.
Therefore, the impact of having different number of phosphorene layers on the transistor performance
is investigated next, considering two specific target applications of high-performance and low-power
devices. Our results suggest that, for high-performance applications, monolayer phosphorene should
be utilized in conventional FET structure since it can provide the equally large on current as other
multilayer phosphorenes (/,, > 1 mA/um) without showing a penalty of relatively lower density of
states, along with favorableness for steep switching and large immunity to gate-induced drain
leakage. On the other hand, more comprehensive approach is required for investigating low-power
devices, where operating voltage, doping concentration, and channel length should be carefully
engineered along with the thickness of phosphorene in the tunnel FET (TFET) structure to achieve

ultra-low leakage current without sacrificing on current significantly. Our extensive simulation results
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revealed that either bilayer or trilayer phosphorene can provide the best performance in TFETs with
the maximum /,,/I,5 of ~2x10" and the subthreshold swing as low as 13 mV/dec. In addition, our
comparative study of phosphorene-based conventional FET and TFET clearly shows the feasibility
and the limitation of each device for different target applications, providing irreplaceable insights into
the design strategy of phosphorene FETs that can be also extended to other similar layered material

electronic devices.
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Chapter 1 Introduction

1.1 Two-Dimensional Materials

For the last decade, graphene has attracted huge attention from various academic fields [1], [2].
The first demonstrated graphene was achieved by mechanical exfoliation from graphite by using a
sticky tape [1]. The quality of graphene obtained by this method is good although it suffers from the
limited sample size and low yield. Massive graphene can be achieved by reduction of graphite oxide
[3]. Nowadays, chemical vapor deposition (CVD) method is widely used to obtain high-quality and
large-scale graphene [4].

Graphene shows extremely high mobility, which can exceed 40000 cm” V™' s [5]. And also has
high thermal conductivity [6]. These suggest the great potential of graphene in next-generation
electronic devices and other applications. However, graphene suffers from zero bandgap, which
means the Lo,/Io is significantly limited. The zero bandgap nature results from the cone-shape valence
and conduction band structure, where the conduction band bottom meets valance band top at K point.
The six Dirac-cones are shown in Figure 1.1(a). The band structure of graphene is shown in Figure
1.1(b), which also shows the zero bandgap at K point. The near linear dispersion relation leads to

extremely high carrier mobility.

(a) (b) .,

10 - | |
| |
| |

5 I :
|
| |
g | |
| |
QL 0
L
-5
o %
1 0 . 0
ky (/b) T kx(afa)

Figure 1.1 (a) 3D band structure of graphene. (b) Band structure of graphene from I' point to K
point to M point and back to I' point.

There are several ways to obtain a bandgap in graphene: (1) To cut graphene into armchair-edge
nanoribbons of chirality of 3N or (3N+1) with width below 10 nm (N is the number of atoms in width

direction in GNR). The zigzag-edge graphene nanoribbon (GNR) is metallic and the (3N+2) group
1



armchair-edge GNR is half-metallic [7], [8]. In practice, it is difficult to control the width and the
orientation of GNR accurately, and disorders on edges always exist. The other drawback of this
method is the significantly degraded mobility down to only around several hundreds cm® V™' s™'; (2)
To apply strong vertical electric filed across multilayer graphene [9], [10]. However, it requires
electric field as high as 1 ~ 3 x 10’ V cm™ to open a small bandgap around 0.2 eV; (3) To apply
strains in graphene [11]-[13]. The bandgap opened by this method is also very small. Because of the
limitation of zero bandgap of graphene, new 2D materials with a reasonable bandgap and good

mobility are highly desired.

Recently, novel FETs based on layered black phosphorus (BP) have been demonstrated [14]-[16],
drawing significant attention in the electronic devices community. Bulk black phosphorus is a layered
material like graphite or bulk MoS,, and currently, thin layers of BP (also called phosphorene) can be
obtained by mechanical exfoliation [14], [15], like in the earlier stages of other 2D materials. Silicon-
based complementary metal-oxide-semiconductor (CMOS) technology has been standard in modern
semiconductor industry for the past decades without significant contenders to compete. However, as
consumer electronics are separated from power cords and become more diversified for various
applications such as wearable sensors and health care services, demands for new materials in
electronics have been dramatically increased. Two-dimensional (2D) layered semiconductors are a
class of novel materials that can provide new functionalities in electronics such as flexibility and

transparency due to their inherent thinness along with high carrier mobility [17].
1.2 Black Phosphorus

1.2.1 Crystal Structure

Phosphorus atoms are strongly bonded in-plane like carbon atoms in graphite. The layers formed
are weakly bonded through van der Waals forces, which are also similar to graphite. However, unlike
graphene, phosphorene is not a perfect 2D material since the phosphorus atoms are arranged in a
puckered honeycomb lattice. This difference makes band structure of phosphorene quite different
from graphene. It opens bandgap, which is critical to digital device applications. Carbon atoms in
graphene are bonded through sp2 hybridized orbitals, while phosphorus atoms in phosphoren are
bonded through sp® hybridized orbitals. Figure 1.2 gives the crystal structure of bulk form BP, which
is fully relaxed by first-principle simulations. The Brillouin zone path of phosphorene primitive cell is

also shown in Fig. 1.2.



___________

Figure 1.2 (a) Lattice structure of bulk black phosphorus. (b) High symmetric points of bulk
BP. In Fig. 1.2(a), the followings are shown: coordinate axes (X, y, z), lattice vectors (a, b, ¢) and

structural parameters (R1, R2) [18].

Since there’s no direct experimental data available for the atomic structure of few-layer BP, the
atomic structures of few-layer BP are achieved by relaxing structure of bulk form BP [18]. Figure 1.3
shows the atomic structure of few layer BP from top view, its associated Brillouin zone, and the side
view of atomic structure of bilayer BP. The structure changes slightly from bulk form to monolayer
form. Related structure properties are shown in Table 1.1. The size of unit cell a increases abruptly
from bilayer to monolayer. The lattice parameter a, decreases gently by 0.11A from bilayer to bulk
BP, whereas b increases by 0.02 A. The interlayer spacing is almost constant around 3.20 A. Like
graphene, the honeycomb structure of phosphorene leads to two inequivalent directions, X and Y
directions, which are also known as armchair and zigzag directions. Unlike graphene, phosphorene
shows strong in-plane anisotropic electrical transport behavior, which means the transport property

along X direction is different from Y direction. This will be discussed in details in later chapters.
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Figure 1.3 (a) Top view of the atomic structure of the monolayer BP. (b) The associated

Brillouin zone. (¢) (d) Side views of the atomic structure of the bilayer BP [18].

Table 1.1 Structure properties of bulk and few layer BP. a, b are lattice constant, Ac describes

the interlayer spacing between two adjacent BP layers, #1 and 62 are bond angles. There are

slight differences in #1 and 62 between the outermost and inner layers [18].

Ni a(R) b(A) Ac(A) R1(A) R2(A) 01/61'(°) 62/62'(°)
1 4.58 3.32 3.20 2.28 2.24 103.51 96.00

2 4.52 3.33 3.20 2.28 2.24 102.96 96.21/95.92
3 4.51 3.33 3.20 2.28 224 102.81/102.74 96.30/95.99
4 4.50 334 3.20/3.21 2.28 224 102.76/102.67 96.34/96.01
5 4.49 334 3.20/3.21 2.28 224 102.71/102.63 96.37/96.05
Bulk 4.47 3.34 3.20 2.28 2.25 102.42 96.16




1.2.2 Band Structure

One of the unique properties of BP band structure is its dependence on the number of layers, and
the bandgap remains direct at I point. Figure 1.4 shows the band structure of monolayer, bilayer,
trilayer and bulk BP. The light lines are band structures predicted by GW, approximation, the dark
lines are predicted by tight-binding method adopted in later chapters [19]. The tight-binding method
gives a good approximation compared with first-principle method. The theoretically predicted
bandgap strongly depends on the applied method, but they commonly exhibit thickness dependence.
The bandgap decreases as the number of layer increases. From around 2 eV in its monolayer form, it
monotonically decreases to around 0.3 eV for the bulk BP. One can use certain number BP for
specific applications. Notably, the 0.3 eV to 2 eV bandgap range cannot be covered by other 2D
materials. In this regard, BP can bridge the gap between zero bandgap graphene and larger bandgap
transition metal dichalcogenides family. This energy range is especially suitable for thermal imaging,
telecom, thermoelectric and photovoltaic applications. BP also provide opportunities in novel flexible

and transparent devices where using conventional 3D materials might be challenging [20].
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Figure 1.4 Electronic band structures calculated for a few-layer and bulk BP by using the GW,
approximation (light lines) and within the TB. Fermi level corresponds to the center of the gap.

High-symmetry points of the Brillouin zone are shown in the insets [19].

1.2.3 State-of-the-art BP Electronic Devices

It has taken significant less time to get various kinds of nanodevices for BP than for graphene. This
is because most of the experiences built up during past decades for graphene devices can be applied to
BP directly. Figure 1.5 gives several examples of BP devices with various functionalities. In Figure
1.5(a), the ambipolar field-effect transistor shows a large on-off current ratio (up to 10°) and high hole
mobility (up to 1000 cm? V! s'l) [14]. While most TMDs like MoS, and WS, are n-type, as-grown
BP is p-type, which is a good complement to build basic components of circuits in CMOS
technology. Figure 1.5(b) gives an example of PN junction with electrostatic split-gate geometry [21].
This can be applied to photovoltaic effect in solar cells to separate electron-hold pairs by electric field
across PN junctions. Figure 1.5(c) gives a different example in nano-electromechanical applications

[22]. The resonance frequency of BP nano-resonator lies in MHz by utilizing the reduced dimensions
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and low mass of BP nanosheets. By coupling BP transistors to a silicon waveguide optical resonator,
an ultrafast photodetector is fabricated shown in Fig. 1.5(d) [23]. Finally, a potential demonstration of

BP in logic circuit application is shown in Fig. 1.5(e) [15]. An inverter amplifier is fabricated by
coupling a n-type MoS, transistor with p-type BP transistor.
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Vg ( gs (MV) Frequency f (MHz)
d & 5 — —— Low doping, Vg =~8 V. e
S —— High doping, V5= 8V 15
g 12
g 09
¢ > =
§ >§ 06
'c—é {03
g {00
10 i 1_63 i 1—65 1_67 i 169 -10 -8 -6 -4 -2
Frequency (Hz) Vin (V)

Figure 1.5 Various BP based nanodevices: (a) Ambipolar field-effect transistor (b)
Electrostatically gated PN junction displaying photovoltaic effect (c) Nanoelectromechanical

resonator vibrating in MHz (d) High frequency photodetector (e) Inverter amplifier based on

MoS; and black phosphorus transistors [20].

1.3 Simulation Approach

In this thesis, the transport properties of BP FETs are simulated based on the non-equilibrium
Green’s function (NEGF) formalism with a tight-binding approximation, self-consistently with
Poisson’s equation [24]. A three terminal device with source, drain and gate is shown in Fig. 1.6. H is
the Hamiltonian matrix for the channel region, U describes the self-consistent potential inside the
device. X, and X, are contact self-energies, describing the electron injection at the channel-contact
interfaces. Green’s function is calculated for the electron density, which is used in Poisson’s equation

7



to solve electrostatic properties. The calculated potential profile is, in turn, used in NEGF equations to
update charge density. These steps will be performed iteratively until a self-consistent result can be

achieved.

U

Poissonf _NEGF

Figure 1.6 Iterative procedure for calculating charge density ( p) and potential (U) self-

consistently.

1.3.1 Non-equilibrium Green’s Function Formalism

The retarded Green’s function at give energy is
G=[ElI-H-%, —2,]"L

In this equation, H is the Hamiltonian which can be based on effective mass, or k - p or tight-
binding method. Self-energy matrices £, and X, describe coupling between the channel region and

source/drain contacts.

The broadening function is described as I'; , = i(Z1, — 21,2+), which is the anti-Hermitian part of
“self-energy” matrix. The spectral function is described as A(E) = i(G — G*) =G" + GP = A, +
A,. The spectral function [A] represents the matrix version of the density of states per unit energy,
and the correlation function [G"] is the matrix version of the electron density per unit energy. The
electron correlation function can be described as G™(E) = G(Tyf; — ILf>)G*. In this equation, f; is

the source Fermi function and f; represents drain Fermi function. The current /; at terminal i can be



written in the form I; = (—q/h) fj;o dET,(E) with I, = Trace[T;Alf; — Trace[T;G"]. In this way,

the current at two terminals is given by

L =217 dET; [AB)A(E) — GM(E)],

I =217 dET, [AE)f,(E) — G(E)],
The transmission can be combined to write

I = L =TE)(f(E) - £(E)),

where T(E) = Trace[T}A,] = Trace[l,A]
The current / in the external circuit is given

I'=(a/m) [ ) dETE)(1(E) ~ f>(ED),

It should be mentioned that all the simulations performed in this thesis are based on ballistic

transport without considering scatterings due to the relatively short channel length.



Chapter 2 Hamiltonian Matrix for Black Phosphorus

2.1 Simplified Parameters

The parameters adopted in this section are tailored exclusively for monolayer and bilayer BP [25].
For multilayer BP, bandgap will be overestimated using these parameters. First, we analyze the
crystal structure of BP. There are four atoms in one unit cell, and all the interactions can be include in
one unit cell. The unit cell is shown in Figure 2.1 with interactions to neighbor cells. In Figure 2.1 (b)
and (c), we give the top view and side view of BP unit cell with numbering of Phosphorus atoms.
The order of numbering is import since different numbering can lead to different Hamiltonian matrix.
The intralayer and interlayer interactions are shown in Figure 2.2 and the hopping parameters are

listed in Table 2.1.

(a) (b)

AN (c) )

A v

Figure 2.1 (a) Crystal structure of bilayer BP. The dark red layer represents top layer and light
blue layer represents bottom layer (b) Top view and (c) Side view of BP unit cell with atom

numbering.
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Table 2.1 Intralayer () and interlayer (h) hopping parameters of tight-binding parameters for
monolayer and bilayer BP [25].

Intralayer (t) (eV) Interlayer (k) (eV)
1 -1.220 0.295
2 3.665 0.273
3 -0.205 -0.151
4 -0.105 -0.091
5 -0.055

Figure 2.2 Intralayer and interlayer interactions in bilayer BP [25].

2.1.1 Intralayer Interactions in Monolayer BP

We first start from intralayer interactions in monolayer BP. We will use ¢, to ¢s represent intralayer
hopping parameters. The Hamiltonian matrix can be written as:
t;, 0 t, t,

“lt, t, 0 t
ts t, t; O
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0 0 0 0
|tz 0 0 0
ﬁ_t4t500
t, t, t3 O
0 0 0 0]
y=t100t4
ty 0 0 t;
0 0 0 O
0 0 0 0
5. —|ts 000
71, 0 0 0
0 0 0 0

0 0 0 0
s.-10 0 00
2710 0 0 0
0 t, t3 O

2.1.2 Interlayer Interactions in Bilayer BP

To simplify the way of writing Hamiltonian matrix for bilayer BP, we only need to add the

interactions between top layer and bottom layer in monolayer BP Hamiltonian matrix.

1%t Layer e—e

Bottom to Top it Top to Bottom

2" Layer

Even

Figure 2.3 Interlayer interactions in bilayer BP unit cell with atom numbering.

The monolayer BP Hamiltonian matrices we got in last section represent the first layer form, which

applies to all odd layers. Thus we name them as

12



a =
odd = It, t, 0 t;

0 0 0 O

ez 0 0 0
ﬁodd - t4_ t5 0 0
t, t, tz O

[0 0 0 O]

|t 00 4

L0 0 0 Ol

0 0 0 O]

s _|ts 000
toad " ft, 0 0 0
0 0 0 ol

0 0 0 O

s _[0 0 00
20dd " [0 O O O
0 t, t; O

For all even layer BP, the Hamiltonian matrices can be written as:

= T
Heven = Aodd

— T
ﬁeven - ﬁodd

Yeven = Yodd T

_ +
61 even 610dd

_ +
62 even 62 odd

If we number the top layer as the 1% layer and the bottom layer as the 2™ layer, the interactions
from to layer to bottom layer are described in Hamiltonian matrix with subscript 728, the interactions

from bottom layer to top layer are described in Hamiltonian matrix with subscript B27.

h, h, 0 0 h, h, 0 0
g B2 b 0 0 |y hy 0 O
BE=1o0 o0 o0 ol %" " Jo 0 0 0

0 0 0 O 0 0 0 O



0 0 0 O hy h, 0 0
oo 0 o0 _|h, hy O O

0 0 0 O 0 0 0 O

hy hy 0 0 0 h; 0 0
_|hs 0 0 0 hy hy 0 0
Y12B = 0 0 0 O;VBZT_ 0 0 0 0
0 0 0 0 0 0 0 O

0 0 0 0] [0 hy 0 O

5 _|0 0 0 o], hy hy, 0 0
26 " [0 0 0 of "'B2r 0 0 0 0
0 0 0 ol (o0 0 0 0

0 0 0 0] [hy hy 0 0

5 _|0 0 0 o], _|hs 0 0 0
2r2B [0 0 0 0]”°2%B2T |0 0 0O O
0 0 0 ol (0 0 0 0

For the bilayer BP, the final 8 by 8 Hamiltonian matrix can be described as

_ [@odd aTZB]
Ap2r  ®even

B = [ﬁodd IBTZB]

ﬁBZT ﬁeven

_ Yodd VrzB]
YB2r Veven

5, = [61odd 51T23]

6182T 61 even

85, = [620dd 52T23]

5282T 52 even

2.1.3 Interlayer Interactions in Multilayer BP

Even though the simplified parameters can’t predict multilayer BP band structure, the method
adopted here is helpful to understand the tight-binding method. And we are using the similar method
to get Hamiltonian matrix by advanced tight binding parameters. The simplest multilayer form BP is
trilayer BP. The unit cell structure combined with atom numbering is shown in Figure 2.4. Similarly,

we use dark red color to represent top layer. The next layer is shown by light blue color.
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Odd

Even

Odd

Odd
Top to Bottom

Even
Top to Bottom

Figure 2.4 Interlayer interactions in trilayer BP unit cell with atom numbering.

The interactions from 1% layer to 2" layer can also be used to describe interactions from odd layer

to even layer. In order to have a naming convention for unity, we name the interaction from 2" layer

to 1% layer as odd layer bottom to top, similar for the rest. In this way, we will rename these interlayer

interactions as

hy hy O

_|h2 hy O
aOddTZB - 0 0 0
0 0 O

0 0 O

o o0 o

ﬁOddTZB - 0 0 O
0 0 O

hy hy O

lrs 0 0
YOddTZB - 0 0 0
0 0 O

o o oo

o O O O

o O O O
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0 0 0 O] 0 hy; 0 O]

5 _lo 000 5 _|hs hy 0 0
loddr2p 0 0 0 ol Loddpar 0 0 0 O

0 0 0 ol 0 0 0 O

00 0 0 hy hy 0 0]

s _ 0 0 0 O 5 _ h; 0 0 O
2o0ddT2B 0 0 0 ol Zoddpar 0 0 0 O

0 0 0 ol L0 0 0 O

Similarly, the interactions from 2™ layer to 3" layer can be classified into interactions between
even layer and odd layer. In this way, the numbering should be changed accordingly to convert to
bilayer system. The converted unit cell structure is shown in Figure 2.5. Since in this unit cell
structure, the top layer is even numbered layer, it is light blue colored. The bottom layer is odd

numbered layer and dark red colored.

2" Layer

Even Even Even

Bottom to Top Top to Bottom
3rd Layer m—@

Odd

Figure 2.5 Interlayer interactions in reduced trilayer BP unit cell for interactions between

second layer and third layer, and with atom numbering.

The Hamiltonian matrices describing interlayer interactions between second layer and third layer

can be written as:

0 0 0 O 0 0 0 O
0 0 0 O 0 0 0 0
Oevenryp = 0 0 hl h2 ’ QXevenprr = 0 0 h1 hz
0 0 h, hy 0 0 h, hy
0 0 0 O 00 0 O
0 0 0 O 00 0 O
ﬁevenTZB = 00 0 ol ﬂevenBZT =lo o h, h,
0 0 0 O 0 0 h, hy
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Yevenyp =

S O OO

61 =
evenT2p

82
evenT2p

|
oo oo

oo oo

0 O 0

0 0 0 _
0 0 h3 ’ VevenBZT -
0 hy hy

0 0 O]

0 0 O 5

0 0 of levengar —
0 0 Ol

0 0 O]

0 0 O 5

0o 0 of 2evenpar
0 0 Ol

00 0 0]
00 0 O
0 0 0 hs
0 0 hy hyl
0 0 0 0]
oo 0 o
0 0 0 hs
0 0 h; hy
0 0 0 0
oo 0 o
“lo 0o h, hs
0 0 h; O

Since we have got the Hamiltonian matrices for odd and even layer BP describing intralayer

interactions, and also Hamiltonian matrices describing interlayer interactions between odd and even

layers. The trilayer BP Hamiltonian matrices can be written as:

5>

®odd

aoddBZT
0

[ Boda

ﬂoddBZT
0

Yoda
yOddBTZ
0

610dd

610dd}32'1‘
0

52 odd

620ddBZT
0

Xodd T2B 0
Aeven Aeventyp
aevenBZT Xodd
ﬁodd T2B 0
Beven Beven T2B
ﬁevenBZT ﬁodd
Yodd T2B 0
Yeven Yevent,p
VevenBZT Yodd
610dd T2B 0
8 8
even evenrTp
613venBZT 610dd
62 oddT2B 0
2 52
even evenrTp
6Zeven327~ 620dd

For multilayer BP, we can just add matrix in the diagonal and the upper and lower diagonal

elements accordingly. If we know the Hamiltonian matrix of n layer BP as @y, B, ¥n, 81, 62,,, if the

n"™ layer is odd layer, the Hamiltonian matrix of n+1 layer BP would be:
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a _ an Xodd TZB]
n+l _aoddBZT Hepen
ﬁ _ ﬁn IBOdd T2B
n+l — )
_ﬁoddBZT ﬁeven
_ Yn Yoda TZB]
Vni1 _VoddBZT Yeven
5 _ 811[ 610dd T2B
1n+1 — ’
8y oddgaT 8 even
5 _ 6211 620dd T2B
2n+1 —
&, oddgaT 8, even

If the n™ layer is even layer, the Hamiltonian matrix of n+I layer BP would be:

« _ a, aevenTZB]
n+l _aevenBZT Xodd
ﬂ _ ﬂn ﬁevneTZB
n+1 — )
_ﬁevenBZT ﬁodd
_ Yn VevenTZB]
Vni1 _yevenBZT Yodd !
_ 6111 51evenT23
61n+1 - S ’
levenpor lodd
_ 62n 62evenT23
62n+1 - S
2evenpgoT 20dd

2.2 Advanced Parameters

The parameters adopted in this section are tailored for multilayer BP. It can give good predictions
on band gap from monolayer up to bulk form BP. Since the intralayer interaction tg can not be
included in one unit cell. A supercell structure is used for advanced tight binding parameters. The
structure of supercell is shown in Figure 2.6 with neighboring supercells. Figure 2.6 (b) and (c) give
the top view and side view of supercell and the corresponding numbering. The hopping parameters

are listed in Table 2.2. And the intralayer and interlayer interactions are shown in Figure 2.7.
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Figure 2.6 (a) Crystal structure of bilayer BP using supercell. The dark red layer represents top

layer and light blue layer represents bottom layer (b) Top view and (c) Side view of BP

supercell with atom numbering. The x, y and z axes are following Figure 1.3.

Table 2.2 Intralayer (t) and interlayer (h) hopping parameters of tight-binding parameters for
multilayer BP [19].

Intralayer (t) (eV) Interlayer (h) (eV)
1 -1.486 6 +0.186 1 +0.524
2 3.729 7 -0.063 2 +0.180
3 -0.252 8 +0.101 3 -0.123
4 -0.071 9 -0.042 4 -0.168
5 +0.019 10 +0.073 5 +0.005
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Figure 2.7 Intralayer and interlayer interactions in bilayer BP using advanced tight-binding

parameters [19].

2.2.1 Intralayer Interactions in Monolayer BP

To simplify Hamiltonian matrix, the 8 by 8 matrices are decomposed into four 4 by 4 matrices

0 t; t5 tg

_ tq 0 t, ts _
a1 = te t, 0 & y 12 =
te ts t; O
t; 0 0 0
_ |ty t; 0 O _
P11 = P22 = te tg t; O JBiz =
ty &5 &4 ty
0 tg 0
0O 0 O
Y11 = V22 = 0 0 0 V12 =
0 0 tg
[0 0
0 0
8119 = 01y = 01y, = 0 0
0 0
[0 0
0 0
0211 = 0255 = 029, = 0 0
0 O

o O oo

o o oo

20

tg
t3
0

cooo

oS o oo

0t
3 4
tg i3

18250 =

_ T —
y 021 = 12,0 = 017

0
0
0 :.321 =
t1o
ty
0
tg y V21 =
t3
0ty
0t
ty tio
ts &9
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o o or
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As there are also even and odd layers, the odd layers (which consists 1%, 3“1, 5" and so on)

intralayer interactions can be expressed as

a11

Xodd = [a21
_[B1a

odd — ,[)’21
Y12

Yodad []/21
5 _ 6111
lodd — 5121
5 _ 5211
20dd 5221

“12]
A22

ol

e

5112
6122

5212
5222

The even layer intralayer interactions can be expressed as:

— _ T
Hepen = aoddT: ﬁeven - ﬁodd » Yeven =

2.2.2 Interlayer Interactions in Bilayer BP

|
|

T = 1- =
Yodd ' 6161767‘1. 61 odd ’ 52 even 62 odd

_I.

We will also use four 8 by 8 matrix to represent 16 by 16 Hamiltonian matrix of bilayer form. And

we will use similar steps adopted in simplified tight binding matrix method, to get multilayer

Hamiltonian matrix. Because of the supercell structure, we can decompose the 8 by 8 matrix into 4 by

4 matrix by using Hamiltonian matrix of unit cell structure. For the unit cell structure, we use the

same notations as in previous chapter to represent interlayer interactions. For interactions from odd

layer to even layers (1% to 2" 3" to 4™ and so on), we will use ®odd 5 tO Tepresent interlayer

interactions from top layer to bottom layer, @yqq 5, to represent interlayer interactions from bottom

to top layer, the same for the rest. The Hamiltonian matrices describing odd to even layers are as

follows:
hy hy, 0 0
|k mo0 0 _
aoddTZB - 0 0 0 0 ) aoddBZT -
0O 0 0 O
0 0 0 O
0 0 0 O
ﬁOddTZB = oo o0 ol ﬂoddBZT
0 0 0 O

21

o O © O

o O O O



hy hs hg O 0 h; 0 0
_lhy 0 0 hg _[h3 Rt O O
yOddTZB - 0 0 0 0 ’ yOddBZT - h5 0 0 O
0O 0 0 O 0 hs 0 O

0 0 0 0] 0 hz 0 0]

5 oo o0 o0 5 _|hs hy 0 O
Yoddr2 ~ [0 0 0 0] toddpar "0 0 0 0
0 0 0 o0 0 0 0 o

0 0 0 0] hy h; 0 0]

s 10 0 0 O 5 _lhy 0 0 O
Zoddr28 ~ [0 0 0 O Zoddpar — |0 0 0 0
0 0 0 o0 L0 0 0 o

The Hamiltonian matrices describing even to odd layers are as follows:

0 0 0 O 0 0 0 O

oo 0o o oo 0o o
Oevenryp = 0 0 hy hy| Qevenpyr = 0 0 hy h,
0 0 h, h, 0 0 h, h,

0O 0 0 0 0 0 0 O

1o 0o 0 o0 {00 0 O

ﬂevenTZB - 0 0 0 0 ’ ﬂevenBzT - 0 0 h4 hZ
00 00 0 0 h, hy
0O 0 0 O 0 0 hs O
{0 0 0 ©0 _ {0 0 0 hs
Yevenr2p = |ng 0 0 hg|® Yevensar Tlo 0 0 ks
0 hg hy hy 0 0 hy hy
0 0 0 0] [0 0 0 0]

5 _lo 0o 0 o0 5 _|0 0 0 0
levent2e — 0 0 0o ol levengor — |10 0 0 hy
0 0 0 O [0 0 hy hyl

0 0 0 O] 0 0 O 0

5 10 0 0 0 5 _ 0 0 O 0
2event2 |0 0 0 o0l 2evengar ~ |0 0 hy hyg
0 0 0 O 0 0 hy 0

Now we can use these 4 by 4 matrices to represent the interactions for supercell structure. For

interactions from odd layer to even layer, like 1% to 2™, 3™ to 4™ and so on, we will use agpp rop 10

represent the interlayer interactions from top to bottom layer, appp g, to represent the interlayer
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interactions from bottom to top layer, same for the rest. (Capital letters are used here to distinguish

from interlayer interactions in unit cell structure.) The Hamiltonian matrices are as following:

1. -
a _ [yoddBZT Xodd T2B
ODD -
T2B Xodd T2B Yoda T2B
ﬁ _ 520(1(1 T2B ﬁOdd T2B
OoDD - ’
28 ﬁOddTZB SloddTZB_

14 0]
Yobbp T2B = [ Odc(i)TZB 0l )

[610ddT23

lopp
T2B 0 0

0 0
620DD T2B = [0

)
620ddTZB_

—yoddBZT aOddBZT
Qopp =
B2t -aoddBZT )/OddTZBT
IB _ 510dd32T ﬁOddBZT
oDD -
B2t _ﬁOddBZT 520dd32T
[0 0
VODDBZT - _0 yOddBZT
5 0 0
10DDBZT — |0 510ddBZT
P = SZOddBZT 0
ZODDBZT 0 0

For interactions from even layer to odd layer, like 2™ to 3, 4™ to 5" and s on, the interlayer

interactions are: (Capital letters are used to distinguish from unit cell form)

Yeven T2B Teven T2B |
XEVEN 25 = t»
Qevenyp  Yevenpyr |
B _ SZevenBZT ﬂevenBZT
EVEN - ’
28 :BevenBZT 5leven32T_
0 0
VEVENT2B = |0 Yevenpygl’
5 [0 0
1gvENT25 ~ |0 51€V€nTZB- ’

5 = O2even T2B
2EVENytoD 0

o
0 )

Yeventy,p  %evenpyr
XEVENDtou ~ |g t
evengyr Yevenpgor
B _ 61evenT23 ﬁeW?nTZB
EVEN -
Dtoy ﬁeve"TZB (Szeven'rzg
_ |Yevengor 0
YEVENptoy = [ 0 0

61 even 0]
B2T

61EVENDt0U = [ 0

0
62EVENDt0U = [0

0

-
&, evenpgoT

Once we have all the interlayer interactions, we can get any multilayer Hamiltonian matrix by

using the following method: If the n™ layer is odd layer and the a,, represent the Hamiltonian matrix

of n layer BP, the Hamiltonian matrix of n+1 layer BP would be:

a,

Apt+1 =

23

®opp B2T

AopD T2B
XEVEN



B _ ﬂn IBODD T2B
n+1 — )
ﬁODDBZT ﬁEVEN
[ Yn Yobp TZB]
YTI,+1 = )
Yobpgr  VEVEN
6 _ 611’[ 610DD T2B
1p+1 — ’
81 0ODD BT 51EVEN
6 _ 821[ 62 ODD 2B
2n+1
8> ODDRBoT 62EVEN

If the n™ layer is even layer, the Hamiltonian matrix of n+I layer BP would be:

« _ an, aEVENTZB]
17 ApyEN gor Qopp
_ ﬂn IBEVEN T2B
ﬁn+1 - )
_ﬁEVENBZT ﬁODD
_ Yn VEVENTZB]
Yuie1 = |ypypy B2T Yopp |
5 _ 61n 51EVENTZB
1n+1 — ’
81 EVEN BT &1 oDD
5 _ 6211 62EVENTZB
2n+1 —
5ZEVEN32T 52000

2.3 Zone Folding in Advanced Tight-binding Parameters

Since the simplified tight-binding parameters are tailored for monolayer and bilayer. The band
structures calculated are shown in Figure 2.8. The Fermi level is shifted to the mid-bandgap by
adding additional element At¢ to diagonal elements in a matrix. The bandgap for monolayer and
bilayer BP are 1.52 and 1.12 el respectively. Both monolayer and bilayer BP show direct bandgap

and the minimum bandgap lies in I" point.

The band structures predicted by advance parameters are shown in Figure 2.9. From (a) to (d), band

structures of monolayer to tetralayer BP are shown. The bandgaps are 1.84, 1.15, 0.85 and 0.70 eV

respectively. They all show direct bandgap and minmum bandgap lies in I point.
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Figure 2.8 (a) Monolayer and (b) Bilayer band

parameters.

We notice band folding in band structures predicted by advanced tight-binding parameters. This is
25

Figure 2.9 (a) Monolayer and (b) Bilayer (c) Trilayer (d) Tetralayer BP band structure
because the supercell structure is adopted. The real space supercell is doubled, thus the & space is half

calculated by advanced tight-binding parameters.



of original Brillouin zone. The zone folding is shown in the inset figures in Fig. 2.10. Using

monolayer BP as an example, we show how bands are folded from I" point to Y point.
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Figure 2.10 (a) Monolayer band structure using simplified tight-binding parameters. (b)
Monolayer band structure using advanced tight-binding parameters. The red panels show how

bands are folded from I' to Y point. The inset figures show the k space folding.
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Chapter 3 Performance Limit of Few-Layer Phosphorene FETs

3.1 Motivation

Recent experiments of few-layer phosphorene FETs exhibited promising device characteristics
such as large current ratio (maximum Ion/10ﬁ~105) and high field-effect mobility (up to 1,000 cm?/V-s
at room temperature) [14], [15]. On the other hand, performance limits of phosphorene FETs have
been projected through numerical device simulations [26]—[28]. However, most theoretical studies
have focused on monolayer phosphorene FETs, and little is known about few-layer phosphorene
devices [29]. In particular, the role of multiple layers in the device performance is vague due to the
trade-off of the channel thickness: Multiple layers may deliver a higher current than a monolayer
because of larger density of states, but at the same time, the thicker channel has a disadvantage in
electrostatic control by the gate. Moreover, atomistic quantum transport simulation of few-layer
phosphorene FETs is currently absent, and the scaling limit of such devices is unknown. This calls for
careful investigation of few-layer phosphorene FETs using rigorous atomistic quantum transport
simulations to develop advanced knowledge of novel phosphorene devices towards proper design
optimization and performance engineering.

In this chapter, we investigate the transport characteristics of bilayer phosphorene FETs, which are
essentially different from monolayer devices, representing the simplest form of few-layer FETs. We
use two different device structures of single-gate (SG) and double-gate (DG) device geometries and
compare their device performance. Various equivalent oxide thickness (EOT) and channel length (L)
are used to investigate the scaling limit of bilayer phosphorene FETs, and our simulation results
reveal that bilayer phosphorene FETs can be scaled down to ~8 nm without significant degradation in
the off-state characteristics. We also benchmark bilayer phosphorene FETs against monolayer
phosphorene and bilayer transition metal dichalcogenide (TMDC) FETs, which reveals that the
bilayer phosphorene FET outperforms other similar 2D devices based on bilayer TMDC
semiconductors, making both monolayer and bilayer phosphorene FETs strong contenders for next-

generation switching devices.

3.2 Simulation Settings

Transport properties of FETs are simulated based on the non-equilibrium Green’s function (NEGF)
formalism with a tight-binding approximation, self-consistently with Poisson’s equation. We use five

intralayer hopping parameters (¢, = —1.220 eV, t, = 3.665 eV, t; = —0.205 eV, 4 = —0.105 eV, t; =
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—0.055 eV) for each layer, and four additional parameters (t;; = 0.295 eV, t;, = 0273 eV, t,3 =
—0.151 eV, t 4 = —0.091 eV) to describe the interlayer coupling of bilayer phosphorene (£, = 1.12
eV) [25]. Charge density and current are calculated by the numerical summation of transverse
momentum [30], for which equally spaced 800 points are taken within the first Brillouin zone. Open
boundary condition is treated by contact self-energies, which are numerically calculated using the
Sancho-Rubio method [31]. The potential of each layer in bilayer phosphorene is independently
treated in atomistic resolution in Poisson’s equation, which is in turn combined with the Green’s
function for the transport calculation. Two different transport directions are considered: I' - X
(referred to as X direction in the subsequent discussion) and I' = Y (similarly, Y direction). Figure 3.1
depicts the atomistic structure of bilayer phosphorene, where X and Y directions are specified. We
use a SG structure with SiO, insulator (x = 3.9), like most experiments [14]-[16], and a DG structure
with high-k gate dielectric is also considered to examine how device performance can be improved
beyond the recent experimental settings. Source and drain are 15-nm long and p-doped with Ngp =
2x10% ¢cm™ (most experiments exhibited p-type behaviors [14], [15]). Channel length is 10 nm for
the nominal device and is varied from 4 to 20 nm for a scaling study. The gate oxide thickness is 3.14
nm for both SG and DG structures. Ballistic transport is assumed due to short channel lengths. Power

supply voltage of Vpp =0.5 V is used, and the room temperature is assumed.

(a) (b)

G G
Zro, Zr0,
(S w0 S o
Zr0, ZrO,
G G

Figure 3.1 Device structure of (a) monolayer and (b) bilayer BP FET with double-gate geometry
with 3-nm-thick ZrO; (¥=23) insulator. Source/drain and channel lengths are Lsp=15 and L, =
10 nm, respectively. Source and drain are p-doped with Ngp = 2x10*" em™. Vpp is —0.5 for

PMOS [32].
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3.3 Device Performance of Monolayer and Bilayer BP

Figure 3.2(a) shows the transfer characteristics of bilayer phosphorene FETs using a SG and a DG
device structure in X transport direction. Although a SG bilayer phosphorene FET can exhibit
reasonably good characteristics (i.e., maximum achievable current ratio > 106, 1,, > 1 mA/pm), our
simulation shows that there exists significant room to improve the overall device performance
through a better electrostatic control: By using a DG device structure with ZrO, dielectric (x = 23),
SS (= dV;/d1log1¢(Ip)) can be close to the ideal value (66 mV/dec rather than 124 mV/dec), I,, can
be even larger (>3 mA/um), and transconductance (g,, = 0lp/dV; at Ip = 1 mA/um) can be
increased from 3.4 to 14.7 mS/um. Due to the anisotropic nature of bilayer phosphorene band
structure [18], we also examined the transport properties in Y direction in Fig. 3.2(b), where we can
observe the same trend as in X direction. Figure 3.2(c) shows I, vs. 1,/I,; for all four devices
considered in Figs. 3.2(a) and 3.2(b). It clearly demonstrates that DG structures (dashed lines) can
provide significantly larger /,,/I,; at the same on current (e.g., L./l increases by 10° at ,, = 1
mA/um). We can also point out that, for the proper operation range (i.e., I,, > a few hundreds of
pA/pum), X direction is preferable in terms of large /,, and I,./I,; which is attributed to smaller
effective mass of bilayer phosphorene in X direction than in Y direction [18]. The multi-gate structure
can improve not only the transfer characteristics but also output characteristics. Figure 3.2(d) shows a
clear saturation behavior using the DG geometry with 77% smaller output conductance, gq(=

dl,/dVp), as compared to the SG device.
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Figure 3.2 Device characteristics of bilayer phosphorene FETs. Ip— V¢ plots for SG (solid line)
and DG (dashed line) bilayer phosphorene FETs in (a) X and (b) Y direction at V', =-0.5 V. (¢)
I, vs. 1,,/1,5 for the four devices shown in (a) and (b). (d) Ip— V)p curves of bilayer phosphorene
FETs in X direction for SG (solid) and DG (dashed) structures at Vg =-0.6 V [33].

3.4 Effect of L., and EOT Variation

Next, we perform a scaling study of bilayer phosphorene FETs. EOT is one of the key parameters
determining the overall device performance, and therefore, we first investigate the scaling of EOT
using three different materials: ZrO,, Al,O3; (k = 9), and SiO, without changing the thickness (3.14
nm). Figure 3.3(a) shows g, and SS as a function of EOT, where our detailed simulations reveal that,
as EOT scales down from 3.14 to 0.53 nm, g, increases by 2.3 times and SS decreases from 91 to 66
mV/dec. Another key device parameter is channel length, and therefore, we also investigate the
effects of channel length scaling by varying L., from 20 nm down to 4 nm, using ZrO, gate dielectric.

Figure 3.3(b) shows the V, roll-off as channel length decreases. The threshold voltage of bilayer
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phosphorene FET is -0.57 V at L, > 15 nm, and it monotonically increases as L., decreases,
eventually becoming -0.43 V at L, = 4 nm. Figure 3.3(c) shows SS and drain-induced barrier
lowering, or DIBL = AV /AV}, (at 1,y = 0.1 nA/um), as a function of channel length. For the device
with L., > 15 nm, SS is close to the theoretical limit of 60 mV/dec. It gradually increases as channel
length scales down to ~8 nm, but it shows a sudden rise at ~6 nm, resulting in SS > 100 mV/dec at L.,
< 6 nm. The same trend can also be observed for DIBL. Therefore, we can conclude that bilayer
phosphorene FETs can be scaled down only to ~8 nm for better performance without significant
short-channel effects. Figure 3.3(d), which is energy-resolved current spectrum, /(E) (bottom axis)
with valence band (£,) profile along the device (top axis) for 6-nm channel, clearly explains the
reason. At L., < 8 nm, there exists a significant direct tunneling current from the source to the drain,
and therefore, bilayer phosphorene FETs exhibit the ¥y, roll-off and the significant increases of SS
and DIBL.
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Figure 3.3 Scaling of bilayer phosphorene FETs (using DG structure in X direction). (a)
Transconductance g, (solid line with circles; left axis) and subthreshold swing SS (dashes line
with crosses; right axis) as a function of EOT. (b) Threshold voltage V at various channel
lengths. (c) SS (solid line with circles; left axis) and DIBL (dashed line with crosses; right axis)
vs. L.y In (b) and (c¢), ZrO, is used for gate dielectric. (d) Energy-resolved current spectrum
(solid line; bottom axis) and valence band (E,) profile along the device (dashed line; top axis) for

6-nm channel at V=0V [33].

3.5 Comparison with TMDC FETs

It will be instructive to benchmark bilayer phosphorene FETs against other similar 2D
semiconductor FETs. First, we compare monolayer and bilayer phosphorene FETs in Fig. 4(a), where
both devices exhibit nearly ideal switching characteristics with SS = 62-66 mV/dec as well as

excellent on-state characteristics (/,, being a few mA/um; g, > 12 mS/um). For a comprehensive
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analysis, we have plotted /,, vs. 1/l in Fig. 3.4(b), which shows that both devices are equally
attractive for switching applications under the proper electrostatic control. However, we expect that
few-layer phosphorene FETs with a larger EOT can exhibit smaller /,, than the monolayer device at
the same 1/l as shown for TMDC FETs [34]. Such penalty with multi-layers can result from the
degradation of off-state characteristics rather than the on-state performance [26] due to nearly
identical effective mass for few-layer phosphorene [18]. In light of this, we compared SS of few-layer
phosphorene FETs (Table 3.1) using effective mass approximation. Although SS increases
significantly with the number of layers with SiO, gate dielectric, it remains nearly ideal (64-69
mV/dec) with an excellent electrostatic control through ZrO, gate oxide, indicating the potential of

few-layer phosphorene FETs for switching applications.
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Figure 3.4 Performance comparison of monolayer and bilayer phosphorene DG FETs. (a) Ip—
Ve plots for monolayer (solid line) and bilayer (dashed) phosphorene FETs in X direction at V),
=-0.5 V. (b) L, vs. 1,,/1,; of monolayer and bilayer phosphorene FETs in X and Y transport

directions [33].

Finally, we benchmark bilayer phosphorene FETs against other devices based on bilayer TMDC
semiconductors, i.e., MoS, and WSe, [34], using the same device parameters (L., = 9 nm, EOT = 0.5
nm with a SG device structure, Vpp = 0.5 V). Table 3.2 shows that the bilayer phosphorene FET can
deliver 13-20% larger I,, and I,./I,; compared to bilayer MoS, and WSe, FETs, showing better
switching characteristics. It is attributed mainly to the fact that effective mass of bilayer phosphorene
is smaller than that of bilayer MoS, and WSe; [34]. We also added the last column in the Table 3.2

for the 8-nm-channel DG bilayer phosphorene FET as a reference.
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Table 3.1 Subthreshold swing of few-layer phosphorene FETSs [33]

Number of Layer 1 2 3 4

SS DG ZrO, 64 66 67 69
(mV/dec) )

DG SiO, 77 85 93 99

Table 3.2 Comparison of device parameters of bilayer TMDC and phosphorene FETs [33]

Channel Bilayer Bilayer Bilayer Bilayer
Material MoS," WSe,' phosphorene phosphorene
L, (nm) 9 9 9 8
EOT (nm) 0.5 (SG) 0.5 (SG) 0.5 (SG) 0.5 (DG)
Ly(uA/um) 10° 10° 10° 10°
1, (LA/pum) 210 198 238 988
Lo Ly 2.1x10° 2.0x10° 2.4x10° 9.9%10°

"Gate length is 5 nm with 2-nm gate underlap on both sides [34].

3.6 Summary

We presented simulations of bilayer phosphorene FETs using self-consistent atomistic quantum
transport simulations. Our results exhibited that 10-nm-channel bilayer phosphorene FETs can
achieve excellent device characteristics such as /,, > 3 mA/um and SS ~66 mV/dec. While the scaling
of gate dielectric monotonically improves the overall performance of the device, the channel length
can be scaled down only to ~8 nm due to significant short-channel effects. Bilayer phosphorene FETs
have favorable switching characteristics over other similar bilayer TMDC devices. It is expected that
our comprehensive numerical study will provide the solid foundation for understanding phosphorene

FETs, thereby creating useful insights into device design and experiments.
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Chapter 4 Device Design Strategy towards High-performance and

Low-power Applications

4.1 Motivation

Recently, 2D semiconductors such as molybdenum disulfide (MoS,) or black phosphorus have
been explored for future electronic device applications [16], [35]-[37] and they exhibited promising
device characteristics such as high field-effect mobility (uerr > 1,000 cm’/V-s)[14], large on current
(Zon ~240 pA/um) [38], and large on-off current ratio (£,./Ly> 108) [39]. However, most 2D-material
electronic devices were studied individually without discussing the significance of the number of
layers, and therefore, comprehensive design strategies for different target applications are currently
absent, although the number of layers in 2D materials is strongly correlated to bandgap, density of
states, and gate efficiency, which are key parameters determining the overall device performance.
Thus, in this study, we will mainly discuss the engineering practice to optimize the number of layers
in 2D-material electronic devices for different target applications.

Here we use layer of black phosphorus or phosphorene for active material of FETs. The device
characteristics are investigated by means of self-consistent, atomistic quantum transport simulations
using tight-binding approximation. In the last chapter, we used limited tight-binding parameters,
which is tailored exclusively for mono- and bilayer phosphorene. In this chapter, we have carefully
chosen tight-binding parameters that can rigorously describe the band structure of multilayer
phosphorene as well as monolayer [19], in contrast to other previous studies where the electronic
states were approximated with effective mass [40], k-p [29], [41], or limited tight-binding parameters
[25], [27], [33], [42].

4.2 Simulation Method

Electronic states of few-layer phosphorene are described with a tight-binding approximation using
ten intralayer hopping parameters (tg =—-1.486 ¢V, tg =3.729 eV, tg =-0.252 ¢V, 1:!;| =—0.071 eV, tg
=-0.019eV, t) =0.186 eV, t! =—0.063 eV, t} =0.101 eV, t) = -0.042 eV, t!, = 0.073 V) and four
additional parameters (t; = 0.524 eV, t3 = 0.180 eV, t3 = —0.123 eV, t; = —0.168 eV) for interlayer
coupling, which can provide accurate band structure for multilayers as well as mono- and bilayer
phosphorene [19]. We have used the recursive Green’s function algorithm [30], where tri-diagonal

block matrix is required to find the numerical solution of the NEGF simulation efficiently. For this,
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we have constructed a supercell, including two unit cells in y direction, to take into account the long-
range interactions through tg as shown in Fig. 4.1(a), which cannot be included if only the nearest
unit cells are considered. By taking the supercell, the first Brillouin zone is reduced as shown in Fig.
4.1(b) due to zone folding, where I' point is overlapped with the Y point of the unit cell (denoted as
Yy) and X point with the S point of the unit cell (Sy). The consequent band structures of mono-, bi-,
and tetralayer phosphorene are shown in Figs. 4.1(c)—4.1(e) and the density of states (DOS) of the
same materials are numerically calculated in Fig. 4.1(f). In this study, we have explored mono- to
pentalayer phosphorene for the transistor applications, and their bandgaps and effective masses are

shown in Table 4.1.

E-E,[eV]
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0 —Tetralayer
0 1 2 3 4 5 6
D(E) [eV' m? x10'8
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n A O ©

E [eV]
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Figure 4.1 (a) Atomistic configuration of phosphorene (top view). Different colors are used for
top (cyan) and bottom (dark pink) layer for visualization. The red rectangle shows the supercell
that we have used in our simulation, which consists of two unit cells of phosphorene. A unit cell
is shown by the shaded region. (b) The first Brillouin zone of phosphorene using the supercell
(dark region) and the original unit cell (bright region), where arrows show zone folding. Band
structure of (d) monolayer (e) bilayer and (f) tetralayer phosphorene plotted using the
supercell. (f) Density of states (DOS) of monolayer, bilayer and tetralayer phosphorene near the

conduction band edge [43].
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Table 4.1 Bandgap and effective mass of mono- to pentalayer phosphorene in I'->X transport

direction [43]

Number of
1 2 3 4 5
Layers
E, (eV) 1.84 1.16 0.87 0.72 0.63
m; (m,,)T 0.19 0.18 0.17 0.16 0.15
my, (mo)T 0.2 0.17 0.16 0.15 0.14

Tmo is free electron mass.

Transport characteristics of mono- to pentalayer phosphorene FETs are simulated based on non-
equilibrium Green’s function (NEGF) formalism [24], where the Hamiltonian matrix is constructed
using the supercell as described above. The ballistic transport equation is solved iteratively with
Poisson’s equation until self-consistency between the charge and the electrostatic potential is
satisfied. We considered I'->X to be the direction of transport, which is also referred to as the
armchair direction in literature [26], [27]. Charge density and current are calculated by the numerical
summation of transverse modes. Two different device structures are considered: conventional FET
structure for high-performance applications and tunnel FET structure for low-power applications. The
nominal device has 15-nm channel length (L.;) and 20-nm source/drain extensions. The source and
drain are n-doped in conventional FETs, and p-doped source and n-doped drain are used for the
TFETs. The doping concentration at source and drain (Nsp) is 1.6x10" cm™. We use a single gate
(SG) for conventional FETs (Fig. 4.2(a)) following the recent experimental demonstrations [14], [44],
whereas a double-gate (DG) device geometry (Fig. 4.2(b)) is assumed for TFETs because the
electrostatic control is critical for abrupt switching in low-power devices [45], [46]. In both devices,
3.14-nm ZrO, (x = 23) or an equivalent oxide thickness (EOT) of ~0.5 nm is used and the dielectric
constant of phosphorene is 10 [47]. Scattering is ignored since it is expected that our devices will be
operated in ballistic or quasi-ballistic regime due to short channel lengths considered in this study.
For long-channel devices, scattering mechanism can reduce the drain current and also limit the
minimum leakage current and subthreshold swing, but its impact will be minimal for the size of

devices considered here. It is assumed that devices are operated at room temperature (300 K).
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Figure 4.2 Device structure of phosphorene field-effect transistors (FETs) with (a) single-gate
(SG) and (b) double-gate (DG) geometry. We have used mono- to pentalayer phosphorene for

the channel material (monolayer is shown here) [43].

4.3 High-performance Applications

We focus on high-performance applications using a conventional FET structure based on
phosphorene, where we investigate the impact of channel thickness on various device performance
such as on current, subthreshold behavior, and minimum leakage current. In general, for fast
switching speed, large density-of-states (DOS) materials are favorable for the channel and multiple
layers could satisfy such a requirement. However, at the same time, thicker channel can result in a
poor gate electrostatic control, increasing the leakage current significantly. Therefore, both on and off
states should be simultaneously investigated in designing high-performance 2D-material FETs to

maximize the device performance.

4.3.1 On-state Device Performance

First, we investigated the device characteristics of conventional FETs using various numbers of
phosphorene layers for the channel material. Figures 4.3 (a) and (b) are transfer characteristics of
mono-, bi- and tetralayer conventional FETs in linear and log scale, respectively. In terms of on-state
characteristics, no remarkable difference is observed among the devices where /,, > 1 mA/pm and g,
~15 mS/pum. This is because few-layer phosphorenes have almost identical electron effective masses
(Table 4.1) and DOS near the conduction band edge (at £ — E. < 0.3 eV in Fig. 4.1(f)) where the
majority of carrier flows. Although multilayer phosphorene has larger DOS than monolayer
phosphorene at higher energy levels, its impact on the /,, is minimal since the relevant energy states

are too far from the conduction band minima.
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Figure 4.3 Ip—V plots of conventional FETs based on monolayer (1L; line with circles), bilayer
(2L; line with crosses) and tetralayer phosphorene (4L; line with triangles) shown in (a) linear

and (b) logarithmic scale [43].

4.3.2 Leakage Current at Off-state

On the other hand, we can observe dissimilar off-state characteristics with different numbers of
phosphorene layers. In particular, the minimum leakage current can be significantly increased if
thicker phosphorene is used due to the smaller bandgap. Figure 4.3(b) shows that, as the gate voltage
is lowered, the off current of tetralayer phosphorene FET monotonically decreases to ~10® pA/um,
but /1,5 increases significantly beyond this point if the gate voltage is decreased further at Vg < —0.05
V. This is gate-induced drain leakage (GIDL) that is caused by band-to-band tunneling in small-
bandgap materials [41], [48]. We have plotted conduction and valence bands on top of the local
density of states (LDOS) of the tetralayer phosphorene FET at ¥z = —0.5 V in the left panel of Fig.
4.4(a), and the corresponding energy-resolved current spectrum is shown on the right. It is clearly
shown that the tunneling current is significantly larger than thermionic current (which cannot be even
observed in the current spectrum due to its negligible contribution to the total current). In comparison,
FETs based on larger-bandgap materials like mono- or bilayer phosphorene have more immunity to
GIDL and the minimum leakage current can be significantly smaller than that of multilayer

phosphorene FETs.
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Figure 4.4 (a) (Left) Conduction (E.) and valence band (E,) of tetralayer phosphorene FET
plotted on local density of states (LDOS; in log scale) at V¢ =-0.5V and V5 =0.5V, where E.
and E, are the average potential of four layers. u; , are chemical potentials at source and drain,
respectively. The arrow indicates band-to-band tunneling (BTBT). (Right) The corresponding
energy-resolved current spectrum. (b) Conduction band profile of each layer (without taking
the average) along the device in the tetralayer phosphorene FET at V'4=0.2 Vand V=05 V.
(c) Subthreshold swing (SS) of monolayer and tetralayer phosphorene FETs at various
equivalent oxide thickness (EOT) [43].

4.3.3 Off-state Device Performance

Subthreshold swing (SS) is one of the most important device characteristics at off state. Thicker
phosphorene shows larger subthreshold swing, although the difference is insignificant with EOT of
0.5 nm: SS = 61.9, 62.3, and 63.9 mV/dec for mono-, bi-, and tetralayer phosphorene, respectively.
This lower efficiency of the electrostatic control by the gate in tetralayer phosphorene FETs can be
observed in Fig. 4.4(b), which clearly depicts that the electrostatic potential of each layer is controlled
non-uniformly by the gate, unlike the monolayer FET. Even with very thin EOT, the potential barrier
heights show ~0.1 eV difference between the top and the bottom layers. As the EOT becomes thicker,
the performance degradation of gate electrostatic control in the tetralayer phosphorene becomes more
conspicuous, which can be seen in Fig. 4.4(c), where SS of tetralayer phosphorene FET at 2.3-nm
EOT is 22% larger than that at EOT = 0.5 nm, while monolayer shows only 10% increase for the

same change.

4.3.4 Summary on High-performance Devices Design Strategies

In view of the above results, we can conclude that monolayer can provide the best device

characteristics in phosphorene-based conventional FETs toward high-performance applications due to

40



the following reasons: (i) Monolayer guarantees the best electrostatic control by the gate, resulting in
the abrupt switching characteristics near the classical limit. (ii) Multilayer phosphorene suffers from
GIDL or band-to-band tunneling due to its small bandgap, which is not observed in the monolayer
phosphorene FET. (iii) In addition, monolayer phosphorene does not show any drawback in on
current and transconductance despite its relatively lower DOS, as compared to multilayer
phosphorene. From this perspective, engineering the number of layers in phosphorene-based
conventional FETs can be straightforward. However, things are getting more complicated if tunnel

FETs are taken into account, which will be discussed next in detail.

4.4 Low-power Applications

Engineering tunnel FETs (TFETs) by varying the number of layers could be more complicated
because trade-off exists between the thickness and the bandgap of 2D materials [49]. In principle,
monolayer can provide the best switching behavior, but its on current can be significantly limited by
the large bandgap, rendering it impractical. On the other hand, multilayer phosphorene can suffer
from large leakage current and poor electrostatic control, resulting in small on-off current ratio
(Low/loy), which is not desirable for low-power switching devices. Therefore, we carry out
comprehensive engineering practices to optimize the performance of phosphorene TFETs by varying
material and device parameters such as number of layers, power supply voltage, doping

concentration, and channel length.

4.4.1 Device Performance with Common Vpp

We first compare device performance of mono- to pentalayer phosphorene TFETs using a common
power supply voltage (Vpp) of 0.4 V, which is the maximum drain voltage (V) that can be used for
the pentalayer phosphorene (the smallest bandgap material considered in this study) TFET to avoid
significant leakage at off state. This limitation is clearly shown in Fig. 4.5(a), which is the band
profile of a pentalayer phosphorene TFET at the off state with the minimum leakage current, where
significant leakage current would be inevitable if a larger V', was applied. The transfer characteristics
of mono- to pentalayer phosphorene TFETs are plotted in Fig. 4.5(b), where pentalayer shows the
largest on current and also the largest leakage current due to the smallest bandgap. On the other hand,
the large bandgap of monolayer phosphorene (1.84 eV) imposes a huge tunnel barrier even at high
gate voltages, rendering it impractical for electronic devices under the give condition. Thus, we have

plotted the subthreshold swing only for the rest four devices in Fig. 4.5(c), where bi- to pentalayer
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phosphorene TFETs shows SS in the range of 30—43 mV/dec. Although thicker channel gradually

loses electrostatic control, even the pentalayer device exhibited a reasonably good switching

characteristic. In general, thinner phosphorene TFETs can provide larger maximum achievable /,,/1,

but its on current can be significantly limited compared to thicker phosphorene devices as shown in

Fig. 4.5(d), which indicates that /,, can be improved with more number of layers by sacrificing the

on-off current ratio.
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Figure 4.5 (a) The conduction and the valence band profile for pentalayer phosphorene TFET

at V= 0.2 V and Vp = 04 V. (b) Ip—V characteristics for mono- to pentalayer phosphorene

TFETs at Vp = 0.4 V. (c) The subthreshold swing of bi- to pentalayer phosphorene TFETs. (d)

I, vs. I,,/1,; of phosphorene TFETSs at V', = 0.4 V. Monolayer is out of range in this plot due to

its extremely small 7, [43].
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4.4.2 Device Performance with Different Vpp

In the above discussion, for a comparison of phosphorene TFETs with different number of layers,
we used a common V), which limited the achievable range in /,,/I,5 particularly for large bandgap
materials. In principle, for the same on current, larger /,.//,; can be achieved by using a larger V),
since the device can be operated within a larger voltage window. Figure 4.6(a) is /p—V characteristics
of the trilayer phosphorene TFET at two different drain voltages of 0.4 V (solid line) and 0.6 V
(dashed line), which clearly shows that /,,/I,; can be significantly increased with Vp = 0.6 V for the
common /,, of 1.6 pA/um (at V,, = 0.9 V). Moreover, a larger /,, can also be achieved at Vp=0.6 V,
as compared with Vp = 0.4 V, due to the larger energy window for current flow at higher gate
voltages as shown in Fig. 4.6(b). Therefore, to take the advantages of large V', we have used different
drain voltages for different numbers of phosphorene layers: V', = 0.7 V for mono- and bilayer, 0.6 V
for trilayer, 0.5 V for tetralayer, and 0.4 V for pentalayer phosphorene TFETs. The corresponding /,,
vs. L/l is shown in Fig. 4.6(c). We have observed that, for bilayer phosphorene TFET, the
maximum achievable /,,/I,;is significantly increased by more than one order of magnitude and I,, is
also increased by a factor of 40 for the same /,,/[,5= 10 using a larger Vp. However, such a dramatic
improvement of maximum achievable /,,/[,; was not observed in tri- and tetralayer phosphorene
TFETs with the increased drain voltages. This is due to the larger minimum leakage current (/,,,) at
larger Vp, as can be seen in Fig. 4.6(a), which is attributed to the larger energy window for the direct
tunneling from source to drain. In Fig. 4.6(c), we classified phosphorene TFETs into two groups:
Three or more numbers of phosphorene layers TFETs (Group A) show reasonably high on current but
relatively low 1,,/,4; bilayer phosphorene TFET is another group (Group B) that can provide a large
Lo/Lybut a limited /,,. In the subsequent discussion, we will employ different strategies for these two

groups to enhance the device performance of phosphorene TFETs.
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Figure 4.6 (a) Ip—V characteristics of trilayer phosphorene TFETs at V', = 0.4 V (solid line) and
Vp = 0.6 V (dashed line), shown in logarithmic scale (left axis) and linear scale (right axis). (b)
Energy-resolved current spectrum (right panel) shown with the E. and E, profiles along the
device (left panel) for the trilayer phosphorene TFET for Vp = 0.4 V (solid line) and 0.6 V
(dashed line) at V¢ =1 V. (¢) L, vs. 1,/1,; of phosphorene TFETs with various drain voltages
carefully chosen for different numbers of layers: V, = 0.7 V for mono- and bi-layer, 0.6 V for
trilayer, 0.5 V for tetralayer, and 0.4 V for pentalayer, respectively. Monolayer is out of range

in this plot due to the extremely small 7, [43].

4.4.3 Optimization for Group A

In principle, the leakage current of a ballistic TFET can be suppressed by increasing channel length
without degrading the on-state characteristics, and therefore, we have varied L., from 15 to 25 nm for
tri- to pentalayer phosphorene TFETs (Group A) using the same drain voltages as given in Fig. 4.6(c).
The Ip—V g characteristics are shown for trilayer phosphorene TFETs with different channel lengths in
Fig. 4.7(a), where the minimum leakage current decreases exponentially as L., increases. We have
repeated the same also for tetra- and pentalayer phosphorene TFETs and plotted I, vs. 1,,/I,;in Fig.
4.7(b). It is shown that, while /,, remains intact, the maximum achievable I,./I,; is significantly
increased for all three devices with 25-nm channel, up to 4 orders of magnitude for the trilayer
phosphorene. In addition, subthreshold swing is also decreased significantly from 35 to 15 mV/dec by

increasing the channel length from 15 to 25 nm for trilayer phosphorene TFETs (Fig. 4.7(c)).
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Figure 4.7 (a) Ip—V characteristics of trilayer phosphorene TFETs for L., = 15 nm (solid line),
20 nm (dashed line) and 25 nm (dash-dot line) at V', = 0.6 V. (b) L,, vs. 1,/I,4 for trilayer (lower
panel), tetralayer (middle panel) and pentalayer (upper panel) phosphorene TFETs with L, =
15-25 nm at V), shown in Fig. 4.6(c). (c) Subthreshold swing as a function of channel length for
the devices shown in (b) [43].

4.4.4 Optimization for Group B

One of the common issues in TFETs is relatively small on current due to the large tunnel barrier
even at large gate voltages, which is exactly what we have observed particularly with the bilayer
phosphorene TFET (Group B). In order to overcome such a limitation, barrier-free tunneling based on
carbon heterostructure has been proposed earlier [50]. However, the same approach cannot be
applicable to phosphorene TFETs, and therefore, here the similar effects will be achieved by
increasing doping concentration at source and drain to enhance the /,, of bilayer phosphorene TFETs.
A 15-nm channel and the same drain voltage is used as in Fig. 4.6(c). Figure 4.8(a) shows the
significant upward shift of /p,—Vs curve for bilayer phosphorene TFETs (dashed line and solid line
with squares are for Ny of 1.6x10" ¢cm™ and 3.2x10" cm™, respectively). Figure 4.8(b) shows that
the increase of Ngp enormously enhanced the /,, of bilayer phosphorene TFET by two orders of
magnitude with the cost of /,,//,; by one order of magnitude. Figure 4.8(c) shows the enhancement of
current spectrum at the on state (Vg = 1 V), the origin of which is barrier thinning at the source-
channel junction as shown in Fig. 4.8(d), whereas the larger leakage current is attributed to the larger

energy window for carrier injection opened by the larger Ngp.
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Figure 4.8 (a) Ip—V characteristics for monolayer (solid line with circles), bilayer (solid line
with squares) and trilayer (solid line with crosses) phosphorene TFETs with Ngp=3.2x10"cm™,
Bilayer phosphorene TFET with Ngp= 1.6x10"cm™ (dashed line) is also shown for a reference.
L., is 15 nm and V) is as shown in Fig. 4.6(c). (b) L, vs. 1,/1,; for the devices shown in (a). (¢)
Energy-resolved current spectrum of bilayer phosphorene TFETs for different Ngp. (d)
Potential profile for the device shown in (c). (e) Ip—V; characteristics of bi- and trilayer
phosphorene TFETs for the channel lengths of 15, 20, and 25 nm with Ngp= 3.2x10"% cm™. ®
Potential profile along the device for trilayer phosphorene TFETs at the off state for the
channel lengths of 20 nm (dashed line) and 25 nm (solid line). Dashed arrow illustrates direct
leakage through the entire channel, and solid arrows indicate the additional leakage paths

through the junction between the source/drain and the channel [43].

It would be worth investigating mono- and trilayer phosphorene TFETs based on high Ngp in
addition to the bilayer phosphorene TFET. Both devices exhibited significant improvement in on-
state characteristics as shown in Figs. 4.8(a) and 4.8(b), but the /,, of monolayer phosphorene TFET
still remained very low. We further engineered bi- and trilayer phosphorene TFETs with longer
channel lengths to suppress the minimum leakage current. For trilayer phosphorene TFET, the
channel length engineering for smaller /,;, becomes less efficient with an increased doping
concentration (Fig. 4.8(e)), as compared to low Ng/p case (Fig. 4.7(a)), and there is almost no gain in

Lnin, particularly for the channel longer than 20 nm. This is due to the presence of additional leakage
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paths as shown by the solid arrows in Fig. 4.8(f), making the channel length engineering ineffective.
For bilayer phosphorene TFETs, however, we can see larger gains in suppressing I,,;, in Fig. 4.8(e),
due to the larger bandgap and hence less amount of tunneling through the addition leakage paths.
With the increased doping density, the bilayer phosphorene TFET exhibits similar device
performance as that of the trilayer phosphorene TFET based on low doping concentration with the

maximum I(),,/Ioﬁrof~1011 at L., =25 nm.

4.5 Comparison of Phosphorene-Based Conventional FETs and TFETs

Finally, we compare the device performance of phosphorene-based conventional FET and TFET.
For a conventional FET, monolayer phosphorene is taken since it can provide the best device
performance as we have shown earlier, and we choose bilayer and trilayer phosphorene for TFETs
due to the same reason. Figure 4.9(a) shows 1, vs. 1,,/I,; of those three devices that we simulated in
the previous sections A and B. It turns out that the conventional FET can have significantly larger /,,
than TFETs, making it more appropriate for high-performance applications where fast switching
speed is critical. On the other hand, bilayer and trilayer phosphorene TFETs exhibited significantly
larger 1,,/1,; compared to the conventional FET, indicating that they can be suitable for low-power
applications where speed is less important but power consumption is the main concern. In addition,
the subthreshold swing of TFETs can be significantly smaller than the best conventional FET,
especially for longer channel lengths, as shown in Fig. 4.9(b). At L., = 25 nm, bilayer and trilayer
phosphorene TFETs exhibit 64% and 78% smaller SS than the conventional FETs. This comparison
of the best devices from different configurations clearly identifies the target applications of each
device and also provides useful insights into various parameters including the number of channel

layers to maximize the performance of phosphorene FETs.
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Figure 4.9 (a) I,, vs. I,/I,; for 15-nm-channel monolayer phosphorene conventional FET
(dashed line with circles), 25-nm-channel bilayer phosphorene TFET with Ng;= 3.2x10"”cm™
(dashed line with crosses), and 25-nm-channel trilayer phosphorene TFET with Ng,= 1.6x10"
cm’ (dashed line with triangles). (b) Subthreshold swing of the devices shown in (a) at various

channel lengths [43].

4.6 Summary

We explored mono- to pentalayer phosphorene FETs using self-consistent atomistic quantum
transport simulations. We first examined the conventional FET structure and concluded that
monolayer phosphorene can provide the best performance in every aspect. We showed that
monolayer phosphorene FET can be switched near the classical limit of SS = 60 mV/dec with the
large immunity to GIDL. Moreover, it exhibited equally large on current (/,, > 1 mA/um) as
multilayer phosphorene FETs, without any penalty of relatively lower DOS. On the other hand, the
device performance of phosphorene TFETs is very susceptible to various material and device
parameters such as number of layers, power supply voltage, channel length, and doping
concentrations. Our comprehensive simulation results revealed that either bilayer or trilayer
phosphorene can provide the best performance in TFET with the maximum /,,/I,; of 2x10" and the
SS as low as 13 mV/dec by engineering channel length, doping concentration and power supply
voltage properly. Finally, we compared the performance of conventional FET and TFETs based on
phosphorene, showing feasibility of each device for different target applications where different

requirements are needed. Here we have provided irreplaceable insights into phosphorene-based FETs
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through comprehensive optimization processes, which may also be extended to the engineering

practice of other similar 2D semiconductor FETs.
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Chapter 5 Conclusions and Future Work

5.1 Conclusions

In summary, in this thesis a novel black phosphorus and its potential for electronic devices are
investigated. First, the performance limit of few-layer BP FETs was discussed. We presented
simulations of bilayer phosphorene FETs using self-consistent atomistic quantum transport
simulations. Our results exhibited that 10-nm-channel bilayer phosphorene FETs can achieve
excellent device characteristics such as /,, > 3 mA/um and SS ~66 mV/dec. While the scaling of gate
dielectric monotonically improves the overall performance of the device, the channel length can be
scaled down only to ~8 nm due to significant short-channel effects. Bilayer phosphorene FETs have
favorable switching characteristics over other similar bilayer TMDC devices. The device performance
of single-gate and double-gate structure was also compared. Simulation results suggested double-gate
structure could improve both on-state and off-state device performance quite significantly, especially
with a large EOT. We also investigated the effect of EOT variation. By using high-k dielectric
material, 229% higher transconductance and 30.4% smaller subthreshold swing could be achieved.

Next, design strategy towards different targets on high-performance and low-power applications
based on BP was discussed in details. We explored mono- to pentalayer phosphorene FETs using
self-consistent atomistic quantum transport simulations. We first examined the conventional FET
structure and concluded that monolayer phosphorene can provide the best performance in every
aspect. We showed that monolayer phosphorene FET can be switched near the classical limit of SS =
60 mV/dec with the large immunity to GIDL. Moreover, it exhibited equally large on current (/,, > 1
mA/um) as multilayer phosphorene FETs, without any penalty of relatively lower DOS. On the other
hand, the device performance of phosphorene TFETs is very susceptible to various material and
device parameters such as number of layers, power supply voltage, channel length, and doping
concentrations. Our comprehensive simulation results revealed that either bilayer or trilayer
phosphorene can provide the best performance in TFET with the maximum /,,/I,; of 2x10" and the
SS as low as 13 mV/dec by engineering channel length, doping concentration and power supply
voltage properly. Finally, we compared the performance of conventional FET and TFETs based on
phosphorene, showing feasibility of each device for different target applications where different

requirements are needed.
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In this thesis, we have provided irreplaceable insights into phosphorene-based FETs through
comprehensive optimization processes, which may also be extended to the engineering practice of

other similar 2D semiconductor FETs.

5.2 Future Work

By using hetero-structure of monolayer and multilayer BP, we can further optimize the device
performance of BP TFETs. TFETs are switched by modulating quantum tunneling barrier. At off
state, tunneling current is blocked by thick barrier; at on state, a thin barrier makes large tunneling
current possible. Since bandgap has a huge effect on device performance, device performance of
TFETs can be optimized by using hetero-junction based on two materials of different bandgap [51]-
[55]. For example, by properly using a hetero-structure of BP, we may get higher /,, but the /,; can
remain unaltered. As BP shows significant layer number dependency in its bandgap, it provides a
great opportunity to investigate effect of hetero-junctions. In addition, we may develop a better
understanding on interlayer transport in layered materials by investigating various BP hetero-

junctions structures.

Graphene is considered great potential in radio-frequency (RF) applications because of its
extremely high mobility and long mean free path. Since the first demonstration in 2007 [56], various
graphene RF FETs have been investigated and they exhibited large cutoff frequency (fr) [57], [58].
However, it is revealed by researchers that graphene RF transistor may suffer from a few fundamental
limitations that can restrict its high frequency performance. Since graphene is a zero bandgap
material, the lack of current saturation can lead to compromised voltage and power gains in graphene
RF transistors. As a result, most graphene RF FETs may suffer from much smaller maximum
oscillation frequency (f,...) than fr [59]. In this regards, semiconducting transition metal
dichalcogenides are good candidates for RF applications, but due to the relatively lower mobility, it
may show limited potential for high-performance RF transistors. On the other hand, BP shows a
reasonably high carrier mobility and a wide tunable bandgap from 0.4 eV to 2 eV. Thin film BP RF
transistors with gigahertz frequency operation have been demonstrated [60], [61], but theoretical
investigation of monolayer and few-layer BP RF transistor is still absent. By using rigorous atomistic
NEGF simulations, the potential of BP in RF application can be investigate, which will provide a new

opportunity of BP for wireless communications.
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