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ABSTRACT

Black Phosphorus (BP) is a 2D material with high hole mobility and direct
bandgap ( = 0.33eV). The factors that will influence its carrier mobility are thickness
of the BP thin film, choose of the contact metal and the transport direction of the
carriers. Therefore, these three factors must be considered simultaneously to obtain
the high hole mobility of BP thin film transistors.

In this thesis, material analysis is first conducted to study the fundamental
properties of the exfoliated BP. The thickness of BP flakes can be roughly determined
by optical microscopy and atomic force microscopy (AFM). The lattice orientation of
BP flakes can be recognized by Raman spectroscopy. X-ray and Ultraviolet
photoelectron spectroscopy are used to measure the elemental composition, bandgap
and work function of BP and AuGe alloy. Through picking the appropriate thickness
of the BP thin film, using AuGe alloy to obtain ohmic contact, and fabricating
rectangular BP thin film to determine the lattice orientation of BP flakes, the
back-gated BP thin film transistors (TFTs) are successfully fabricated and show
excellent device performance. The high hole mobility near 300cm?/V*s and the on/off
ratio up to 3 order of magnitude can be achieved. The P-N BP/WS: heterostructure
and BP homostructure through thickness engineering are also fabricated. Both of their

ideality factors are near 2, indicating that the forward current is dominated by
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recombination current. Their good optical responsivities also show BP’s potential in

the application of optoeletronics due to its direct bandgap.

Key words: black phosphorus (BP), thin film transistor (TFT), thickness, AuGe alloy,

rectangular, BP/WS> heterostructure
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Chapter 1 Introduction
1.1 Overview of black phosphorus

The band theory of graphite was first analyzed by Wallacein 1947 as a
beginning for understanding the electronic properties of 3D graphite [1], but the
feasible method of fabricating two-dimensional graphene remained unknown. In 2004,
Novoselov et al. discovered a convenient way to fabricate 2D graphene with the
thickness is decreased down to only single layer or few layers by using scotch tape to
mechanically peel graphene thin flakes from bulk graphite crystal [2]. This exfoliation
method has aroused tremendous interests in the study of graphene and other two
dimensional materials such as hexagonal-boron nitride (h-BN), transition metal
dichalcogenides (TMDCs) and black phosphorus (BP) [3, 4].

Although graphene has extremely high mobility due to its massless Dirac feature
fermions, which made graphene a possible candidate for field effect transistor(FET)
applications [5, 6], the fact that pristine graphene’s lack of energy bandgap makes
graphene-based FET too hard to be turned off [7], which implies that graphene is not
suitable for FET applications. Therefore, many researchers have turned to other 2D
materials such as molybdenum disulfide (MoS>), which is one kind of transition metal
dichalcogenides (TMDCs) and has a large bandgap of 1.8eV [8]. In 2011,

Radisavljevic et al. fabricated the first single layered molybdenum disulfide (MoS,)
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FET with a high drain current on/off ratio and low standby power loss [9]. However,

the mobility of MoS» or other TMDCs-based transistors are relatively low owing to

the heavy effective mass of carriers and severe phonon scattering at room temperature

[10, 11]. Besides, it also faces a problem of not compatible to modern CMOS

processes [12]. Recently, black phosphorus (BP), one of the 2D materials, has brought

about much interests due to its better electrical properties such as proper bandgap and

high mobility [13, 14].

Black phosphorus is the most thermodynamically stable allotrope of phosphorus

at room temperature and pressure [15]. Bulk BP can be synthesized by heating white

phosphorus or red phosphorus under high pressures (12,000 atmospheres) [16, 17].

The electronic properties and crystal structure of BP are very much like those of

graphite with both being black and flaky, a conductor of electricity [18-20], and

having puckered sheets of linked atoms. While black phosphorus is the most steady

form among all allotropes of phosphorus, environmental vulnerability is still a crucial

issue [21, 22].

Black phosphorus is a layered material in which individual atomic layers are

stacked together by van der Waals force [23]. BP has an orthorhombic structure and is

the least reactive allotrope of phosphorus, a result of its lattice of interlinked

six-membered rings where each phosphorus atom is covalently bonded to three
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adjacent phosphorus atoms to form a puckered honeycomb structure [19, 24, 25], as

shown in Fig 1.1. In this figure, the x and y directions in BP structure correspond to

the armchair(AC) and zigzag(ZZ) direction, respectively. It should also be noted that

phonons, photons, and electrons in layered black phosphorus structure display rather

anisotropic features within the plane of layers [26-28].

Fig. 1.2 (a) shows the primitive cell of black phosphorus in its honeycomb lattice.

Its primitive unit vector in reciprocal lattice can be obtained by using Fourier

transform, as well as its Brillouin zone and high symmetry points, as shown in Fig.

1.2 (b).
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103.69°

4.43 A

2D Matererials, 2014, 1(2) 025001

Fig. 1.1 Schematic diagram of the crystalline structure of black
phosphorus (a) 3D representation, (b) lateral view, (c) top view.

Crystal structure is obtained by density functional theory(DFT).
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P.-L. Gong et al., arXiv:1507.03213.

Fig. 1.2 (a) Crystal structure of bulk BP marked with coordinate
axes(x,y,z) and lattice vectors(a,b,c) (b) The first Brillouin zone and
some high symmetric points of bulk black phosphorus.

The band structure of black phosphorus is thickness dependent, which can be
attributed to interlayer interactions. Fig. 1.3 (a) shows the calculated band structure of
black phosphorus for monolayer, bilayer, trilayer and bulk by density functional
theory(DFT) [24]. The bandgap of monolayer black phosphorus(phosphorene) is
predicted to be about 2.0eV at the I" point of the first Brillouin zone [14]. It should be
noticed that as the layer number increases, the bandgap of BP remains direct at the I’
point of the first Brillouin zone for all thicknesses. Fig. 1.3 (b) shows the relationship
between thickness and bandgap calculated with different ab initio methods [24, 29,
30]. Even though the magnitude of bandgap counts on which approximation method

is used, all of the cases show that the bandgap greatly decreases as the layer number

5
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increases [14]. This thickness dependent bandgap, which is due to the quantum
confinement of the charge carriers in the out-of-plane direction [31], is stronger than
that observed in those of the other 2D semiconductor materials. The band structure
approximation of BP shows that BP has the needed bandgap for the field-effect
transistor applications.

Moreover, although black phosphorus exhibits an intrinsic ambipolar behavior,
the conduction type in few layered BP is hole-dominant for the following two reasons.
First, the activation energy for p-type BP is lower than that of n-type BP [14]. Second

one is the higher degree of anisotropy of the hole effective mass [32].
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Fig. 1.3 (a) Calculated band structures for monolayer, bilayer, trilayer
and bulk black phosphorus sheets at all high-symmetry points in the
Brillouin zone. The energy is scaled with respect to the Fermi energy

Er. (b) Thickness dependence of the black phosphorus band gap,
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calculated with different approaches.

According to the in-plane anisotropic geometry of BP crystal, lots of its physical
characteristics are also quite different in armchair(AC) and zigzag(ZZ) directions such
as electronic, thermal, optical and mechanical properties [33, 34]. Some physical
properties along AC and ZZ directions for few-layered BP are theoretically predicted,
listed in Table. 1.1. Except for mono layer, the ratio of mobility along AC and ZZ
directions are predicted to be about 2 for holes and 4 for electrons at room
temperature [30]. The experimental ratio of hole mobility, the dominant transport
carriers of BP, is about 1.5~1.8 [28, 35]. Thus, in order to achieve better performance
for BP devices, the AC direction should be used as the current channel because of the
higher mobility on this direction.

Table 1.1 Predicted carrier mobility. NL represents the number of layers, mx* and
my* are carrier effective masses along AC and ZZ, respectively. px 2p and py 2p are

mobilities along AC and ZZ, respectively.
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Carrier type N, m;/ mo m;/ mo Hx 2D Hy 2D
rx r-y 103em?v s )
electron ] 0.17 112 110-1.14 ~0.08
2 0.18 113 ~0.60 0.14-0.16
3 0.16 1.15 0.76-0.80 0.20-0.22
4 0.16 1.16 0.96-1.08 0.26-0.30
5 0.15 118 1.36-1.58 0.36-0.40
hole 1 0.15 6.35 0.64-0.70 10-26
2 0.15 1.81 2.6-2.8 1.3-2.2
3 0.15 112 4.4-5.2 2.2-3.2
4 0.14 0.97 4.4-5.2 2.6-3.2
5 0.14 0.89 4.8-6.4 3.0-4.6

arXiv:1401.5045 (2014).

1.2 Advantages of BP FETs

The development trend of semiconductor devices have followed an empirical
regularity called “Moore’s Law”, and the transistors have kept scaling down in the last
fifty years as shown in Fig 1.4 [36]. However, with the channel length scaling,
transistors will inevitably suffer several problems such as leakage current and short
channel effect [37, 38]. Scaling theory has predicted that a field effect transistor (FET)
with a thinner dielectric and a thinner gate-controlled region will alleviate the short
channel effect down to very short gate length [39]. The reason for this phenomenon

can be illustrated by using the concept of characteristic length as shown below [37].
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Fig. 1.4 Moore’s Law: Gordon Moore, the co-founder of Intel, predicted that
transistor density and thus chip performance would double every 18 months.
Structure of typical planar silicon-based metal-oxide-semiconductor field effect

transistor (MOSFET) is demonstrated in Fig 1.5 (a). The potential ¢#(x) and
potential energy U (x) distribution along the channel are demonstrated in Fig 1.5 (b)
and (c), respectively. The characteristic length A is defined in Eqg. (1.1) and the
lowest potential along the channel ¢, is defined in Eq. (1.2)

A= ’itstox (1.2

Cox

frin = 2Jddye (12)

where A : characteristic length, & : the permittivity of semiconductor, &, : the

permittivity of gate oxide, f : thickness of semiconductor channel, 1, : thickness of

10
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gate oxide, @, : the lowest potential along the channel, @, : the potential at the
source, ¢, : the potential at the drain, L, : the effective channel length.

It is obvious that the higher ratio between Lesf and A results in a larger potential
barrier between the source and drain, thereby leading to a better gate control.
Therefore, in order to lessen the short channel effect while the channel length keeps
scaling down, the characteristic length A should be reduced so that a large ratio
between Less and A can be maintained. According to Eq. (1.1), in order to have a

smaller A, a thinner dielectric and a thinner channel is required.

()
Barrier
(gate oxide)
Gate
Source H / Dram
Channel region
p-type Si substrate
(b)
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Source Drain

'tu'.ln X

Fig. 1.5 (a) Cross-section of an n-channel Si MOSFET, (b)The
potential y(x) distribution from the source to drain. (¢) The potential
energy distribution U(x) for electrons from the source to drain.

Therefore, 2D materials such as graphene or black phosphorus are promising
materials to solve the short channel problem with its nano-scaled layer thickness [7, 9,
40]. Compared to 3D materials, even if the thickness of 3D materials’ channel is
scaling down, the surface roughness of 3D material will significantly degrade the
carrier mobility. Even worse, the channel will show a serious thickness fluctuation
that leads to undesirably huge threshold-voltage variations. These problems occur
even at thickness many times greater than the thickness of 2D materials. What’s more,
because there are no out-of-plane broken bonds, 2D materials have no dangling bonds

on the surface, producing a clean semiconductor-metal interface. In Fig. 1.6, 2D

12
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materials are reported by the International Technology Roadmap for Semiconductors

to be one of the key solutions to overcome the challenges faced in maintaining

Moore’s Law.

) Digital CMOS : Analog High-volt. Sensors Flexible Opto MEMS
Logic Memories RF Power Actuators Printable
More Moore More than Moore
Compute Interact with people + environment
Store Exchange information
Key enabler: CMOS scaling Enhanced functionality
2015: 16-nm aate MOSFETs, Si 2015: Si, SiGe, GaAs, InP, GaN, SiC, ...
2028: 5-nm gate MOSFETs 2028: Si, SiGe, GaAs, InP, GaN, SiC, ...

Si, Ge, lll-Vs It-)lus most likelv 2D materials
Beyond 2028: < 5-nm gate MOSFETs
Si, Ge, Ill- Vs.lnlus possibly 2D materials l

Fig. 1.6 Trends of “More Moore” and “More than Moore” reported by
2013 I'TRS.

Li et al. fabricated the first BP FETs in 2014 [13]. Since then, lots of high
performance BP FETs have been fabricated [27, 28, 41, 42]. Furthermore, tunable
direct bandgap of BP ranging from 0.3eV in the bulk material to 1.5~2.0 eV in the
monolayer, which covers large portions of the visible and near infrared
electromagnetic spectrum, makes BP a promising candidate for future nano-scaled
electronic and optoelectronic applications [42-45]. Differ from MoS; with only n-type
characteristics, BP exhibits an ambipolar behavior [46], which is suitable for modern

CMOS applications. Moreover, the unique in-plane anisotropy of BP [32] makes it

13
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possible to be used in thermoelectric [47, 48], photonic and optoelectronic devices
[49-51]. Hence, BP have the prospect to replace silicon and give a better performance

for electronic devices.

1.3 Motivation

As mentioned before, the excellent electronic properties of black phosphorus
make it appealing for applications in transistor, logic and optoelectronic devices.
However, there are two important issues that will restrain the BP device performance.
The first one is BP’s unique anisotropic properties. Since BP is the first widely
studied two-dimensional material to undergo degradation upon exposure to ambient
atmosphere [22, 52], and there are concerns that BP might severely degrade during the

process of determining the direction of BP, most of the previous researches about BP

14
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FETs did not take BP’s anisotropic properties into consideration, which will result in a

non-optimized performance of the BP FETs.

Although there are some efforts to study the anisotropic properties of BP, the

mechanical exfoliation method will generate a bunch of irregular-shaped BP thin film

and thus limit the accuracy of electrical measurement. On the other hand, the CVD

technology of BP has not been mature enough to attain high performance BP FETs

[53]. Consequently, it is quite challenging to accurately measure the electrical

anisotropic properties of BP.

However, the good news is that based on the orthorhombic primitive cell of BP

crystal, BP thin film with a unique rectangular shape has been successfully fabricated

after improving the traditional exfoliation method [54]. The rectangular BP has two

mutually perpendicular sides with the longer and shorter sides being ZZ and AC

directions, respectively. There are two advantages of the rectangular-shaped BP thin

film. First, the in-plane lattice orientation can be quickly determined through a simple

optical microscopy observation alone, which is crucial during the fabrication process

of BP FETs. Second, the rectangular shape of BP thin film will lead to a more precise

measurement of the anisotropic properties of BP FETs.

The second factor that will limit the performance of the BP FETs is the large

contact resistance at the interface of the source/drain metal and BP channel.

15
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Compared to 3D(bulk) material, the pristine surface of a 2D semiconductor tends to

form a van der Waals (vdW) gap with metal contact instead of covalent bonds [40].

This vdW gap acts as an additional tunneling barrier for carriers to enter the metal

contact, thereby resulting in a higher contact resistance. In some cases, this vdW gap

can be eliminated by forming a “metallic” contact between the interface of metal and

2D material, which was reported in graphene and MoS; [55, 56].

So far, the most common strategy for lowering the contact resistance of BP

devices is choosing high work function metals. For example, using palladium (work

function=5.12eV) as metal contact can allow more holes to inject into the contact,

hence reducing the contact resistance for p-type BP FETs significantly [35, 57-59]. On

the contrary, a relatively low work function metal like aluminum(Al) can enhance the

electron injection and lead to n-type behavior for BP FETs [58, 60, 61]. However, this

technique cannot solve the interfacial vdW gap problem.

Another way to reduce the contact resistance is using the method of surface

charge transfer doping to the BP channel [62, 63]. Despite the fact that surface charge

transfer doping can contribute to a pretty low Rc [62], the drain current modulation of

the device is sacrificed in most cases. In addition, some of the doping effects even

exhibit poor long-term reliability against ambient atmosphere [64]. Thus, a new

technique must be invented to decrease the contact resistance of BP FETs.

16
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Finally, since black phosphorus’ type control is found to be thickness dependent
[58] , a gate modulated p-n-like homojunction in BP is fabricated through a simple
thickness engineering, which is compared to BP/WS; heterostructure P-N diode and
reveals BP’s potential in optoelectronics and photonics applications.

In this thesis, the introduction of black phosphorus and its development are
presented in Chapter 1. The fabrication systems and measurement systems are
introduced in Chapter 2. The material analysis of BP is presented in Chapter 3.
Chapter 4 presents the fabrication process of the performance-optimized BP TFTs
with orientation and contact engineering. The electrical properties will also be

discussed in this chapter. Finally, the conclusion is given in chapter 5

Chapter 2 Experiments

In this chapter, the fabrication systems will be first introduced. Then the

measurement techniques for material analysis and device properties will be presented.

2.1 Fabrication Systems

2.1.1 Mechanical Exfoliation

To prepare 2D materials, different approaches have been used, such as
mechanical exfoliation [9], chemical vapor deposition(CVD) [53, 65], and

liquid-phase exfoliation [66]. Although the CVD method can produce large-scale and
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homogeneous atomic layers of 2D materials, and is suitable with modern CMOS

fabrication process, the quality of 2D thin film has not yet reached that of

mechanically exfoliated 2D thin film [67]. Accordingly, most high performance 2D

thin film transistors are made by mechanical exfoliation so far. Since black

phosphorus flakes are found to chemically degrade upon exposure to ambient

conditions, the transfer procedure was implemented in a glove box which is a sealed

container and is used to remove solvents, water and oxygen inside the glove box. The

details of mechanical exfoliation to fabricate rectangular BP are as follows. First, the

blue Nitto tape was used to tear the bulk black phosphorus apart, as shown in Fig. 2.1

(a). Then, the blue Nitto tape with the black phosphorus crystallites on it was folded

for several times in order to make the BP flakes thinner, as shown in Fig. 2.1 (b). It

should be noted that there are some needle-shaped BP flakes on the Nitto tape which

can be observed with naked eye and optical microscopy, as shown in Fig. 2.2 (a) and

(b). By Raman measurement and TEM measurement in Chapter 3, the long sides of

these needle-shaped BP flakes were confirmed to be the zigzag direction of the BP

crystal. Next, the PDMS stamp was pressed onto the Nitto tape and then peeled off

slowly, as shown in Fig. 2.1 (c). The PDMS stamp is a thin layer of commercially

available viscoelastic material which is adhered to a glass side to facilitate handling,

as shown in Fig. 2.3. In order to obtain rectangular-shaped BP thin film, the PDMS
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stamp must aim at these needle-shaped BP flakes so that these flakes can be

transferred onto the PDMS stamp. Finally, these thin flakes on the PDMS stamp can

be transferred onto the SiO2/Si substrate by simply putting the PDMS stamp on the

S10,/Si substrate and then peeling it off slowly, as shown in Fig. 2.1 (d) and (e). After

the substrate was taken out from the glove box, the substrate was immediately

immersed in acetone for 1 hour in order to remove the adhesive residue. Then the

sample was quickly passivated with PMMA to keep BP flakes from degrading in the

ambient atmosphere [68]. Finally, BP thin films were checked carefully under the

optical microscope to find out the BP nanosheets with rectangular shape and proper

thickness, as shown in Fig. 2.4.

@ . (b) ©
Blue Nitto
BP is adhered to ¢ Fold the tape and PDMS
ape i )
the tape. p’ exfoliate. 7 Slightly
/

=
l Press
down

(d) ) BP flakes
P ~ Slightly !4
lPress N 4
down

Highly doped Si substrate with
300nm SiO; on top

Fig. 2.1 llustration of mechanical exfoliation process: (a) Bulk BP is

adhered to the Blue Nitto tape, leave some BP flakes on the tape. (b)
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Fold the tape numerous times to make the BP flakes thinner. (c¢) Use
PDMS stamp as a second dry transfer. (d) Press down the PDMS
stamp onto the Si/SiO; substrate. (¢) BP thin films were successfully

exfoliated onto the substrate.

(@)

(b)
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Fig. 2.2 Needle-shaped BP flakes on blue Nitto tape under (a) naked

eye and (b) optical microscopy observation, respectively.

Fig. 2.3 The PDMS stamp used in this research.
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Fig. 2.4 Exfoliated rectangular BP on 300nm SiO»/Si substrate under
optical microscopy. Scale bar is 20um.
2.1.2 Photolithography
Photolithography, also termed optical lithography or UV lithography, is a process
used in microfabrication to pattern the thin film or the bulk of a substrate. It uses light
to transfer a geometric pattern from a photomask to a light-sensitive chemical
"photoresist", or simply "resist," on the substrate. A series of chemical treatments then
either engraves the exposure pattern into, or enables deposition of a new material in
the desired pattern upon the material underneath the photoresist.
In this research, NR9-1000PY negative photoresist (PR) was spun and coated on

the silicon wafer as shown in Fig. 2.5(a), then the PR was soft baked for 1 minute to
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evaporate solvent contained in the photoresist. The exposure system is the Karl
Suss MJB4 Mask Aligner with 365 nm UV light, as shown in Fig. 2.5 (b). After 8
seconds exposure, the PR was hard baked for 150 seconds, then the RD-6
development solution was used to remove the unexposed portion of negative

photoresist. 483! 45 % F| % % & o lists the photolithography conditions.

(@) (b)

Fig. 2.5 (a) The spin-coater and hot plate used in this research (b) The

exposure system used in this research

Table 2.1 photolithography conditions
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Pattern Formation

Conditions

Spinning and

First 1000rpm 10sec, and then

Coating( NR9-1000PY) 4000 rpm 40 sec
Soft Bake 130°C 1min
Exposure 8 sec

Hard Bake 113°C 150sec
Development 6 sec

2.1.3 E-beam lithography

E-beam lithography is using the accelerated electron beam as the source to draw

the required patterns on a surface covered by an electron-sensitive film called

the resist. The electron beam changes the solubility of the resist, enabling selective

removal of either the exposed or non-exposed regions of the resist by immersing it in

a solvent for developing. The purpose, the same as the photolithography, is to create

very small structures in the resist that can subsequently be transferred to the substrate

material, often by etching.

In this research, 495SPMMA A4 Resists (Solids: 4% in Anisole) was spun and
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coated on the silicon wafer. The 5 minutes baking is used to evaporate out the solvent
contained in the photoresist. Then 950PMMA A2 Resists (Solids: 2% in Anisole) was
coated as a second layer to obtain the "undercut" which is applied to guarantee that
the subsequent lift-off process goes smoothly, as shown in Fig. 2.6. Then the wafer
coated with double layer was loaded into the chamber. The e-beam system is
JSM7001F and the dosage of electron is 200uC/cm?. The e-beam process is operated
under a vacuum of 9.6*10” Torr. After the dose of electron, the developer with a
composition of 1 MIBK to 3 IPA is used to develop the resist. The process

conditions of e-beam lithography are listed in 45 3%! 35 % $| % % ik o .
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(a) Electron Beam (b)

Substrate Substrate

Fig. 2.6 Illustration of undercut PMMA formation: (a) After
spin-coated bi-layer PMMA and soft bake, the photoresist is dosed by
electron beam. (b) The darker colors represent the molecular chain
scissored by electron beam. (c) The undercut structure is formed after

development.
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Fig. 2.7 The equipment of EBL process, JEOL JSM7001F.

Table 2.2 E-beam lithography conditions

Pattern Formation Conditions
Spinning and Coating(495PMMA) 3000 rpm 30 sec
Bake 180°C Smin
Spinning and Coating(9S0PMMA) 3000 rpm 30 sec
Bake 180°C Smin
dosage of electron 200uC/cm?
Development(1:3 MIBK to IPA) 1min
Rinse(IPA) 30sec
27
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2.1.4 Evaporation System

Evaporation is a common method to deposit a thin film onto a substrate. The
source material is evaporated in a vacuum. The vacuum allows vapor particles to
travel directly to the substrate, where they condense back to a solid state. In this
research, metal is deposited by thermal evaporation or e-gun evaporation process
under a vacuum of 4*10-6 Torr.

2.1.5 Rapid Thermal Annealing (RTA)

Rapid thermal anneal (RTA) is a subset of Rapid Thermal Processing. It is a
process used in semiconductor device fabrication which consists of heating a
single wafer for a period of time in order to affect its electrical properties. In this

research, the RTA system is MILA-3000.

wnomo MILA-3000

Fig. 2.8 The equipment of RTA system, MILA-3000
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2.1.6 Heterostructure Fabrication System

Heterosutructure fabrication system, which consists of three axis micrometer
stage (Fig. 2.9) and optical microscopy, is shown in Fig. 2.10. By using this
micromanipulator, BP can be transferred to the desired position of our substrate.

First, after the setup of our system, BP flakes are exfoliated onto the PDMS
stamp. Next, the target sample is fixed on the stage (Fig. 2.10) by using double side
tape and find the position that we want to fabricate heterostructure. Third, the PDMS
stamp is inspected under the optical microscope to select the flake that we want to use.
As the PDMS is transparent, we can see the target sample through it and thus it is
possible to align the desired flake on the target sample where we want to transfer the
flake with sub-micrometer resolution. Finally, as the desired position is reached, we
can lower the glass slide with micromanipulator and let the PDMS stamp be adhered

to the target sample to fabricate heterostructue.

29
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Fig. 2.10 Heterosutructure fabrication system.
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2.2 Measurement Techniques
2.2.1 Optical Microscopy (OM)

For mechanically exfoliated BP, it's important to find BP flake with appropriate
thickness and size. The film is inspected under the optical microscope and the level of
contrast depends on the thickness of the film and the oxide layer. Just in analogy with
graphene, the color contrast between BP nanosheets and the underlying SiO: is due to
the interference of different wavelengths through the thin film and SiOx. It means that
optical imaging offers the possibility of simple, rapid and non-destructive

characterization of large-area samples [69].

Fig. 2.11 The optical microscopy used in this research.
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2.2.2 Atomic Force Microscopy (AFM)

Atomic force microscopy (AFM) is a very high-resolution type of scanning
probe microscopy, with demonstrated resolution on the order of a fraction of
a nanometer, more than 1000 times better than the optical diffraction limit.

In this research, AFM is used to check the thickness of BP nanosheets by
standard tapping mode, which relies on the decreasing of the oscillation amplitude

when the tip comes close to the surface.

(@)

N @] -] D—— 147.6 um

1
0.0 1: Height 10.0 um

-32.1am
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Fig. 2.12 (a) and (b) indicates that the thickness of this BP nanosheet is
roughly 15nm.

2.2.3 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a system. The laser light interacts with
molecular vibrations, phonons or other excitations, resulting in the energy of the laser
photons being shifted up or down. Therefore, the shift in energy gives information
about the vibrational modes in the system.

In this research, 532nm laser is used in Raman measurement. It gives the

direction information of BP due to its anisotropic property.
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Fig. 2.13 The equipment of Raman measurement used in this research.

2.2.4 X-ray Diffraction (XRD)

X-ray crystallography is a technique used for determining the atomic and
molecular structure of a crystal, in which the crystalline atoms cause a beam of
incident X-rays to diffract into many specific directions. By measuring the angles and
intensities of these diffracted beams, a crystallographer can produce a
three-dimensional picture of the density of electrons within the crystal. From this
electron density, the mean positions of the atoms in the crystal can be determined, as
well as their chemical bonds, their disorder, and various other information.

In this research, the wavelength of the X-ray is 1.54A . The BP bulk is grounded
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into powder in order to reduce the non-ideal scattering. The crystal structures of BP
bulk can be determined from XRD measurement.
2.2.5 X-ray Photoelectron Spectroscopy (XPS)

X-ray Photoelectron Spectroscopy (XPS) is a quantitative spectroscopic
technique that measures the elemental composition, empirical formula, chemical
state and electronic state of the elements that exist in a material. XPS spectra are
obtained by irradiating a material with a beam of X-rays while simultaneously
measuring the Kinetic energy and number of electrons that escape from the top 1 to
10 nm of the material being analyzed.

In XPS, photons with sufficient energy Epnoton are absorbed by a system
causing core electrons escaped from the sample. If the energy of the photons is larger
than the binding energy of the electron Epinding, the excess energy will be converted to
kinetic energy of the emitted photoelectron, as shown in Fig. 2.14. The binding
energy of the core level electron can be calculated according to
Ebinding = Ephoton - ( Exinetic + Pspec )
(2.1
where Ebinding IS the binding energy of the core electron from the Fermi level, Epnoton is
the energy of the X-ray photons being used, Exinetic iS the kinetic energy of the electron

measured by the instrument and ¢spec the work function of the spectrometer.
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Fig. 2.14 Energy level diagram of the emitted photoelectron.

In this research, Al-Ko (1486.6eV) is used as a X-ray source. The spot size is
400 um and the analysis binding energy values is from 123eV to 143eV. The XPS
measurement is used to understand the oxidation rate of BP bulk by measuring the
ratio between the intensity of P2Os and phosphorus.
2.2.6 Ultraviolet Photoemission Spectroscopy (UPS)

There are two major technique to measure photoemission spectra of atoms, i.e.,
Ultraviolet photoemission spectroscopy (UPS) and X-ray Photoelectron Spectroscopy
(XPS). The basic theory of the photoemission is illustrated in Fig. 2.15 (a) and (b).

The ultraviolet photons to have lower energies that can be used to study the

molecular orbital energies in the valence band region. Through the analysis of escaped
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kinetic energy of photoelectrons, the binding energy of the specific molecular orbital
energy can be calculated. Besides, the work function at the surface of black
phosphorus can be obtained from Eq. (2.2).

Ebinding = Ephoton — (Binetic +9) (2.2)
where Ebindging 1S the binding energy of the electron, Ephoton 1S the energy of the UV,
Exinetic 18 the kinetic energy of the electron and ¢ is the work function of the material.

In this research, the fermi level and work function differences before and after

oxidation is presented.
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Fig. 2.15 (a) and (b) Schematic diagram showing how photoelectrons

are generated.
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2.2.7 Current — Voltage Characteristics

The current-voltage (I-V) characteristics of the BP thin film transistor were
measured by Agilent B1500A Semiconductor Device Parameter Analyzer. The field
effect mobility (uer) of the TFT can be obtained by the transconductance (gm) with

low Vp.

fer =— (2.2)

where W(L) is the channel width (length), Ci is the capacitance per unit area. V can

also be determined using linear extrapolation of the Ip -V plot.
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Chapter 3 Material Analysis for Black
Phosphorus

In this chapter, the material analysis for the exfoliated black phosphorus will be
investigated in details.
3.1 Crystal Structure of Black Phosphorus

It is important to confirm the crystalline structure of BP before fabricating a TFT
device. By studying its X-ray diffraction pattern, as shown in Fig 3.1(a), the strong
diffraction peaks at 16.9°, (002) plane, and 34.2°, (004) plane, were recognized,
following the weaker peaks at 26.5°, 40.1°, 52.4°, 56° and 56.7°, corresponding to
(012), (014), (006), (105) and (016) planes, respectively. The distance between the
atomic planes in the BP bulk can also be calculated from the XRD pattern using the
Bragg equation:

2dsinf = nl @3.1)

where d is the distance between the atomic planes, 0 is the Bragg scattering angle, n is
the diffraction order and A is the wavelength of incident X-ray. Since the crystalline
form of black phosphorus is orthorhombic [70, 71], the reciprocal lattice vectors (hkl)
can be obtained from the theoretical lattice constants (abc) and Eq. (3.2):
L Y S

+— (3.2)

d2 a? = b2 = 2

After the peaks and their corresponding reciprocal lattice vectors were
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determined, the lattice constants can be calculated, as shown in Fig. 3.1 (b) and (c).
The lattice constants for bulk black phosphorus are a = 3.31 A, b=4.37 A, and c =
10.48 A, corresponding to zigzag, armchair and out of plane directions respectively
and are in good agreement with the previous experimental values [30, 72, 73]. The
atomic density is 5.26*10%2 #/cm>, and the density of bulk BP is 2.7 g/cm>. Because
the unit cell contains two layers, the lattice constant ¢ = 10.48 A indicates that the
average interlayer spacing is close to 5.24A. Therefore, the number of layers for
exfoliated BP thin films can be easily determined if the thickness of the BP

nanosheets is known.
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Fig. 3.1 (a) The X-ray diffraction pattern of bulk BP crystal.

Schematic of the unit cell of BP. (b) Top View. (c) Lateral view.
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3.2 Characterization of Black Phosphorus Film

Thickness

In this section, the BP flakes with appropriate thickness are chosen under optical
microscope. After fabrication process and measurement, atomic force microscope is
used to precisely determine the exact layer number of BP nanosheets.

3.2.1 Optical Microscopy (OM)

For mechanically exfoliated BP, it's important to find BP flakes with proper
thickness. The film is scrutinized under the optical microscope while the level of color
contrast depends on both the thickness of the film and the underlying oxide layer. The
color contrast between BP flakes and the bottom SiO: is due to the interference of
different wavelengths through the thin film and SiO», just in analogy with graphene,
which means that optical imaging is a simple, rapid and non-destructive method to
characterize the thickness of exfoliated BP films [69].

After measuring several BP flakes by AFM, the relationship between the color of
BP nanosheets under optical microscope and the thickness of BP thin films is found.
Table 3.1 lists the color of BP flake as a function of its thickness on a 300 nm SiO2/Si
substrate. As the thickness decreases, the color changes from red to green as a result

of optical interference effects with the oxide. Although the color seems similar when
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the BP nanosheet is thinner than 20 nm, the transparency of the flake can be used to
roughly identify the number of layers.
Table 3.1 Thickness dependence of color for BP film on 300 nm SiO,/Si

substrate under optical microscopy.

Thickness Color
<20nm green
>80nm red

3.2.2 Atomic Force Microscope (AFM)

According to chapter 3.1, the thickness of a phosphorene layer is 0.52 nm.
Therefore, it is easy to identify the layer number by measuring the thickness of the BP
nanosheet. In this research, the standard tapping mode of AFM is used. It provides a
more accurate measurement than that of the optical microscope. However, since the
process of this measurement is pretty time-consuming, and black phosphorus will

gradually degrade due to the long time exposure to ambient atmosphere, the thickness
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identification by AFM would not be conducted until the other processes had been

completed. Fig. 3.2 (a) shows the OM image of an exfoliated BP nanosheet with

green color. Fig. 3.2 (b) shows the AFM image of this BP nanosheet. The white line

in (b) marks the position of the line profiles shown in Fig. 3.2 (c). The thickness of

this BP nanosheet is about 14 nm, which is consistent with Table. 3.1 and implies that

the layer number is roughly about 28. Fig. 3.3 (a) shows another exfoliated BP

nanosheet with yellow color, and the AFM result of this BP flake is also shown in Fig.

3.3 (b) and (c). Finally, a BP nanosheet with both green and yellow color is shown in

Fig. 3.4 (a), and the AFM results of the green and yellow parts of this BP thin film are

shown in Fig. 3.4 (b) ~ (c) and (d) ~ (e), respectively. These AFM results indicate that

the thickness of an mechanically exfoliated BP nanosheet can be really non-uniform,

and the large surface roughness in few-layered phosphorene samples can lead to the

measurement error in AFM. Besides, the scanning rate of AFM is slow as compared

to the fast degradation rate of few-layered phosphorene in ambient conditions. As a

result, the rapid, non-intrusive and accurate method for identifying the thickness of a

BP nanosheet is required.
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Fig. 3.2 (a) The OM image of an exfoliated BP nanosheet with green
color. (b) The AFM image of this BP nanosheet. The white line marks
the position of the line profiles shown in (¢). (c) AFM line profile for

the thickness of BP. The thickness of this BP nanosheet is about 14 nm.
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Fig. 3.3 (a) The OM image of an exfoliated BP nanosheet with yellow color. (b) The

AFM image of this BP nanosheet. The white line marks the position of the line

profiles shown in (c). (c) AFM line profile for the thickness of BP. The thickness of

this BP nanosheet is about 43 nm.
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Fig. 3.4 (a) The OM image of an exfoliated BP nanosheet with both
green and yellow color. (b) and (d) The AFM image of this BP
nanosheet. The white line, which is at the green and yellow part of this
BP nanosheet, respectively, marks the position of the line profiles
shown in (¢) and (e), respectively. (c) and (e) AFM line profile for the
thickness of BP. The thickness of the green and yellow part of this BP

nanosheet is about 12.4 nm and 29 nm, respectively.
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3.3 Raman Spectroscopy

Raman spectroscopy is a spectroscopic technique used to observe vibrational,
rotational, and other low-frequency modes in a material. The system used in this
research is a 532nm laser. Since it has been reported that the high power laser-induced
heat might damage the lattice structure of BP, a low laser power of 15mW was used
to avoid the laser-induced degradation [74].

Unlike in TMDCs semiconductors, where Raman mode frequency has a
monotonic dependence on the layer number, the black phosphorus has a
non-monotonic dependence owing to the complicated Davydov-related effects [75,
76]. The three characteristic Raman modes, Ag', Bog and Ag?, can be observed under
the typical backscattering configuration, as shown in Fig. 3.5, corresponding to the
out-of-plane vibration Ag' (362cm-'), in-plane vibration along the zigzag Bag (439

cm™!) and armchair Ag? (467 cm™), respectively [77].
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Fig. 3.5 Schematic plot showing the vibration directions of Ag', B2g,
and Ag? modes. The atoms oscillate along the z (out-of-plane), x
(zigzag) and y (armchair) directions, respectively.

The anisotropic behavior of BP is probed by angular dependent Raman spectra
[78-85]. The incident light was always polarized along the horizontal direction, as
shown in Fig. 3.6 (a). 0 is the angle between the zigzag direction of the BP with
respect to the polarization direction of the incident beam as indicated in Fig. 3.6. The
angle dependent intensities of Ag', Bog, and Ag? modes were measured from 0° to
180°, considering the two-fold rotational symmetry of BP along the incident direction

of the laser. Although the peak positions are independent of the orientation of BP, it is
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found that the Raman intensities show periodic oscillation as a function of the 0
angle. The intensity of Ag! mode didn’t appear much difference as the sample rotating
because the vibration direction was always perpendicular to the polarization direction
of the incident light. The Ag®> mode reached its minimum intensity when the rotation
angle was at 0° and the maximum intensity arose when the rotation angle was at 90°.
The B>g mode exhibited a 90° period and achieved its maximum intensity at both
40°and 130°, as shown in Fig. 3.6 (b) and Fig. 3.7 [78]. The intensities of the Raman
modes are determined by the Raman tensors and the scattering geometry. The Raman

tensors of A, and B, modes can be expressed as:

la|ei®a 0 0
RAg) = O [ble’?» y
0 |c|ei®e
0 0 Ifle®r
R(B,,) = 0. 0 0
(B2g) Flei%r o .

where a, b, ¢ and f represent the amplitude of respective vibration modes. Notice that
the null components in Raman tensors are due to the symmetry of the BP crystal
structure. Considering parallel configuration, the polarization vectors of light can be
expressed as:

é,=é;,=(cos8 0 sind)

where the angle 6 is measured with respect to the zigzag direction.

Raman scattering intensity S for parallel polarization configuration is defined as
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S« |& * R * &]?
Then the relationship between intensity and rotation angle can be obtained as follows:
S(Ag) « (lale'®e X cos?8 + |c|e'®e x sinzﬁ)2 3.3)
S(Bag) « (Ifle'?r x sin26)? (34
Since the Raman tensor parameter a is smaller than that of the parameter ¢ under
532 nm laser excitation, Eq. (3.3) shows that S(Ag) reaches its minimum a’ at 6=0°
and reaches its maximum c? at 0=90°. Eq. (3.4) indicates that S(Bag) reaches its
maximum when 6 is 45° or 135° and exhibits a 90° period, which is consistent with

the experimental result, as shown in Fig. 3.6 (b).
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Fig. 3.6 (a) Optical image of a BP flake. 0 is the angle between the zigzag
crystallographic direction and polarization direction of incident laser. The scale
bar is 10 zm. (b) Polarization dependence of Ag!, B2g, and Ag? modes. The solid

curves are the theoretical value and the dots are the experimental results. (¢)
Angle dependent Raman spectra for BP. The three characteristic Raman modes,

Ag! (362cm™), B2g (439 cm™) and Ag? (467 cm™), can be observed.
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Nanoscale, 2015, 7, 18708

Fig. 3.7 The polar plots of Raman intensity for each Raman vibration
mode with 532 nm excitation.

To determine the crystal orientation of rectangular BP, the intensity ratio of Ag?
to Ag' can be used, as shown in Fig. 3.8, 20 rectangular BP samples (labeled as A~T)
were selected for Raman measurements. It can be indicated that for any sample, the
intensity ratio of the AC direction is always larger than 2, while the intensity ratio of
the ZZ direction is approximately close to 1. In fact, the average intensity ratios of the
AC and ZZ directions are 2.40 and 1.08, respectively, and their corresponding
standard deviations are 0.103 and 0.061. This means that for BP thin films with 532
nm laser excitation, as long as the incident polarization angle at which the B2g mode
disappears is found, the intensity ratio of Ag? to Ag' can be used to distinguish the AC

and ZZ directions of BP.
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Fig. 3.8 The Raman intensity ratios of Ag” to Ag' vibration modes for
20 rectangular BP samples (labeled as A~T). The polarizations of the
532 nm laser excitation are along AC and ZZ directions. The average

intensity ratios of the AC and ZZ directions are 2.40 and 1.08,

respectively.
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3.4 XPS and UPS Analysis of Black Phosphorus and

Gold-Germanium alloy

In this section, XPS is used to check the bond variation after oxidation of black
phosphorus and Germanium. Eventually, UPS is used to determine the energy state
and work function of phosphorene and Gold-Germanium alloy.

3.4.1 X-ray Photoelectron Spectroscopy (XPS)

In XPS, photons with sufficient energy Epnoton are absorbed by a system causing
core electrons escaped from the sample. If the energy of the photons is larger than the
binding energy of the electron Eninding, the excess energy will be converted to kinetic
energy of the emitted photoelectron, as shown in Fig. 3.9. The binding energy of the
core level electron can be calculated according to
Ebinding = Ephoton - ( Exinetic + Pspec )
(3.5)
where Ebinding iS the binding energy of the core electrons, Epnoton is the energy of the
incident X-ray photons, Exinetic iS the Kinetic energy of the electrons measured by the

instrument and dspec is the work function of the spectrometer.
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Fig. 3.9 Energy level diagram of the emitted photoelectron.

In order to study whether the ambient atmosphere oxidizes the whole BP crystal
or merely the surface, the surface of the black phosphorus was sputtered off by Argon
plasma. Figure 3.10 (a) displays three significant peaks P1, P2 and P3, corresponding
to 2ps2 (130.1eV), 2p12 (130.96eV) and PxOy (134.5eV), respectively [31, 86-89].
After Argon sputtering for 5 min, the intensity of P3 peak decreases to almost zero,
suggesting that the oxidation reaction only took place on the surface of the
phosphorene and implying an uniform coverage of the oxide.

Typically, phosphorus can have the oxidation states of +3 or +5. Because the
binding energy of phosphorus having the oxidation states of +3 are lower than 133eV,
the higher binding energy at 134.5eV indicated that the phosphorus oxide has the

oxidation state of +5. The O 1s core-level spectra before and after argon sputtering is
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shown in Fig. 3.10 (b). There are two peaks at 532.5 eV and 533.8 eV, which

correspond to P=0O bond and P-O-P bond, respectively. According to the oxidation

state of phosphorus atoms and the bond between oxygen and phosphorus, the most

possible form of the phosphorus oxide is P.Os[90, 91], as shown in Fig. 3.10 (c). In

fact, P.Os can easily react with water to form orthophosphoric acid (HzPOs) or

metaphosphoric acid (HPOs3), both of which may pit the oxide and expose the inner

part of the black phosphorus crystal to be oxidized, as shown in Fig. 3.10 (d), the

“bubbles” on the BP surface is the water absorption by the hydrophilic BP surface.

The pristine black phosphorus surface, like other 2D material, is hydrophobic.

However, after black phosphorus reacts with oxygen, the surface become hydrophilic

and the phosphorene oxide will react with water, forming phosphate which may

produce corrosion of the inner part of the black phosphorus crystal [92].
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(©)

(d)

Fig. 3.10 (a) X-ray photoelectron spectrum for BP P2p core level. (b) O 1s core

level spectrum. (c) Schematic diagram of P20s molecule. (d) Optical image of

black phosphorus nanosheet after exposing to ambient atmosphere for 24 hours,

the “bubbles” implied the water absorption on the hydrophilic surface.

The XPS spectra of Gold-Germanium alloy, which the element ratio of gold to

germanium is 88:12 and is the main metal contact used in this research, is also shown

in Fig. 3.11 (a) and (b). Fig. 3.11 (a) shows the XPS spectrum of Germanium with

three prominent peaks P1, P2 and P3, corresponding to 3ds2 (29.3eV), GeO (30.9eV)

and GeO: (32.5eV), respectively. Similarly, after Argon sputtering for 1 and 4 min,
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the intensity of P2 and P3 peaks gradually decrease, indicating that the oxidation

reaction can only affect the surface of the alloy while the inner part of the alloy

remains unaffected. Fig. 3.11 (b) shows the XPS spectrum of Gold as comparison.

The two dominant peaks P1 and P2, corresponding to Au4fz;, (84eV) and Audfs,

(88eV), respectively, are almost unchanged after the argon sputtering process.
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Fig. 3.11 (a) X-ray photoelectron spectrum for Ge3d core level. (b)

Audf core level spectrum.
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The reaction between BP and Ge after annealing can be examined by XPS. The

XPS results of BP with 1.5 nm Ge on top of it before and after RTA are shown in Fig.

3.12. The condition of RTA is: 250 °C for 1 minute in nitrogen environment. In the

sample without RTA, the spectrum shows two peaks: P 2p3» (130.1 eV) and P 2pin

(130.96 eV). After annealing, two additional peaks located at 133.5 and 134.5 eV

emerge. The peak at 134.5 eV is related to phosphorus oxide, while the peak at 133.5

eV is assigned to P-Ge bond. The presence of the P-Ge bond after annealing indicates

that germanium can successfully dope into BP and a metallic PGex compound can be

formed after RTA [93].
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Scientific Reports volume 7, Article number: 16857 (2017)

Fig. 3.12 XPS results of BP with 1.5 nm Ge on top of it before and

after RTA. After RTA, the peak of P-Ge bond shows up.
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3.4.2 Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy is an effective technique to investigate
the electronic state of a specific material. As compared to XPS, it is principally
sensitive to the surface region (to 5 A depth), which is because of the short free mean
path of the emitted photoelectrons in ultraviolet energy range. In order to demonstrate
how UPS works, the band diagram of an unknown material is illustrated in Fig. 3.13.
When the photons of the ultraviolet light collide with the surface electrons of the
material and transfer their energy to the surface electrons, the electrons at valence
states which are called secondary electrons (SE) emit. Since the incident photon
energy is smaller than 50 eV, it can only excite electrons at valence states while the
XPS with its 200~2000 eV photon energy can excite the electrons at core levels. In
UPS, an electron excited from valence states to vacuum level follows the equation

bellow.

— 3.6)
Ebinding - Ephoton - (Ekinetic +¢)
Where Epinding 1s the binding energy of the electron, Epnoton 1S the energy of the UV,
Exinetic 1s the kinetic energy of the electron and ¢ is the work function of the material.
The kinetic energy of electrons emitted from valence states can be detected by

UPS detector. When electrons come from deeper valence states, the kinetic energy

becomes smaller. Thus, the kinetic energy of electrons from deepest valence states can
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be defined as zero and this position is called secondary electron edge (SEE). Because
the kinetic energy of electrons emitted from the deepest valence states is zero, the
work function of a material can be derived through SEE according to Eq. (3.6). On the
other hand, electrons emitted from the valence band maximum have the largest kinetic
energy. Through UPS analysis, the band diagram of the examined material can be

obtained.
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Fig. 3.13 Band diagram of an unknown material.
Fig. 3.14 (a) presents the UPS spectrum of bulk BP and Fig. 3.14 (b) and (c) is
the enlarged diagram of (a). By extracting the line of the binding energy of bounded
electrons in Fig 3.14 (b), the binding energy which corresponds to the secondary

electron edge (SEE) is 16.68 eV. From the SEE at which the Kinetic energy of emitted
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electron is zero and the source energy is 21.22eV, the work function @ of the bulk BP
can be calculated as:
¢ =21.22eV—16.68 eV =4.54 eV

According to Fig 3.14 (c), the energy gap between valence band maximum and
Fermi-level is 0.05 eV, which can be acquired from fitting the curves. Since the direct
bandgap of bulk BP is 0.33 eV [94, 95] , the Fermi level closer to the valence band
confirms that pristine BP is a p-type semiconductor. The band diagram of bulk BP is

also shown in Fig. 3.14 (d).
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Evem

Fig. 3.14 (a), (b) and (c) UPS spectra of bulk BP. (d) Band diagram of bulk black

phosphorus.

The work function of AuGe alloy can also be obtained by using UPS analysis, as

shown in Fig. 3.15 (a) and (b). According to Fig. 3.15 (b), the work function of the

alloy can be calculated as:

¢ =21.22eV—-16.65¢eV =4.57¢eV

This value is pretty close to the work function of bulk black phosphorus, which is a

rather small value when compared to some other high work function metals like

Nickel, Palladium...etc. Note that the work function difference is often not the

primary issue to determine the quality of the metal/BP contact. Other factors such as

fermi level pinning, van der Waals gap at the metal/BP interface and the tunneling

current should also be taken into consideration.
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Fig. 3.15 (a) and (b) UPS spectra of AuGe alloy.

Chapter 4 BP Thin Film Transistors

In this chapter, the fabrication processes of the back-gated black phosphorus thin
film transistors and their electronic properties will be first demonstrated in Sec. 4.1.
The electronic properties of the back-gated BP TFTs can be considerably improved
after thermal annealing at 200°C for 1 minute. Sec.4.2 describes the thickness
dependent device performance. It can be found that the optimized thickness for the
black phosphorus thin film transistor application is around 10 nm. Sec. 4.3 shows the
electronic properties of back-gated BP TFTs with different metal contacts. The best
metal contact in this research is gold- germanium alloy, due to the fact that

germanium can be successfully doped into BP and a metallic PGex compound at the
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metal-phosphorene interface can be formed after RTA, as mentioned in chapter 3. Sec.
4.4 demonstrates the anisotropic properties of the BP TFTs along armchair and zigzag
directions, and thereby the performance-optimized BP TFT can be obtained. Finally,
in Sec. 4.5, pn diode is successfully fabricated through the heterojunction of BP-WS;
and the homojunction of BP with different thickness. The electronic and optical

properties of these two structures will also be measured and discussed.

4.1 Back-gated Black Phosphorus TFTs

4.1.1 Device Process Flow

First, the black phosphorus flakes were mechanically exfoliated onto the 300nm
SiO2/p™™ Si substrate in the glove box to prevent the oxidation of BP. The heavily
doped silicon substrate serves as the bottom gate and the 300nm thick SiO: serves as
the oxide insulator of the device. To remove the organic residues after exfoliation, the
substrate was immersed in acetone for 1 hour, and then immersed in isopropyl alcohol
(IPA) for 10 minutes. After removing the adhesive residue, the sample was
immediately spin-coated with PMMA to avoid the surface of BP being degraded in

the atmosphere and then the appropriate flakes were chosen under optical microscope,
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as shown in Fig. 4.1(a). The thickness of black phosphorus flakes can be roughly
determined through the optical contrast with respect to the underlying 300nm SiO»
layer. The appropriate flakes with proper thickness and area size can be easily located
by the metal mark on the substrate. Next, e-beam lithography was used to pattern the
source and drain electrodes, followed by thermal evaporation of Cr (10nm)/Au (70nm)
contact and lift off process. To achieve the better electronic properties, thermal
annealing at 200°C in the nitrogen environment was used for 1 minute. The effect of
thermal annealing will be discussed in Sec. 4.1.2. The cross section view of the device
is shown in Fig. 4.1(c). The process flow of the fabrication processes for the black

phosphorus TFTs are shown in Fig. 4.2.

(@) (b)
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(©)

Fig. 4.1 Top view of BP TFT (a) before and (b) after device
fabrication under optical microscope. The width and length of the
device is 1.8um/2.9um, respectively. (¢) Cross-sectional view of

back-gated BP TFT structure.
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acetone/IPA bath
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e-beam lithography for source and drain
electrodes
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Thermal evaporation for J

Exfoliate BP flakes onto substrate in glove boxJ

Chromium(10nm)/Gold(70nm)

L

lift off process

v

Annealing in N, environment at 200°C for
1minute

Fig. 4.2 The flow chart of back-gated BP TFT fabrication processes.
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4.1.2 Device Performance

Fig. 4.3 (a) and (b) show the drain current-drain voltage (Id-Vd) output
characteristics before and after thermal annealing. In Fig. 4.3, a typical ohmic contact
behavior of BP TFT is observed. As the gate voltage (Vg) becomes more negative, the
drain current Id becomes larger, which confirms that BP is a hole-dominant
semiconductor. The transfer drain current versus gate voltage (Id-Vg) characteristics
of the BP TFT before and after thermal annealing is shown in Fig. 4.4 (a) and (b). The
gate voltage sweep direction is shown in the arrows in Fig. 4.4. From Fig. 4.4, the
on/off current ratio of this BP TFT before thermal annealing is 2 X 102. After thermal
annealing, the on/off current ratio is increased to 1.3 X 103. This property is
comparable to most graphene FETs due to its zero band gap. The subthreshold swing
before and after thermal annealing are 17 V/dec and 5.2V/dec, respectively. The field
effect mobility is also increased from 28 cm?/V-sec to 86 cm?/V-sec, which can be
extracted from the transconductance of linear region in the transfer characteristics
curve by using Eq. (4.1).

4 = On @.1)

Where pgr is the field effect mobility of the TFT, g, is the transconductance,

W(L) is the channel width (length), and C; is the gate oxide capacitance per unit

arca.
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These electronic performance enhancement indicates that thermal annealing in
nitrogen condition is a necessary process to obtain high performance BP TFT. It can
also be observed that the hysteresis, defined as the threshold voltage shift during the
forward sweep and reverse sweep, of this device is pretty large, which is due to the
positive interface charges between BP/Si0; interface and is not desirable for logic
switching applications because it will increase the on/off switching voltage, thereby
increasing the power consumption of the circuit. Since the measurement of this device
was conducted in atmosphere, if the measurement is conducted in vacuum, the
hysteresis can be significantly reduced due to the reduction of interface charges. Table
4.1 summarizes the performance of BP TFT using SiO: substrate and Chromium

contact.

(a) (b)
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Fig. 4.3 Output characteristics of Cr contact BP TFT (a) before and (b)

after thermal annealing.
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Fig. 4.4 Transfer characteristics of Cr contact BP TFT (a) before and

(b) after thermal annealing.

Table 4.1 Electronic properties of BP TFTs before and after thermal

annealing.

Before

28

2 x 102

17

After

86

1.3 x 103

5.2
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4.2 Thickness Dependence of Electronic Properties

Because of the thickness-dependent band structure, the thickness of BP plays an
important role on its electronic properties. The flakes with different thickness of 57nm,
43nm, 16.3nm, 11nm and 5nm on a same substrate were chosen. Thickness of the
flakes were determined by AFM. It’s worthy mentioning that the thickness is not
constant across the surface, so an average estimated thickness was used. The metal
contact used in this section is AuGe alloy (Au:Ge = 88:12), and the measurement is

conducted in vacuum (pressure < 200mTorr).

The transfer drain current versus gate voltage characteristics of the BP TFTs in
log scale is shown in Fig. 4.5. All the flakes demonstrate an ambipolar transport
behavior. Since the electron mobility which are less than 10 cm?/V*s are too low for
the device application, Table. 4.3 only lists the dominant electronic properties of holes
for easy comparison. The current on/off ratio (subthreshold swing) will monotonously
increase (decrease) from 6.4 x 10 to 1.4 x 10° (10.65 V/dec to 4.63 V/dec) as the
thickness decreases from 57 nm to 4 nm. This phenomenon has been reported in other
two-dimensional FETs such as few-layer graphene and MoS; [96, 97] and can be
attributed to the screening of the gate electric field. Simply speaking, the gate electric

field only induces free carriers in the bottom layers as a result of charge screening.
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Therefore, as the thickness of BP increases, the top layers can still provide finite

conduction in the off state, thereby reducing/enlarging the drain current

modulation/subthreshold swing. The field effect mobility also increases from 49

cm?/V-sec to 173 cm?/V-sec as the thickness decreases from 57 nm to 11 nm, which is

because of the fact that the current is injected from electrical contacts on the top

surface, and the finite interlayer resistance forces the current to flow through the top

layers, which are not gated by the back gate, as shown in Fig. 4.6, thereby depresses

the mobility for samples thicker than ~10 nm. However, the mobility drastically

decreases to only 5 in the 4 nm thick sample, which is due to the fact that thinner

samples are more vulnerable to charge impurities at the interface that are otherwise

screened by the induced charge in thicker samples. To conclude, since the mobility is

affected by the interlayer resistance and the impurity charge scattering at the interface,

optimized thickness of BP thin film around 10 nm should be chosen to acquire better

device performance.
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Fig. 4.5 Transfer characteristics of BP TFT in log scale with different

thicknesses, the green arrow indicates the sweep direction of the gate

bias.

Table 4.2 Electronic properties of BP TFTs for different thicknesses.

57 49 6.4 x 10! 10.65
43 116 1.9 x 102 9.32
16.3 165 2 x103 8.64
11 173 3.3 x 10* 8
4 5 1.4 x 10° 4.63
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4.3 Contact Metal Comparison of BP TFTs

As mentioned in chapter 1, the large contact resistance at the interface of the
source/drain metal and BP channel will undesirably restrain the performance of the
BP TFT. In order to extract the contact resistance, transmission line method (TLM)
was used to obtain the contact resistance for different contact metals [98]. The
measured total resistance consists of several components, as shown in Eq (4.2).

Rr = 2R + 2Rc + Rehannel (4.2)
where Rm is the resistance of the contact metal, Rc is associated with the
metal/semiconductor interface, and Rchannel 1S the semiconductor resistance. The
resistance of a single contact would be R + Rc. However, in most situations, the
resistivity of the metal in the contact is low enough to be ignored. These results
suggest a method for measuring the contact resistance. If resistors of several different
lengths are constructed, keeping all other conditions the same, the total resistances of
each can be measured and plotted. In the limit of a zero-length resistor, the residual
resistance would be just twice the contact resistance, which can be found from the
graph by extrapolating back to L = 0. There are three different contact metals used in
this research, which are Cr, Ni and AuGe alloy (Au:Ge = 88:12) . Fig. 4.7, Fig. 4.8
and Fig. 4.9 shows the device size and performance for the Cr, Ni and AuGe alloy

contacted BP TFT, respectively. The electrical properties of these three devices are
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listed in Table 4.3. All of the three devices is measured in vacuum condition (pressure
< 200mTorr). According to the transfer Id-Vg plots in Fig. 4.7 (b), Fig. 4.8 (b) and Fig.
4.9 (b), it can be observed that all of these three devices demonstrate the ambipolar
behavior, and the hysteresis are all much smaller than those of the Cr contact device
mentioned in Sec. 4.1, implying that the electrical performance of BP TFT will be
severely influenced by atmosphere. In fact, for hole current output characteristics in
Fig. 4.7 (c), Fig. 4.8 (c) and Fig. 4.9 (c), all three devices show excellent ohmic
contact behavior, which might due to the small bandgap (=0.33 eV) of black
phosphorus and thus forming a low schottky barrier height at the metal/BP interface.
The hole mobility for Cr, Ni and AuGe alloy contacted devices are 175 cm?/V-sec, 52
cm?/V-sec and 116 cm?/V-sec, respectively. Since Nickel has the highest work
function (=5.15 eV) out of these three, the lowest hole mobility for Ni contacted
device might imply that the main mechanism of the current transport at the contact is
through tunneling [99, 100] . The lower mobility of the AuGe alloy contacted device
might due to two reasons. First, the thickness of the AuGe alloy contacted device (=
43 nm) is quite large. As mentioned in Sec. 4.2, thicker samples tend to have lower
mobility because of the existence of interlayer resistance in BP. The rather low on/off
current ratio and the yellow color of this device under optical microscope also

indicate that it is thicker than the other two devices. Second, the current transport
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direction of the AuGe alloy contacted device is along zigzag direction. It has been

reported that the hole mobility for BP along zigzag direction is the lowest [30, 54,

101] , comparing to other directions. The anisotropic properties of black phosphorus

will be further investigated in Sec. 4.4. Finally, the contact resistance for these three

metal contacts is obtained from the transmission line method (TLM). Fig. 4.10

demonstrates the relationship between the contact resistance versus back gate voltage.

Table 4.4 lists the values of these contact resistances. As previously discussed, Ni

undoubtedly has the highest contact resistance (from 5.61 *mm to 8.03 () *mm as

the back gate bias sweeps from -100 V to -50 V), while Cr contact resistance increases

from 2.06 Q*mm to 3.54 ) *mm as the back gate bias sweeps from -100 V to -50 V.

The dependencies of the contact resistance versus back gate bias for these two metals

are quite consistent with the previous studies [35, 46, 59, 102, 103] . Although AuGe

alloy has the lowest contact resistance out of these three, probably due to the fact that

germanium can successfully dope into phosphorene and thus cause a p-type doping

effect [93], its contact resistance actually decreases from 1.76 QQ*mm to 1.21 Q

*mm as the back gate bias sweeps from -100 V to -50 V. This phenomenon can

possibly due to the large thickness of the AuGe alloy contacted device. According to

the model shown in Fig. 4.6. As the back gate voltage sweeps to a large negative bias,

the conduction channel will be closer to the BP/insulator interface, and the screening
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effect becomes worse. Therefore, if the BP film is too thick (> 40nm), the influence of

interlayer resistance might slightly enlarge the contact resistance. Generally, BP films

with thickness less than 20 nm can be better gated by the back gate, therefore the

impact of interlayer resistance can be negligible.
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Fig. 4.7 (a) Optical image of the Cr contact TLM sample (b) Transfer

characteristics of the Cr contact device, L = 1.8 um. (c) Output characteristics of
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the Cr contact device for hole current transport and (d) electron current

transport. (e) Result of TLM extraction method.
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Ni contact device for hole current transport and (d) electron current transport. (e)

Result of TLM extraction method.
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characteristics of the AuGe alloy contact device for hole current transport and (d)

electron current transport. (¢) Result of TLM extraction method.

Table 4.3 Electronic properties of BP TFTs with different metal contacts.

Cr Hole 175 9 x 103 8
Electron 55 9.5 x 101 13.92
Ni Hole 52 2.6 X103 8.33
Electron 1.2 3x101 17.4
AuGe Hole 116 1.9 x 102 9.32
alloy
Electron 12 1.5 x 101 30.98
3_- Metal
] —a—Cr
7 - —o— Nj
; —4a— AuGe alloy
6 -
=
*E 5 ]
&
o 41
x
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Fig. 4.10 Three different metal’s contact resistance versus back gate bias. Note
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that the dependency of the contact resistance versus back gate bias for AuGe alloy
contact is quite different than the other two metals.
Table 4.4 Three different metal’s contact resistance versus back gate

bias.

Rc for Cr(Q*mm) 2.06 2.17 2.35 2.53 2.97 3.54
R for Ni(Q*mm) 5.61 5.8 6.06 6.51 7.15 8.03
Rc for AuGe 1.76 1.67 1.58 1.48 1.34 1.21
alloy(Q*mm)
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4.4 Anisotropic Properties of Black Phosphorus

As mentioned before, BP thin films with rectangular shape can be fabricated by
using the technique introduced in chapter 2. The crystal orientation of the rectangular
BP film can be immediately verified by optical microscope, as the long and short
sides of the rectangular BP corresponds to ZZ and AC directions, respectively. Thus,
the current transport direction can be determined without complicate and tedious
techniques to determine the lattice orientation of BP like Raman measurement, and
the fabrication time can be reduced to prevent BP from severe oxidation. Besides, the
calculation of the field-effect mobility will be more precise since it can be extracted
by the transconductance and the geometric factor L/W of the thin film when the
device operates in linear region. However, the L/W for an irregularly shaped BP film
is so indefinite that it inevitably leads to a finite error in the calculation of mobility.
Thanks to the geometric certainty of rectangular BP, a more accurate mobility can be
acquired.

To investigate the anisotropic properties of the rectangular BP, two rectangular
BP flakes were mechanically exfoliated onto the Si/SiO; substrate ,and they were
fabricated along ZZ and AC direction, respectively. The contact metal is AuGe alloy.

Fig. 4.11 and Fig. 4.12 display the device performance along these two directions, and
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Table 4.5 lists some important electrical properties of these two devices. Fig. 4.11 (b)
and Fig. 4.12 (b) show the thickness of these two devices which is about 11.5 nm and
20 nm, respectively, suggesting that both devices can demonstrate good on/off current
ratio (ZZ = 1 x 10* and AC = 2.3 x 103), as shown in Fig. 4.11 (e) and Fig. 4.12
(e). Output characteristics show that AuGe alloy forms a good ohmic contact with BP.
Notice that the peak hole mobility along AC direction can be up to 298 cm?/V-sec,
which is comparable to other studies [93, 100, 104, 105]. In addition, the hole
(electron) mobility ratio of AC/ZZ is about 1.88 (2.78), which is consistent with some
previous researches [28, 30]. In conclusion, the using of contact and direction
engineering can contribute to a high hole mobility for BP, revealing the potential of

BP in the application of field-effect transistors.
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Fig. 4.11 (a) AFM image of the ZZ direction sample, W/L = 2.55um/2.8um. (b)
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Thickness = 11.5 nm. Output characteristics for (c) hole and (d) electron transport.

(e) Transfer characteristics.
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Fig. 4.12 (a) AFM image of the AC direction sample, W/L = 6.4um/2.2um. (b)
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Thickness = 20 nm. Output characteristics for (¢) hole and (d) electron transport

(e) Transfer characteristics.

Table 4.5 Electrical properties of BP TFTs along two transport

directions.

ZigZag Hole 159 1 x 10* 13.13
Electron 5.4 1.7 x 102 8.79

ArmChair Hole 298 2.3x103 7.69
Electron 15 7.6 x 10! 17.16

To further explore the anisotropic properties of BP, two BP TFTs along two

different directions were fabricated on the same BP flake, as shown in Fig 4.13. The

thickness of this BP film is about 35 nm. The transfer characteristics of these two BP

TFTs along AC and ZZ directions are shown in Fig. 4.13 (c) and (d), respectively.

Table 4.6 shows the electrical properties of these two devices. Note that the hole

mobility ratio between AC and ZZ is reduced to only about 1.52 in this case, which is

lower than the theoretical results. The reason is that when there are two pairs of

source/drain electrodes corresponding to AC and ZZ directions on the same BP flake,

the drain current cannot be completely parallel to the AC (ZZ) orientation owing to

the current spreading effect, which will result in underestimation (overestimation) the
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mobility along AC (ZZ) direction. Fig. 4.14 illustrates the current spreading effect

when measuring the mobility ratio pac/pzz.
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Fig. 4.13 (a) AFM image of the BP TFT sample, W/L = 4.35um/3.5um for ZZ, and
lum/1.7um for AC, respectively. (b) Thickness = 35 nm. Transfer characteristics
for (¢) ZZ direction and (d) AC direction.

Table 4.6 Electrical properties of BP TFTs along two transport

directions on the same flake.

ZigZag Hole 140 2 x 102 13.31
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Electron 12 1x 101 20.96
ArmChair Hole 213 1.5 x 102 14.21
Electron 15 8 x 10° 34.35

Mac

Experiment < Theory

Yao Hsiao, Master Thesis, Black phosphorus with unique rectangular shape and its anisotropy for

electronics and optoelectronics (2018).

Fig. 4.14 Illustration of the current spreading effect in BP TFT.

In fact, the mobility is not a fixed value because of the various scattering

mechanisms, such as surface roughness scattering, phonon scattering and Coulomb

scattering. Among these scattering mechanisms, the surface roughness scattering is

the dominant mechanism in nano-scaled 2D materials. Therefore, the mobility in 2D

materials is not a constant but a function of back gate voltage. Fig 4.15 shows the hole

mobility and the mobility ratio between AC/ZZ versus back gate bias according to the

samples in Fig. 4.11 and Fig. 4.12. Note that both the mobilities along AC and ZZ
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seems to gradually decline as the back gate bias sweeps from 0V to -100V. The

uac/pzz ratio is found to be in the interval of 1.8 to 2.8. The big ratio (>2.4) after Vg is

less than -40V can be attributed to the fact that the thickness of the ZZ sample

(thickness =

11.5 nm) is thinner than the AC sample (thickness

20 nm), as

mentioned in Fig. 4.11 (b) and Fig. 4.12 (b). As a result, when the back gate voltage

sweeps to a large negative bias, a thinner film will suffer the surface roughness

scattering at the BP/SiO; interface worse than a thicker film, resulting in a faster drop

of the mobility and the increasing pac/pzz ratio.
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Fig. 4.15 The mobilities along AC (black line) and ZZ (blue line) directions and

the pac/pzz ratio versus back gate bias (red line), the ZZ and AC samples are

mentioned in Fig 4.11 and Fig. 4.12, respectively.
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On the other hand, Fig. 4.16 displays the hole mobility and the pac/uzz ratio
versus back gate bias based on the sample in Fig. 4.13. Notice that the peak mobility
occurs at Vg = 25V for both AC and ZZ directions. The drop of mobility is due to the
surface roughness scattering. Since these two samples share the same BP film and
thus the same thickness, the impact of surface scattering on these two devices can also
be seemed as the same. Originally, the pac/pzz ratio = 1.52 at Vg = 25V, and then
gradually decreases as the back gate bias sweeps to -100V, implying that at large
negative bias, the scattering mechanism will become the dominant factor to affect the

mobility, while the influence of different transport directions will become less

important.
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Fig. 4.16 The mobilities along AC (black line) and ZZ (blue line) directions and
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the pac/pzz ratio versus back gate bias (red line), the AC and ZZ samples are

mentioned in Fig. 4.13.

4.5 Characteristics of P-N BP/WS2 Heterostructure

and BP Homostructure

In this section, the fabrication of P-N junction is realized through the BP-WS;
heterostructure and the homojunction of BP with different thicknesses. Their
electrical and optical properties will also be measured and discussed.

4.5.1 Device Process Flow for BP-WS2 Heterostructure

The process flow of the fabrication process for the BP-WS; heterostructure
p-n junction is shown in Fig. 4.17. First, the BP flakes were mechanically exfoliated
and transferred onto a patterned 300 nm SiO»/p™ Si substrate as shown in Fig. 4.18
(a). After choosing the proper BP films and acetone bath, WS, flake was transferred
onto the top of BP as shown in Fig. 4.18 (b) by using dry transfer. After second
acetone bath for 1 hour, the S/D electrodes would be defined by E-beam lithography,
followed by thermal evaporation of Cr (10 nm)/Au (70 nm) contact metal for WS,
and AuGe alloy (80 nm) for BP, respectively. Finally, after lift-off process, the device
was thermal annealed at 200°C for 1 minute in N2 to have better contact between WS>

and black phosphorus. Fig. 4.18 (c) shows the completed devices under optical
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microscopy. Fig. 4.18 (d) shows the cross-sectional diagram of the completed devices.

Mechanically Exfoliate BP onto 300nm SiO,
substrate
v
Spin coating PMMA to choose BP flakes with
| proper thickness

v

Acetone bath for 15 min

v
Dry transfer WS,

|
|

|

- |
Acetone bath for 1hr |
|

|

|

|

L
E-beam lithography for S/D electrodes
%
Thermal evaporate AuGe
alloy/CrAu(BP/WS2)

%
Lift-off
L
Anealing in N, at 200°C for 1 min

Fig. 4.17 The flow chart for BP-WS; heterostructure fabrication

process
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(©) (d)

AuGe alloy
BP

Si0,(300nm)

Fig. 4.18 (a) BP flakes on 300nm SiO; substrate (b) Dry transfer WS,
onto BP (¢) Completed device under optical microscope (d) Schematic
diagram of the completed device.

4.5.2 Device Performance
Fig. 4.19 (a) and (b) shows the I4-V4 curve of BP-WS; heterostructure P-N diode
in log and linear scale, respectively. In order to further discuss its characteristics, we

will consider the ideality factor (n), which is an important parameter to determine the
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quality of a P-N diode. The ideality factor n can be extracted from the I¢-V4 plot in log
scale and using the slope as shown in the red dashed line in Fig. 4.19 (a), following

these equations.

qVv

I =1,(e™ 1)

(4.2)

n= q
KT x In(10)x slope

(4.3)

where n is the ideality factor, I is the current of diode, Io is the saturation current, —

=25.9 mV at room temperature and V is the applied voltage. The ideality factor and

the on/off ratio of the heterostructure P-N diode under different back gate bias is

shown in Fig. 4.20. The current rectification ratio which is defined as forward current

(Ir) divided by reverse current (Ir) at |V4| = 2V is about 3 order, and the ideality

factor is in the range of 1.71 to 2.15, which indicates that the forward current is

dominated by recombination current. These results show great electrical performance

of the BP-WS; heterostructure P-N diode.

In order to further discuss the optical characteristics of BP-WS; heterostructure

P-N diode, Xe lamp was used as a broadband light source to measure its optical

properties. The emission spectra of Xe lamp is shown in Fig. 4.21.
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Fig. 4.19 Ia versus Va of BP-WS: heterostructure P-N diode in (a) log scale (b)

linear scale. Note that the red dashed line can extract the ideality factor (n) of this

device.
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Fig. 4.20 The ideality factor and on/off ratio of BP-WS: heterostructure P-N diode

under different back gate bias.
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Fig. 4.21 The emission spectra of Xe lamp.

The incident light with intensities at 40.37, 222, and 4720 uW/cm? would be
used to measure the photoresponse of BP-WS: heterostructure P-N diode. Fig. 4.22 (a)
and (b) show the forward and reverse I4-Vq curve under dark and various incident
light intensities from 40.37 to 4720 uW/cm?, respectively. The red dashed circle in Fig.
4.22 (a) is enlarged in Fig. 4.22 (b) and shows the details of the negative Vg4 bias
region. Under forward and reverse bias, as the incident light intensity increases, the
photocurrent becomes larger. At Vgs= 0V, the diode didn’t show any photoresponse,
indicating that the BP-WS; heterostructure P-N diode is not a photodiode but a
photoconductor. At Vg4s= 2V, the photocurrent I,n, which is defined as linumination-Idark,
where Iiiumination and ldark are the drain current Iy with and without light illumination,
are 2.26, 3.49 and 22 nA for incident light intensity 40.37, 222 and 4720 uW/cm?,
respectively. At Vgs= -2V, the photocurrents are 66, 329 and 661 pA for incident light
intensity 40.37, 222 and 4720 uW/cm?, respectively. Fig. 4.23 shows the responsivity

R of the diode versus light intensity at Vgs=t2V. The responsivity R is defined as
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Iph/Piaser, Where Plaser is the incident light intensity multiply by the device area (97 um?).
At Vgs= 2V, the responsivities are 57.9, 16.2 and 10.9 A/W for incident light intensity
40.37, 222 and 4720 uW/cm?, respectively. At Vas= -2V, the responsivities are 1.69,
1.53 and 0.18 A/W for incident light intensity 40.37, 222 and 4720 uW/cm?,
respectively. The responsivity would decrease as the light intensity increases, which is
consistent with the theory and shows great optical response of the heterostructure.
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Fig. 4.22 (a) Ia versus Va characteristics of BP-WS: heterostructure under various

incident light intensity (b) Enlarged graph of (a) at Va <0.
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Fig. 4.23 Responsivity of BP-WS: Heterostructure versus incident light intensity.
To further investigate the BP-WS; heterostructure, the ideal energy band
diagram of the heterostructure under thermal equilibrium before contact are shown in
Fig. 4.24. The energy band diagram of BP has been shown in Chapter 3. The work
function, electron affinity and bandgap of WS: is 4.3, 4.15 and 1.3 eV, respectively.
To simplify the analysis, assume there are no interface states at the junction interface.
According to the band diagram, the barrier height of holes is much larger than that of

electrons, indicating that the forward current of the heterostructure is mainly

contributed by electrons.

107

doi: 10.6342/NTU201901794



454eV| 426V 43eV] 4l5e
Ec
Ec=0.11¢eV.
Ec Abc © t Ef - _¢_ __________ -
l 0.33 eV
g """""" I 1.3eV
AEvo.86eVI
EV A 4
BP WSz

Fig. 4.24 I1deal Band diagram of BP-WS; Heterostructure before

contact.
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4.5.3 BP Homostructure P-N-Like Diode through Thickness

Control

According to Fig. 4.5, the 4 nm BP film can be better gated by the back gate,
which can be observed from the negative shift of the threshold voltage. As a result, if
the threshold voltage of the BP TFT can be controlled through thickness, then the BP
homostructure P-N-like diode can be realized. Fig. 4.25 shows the optical and AFM
image of the BP homostructure P-N-like diode. Notice that in Fig. 4.25 (d), the

thickness of the thick part can be up to 45~50 nm, while the thin part can be down to
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only 10~15 nm, which agrees with the color difference in Fig. 4.25 (a). The electrical
and optical properties of the homostructure P-N-like diode are shown in Fig. 4.26 and
Table 4.7. The ideality factor, which can be extracted from the slope in Fig. 4.26 (a),
is about 1.98, implying that the forward current is dominated by recombination
current. The current rectification ratio, which is defined as forward current (Ir)
divided by reverse current (Ir) at |V4| = 1V is about 2.3 x 10%. To further explore
the optical responsivity of the device, 850 nm NIR Laser in optical fiber is used as the
light source, and the intensity = 16.3 W/cm?2. At V4= 1V and -1V, the photocurrents
are 270 and 7.26 nA, respectively. The device area = 34.5 um?. The responsivities at
Vd=+1V are 47.76 and 1.29 mA/W, respectively. Notice that at Vgs= 0V, the diode
also didn’t show any photoresponse, indicating that the BP homostructure P-N-like
diode is not a photodiode but a photoconductor. The device performance of the
homostructure P-N-like diode is comparable to the BP-WS; heterostructure and shows
great potential of BP in the applications of infrared photodetector due to the small

direct bandgap (=0.33 eV) of bulk BP [106-108].
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Fig. 4.26 1d-Vd plot of the homojunction P-N-like diode in (a) log scale
(b) linear scale. Notice that at Vds = 0V, the diode also didn’t show any
photoresponse, indicating that the homojunction P-N-like diode is not

a photodiode but a photoconductor.

Table 4.7 Device performance of the homojunction P-N-like diode

1.98 2.3 x 10! 47.76 1.29

Chapter 5 Conclusion

In Chapter 3, the lattice constant of bulk BP are determined by X-ray
Diffraction (XRD). The thickness of the BP nanosheets can be roughly determined by
optical microscopy (OM) and atomic force microscopy (AFM). The orientation of BP
thin films can be recognized by Raman spectra. According to the intensity ratio of A%g

to A'g, the long and short sides of the rectangular BP thin films are found to be zigzag
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(ZZ) and armchair (AC) directions, respectively. X-ray Photoelectron Spectroscopy

(XPS) is used to study the elemental composition of BP and AuGe alloy. Finally, UPS

is utilized to study the energy states of bulk BP and AuGe alloy. The energy band

diagram of bulk BP is also obtained.

In Chapter 4, back-gated BP TFTs on 300nm SiO, substrate were successfully

fabricated. It is found that after thermal annealing at 200°C in the nitrogen

environment for 1 minute, both the hole mobility and the on/off current ratio of the BP

TFT can be significantly improved. Section 4.2 discusses the thickness dependent

properties of the BP TFT. The optimized thickness for BP TFT is found to be around

10nm, while for thickness larger than 10nm, the interlayer resistance and screening

effect will weaken the mobility and drain current modulation. As for thickness less

than 10nm, interface scattering will severely degrade the mobility. In Section 4.3,

several metal contacts for BP TFTs are studied through Transmission Line Method

(TLM). Terrific Ohmic contact between BP and metal is obtained due to the small

bandgap of BP ( = 0.33eV). Based on the result of TLM, AuGe alloy is found to have

the lowest contact resistance. In Section 4.4, the anisotropic properties of BP are

investigated through rectangular BP TFTs. The mobility ratio between AC/ZZ

directions of BP is found to be dependent with thickness and back gate bias. Using

AuGe alloy as the metal contact and AC direction as the carrier transport orientation,
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high performance BP TFT with hole mobility up to 298 cm?/V*s and on/off current
ratio up to 3 orders is obtained. Finally, P-N diode with BP-WS; heterostructure and
BP homostructure were successfully fabricated. The ideality factors for both devices
were found to be about 2, suggesting that the forward current is dominated by
recombination current. The ideal energy band diagram under thermal equilibrium for
BP-WS; heterostructure is used to indicate that the forward current of the
heterostructure is mainly contributed by electrons. The optical responsivities show
great potential of BP in the applications of optoelectronics due to the direct bandgap

of BP.
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