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Abstract

The outstanding properties of graphene have enablesl/eal the exotic carrier transport behavior
approaching to the relativistic quantum mecharacsas the excellent diffusion barrier protecting t
junction interface from the material intermixing bByomic diffusion, serve as the effective interlaye
modulating the electronic states, and offer tharsing solid-state platform allowing the quantum
optics of the Dirac Fermion. In this dissertaidre ballistic carrier transport through graphenenio
different aspects will be covered. Understandingveitical transport across graphene-combined
hetero-junction and lateral transport in the graghehannel is the main agenda. The sensitive
manipulation of electronic states at/across therfate and the controllable distribution of elextri
potential on the surface can lead to an extraorgiphysical phenomenon and conductance switching.
Based on that, it is eventually proposed that heeviirand-new type graphene-based device can be
evolved or what kind of method can be adapted forave the actual performance of the graphene-

based devices significantly regardless of propertyuality of graphene.
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Chapter 1. Introduction

1.1 Motivation

Physics contributes to human lives by understandasgc rules in nature and identifying profound
scientific truth. | was particularly interested éondensed matter physics, which deals with physical
properties of diverse systems, has infinite poébrmti wide applications, and establishes the litiks
real-world from microscopic world. | also felt imést in semiconductor device physics, which gives
insights into assembling technological methodolsdig encompassing all kinds of study with great
creativity.

In the fields of condensed matter physics and samdiector device physics, modern scientists have
witnessed the marvelous revolution employing vaitaw-dimensional materials [1, 2] and novel
guantum materials [3, 4]. There have been hugeeagiadinterests and enormous research activities
regarding the remarkable physical, mechanicaltiétat, and optical properties of zero-dimensional
(OD) nanocrystals/quantum dots [5, 6], one-dimemalio(1D) nanowires/nanotubes [7, 8], two-
dimensional (2D) Van der Waals materials [9], saprductors [10], and topological insulators [11]. |
have been convinced that the discovery of new riahter the development of advanced technology
brings innovation research. This is literally stafg¢he-art modern alchemy, which explores both
fundamental physics and applied science, needsllonf up the cutting-edge nanotechnology, and
boosts the infinite potential in next-generatiorvide applications by considering the upcoming
industry, and has a great impact on the human livdse future.

Beyond the conventional device technologies, tlehrieal realization of electronic, photonic,
optoelectronic, and spintronic devices by contnglliquantum transport is a long-cherished desire of
all condensed matter physicists around the work] IB]. | could have learned through the doctoral
study that the most significant physical phenomendetermining functionality and efficiency of
devices occur at the interface where the contaohdaries between the different materials meet.
When we recall the famous and inspirational quoiad made the bulk; surfaces were invented by
the devil.” from Wolfgang Ernst Pauli [14], atomsside the bulk are surrounded by other atoms and
remain in their original states, while atoms on sheface are influenced by the external environment
and interact with other atoms. Indeed, many sdienbreakthroughs have been achieved by
surfacelinterface engineering. The role of eledtratates are crucial greatly tuning the energyibar
formation, carrier transport mechanism at/acrosedriterface or on the surface, and device operation
characteristics. Likewise, | find the fact that wan predict the use of materials and improve device

performance with desired physical properties isamdaibly interesting to me.



1.2 Overview

In this dissertation, the two different aspectdallistic carrier transport through the graphere ar
studied. The first aspect is tlat-of-planeballistic carrier transport across the grapheserted at
the metal/semiconductor interface or the graphemgacted with the semiconductor substrate. The
second aspect is the-plane ballistic carrier transport in the graphene unther periodic potentials,

so-called the graphene superlattice.

1.2.1 Ballistic Carrier Transport

The number of valence electrons (outer shell edasl determine the atomic elements. Under an
electric field, the valence electrons in metal, ¢éhectrons in the conduction band of semiconductor,
and holes in the valence band of semiconductowealieknown to travel freely. These flow of charged
particles carry an electric current following thbr@s law [15].

In general, charged patrticles in real solids unalerdot of intrinsic scattering processes [15-17],
originated from electronic Coulomb interaction, pbo, surface roughness, impurity, defect, grain
boundary etc. This is why carrier transport in d®lis known to be quite diffusive, causing the
suppressed response of charge carriers to an akieid and the energy dissipation inevitably.

However, in some emerging materials with a cerfigsical regime, the charged particles can
move like billiard balls without the effective staaing processes. This is what we call batlistic
carrier transport [18-25]. In the ballistic regime, the kinetic eggris far higher than the lattice
potential energy or the mean free path of chargeecsa is long enough exceeding the dimension of
channel. The energetic carrier acquiring a very gx@ul kinetic energy is called as thet carrier.
The established techniques such as scanning tagnelicroscopy (STM) [26-28], ballistic electron
emission microscopy [29-31], and internal photosinis spectroscopy (BEEM) [32-34] utilizes the

ballistic carrier transport or the hot carrier tjen.



(a) Diffusive Transport

(b) Ballistic Transport
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Figure 1. Schematic illustration of comparison hkestw the diffusive (a) and the ballistic (b) transpo
in solid.



1.2.2 Out-of-plane Ballistic Carrier Transport through Graphene

Here, the idea of using graphene as the diffusiamidr or the interlayer is employed to form
atomically abrupt Schottky contacts and to obthm homogeneous energy barrier. The Fermi-level
pinning effect at the interface of metal/graphesisonductor junction is investigated in-depth by
modulating the dependence of energy barrier on rntteal work-function, the metal-graphene
interaction, and the semiconductor surface stdtanks to an experience of building the IPE system
independently, the energy barrier on the prevailinga was able to be determined without the
disruption of charge carrier flow through the loastier patches. In the aid of IPE and graphene
interlayer, strong Fermi-level pinning effect andusual negative Fermi-level pinning effect were
observed. The parallel conduction model and thitefielement electrostatic model were adopted to
explain the results theoretically.

Besides, it is clarified how downscaling of elezdticontacts or hole carriers supplied from the p-
doped graphene layer can affect effective energyidoaand transport mechanism. The forward-bias
current measured on the graphene/semiconductaigaris considered to be compromised due to the
recombination process regarding the hole carrigexted from p-doped graphene. The temperature-
dependent current ratio of recombination to themgi@mission implies the possibility of utilizinge
low-temperature operating rectifier.

In addition to that, the effective energy barriefsSchottky junction are found to be reduced with
decreasing the lateral size scaling of metal eddetr which is attributed to the thermionic emission

and tunneling of charge carriers around the junctidge.



Figure 2. Schematic illustration of the out-of-gaballistic carrier transport through graphene. (a)

Hot carrier injection into graphene. (b) Directroartransport from graphene.



1.2.3In-plane Ballistic Carrier Transport through Graphene

Creating a practically available off-state of grapé transistor to overcome the absence of its band-
gap, the useful concepts in photon physics aredotred to electron physics. It is demonstrated that
the Kronig-Penney type periodic potentials canristailed to realize the single-channel multi-drain
graphene device, where the charge carriers canulokedyto a desired direction on purpose. The
angular spread and propagating direction of elacivave packets in the graphene is found to be
manipulated just by tuning the magnitude of biakage applied on the superlattice potential or the
length of the superlattice period.

In appendix, the square/triangular superlatticasigily patterned on the graphene, the artificial
randomized defects induced by metal adatom deposith the graphene, and the Aharonov-Bohm
interferometer are also introduced. The moduladibcarrier transport properties can give insighd in

another way to minimize the off-state current.

Figure 3. Schematic illustration of the in-plandlibtic carrier transport through graphene.



1.3 Graphene

1.3.1. Research Trend in Graphene

Graphene [35-43], the most well-noted 2D Van deraM/amaterial, has provided a unique
opportunity corresponding to the innovation reskealn cooperation between the academia and the
industry [44], a worldwide movement has taken plaomtinuously to extend the technology
boundaries by utilizing the graphene. A new clads goaphene-based electronic [45-48],
photonic/optoelectronic [49-52], spintronic [53-b&lansparent/flexible [57-62] devices have been
explored widely. Therelativistic quantum phenomena and ballistic cartiansport in the 2D
graphene system makes possible to develop elegtrantum optics [63-67] relying on the Klein
tunneling [68-72], which incorporates the essent@hponents of photon physics such as focusing
[73-77], angle-dependent transmission [78-82],im@ltion [83-87] (through periodic potentials [88-
92], i.e., superlattice [93-97]), reflection [98-102], irfirence [103-107] (including the Aharonov-
Bohm oscillation [108-112]), localization [113-11®onfinement [118-122]. An important role of
graphene in practical use has been also reportiedeigrate into semiconductor devices rather tioan t
compete with well-developed Si-based CMOS techno|&g3].

However, it has been pointed out that there areraédisadvantages of graphene for real device
applications. The major limitation comes from zbemd-gap and lattice imperfection. Although there
had been research activities to open the band-ggmphene [124-129], heal the structural defatts i
the graphene [130-135], and control the current lising local/tunable gate applied on the graphene
transistor [136-142], establishing a completely alle and reliable way for graphene-based
electronics have remained as a challenging taskidBg, other comparable 2D Van der Waals
materials [143-146] have appeared at the contegesb challenge the limits of graphene.

Accordingly, the aim of research for graphene hasnbexpanded and diversified in order to
increase the utility of graphene, which can begmieed as metal adatom on the graphene [147-150],
graphene Schottky diode [151-154], graphene barrj$b5-158], electrical contact between graphene
and other materials [159-162], charge transferéadwoping of graphene [163-166], charge transport
through graphene hetero-junction [167-170], velicatacked Van der Waals hetero-junctions
consisting of graphene [171-174], and grapheneusldh barrier or interlayer inserted at metal-

semiconductor interfaces [175-178], etc.



1.3.2 Masdess Dirac Fermion in Graphene

It is known that the four valence electrons of eboa atom denote one 2srbital and three Zp
orbitals (Figure 4a). The mechanical and electizaperties of graphene relies on its atomic orbita
of carbon. The orbital hybridization composed oéthsp-orbitals (Figure 4b, left) forms thebonds
and builds up the trigonal planar geometry (Figdeg This lead to the mechanical robustness and
material flexibility [179-182]. The remaining unaffted p-orbital (Figure 4b, right) is vertically
aligned to the plane. As a result, its overlappprgduces ther-bands (Figure 4c), which is
responsible for gapless band structure, linearggndispersion, helicity, zero effective mass, high
carrier mobility, bipolar nature, and electricaliyrable carrier type/concentration [15-23].

The distinct feature of graphene allows electroarrihe Dirac points to propagate along the

graphene sheet like a massless relativistic partidhe electron has an effective speed comparable t

J3ya

the light called as the Fermi velocity- 57 = 10° m/s, where)y = 2.8 Ev is the hopping

energy between nearest neighboas, = 2.46 A is lattice constant, anfl is the plank constant.

E= sy\/1+ 4co§( . j+ 4co%kyaj[\/_|;aj 1)

Equation 1 shows the energy dispersion relatioiveléifrom the tight-binding model [183-185] in

consideration of the first-nearest-neighbor inteoac where S is the band index due to the helicity
(1 for the conduction band and -1 for the valenaed), K, and ky are the components of Bloch

wave-vector.
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P, P, P,

(b) Three sp*-orbitals One p-orbital

(C) Side (d) Top

T
(e)
‘ 120°
o
. >

(o}

Figure 4. Orbital configuration and the bondingtioé graphene. (a) Orbitals of a carbon atom. (b)
Hybridized sp-orbitals and remained p-orbital. (c) Orbitals lo¢ igraphene showing tleebonds and
n bands in trigonal planar geometry



As shown in Figure 5, the lattice structure cossdttriangular two equivalent sublattices. In real

space, the lengtha, =% between carbon atoms is approximately 1.42 A dwed unit cell is
3
- - - 3 (= A
defined by the primitive lattice vectorgu =x/§aox and az Z%BO(X'l'\/éy). The area of unit

3 < A
cell is Tag The vectors connecting to the other sublattieeeaapressed a®: =%(«/§X+ y),

z=%(—x/§§(+ S/) and 33=—80§/. In reciprocal space, the reciprocal lattice vesto

- 1. - 4. - o
b = ( yj and b, =——Y can be derived fromaib; = 27, . The reciprocal lattice
\/§a0 V3 33, J !
constant isb = ar _Am and the reciprocal lattice spacingl = am_ 47
isp=—=— [ | [ ==
J3a 33, 3a 3/3,

10



( a) @ Ssublattice A @ sublattice B

k
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Figure 5. Graphene lattice structure in real (&) r@ciprocal (b) spaces, whei&, is the bond length,

a1 and az is the primitive lattice vectorsgr, d2, and ds are the connecting vectors to the

each carbon atombo is the reciprocal lattice spacintﬁl and b, is the reciprocal lattice vectors.

The yellow hexagon signify the first Brillouin zanehere I' represents the centeK' and K

represent the inequivalent corner, aM represents the middle of the zone edge.
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As a consequence of triangular two equivalent stids in hexagonal honeycomb lattice (A and B
two carbon atom basis Bravais lattice), the elewtrgtates in the graphene are given by the Dirac

equation (Equation 2) [186] with coupling betwedre tmomentum and the pseudo-spin [15-23],

~ 01 0
where 6 is the Pauli matrix consisting of, 2(1 Oj and 0, :(i 0

j, t/J(r) is the wave-

function, I' is the real space vector, arld is the total energy. This coupling of momentum and
pseudo-spin can be depicted as shown in Figurdné.cbrresponding wave-function (Equation 3) is

bispinor associated with pseudo-spin degree ofdfree whereS is the band index (1 for the

k
conduction band and -1 for the valence barki)s the Bloch wave-vector and = tan™ (k_y] is

X

the tangential angle between tH(; and the ky. The associated Hamiltonian equations are

expressed as Equation 4 for the kinetic energyEmehtion 5 for the total energy, wheté is the

potential energy.

~inv.e My (r)=Ew(r) 2)
1( 1) .
ry=—| " |&" 3
¢(r) Z[Ségj ®)
H =hvk&=h 0 ko lk,
kinetic — VF - VF kx +iky 0 (4)
-k,
H =hvkB+U=hv v
total — F - F U (5)
K +ik, —
hve
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Figure 6. Gapless band structures of the grapheseriling the linear energy dispersion and the

helicity at K' (a) and K (b) points in the Brillouin zone.
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1.4 M etal/Semiconductor Junction

A diode is one of the basic electrical componelavwahg charge current to move in primarily one
direction (one-way electrical valve) and is the hmepresentative electronic device applicatiorhim t
modern semiconductor industry. The two-terminal telwng characteristic of diode shows an
asymmetric conductance which is generally callethagectifying behavior. In an ideal diode, it has
infinity resistance (like a prefect insulator) inetreverse bias and zero resistance (like a prefect
conductor) in the forward bias. In a common diogleen the applied bias voltage exceeds a certain
threshold voltage, it reaches to a turn-on statelsgins to conduct a charge current. A conventtiona
diode was made of semiconductor-semiconductorimdébrmd with two different doping types (p-n
junction). The most used diode in modern timesésSchottky contact (or Schottky barrier), which is

formed by contact of metal and semiconductor.
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1.4.1 Energy Barrier Formation

The working principle of Schottky contact stronglgpends on its energy barrier height (Schottky
barrier height) and interfacial environment [15jpwing either the rectifying or Ohmic behaviors.
The combination of metal electrode and semicondusbstrate creates the different energy barrier
heights and interfacial environments. Therefore, fimdamental understanding of Schottky barrier
formation has great importance regarding the aqamamsport across the Schottky contact [187-190].

First of all, we will deal with the formation of Bettky barrier without considering the interfacial
environment. Before making contact of metal andisentuctor, each Fermi-level (the energy level
of an electron with the occupation probability &6 at thermodynamic equilibrium, the most of
electrons that actually contribute to conductioa distributed near this energy level) in metal and
semiconductor is different. And then, after thecjiion is formed, both the Fermi-levels line upthé
interfacial environment is excluded, the primaringls we have to consider are the work-function
[191-194] (the energy level difference betweenwheuum level and the Fermi level) and the electron
affinity [194, 195] (the energy level differencetlveen the vacuum level and the conduction band
edge in semiconductor).

As shown in Figure 7 and Figure 8, the mobile chargrriers (electrons for n-type semiconductor
and holes for p-type semiconductor) are enforcediffase from the semiconductor into the metal.
The ionized impurities (donor for n-type semicondu@and acceptor for p-type semiconductor) are
left to build up the depletion region on near theface. Accordingly, the semiconductor Fermi-level
moves (lowered for n-type semiconductor and rafeegh-type semiconductor) relative to the metal
one. The semiconductor band is bent in a parabbhpe to match the Fermi-level at the surface with
that in the bulk. In thermal equilibrium at zeraivoltage, the bent semiconductor band in the
depletion region is equivalent to the electricdigreventing the charge carriers in semiconductor
from diffusing into the metal. The curvature ancediion of semiconductor band determines the type

of contact (rectifying Schottky contact or non-ig@hg Ohmic contact).
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Figure 7. Energy band alignments of the junctionmied with metal and n-type semiconductor
showing how the Schottky (a,b) or Ohmic (c,d) cotgare determined by the Schottky barrier height

and how it depends on the high and low metal warlcfions, where¢} is the Schottky barrier
height, ¢, is the work-function of the metalgg,; is the built-in potential energyE; is the
Fermi-level, E, is the vacuum level E, is the conduction band edge in the semicondudtgr,is
the valence band edge in the semiconducEH', is the band gap of the semiconduct€),, is the
charge density on the metal surfad@g. is the space charge density in the depletion negfche

semiconductor, andXs is the electron affinity of the semiconductor.
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Figure 8. Energy band alignments of the junctiommfed with metal and p-type semiconductor
showing how the Schottky (a,b) or Ohmic (c,d) cotdare determined by the Schottky barrier height

and how it depends on the high and low metal waricfions, where¢} is the Schottky barrier
height, @, is the work-function of the metalg, is the built-in potential energyFE; is the
Fermi-level, E; is the vacuum level,E; is the conduction band edge in the semicondudtgr, is
the valence band edge in the semiconducEg, is the band gap of the semiconduct&,, is the
charge density on the metal surfad@g. is the space charge density in the depletion regfcthe

semiconductor, andXs is the electron affinity of the semiconductor.
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The screening charge®),, will be induced on the metal surface, compensatiegspace charges

Q.. constructed by the ionized impurities in the dépreregion (Equation 6). From the electrostatic
analysis on the potential difference to balancebiné-in potential with the Poisson's equation][15

the built-in potential energyf, and the depletion region widtMV, in the n-type semiconductor
yield Equations 7 and 8 respectively, whefl is the work-function of the metal®; is the work-
function of the semiconductorg is the electric charge constar¥,, is the applied bias voltage,
@ is the Schottky barrier heightl=, is the conduction band edge in the semicondudkgy, is
the Fermi-level, K is the Boltzmann constant; is the absolute temperaturbi T is the thermal
energy (approximately 0.026 eV)N.. is the effective density of states in the conductand of the
semiconductor,N, is the doping concentration of the n-type semicobar, & is the permittivity
of the vacuum, andK; is the dielectric constant of the semiconductord Ahen, the expression of

density of space charg€). in the depletion region is written as Equation 9.

Qu+Qsc=0 (6)
N
B =B~ B~V =0~ (E.~ E)- qV,= @ kaﬂn(N—Cj- qv, (7)
W, =\/—2£°KS (%— kBTj = [ {ﬁ—'ﬂln(&j —VA—M} ®)
aNp L g g aN | g9 g N q
k.T. (N T
Qsc = QN DWD = \/ZqND‘EoKs{%_Lq ln[ﬁij_ \/A_k._i:]:| 9)
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If the high work-function metal is contacted to tivgype semiconductor (Figure 7a and Figure 7b),
the Schottky contact is formed, electrons abovectireluction band of semiconductor and electrons

around the Fermi level of the metal cannot come gmeasily blocked by the Schottky barrier, and

the Schottky barrier height is equal to the eneiiiference between the metal work-functigg,

and the semiconductor electron affinitys (Equation 10). If the low work-function metal is

contacted to the n-type semiconductor (Figure & Rigure 7d), the Ohmic contact is formed, and
electrons above the conduction band of semicondwatid electrons around the Fermi level of the
metal can come and go easily. If the low work-fimtimetal is contacted to the p-type semiconductor
(Figure 8a and Figure 8b), the Schottky contacfoisned, holes below the valence band of
semiconductor and electrons around the Fermi lefviéle metal cannot come and go easily due to the

Schottky barrier, and the Schottky barrier heightegual to the energy difference between the

semiconductor ionization energy (the sum of theisenductor band-gap‘Eg and the semiconductor

electron affinity Xs5) and the metal work-functiorg, (Equation 11). If the high work-function

metal is contacted to the p-type semiconductorufeig8c and Figure 8d), the Ohmic contact is
formed, and holes below the valence band of serdisttior and electrons around the Fermi level of

the metal can come and go easily.

D =%~ Xs (10)

@ :Eg *t Xs~Pu (11)
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1.4.2 Fermi-Level Pinning Effect

Equation 10 (n-type semiconductor) and Equation (Atype semiconductor) represent the

Schottky-Mott rule [196-197], wherdl} is the Schottky barrier heigh, is the work-function of
metal, X5 is the electron affinity of semiconductor, ar’Eig is the band gap of semiconductor. In
this case, it is obvious that the Schottky barhierght ¢ directly depends on the metal work-

function @,. However, the Schottky-Mott rule is valid only ftre metal/semiconductor junction

neglecting the interfacial environments.

From now on, we will take the interfacial enviromménto consideration, which is more realistic.
In reality, the metal/semiconductor interface imed much more complex environmental elements.
Starting with the semiconductor as a separatemsystavill be discussed why are there differenaes i
the electronic properties between the surface badtilk of semiconductor, and how they affect the
electronic states even inside the forbidden enbemd on the semiconductor surface. After that, the
environmental elements regarding interface staikd#addressed when the semiconductor makes a

contact with the metal. Finally, we will review thetrinsic and extrinsic factors that lower the
dependence of the metal work-functi@q, on the Schottky barrier heighf; .

If we think about two different atoms coming clogereach other, they give rise to the wave-
function overlap and such overlapped atomic orltélrelevant to the eigenstate of the whole syste
From this quantum mechanical point of view, it regictable that atomic arrangement around the
adjacent interface leads to a completely new phlsigstem since the metal and semiconductor are
also made up a bunch of atoms. This reasoning @spiiat the electronic structures and properties of
real metal/semiconductor interface is entirely atiint from that of original semiconductor surface.
Considering the energy band of materials stemnmioig fits lattice periodicity, the origin of forbidde
energy band of semiconductor is relying on thenitdi periodicity of crystal. However, the crystal
periodicity in the semiconductor bulk ensuring thénite lattice is no longer applicable to that
around the semiconductor surface. Hence, the enmsigd of semiconductor is perturbed by the
additional electronic states localized in the stefaegion. In other words, the surface termination
brings about the localized electronic states [198} hevitably within the band-gap, which resides o
the semiconductor surface due to the neutral donditvhich is followed by the importance of
surface treatments like passivation [203, 204] eledving [205, 206]. The localized electronic state

on the semiconductor surface are called as thacdtates.
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As shown in Figure 9, the continuum of surfaceestatithin the band gap reveals a specific energy

distribution D, in the range from the valence band maximum to the conduction band

minimum E. depending on the atomic arrangements [15, 189, H8fe, for all electronic states
in the entire surface region, the energy levek$atig the charge neutrality condition is calledttzes

charge neutrality level. It is known that this amameutrality level E.,, positioning somewhere

inside the forbidden energy band of bulk pins teenfi-level E¢ near the surface.
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Figure 9. Energy band profiles of n-semiconductasveing the mechanism of Fermi-level pinning

effect, where E¢ is the Fermi-level, E is the charge neutrality levells, is the vacuum level,
E. is the conduction band edge in the semiconduckgy,is the valence band edge in the

semiconductor,Qgs is the trap charge density on the semiconductofase, and D, is the

density of trap states per unit area per energy.
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In equilibrium, the lower energy states are fileatt the higher energy states are empty. Each trap
state is normally in the charge neutralizationséine point, if the equilibrium is lost under coratit

where mobile charge carriers can be exchanged asi¢ch contact with metal, the polarity of these

states changes. The surface states above the areugelity level E., behave like the acceptor
trap and the surface states below the charge tiguteael E.,, act as the donor trap. In case of n-
type semiconductor (Figure 9a), the acceptor-lilg tsates above the Fermi-levll: are neutral

because they are empty, and the donor-like trapsstzelow the charge neutrality levél.,, are
also neutral because they are filled. However,dleetrons can be supplied from the outside to the
acceptor-like trap states below the Fermi-leJe} , and the accumulated chargédsg within the
acceptor-like trap states should have negativeripplm balance the charge neutrality condition on

the surface (Figure 9b). Accordingly, these negatiiargesQss lower the Fermi-levelE- and
bend the energy band around the semiconductorceurfss long as the Fermi-levdE; is higher
than the charge neutrality levdk.,, , the negative trap chargeQss remain within the acceptor-

like trap states. If the Fermi-levelE goes down below the charge neutrality levgly, , the
electrons escape from the semiconductor surfacehaydgyet out even from under the donor-like trap

states where the electrons were originally fill€dnsequently, the polarity of chargédsg on the
semiconductor surface turns into positive (Figue® Similar to the negative chargd9ss, these
positive chargesQgg within the donor-like trap states raise the Fdewel E; the other way as

long as the Fermi-levelE; is below the charge neutrality levet,, .
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Due to the exchange of charge carrier, the chafggg are continuously accumulated either
within the acceptor-like or donor-like trap statestil the Fermi-level E; is aligned to the charge
neutrality level E., . Thus, the trap charges play a role as the indisigle source providing the
negative feedback to pin the Fermi-levEl: to the charge neutrality levele,, (Figure 9d). The
Fermi-level pinning effect refers to this computsialign of the Fermi-levelE: to the charge
neutrality level E,, on the semiconductor surface. Therefore, it isaegpt that the high density of

trap statesD, offers a much greater degree of the negative fEdlimplying the strong Fermi-
level pinning effect. Before the energy barriemfiation in contact with metal, on the semiconductor
surface, the pinning of the Fermi-levdt. to the charge neutrality levele.,, is done. This
Fermi-level pinning effect results in the collapsfethe Schottky-Mott relationship [196-197]. More

concretely, the Schottky barrier heigif, become independent from the metal work-functigy
since the Fermi-levelE. of metal must coincide with the Fermi-levdt. of semiconductor. If
the trap states are rich enough to pin the FermeiHd= of metal, the dependence of the Schottky

barrier height ¢ on the metal work-functionf, disappears totally. Such condition is called @&s th
Bardeen limit [207-209], where the Schottky barf@mation is disturbed by the trap states too much
so that the Schottky barrier heiglg®, is completely determined by the properties of semiluctor

on the surface.

The Fermi-level pinning effect is not limited toetlsemiconductor surface. There will be a large
discrepancy in the actual charge distribution betwihe free surface and the contact surface. Simila
to the surface states [198-202], the electronitestariginated in the trapping of charge carri¢rthe
interface are called as the interface-trap ste2&6-R13]. The interface-trap states are known to be
afforded by the presence of the vacuum or the itmsulating layer with the thickness of a few

angstroms [207-209] between the metal and the semictor.
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If we accept the existence of this small gép at the contact interface [207-209], it is easily

imaginable that an electric dipole layer [214-22dtalized at the interface will form by a

combination of the screening chardg,, on the metal surface and the trap chafdgs on the
semiconductor surface. If we assume that the bigtdn of trap statesD,, is uniform (i.e., constant
trap state D, for each energy level), the relation between thesiy of trap chargeQss and the

density of trap stateD, is written as Equation 12, wher®), is the trap states per unit area per
energy on the semiconductor surface. Equation d@&shhe charge neutrality condition [15]. If we
assume that the slight separatieh is fixed [207-209], the potential energy chandg,s across the

metal/semiconductor interface can be derived byyappthe Gauss’ law (Equation 14) [214-224],

where K is the dielectric constant of the thin insulatlager (k; =1 for the vacuum). Here, the

sign of A, is set to be plus for the potential energy inazeaisd minus for the potential energy

decrease across the metal/semiconductor interface.

QSS:_qut(Eg_ ECNL_¢B) (12)
Qu +Qsst Qsc=C (13)

go

Ny =——
Ly Qu (14)
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Figure 10. Energy band alignments of metal/n-sendactor junction showing the fixed separation

model [15, 189, 190, 207-224] in the Schottky lrformation, where¢;, is the Schottky barrier
height, @, is the work-function of the metal@), is the built-in potential energyE,, is the
Fermi-level of the metal,E-5 is the Fermi-level of the semiconductdr,- is the Fermi-level, E,
is the vacuum level E; is the conduction band edge in the semicondudtgyr,is the valence band
edge in the semiconductof=.,, is the charge neutrality level of the semicondycta, is the

band gap of the semiconductdy,s is the potential energy change across the metaizeeductor
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interface, Q,, is the charge density on the metal surfa¥s is the interface-trap charge density

on the semiconductor surfac€)s. is the space charge densityg is the electron affinity of the
semiconductor, and is the gap distance of the vacuum or the thinlaisg layer between the

metal and the semiconductor. The magnitude andipotaf screening charged,, induced on the
metal surface varies depending on the metal wanktfan @, . (a,c) Before the Schottky barrier
formation, the metal Fermi-leveE,, is below the semiconductor charge neutrality le¥®l,,
(a), while the metal Fermi-leveE.,, is above the semiconductor charge neutrality lekml, (c).
(b,d) After the Schottky barrier formation, a comdtion of the screening chard®,, induced on
the metal surface and the trap chai@hs on the semiconductor surface plays a role in teetréc
dipole layer [214-224] localized at the interfage) The negative charge®,, are induced on the
metal surface of the high work-functiof, and the potential energf\,s increases across the
interface. (d) The positive chargdQ,, are induced on the metal surface of the low waricfion
@, and the potential energf\,,s decreases across the interface. Here, the Fevali-fgnning

effect is assumed to be so strong that the Schaidksier height ¢ depends on the metal work-

function very weakly.
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Figure 10 shows the fixed separation model [15, 189, 207-224], which is very useful to inspect

the change of potential energd,s in the Schottky barrier formation. As seen in ttiagram,

Equation 14 can be converted into Equation 15.ehb bias ¥, =0), we can combine Equations 9,

12, 13, 14 and 15 all together into Equation 16Gabt, the square root term originated from thecepa
charge densityQs. is found to have a relatively low value comparedre other terms so that it
can be simply neglected. Now, we can reduce Equditoto more simplified one by introducing the
pinning factor S (Equation 17). And then, the reduced form of Eiqumall6 is written as Equation

18. Experimental extraction of the pinning fact&r can be deduced from Equation 19, which is the

slope of the fitted Schottky barrier heigigt, as a function of the metal work-functio@, .

Dys =@t X s~ Py (15)

i k. T N T
%(%-'-XS_wM):qut(Eg_ ECNL_¢B)_\/2qNEngKS|:%_ Z |n(_c]_k:;} (16)
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The corresponding intercept (Equation 20) provides an useful information abthé charge

neutrality level E, (Equation 21). Focusing on the variables of thenjpig factor S shown in
Equation 17, the important physical parameters aardollows, the dielectric consta of the

vacuum or the thin insulating layer, the gap dista@ of the vacuum or the thin insulating layer

between the metal and the semiconductor, and gemditinterface-trap statesD, on the

semiconductor surface. The most remarkable pararisethe interface-trap density),, (Equation

22) [15, 189, 190, 210-224] since it has a great deimpact on the pinning facto quantitatively.
Here, we revisit two liming cases, the Schottky-Mionit [196-197] and the Bardeen limit [207-209],

regarding the interface-trap densify, . Interestingly, in accordance with the densityirdérface-
trap states D, , the pinning factor S is in the range between zero (Equation 23,

+
Eow = Eg +£the Schottky barrier heigh®, become entirely independent from the metal

work-function @, [Equation 24], the Bardeen limit [207-209]) andeoitEquation 25, the

dependence of the Schottky barrier heiglit on the metal work-function, is absolute [Equation

26], the Schottky-Mott limit [196-197]).

Eov =, + S)S(S_ - | (21)

D, = g (22)
S-0 (D - (23)
@=E,~E,  (S=0) (24)
S-1 (O -0 (25)
a=(a-x) (S=9 (26)
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The electronic states on the surface or at thefade is known to arise from intrinsic or extrinsic
factors [225-235]. Both the surface and interfaéematerials are in the quantum mechanically
interacting system, where atomic orbitals inevigabldverlap, electronic charge transfer is
accompanied by positive and negative charge digiaib, and physical or chemicedaction occurs.

The diamond type semiconductors containing covadentls with the neighboring identical atoms
such as Si [236-244] and Ge [245-248] are foundadssess the intrinsic surface states because the
unpaired valence electrons in the missing atonthesurface contribute to the electrically actiagpt
states. In principle, on the intrinsic surface wéls semiconductor, the number of dangling bonds and
density of interface-trap states are almost sadrafter native oxide growth and the charge netytral
is generally satisfied except for the degenerase.cahus, for these intrinsic surface semicondagctor
it is known that there are no additional requiretadar having a substantial amount of interface-tra
statesIn more simple words, the intrinsic surface of tkilsd of semiconductor retains a significant
amount trap states regardless of presence of the rmxide grown on the surface.

However, the density and distribution of trap staten be modulated when the surface gets
distorted by various extrinsic factors such as ctef249-254], oxidation [255-262], chemisorption
[263-271], trapping of holes [272-276], insertidnirderlayer [277-283], and intermixing of matesal
[284-298]. Especially for Si, the remaining danglimonds can be passivated by the hydrogen-related
treatments, which lead to eliminate the charggsped in the amorphous SiOn the Si and reduce
the originally saturated interface-trap statessTikiwhy the hydrogen passivation is included i th
RCA cleaning procedures [299-304]. In addition, themation of silicide, which is implemented in
the CMOS processes to make the Ohmic contact fisignily alter the trap states too [305-314].

On the other hand, the zinc-blende type I1I-V coomub semiconductors [315-325] consisting of
the covalent bonds with the neighboring alternaatems such as GaAs [326-339] are commonly
known to have the extrinsic surface states. In chgbe llI-V compound semiconductors, the non-
polar reconstructed surface with ultrathin or noueaoxide layers induces only a very low density o
trap states within the band-gap, while the distbgerface generates the electronic states. Itrig ve
difficult that there is no insulating material magi up the interfacial layer but only vacuum. The
material intermixing including the native oxide gt on the semiconductor surface or the inter-
diffusion of metal and semiconductor atoms drivgnldicalized reaction during metal deposition
results in a high density of trap states for thé&/Icompound semiconductors. Therefore, the extrins
factors [249-298], which influences the structusdéctrical, and chemical properties on the surface

are the origin of a high density of trap stateshensurface of 11l-V compound semiconductor.
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The Fermi-level pinning effect is manifested inivas ways. Here, it is worthwhile to look in the

misconception regarding the Fermi-level pinningeetif The common misunderstanding is that it is a

phenomenon in which the Fermi-levdt. of metal is fixed to that of semiconductor or Sehottky

barrier height ¢ appears to have a weak dependence on the metieffuvation @,. They are a

kind of half-baked statement because those aresthdt of Fermi-level pinning effect not the Fermi-
level pinning effect itself. Such phenomena resgltirom the Fermi-level pinning effect can be
achieved through any other processes too. Neveghiethe above phenomena are widely termed as

the Fermi-level pinning effect. In particular, tagperimental observation relies on the extractibn o

the pinning factorS and the charge neutrality levet.y, .
The emphasis here is that the align of Fermi-let®l to the charge neutrality levele,, on the

semiconductor surface due to the high densityayf statesD, is said to be the original definition
of the Fermi-level pinning effect. Moreover, itsykpoint is related to the strong correlation with
electronic statesD,, distributed on the surface or trapped at the fimber, which are induced by

physical or chemical mechanisms occurring at the lggtween metal and semiconductor [15, 189,
190, 198-202, 207-224]. As a consequence, thewedophysical and chemical mechanisms are of
great importance to the origin of the Fermi-levieining [225-235, 249-298].

In addition to the surface states [198-202], gatest [207-209], interface-trap states [210-213],
interface dipole formation [214-224], and intrinsitrinsic factors [225-235, 249-298] mentioned so
far, there are quite a number of theories explgirihe origin of the Fermi-level pinning effect in
slightly different ways. One of the other widelydamn theory is the metal-induced gap states claiming

that the electronic states on the semiconductdaceiistem from the penetration of the metal wave-

function tail into the semiconductor [189, 190, ZWP]. The presence of small gap and the
charge neutrality levelE.,, is still applicable to the theory of metal-inducgap states. Likewise,

regarding the origin of the Fermi-level pinning exff, the related theories seem to conflict, but
somehow complement each other. Therefore, at thgesit would be reasonable to state that it is
difficult to confirm the origin of the Fermi-levginning effect arbitrarily or conclusively. Howeyer
for one reason or another, the formation of electipole layer at the interface plays an esseptdt
in the electronic states on the semiconductor seyfthe change of electrostatic potential across th
interface, and the Fermi-level pinning effect.

Finally, the Fermi-level pinning effect is occasatly recognized as parasite resistance source. By
changing the point of view, it is possible to adljtre principle of device operation arbitrarily,vie

can modulate or take advantage of the Fermi-lewglipg effect.
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1.4.3 Image Force Lowering

The Schottky barrier heigh@, seen by the charge carrier coming close to or ngpaway from

the metal/semiconductor interface is known to Hecéfely reduced byA® due to the modified

potential energy associated with the image chagtiected in the other side of the interface [15)-34
343]. Compared to the approaching charge carherintduced image charge has different polarity but
same magnitude. Each distance measured from tdaio¢ will be the same too. If the electrons on
the semiconductor side approach the interfaceptiseive charges are positioned on the metal side,
the image force is applied to the electrons, amgl dhuses the electrons to be attracted toward the

metal. The image force can be converted into thierpi@al energy. This potential energy is called as

the image force lowering energh@ written as Equation 27, wherg, is the permittivity of the
vacuum, andK, is the dielectric constant of the semiconducthy,,, is the maximum electric field
(Equation 28) at the semiconductor surfagg, is the electric charge constanly, is the doping
concentration of the n-type semiconductgr, is the potential energy (Equation 29) at the
semiconductor surface; is the built-in potential energy@, is the Schottky barrier height
without the image force lowering enerng is the Boltzmann constantf is the absolute
temperature,kBT is the thermal energy (approximately 0.026 eW,. is the effective density of
states in the conduction band of the semiconduatat,V, is the applied bias voltage. The Schottky

barrier height @, with the image force lowering energ @ is given by Equation 30. In addition,
Equation 31 is referred to as the locatiap,, where the potential energy is maximized. Under

different bias conditions, the image force loweringorporated energy band diagrams are shown in
Figure 11. One thing to note here is that the indgege is noticeable when the charge carrier passe
through the interface. The motion of charge cac#rsed by an external electric field is not sighic

to induce the image charge. In other words, thegerfarce lowering effect will be observed only in
the measurement techniques using the charge caamesport crossing the interface. Thus, the barrie
shift due to the image force lowering should bestdered in the current-voltage measurement or

internal photoemission spectroscopy not in the citguace-voltage measurement.
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Figure 11. Energy band alignments of metal/n-sendactor junction under different bias conditions

showing the image force lowering, whegg is the Schottky barrier height with the image éorc

lowering energy, @, is the Schottky barrier height without the imagecé lowering energyA(ﬂ

is the image force lowering energg, is the built-in potential energyy is the potential energy at

the semiconductor surfacels- is the Fermi-level, E. is the conduction band edge in the

semiconductor,E, is the valence band edge in the semicondudt_%r, is the band gap of the

semiconductor,x . is the location where the potential energy is maaea, q is the electric

charge constant, an¥, is the applied bias voltage.
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1.4.4 Transport Mechanism

In solid-state materials, according to the densitystates and the Fermi-Dirac statistics, the
electronic states available for the charge catrésrsport are distributed near the Fermi-level.a8se
charge carrier can transmit into only the partidilled energy states, the charge carriers in those
electronic states play a critical role in the aleat conduction. When two different materials malke
intimate contact, the exchange of mobile chargderarin the partially filled electronic states and
the Fermi-level of each material occur. If a biadtage is applied on the contact, it gives rise to
energy difference in the Fermi-level of each mateThe Fermi-level difference brings about the
delocalized electronic states and the non-equilibricharge carrier. The charge carrier transport
crossing the junction interface induces the curfleow through entire circuit which includes the
junction itself. Thus, the best way to evaluatepbgormance of electronic devices is to measuge th
bias-dependent electric current due to the catramsport, since the operation characteristics is
determined by carrier transport processes acresmtarface [15, 340-343]. This is why the various
transport measurements are performed to examirie gleetrical properties and extract the related
parameters. In case of metal/semiconductor junctios turn-on current is mainly attributed to the
majority carrier transport.

Here, it will be reviewed on the charge carrienggort resulting from thermionic-emission [344-
348], tunneling [349-353], and recombination [3%¥BBoccurring at the interface of the Schottky
barrier diode. The most commonly used in analysth@ current-voltage characteristic measured on
the Schottky contact is the thermionic-emissionicvhs followed by tunneling and recombination.
As shown in Figure 12, the basic carrier transpartesses depend on the bias condition in the range
where contact resistance and breakdown mechanessaély neglected. In forward bias (Figure 12a),
the reduced built-in potential energy leads togkgonentially increasing current flow with increasi
applied bias voltage. In reverse bias (Figure 1@ie)increased built-in potential energy resultthm

saturated current flow before the breakdown.
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Figure 12. Transport processes in forward-bias¢dafd reverse-biased (b) metal/n-semiconductor

junction, where E,, is the metal Fermi-level E5 is the semiconductor Fermi-levek, is the

conduction band edge in the semiconductay, is the valence band edge in the semiconductor, and

V, is the applied bias voltage.
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The thermionic emission is the majority carrier gsion over the energy barrier height [344-348].
In case of the metal/n-semiconductor junction, nmaettrons emit from the semiconductor to the
metal under forward bias (Figure 12a) and fromrtietal to the semiconductor under reverse bias
(Figure 12b). The thermionic-emission theory unifigith diffusion theory is very practical to exttac
the Schottky diode parameters and explain the erpatal results quantitatively. The expression of

current density-voltage characteristic with therithienic-emission-diffusion theory is described by

Equations 32-34, where)z is the forward-biased current density of the theme emission
components,JT‘Q’E'VI is the forward-biased current density of the theme emission components,

JTMES is the reverse-biased current density of the therim emission components);¢ is the total

current density of the thermionic emission compdéserA™ is the Richardson constarf, is the

absolute temperaturef, is the Schottky barrier height(; is the Boltzmann constank;T is the

thermal energy (approximately 0.026 e\, is the electric charge constant, ag is the applied

bias voltage.

- \%
IS = A T2 exp| -2 | expg Ta
" p( kBTj V{ kBTj (32)
J MS - — A** T2 e _ ¢B
e -8 .

Je= AT exp(—k(p';_l_j{ exr{%] - J} (34)
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As shown in Figure 12, the tunneling through thédiky barrier consists of not only the direct
tunneling but also the thermally assisted field s=ioin (thermionic field emission) and the purely
field emission (field emission) [349-353]. The tméonic field emission is tunneling of charge
carriers between the Schottky barrier height aedetiergy levels much above the Fermi-level. On the
other hand, the field emission is tunneling of geatarriers at energy levels slightly above theamet
Fermi level. Since the quantum mechanical tunnedingngly depends on width, height, and shape of
the energy barrier, the direct tunneling is preda@nt in the Schottky contact formed with the haavil
doped semiconductors, while the thermionic fieldssion and the field emission are manifested in
the Schottky contact formed with the moderatelyatbgemiconductors. For the same reason, the
tunneling becomes significant at low temperaturesi@es, the tunneling through the sharp potential
barrier due to the high electric field under reeesased contributes to the leakage current. Sityila
the potential barrier near the contact edge is kntavbe narrow than that near the contact center,
which implies that it is more preferable for theade carriers to tunnel through the energy barrier
around the contact edge. These are why the tumnatioounts for a large portion of leakage current
in the Schottky contact. The current density ofttheeling components is obtained by the integfal o
guantum transmission coefficient multiplied by #maount of occupied energy states in the material

where the charge carriers emit and the amount ofaupied states in the material where the charge

carriers are injected. They are given bl/rSL',v' (Equation 35) for the forward bias andTMUS

(Equation 36) for the reverse bias, whefeé is the Richardson constanT, is the absolute

temperature,K; is the Boltzmann constant=,, is the metal Fermi-levelgg is the Schottky
barrier height, EC is the conduction band edge in the semiconducEy, is the Fermi-Dirac

distribution function for the semiconductol?M is the Fermi-Dirac distribution function for the

metal, and T(E) is the tunneling probability at certain energy.

A T FM +
=5 [T F@-F) T(E)ME (35)
B C
A**T FM +
N = A= [ R A FT(E)dE (36)
5 FM
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The recombination occurring mainly in the depletiegion is due to the minority carrier injection
from the metal into the semiconductor [354-358] the n-type semiconductor Schottky contact, the
holes are injected from the metal into the deptetiegion of the semiconductor under forward bias

(Figure 12a). The forward-biased recombination eniridensity in the Schottky contact can be also

expressed by that in the p-n junction (Equation, 3vhere JFfEM is the forward-biased current
density of the recombination components, is the electric charge constandy,, is the depletion
region width, O is the capture cross sections for electrons anesh®,, is the thermal velocity,
N, is the trap density in semiconductd, is the intrinsic carrier concentration in semicocir,

V, is the applied bias voItagekB is the Boltzmann constant; is the absolute temperaturkBT

is the thermal energy (approximately 0.026 eV), d@ndis the lifetime in the depletion region. It is
necessary to point out here that Equation 37 isesdmat overestimated term because it is based on
the assumption of maximum recombination rate intnpast of the depletion region. In addition,
under reverse bias, unless the photo-carrier isrgéed by the light illumination, the generatioreta

occur in the Schottky contact, contrary to the jpsrction.

1 qv, ) _ 1 n qV
IJM=ZgW oV ex A== —L exp —A-
RE =5 qW,o v, Ny n p( 2kBTj > qW, r F{ ZkBTJ (37)
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In real Schottky contact, the total current comssidtthe other non-ideal current sources as well as
the transport processes (thermionic emission, timg)eand recombination) presented so far. The
experimentally measured current density-voltagevesus conveniently expressed in the following

form (Equation 38) based on the thermionic emissimdel combined with the ideality factoy
[15, 340-358], A” is the Richardson constant, is the absolute temperatur¢}, is the Schottky
barrier height,q is the electric charge constant, aMj is the applied bias voItagd,(B is the

Boltzmann constant, andl%T is the thermal energy (approximately 0.026 eV).rdle

A" T? exp[—kﬂ;_rj term is defined as the saturation current densigy: A" T? exp(— Do j

B KgT

The ideality factorp increases with the tunneling and recombination mmments increasing.

Likewise, if the non-ideal current sources areddtrced, the ideality factofl also increase. The

linear extrapolation of current density-voltagevaum log scale gives the Schottky diode parameters

From the slope of the fitted line, represented Je%q— we can extract the ideality factor

ks T
(Equation 39). In particular, the Schottky barfieight ¢ can be extracted from the intercept of the

fitted line, which is linked to the saturation mt density J, (Equation 40). One thing to note is
that the barrier shift due to the image force laagishould be included in Equation 40, as explained
in Chapter 1.4.3. In other words, the Schottky iearneight @, at zero bias will begg, + A,

where A@ is the image force lowering energy.

J= AT exp(—%}{eﬂ{%} ]}: J{ ex;El;l—;:’*TJ— } (38)

__9q dv,

7= %T d(in J) (39)
KeT A" T?

= |

=T AT



1.4.5 Parallel Conduction Model

The interpretation of current density-voltage cumging the thermionic emission model combined
with the ideality factor is working on the assuroptithat the Schottky contact has perfectly uniform
planar interface the Schottky barrier is spatiltynogeneous. In practice, atomic arrangement at the
interface is quite inhomogeneous since it is veffycdlt to fabricate an abrupt metal/semiconductor
contact. The non-uniform interface structure vagyfrom region to region implies that the Schottky
contact contains the local Schottky barrier heightsch lower than that on the surrounding. Such
region is called as the low barrier patches [358}13@ne of the non-ideal current sources is actuall
attributed to this low barrier patches acting ask#ge paths for the junction current. As shown in
Figure 13, the current-voltage characteristic & thhomogeneous Schottky contact containing the
low barrier patch is extremely sensitive to theahngercentage of the low barrier patches. As a

consequence, the effective Schottky barrier heighbe lower than that on the surrounding area.
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The variation in the effective Schottky barrierdtgidue to the presence of low barrier patches can
be investigated by introducing the parallel conauctnodel [187-190, 378, 379]. In the model, each
Schottky barrier height in the inhomogeneous Skkottontact is assumed to be discrete and
considered as the electrically independent cumpatti. And then, the total junction current is siynpl

expressed by the sum of the currents flowing thincaigindividual patches (Equation 41), whete

is the total current,A” is the Richardson constant, is the absolute temperature, is the
electric charge constant, and, is the applied bias voltage; is the ideality factor, kB is the
Boltzmann constanthT is the thermal energy (approximately 0.026 eV), is the index of each

individual patch, @, is the Schottky barrier height, ané, is the junction area of each individual

patch. In most cases, each individual low barritclp is surrounded by the prevailing high barrier

region. If we assume here that the inhomogeneohsttky contact possesses the Schottky barrier

height of &, for the low barrier patch and that @, for the high barrier region respectively,

the areal percentag® of all individual low barrier patches to total jition area A can be
estimated from Equation 42. The effective Schotbiyrier ¢ based on the parallel conduction
model is obtained as Equation 43. The portion of larrier patches can be estimated by matching
the calculated effective Schottky barrier heigifi- with the measured Schottky barrier heigf .

In general, the total junction current is governed by the current flowing through the lbarrier
patches with a very small area portion, implyingttithe effective Schottky barrier heigif§

changes significantly depending on the areal péagen@ of the low barrier patches.

| = A"T? {exp(%} - 1}; ex{—%}ﬁh (41)
| =A"T? [exp[%j - 1HaA exp{—%) +[ Fa] A exé—%)} (42)

B = —KgT IN {a Aexp(—%}ﬂl—a] Aex{—%}} (43)
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Figure 13. (a) Schematic of the Schottky contacwshg that most of the junction current flows
through the low-barrier patches in the currentagdt measurement. (b,c) Cross-sectional schematic
view of the atomic arrangement at the interfacethefhigh barrier region with normal native oxide
layer (b) and the low barrier patches induced bienm intermixing (c).
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1.5 Internal Photoemission

The internal photoemission spectroscopy (IPE) [82-380-387] is an effective technique for
determining the interfacial energy barrier by cciileg the optically induced mobile charge carrier.
When the light is intensely illuminated on the swdg of junction formed by two or more different
materials such as metal/semiconductor, metal/itmusemiconductor, and metal/insulator/metal, the
mobile charge carriers absorbing the sufficienttphe@nergy reveals the ballistic motion which i$ no
deflected in their traveling path. In other wortlee photo-excited hot carriers can transmit from on
material into another material in the absence daittedng. Since total energy and transverse
momentum component of the charge carriers crogbminterface are generally conserved, the lateral
momentum is crucial for overcoming the energy learifilore concretely, the charge carriers having a

component of momentum perpendicular to the surfacesurmount over the interfacial energy barrier.

1.5.1 Basic Principle

Figure 14 shows the IPE process consists of optixaitation, hot carrier transport to the surface,
overcoming potential barrier, and collection of stuétte current. This multi-step model provided by
Powell [382] is most widely used ghenomenological description for the IPE mechanison.the n-
type semiconductor Schottky contact, after photbatton near the top metal layer, the excited hot
carriers will travel through the beneath metal faydth maintaining their trajectory and reach the
junction interface without losing their energy. Thallistic carriers arriving at the interface geeo
the Schottky barrier depending on the magnituddatdral momentum. The surmounted carriers
contribute on the substrate current. The IPE sigoates from this photocurrent measured on the
substrate. One of the most interesting aspectBeofRE signal is that it is acquired by the collect
contribution of photo-excited carriers in all reggoof the junction (Figure 15). This makes the bgjg
difference with the current-voltage measuremengn@most charge carriers flow into the low barrier
patches (Chapter 1.4.5). Owing to this, the IPEgueament is not biased to the influence from the
small areal fraction of low barrier patches so thiat capable of determining the energy barrigghie

at the junction interface of prevailing area.
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(ii) (iii)
@—-@—-0 _ i

Emitter Collector

Figure 14. IPE process explained by the multi-stepdel [382] around the very near interface
between emitter and collector, whefe. is the Fermi-level. (i) Optical excitation. (iiydnsport of

electron to the surface. (iii) Surmount potentiatrier. (iv) Collected as substrate current.
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Figure 15. Schematic illustration of the Schottikyiact showing that the photocurrent in the interna
photoemission spectroscopy is acquired by the ablke contribution of photo-excited carriers in all

regions of the junction. The IPE measurement ishiased to the influence from the small areal
fraction of low barrier patches so that it is cdpatift determining the energy barrier height at the

junction interface of prevailing area.
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The important feature of the IPE measurement isrgimg from the photoelectric quantum yield
Y (the ratio of the numben,;q Of emitted electrons to the numbé&y, .4 Of excited electrons).
It is necessary to clarify dependence of the meaksphotocurrent on the photon energy with light
power in order to obtain the IPE quantum yield. Ghantum yieldY(h/) at photon energyhv is
given by Equations 44 and 45, Whenémmed(h/) is the number of emitted electronB,, .y IS the

number of excited electronsi,sample(hv) is the photocurrent measured on the sampley) is the

incident light power,C is the proportional constant, is the threshold energy, anf is the

power exponent depending on the quantum yield spelet the IPE spectra curve (the graph of IPE

1
quantum yield Y™ to the power of the reciprocal of the power expires a function of photon

energy hv ), the interfacial energy barrier can be obtainethfthe extracted thresholg, . It has to

be careful that the threshold energ§, for the power exponenth=1 is not equal to the potential

energy barrier height at the interface.

Regarding the power exponefifl [380-387], it is predicted that the electrons tedaifrom energy
states close to the Fermi levét. of the metal (Figure 16) follow the Fowler's lawnE= 2) [380],
because the shape of photo-excited carrier disioibiaround the metal Fermi-leveE: looks like
the step-function. On the other hand, the photatedcelectrons from the semiconductor valence

band E, (Figure 17) revealing the linear-function shape pifoto-excited carrier distribution

function are known to be follow the Powell’s integfation m=3 [382].

- hv | h h
Y(h/) = :eml-ttEdEh/g 0 sampIeP(( :/))X 4 (44)
vim= v (45)
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Figure 16. (a,b) Injection of optically excited el@n from the metal Fermi-leveE; into the

semiconductor (a) or the insulator (b), where tleeteons follow the Fowler’s law [380].
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Semiconductor Insulator

Figure 17. Injection of optically excited electrirom the semiconductor valence barkd, into the

insulator, where the electrons follow the Powelt®rpretation [382].
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As discussed in Chapter 1.4.3, the image force fiogeenergy A@ should be also included in
consideration of the influence of applied electietd on the surface potential energy . This is why

the IPE measurement is carried out by varying thstsate bias voltage.

The charge carriers can both get over (Figure &8d)tunnel through (Figure 18b) the interfacial
energy barrier. If the band bending becomes infiedstue to the applied bias voltage, the photon-
assisted-tunneling [385] can contribute to the pbatrent, unless it is completely limited by thewe
thick insulator.

Another contribution to the photocurrent can steomf the electrons directly excited from the

localized energy states on the semiconductor saiffaicthe metal/semiconductor junction. In general,
the injection of excited electron from the metalrfielevel E. is responsible for the spectral

threshold (Figure 19a). On the other hand, if thetaielectrode has deep skin depth larger than its
thickness, the light can penetrate into the sendgotor surface and induce the electron excitation

from the localized states on it (Figure 19b). Fmaraple, the electronic states are known to be
localized below the charge neutrality levll.,, of the GaAs surface [388], leading to the strong

Fermi-level pinning effect (Chapter 1.4.2). Theedir electron excitation in the semiconductor

induced by the incident light having the energyh# difference around between the conduction band
edge E. and the charge neutrality levdt,, can contribute to the IPE signal. Thus, it is etpe

that the hump-shaped quantum yield in the IPE spdot the Schottky junction implies the existence
of localized interface states within the semiconduband-gap. This is actually what | have ideatfi

through the experimental observation [389].
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Figure 18. Injection of optically excited electroan directly surmount (a) or tunnel through (b) the

interfacial energy barrier.
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Metal Semiconductor

(b)

Metal Semiconductor

Figure 19. (a,b) Optical excitation of electronrfrahe Fermi-level E. of the metal (a) or the
localized electronic states around the charge alitytievel E.,, of the semiconductor (b) for the

metal/semiconductor junction, wherk, is the conduction band edge in the semiconductor k&,
is the valence band edge in the semiconductor.
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1.5.2 Experimental Setup

The experimental equipment required for the IPEsueament setup is shown in Figure 20, which
consists of Xenon arc lamp, lamp power supply, ldmopsing, Ozone eater, Ozone exhauster, optical
filter, monochromator, grating, optical fiber, peobtation. optical lens, lens holder, low-noiserentr
pre-amplifier, and data acquisition card. The @ticomponents were purchased from the Oriel
Instruments (Newport) Corporation. For the diffarenergy (wavelength) range, it is necessary to
change the measurement configuration (Figure 2d) ag cut-on wavelength of the optical filter, line
density of the grating, slit width of the monochmtor, transmittance range of the optical fiber,
sensitivity of the low-noise current pre-amplifiand types of the photodiode. By taking these point
into consideration, each equipment was organizékdarfollowing procedures.

A Xenon arc lamp (Newport 6259 lamp for 300 W af@-@our lifetime) receiving power through
the Newport 70050 black cable plugged into the Nawvf9911 power supply (Figure 20c) is used as
the white light source with all wavelength. The wkangth-dependent light intensity of lamp should
be verified with its spectral irradiance, whicHiigked directly to the incident light power. The an
lamp is mounted in the Newport 66902 lamp housKigure 20a). The plus sign of the Xenon lamp
should be installed to go up inside the housing $tcket-adapter should be equipped in the bottom
side of the Xenon lamp. It should be warned thajdiprints or other foreign matter on the surfafce o
the lamp can cause explosion after ignition, sedreful not to touch it with bare hands. If the pam
gets fingerprints or other foreign objects on thdace, use alcohol to clean the lamp surface chyef
In general, aware that all light source equipmsmngeansitive to humidity and it is recommended to
wear ultraviolet-screening goggles when testinglémep. Also note that care must be taken not to
exceed the lamp lifetime.

After installing the lamp, adjust the up and dowresvs to align the lamp so that it is centered on
the condenser lens and the emitted light can bamieed. There is a fan on the side of the lamp
housing for stable cooling. When we use an Ozoee-famp like the Newport 6258 model, we can
leave the fan open. However, for Newport 6259 madeaise, the fan should be wrapped with the
Ozone exhauster (Figure 20b) and connected to dvephit 66087 Ozone eater (Figure 20d). Two
Newport 66090 replacement filters are in the Ozeatr and their lifetime depends on the Ozone
concentration in the airstream. (usually about 408@rs at 4 ppm).

The lamp housing is sequentially connected toittes holder (Figure 20f) and the monochromator
(Figure 20e). There are four different opticalefitt are classified in the filter holder accordinghe
cut-on wavelength (Newport 51352 filter #1 for 88fh, Newport 51320 filter #2 for 630 nm,
Newport 51272 filter #3 for 400 nm, and Newport 5Q2ilter #4 for 309 nm). The photon energy can
vary from 0.8 to 5.5 eV using the grating equippethe monochromator (74160 grating #2 for 600
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lines/mm with the wavelength range of 600 ~ 2500amd 74167 grating #1 for 2400 lines/mm with
the wavelength range of 180 ~ 700 nm).

Note that the resolution of light emitted by thermaohromator depends on various factors. Since
the grating line density and the light resolutioa mversely proportional, if the line density dtes)
the resolution gets half the value. On the othedhéhe spectral bandwidth of light is proportiotal
the resolution. The resolution of light is also magéed by the slit width of monochromator. Each
round of Newport 74001 slit width controller (FiguR0Og) increases the width by 500 micrometers
(100 micrometers slit width per grid marking). Ti@ximum slit width of Oriel Cornerstone 260 1/4
m monochromator is about 3 mm.

The monochromatic light emitted from the monochrtomas guided to the probe station (Figure
20i) through the optical fiber (Figure 20h). Thare two types of optical fiber in use (Newport 7263
black for the wavelength range of 400 ~ 1700 nm [dadport 76840 blue for the wavelength range
of 500 ~ 250 nm). The light is focused onto the g@mmounted on the stage with the ultraviolet
grade fused Silica lenses (Newport SPX011 planaomens for conversion of dispersed light into
parallel light and Newport SBX016 bi-convex lens focusing of parallel light) housed in the lens
holder (Figure 20m).

As shown in Figure 22, the design and manufacturegss of the lens holder for stably fixing the
lens and optical fiber. The lens holder is designecbnsideration of diameter of the optical filaed
lenses, focal length of the lenses, distance bete=end of optical fiber and the position of kEns
The focused light through the lens holder in trgble wavelength range is shown in Figure 23.

During the IPE measurement (Figure 20m and Figdje&low-noise current pre-amplifier (Figure
20j) with a data acquisition card (Figure 20k) féized to measure the photocurreh, ., {(hV) on
the sample or photodiode. The sensitivity of a lavise current pre-amplifier should be adapted to
maximize the measured photocurrent. The photocurvensus the photon energy data can be
automatically extracted by LabVIEW and MAX (Measuent & Automation Explorer) programs
supported by the National Instruments Corporatibhe dark current noise is also automatically
corrected in the system by subtracting the darkeoifrom the measured photocurrent.

Figure 25 shows the spectral power distributiorinofdent light obtained by using two kinds of
photodiode (Hamamatsu Photonics G9230-01 InGaAsopare (950 ~ 1550 nm) and Hamamatsu
Photonics S2281-04 Si photodiode (200 ~ 1180 nrhg ihcident light powerP(hv) converted

from the photocurrent! ;. dNV) measured on the photodiode divided by the spectral

photosensitivity S(lv) of the photodiode (Equation 46) is used to cateulthe photoelectric
quantum yield Y(hv) (Chapter 1.5.1). Equations 44-46 can be combintedEquation 47.
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Figure 20. Diagram showing the components of tledi’stem. (a) Lamp housing (Xenon arc lamp is
mounted in it). (b) Ozone exhauster. (c) Lamp posugoply. (d) Ozone eater. () Monochromator
equipped with two different kinds of gratings. Fijter holder (Four different optical filters arerted
in it). (g) Slit width controller. (h) Optical fibe(i) Probe station. (j) Low-noise current pre-difingr.
(k) Data acquisition card. (I) IPE measurementdesthe probe station. (m) Lens holder (Two

different optical lens are housed in it).
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Figure 21. IPE measurement configuration for eamhgy (wavelength) range.
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Figure 23. Focused light through the lens holdeghévisible wavelength range.

Figure 24. IPE measurement system.
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1.6. Graphene Hetero-Interface

A number of techniques with regard to typical mesba exfoliating, polymer-assisted (wet, dry,
and semi-dry) transferring, roll-to-roll printind a graphene monolayer onto arbitrary substrates ha
been developed [390-406]. Those techniques aretefeto maximize its mobility, enlarge its surface
area, reduce chemical residues or structural de{€agure 26) generated during the transfer process
and eventually improve its overall quality, unifatyn and reproducibility. The nicely transferred
graphene layer reveals well-terminated surface ouithdangling bonds, which is suitable for a
component in hetero-junction. The graphene-base¢erdvinterface can be combined with metals,
semiconductors, and other 2D Van der Waals masefTdle issue of improving the electrical contacts
[159-162] between graphene and different matettaisugh understanding of charge transfer at the
graphene interface [163-166] and charge transpgodugh the graphene interface [167-170] has

stimulated a lot of research interest.
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Atomic impurities Structural defects

Figure 26. (a) Photo taken near the playground stgpthe hexagonal mesh structure. (b) Graphene
lattice structure drawn with chemical residuesatoimpurities, and structural defects, which is

inspired by the photo.
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1.6.1 Graphene-Metal I nteraction

The electrical contacts between graphene layemaetdl electrode is very essential for fabricating
the graphene-based devices. It is known that teedation between graphene and metals induce the
charge transfer, varies the adsorption charadterrives the different kinds of bonding, shifte
Fermi-level alter the doping of graphene, and fothesinterfacial dipole layer [163-164] supported
by the density functional theory (DFT) calculatiofite interaction dipole charge density is known to
exist due to the overlapping of electron wave-fiomg in the metal/graphene gap [163-164]. The
weak interaction of graphene with Al, Ag, Cu, AundaPt allows graphene to be physisorbed on
metals while the strong interaction of graphenehwio, Ni, Pd, and Ti leads graphene to be
chemisorbed on metals [163-164].

The physisorbed graphene involves only short-rantgraction. This short-range interaction has
effect on the graphene doping and the interfaceleiformation but the original band structure of
graphene is maintained. As shown in Figure 27 type and level of doping (the Fermi-level shift
from relative to the Dirac point) depends on thggits of graphene-metal interface such as the work-
function of metal modified by the adsorption of gjnane (generally consistent with the sign and size
of interface dipole) as well as the Van der Waap ¢he vacuum separation between graphene and
metal).

In other hands, the chemisorbed graphene bringstdabe hybridization between-prbital in the
graphene (illustrated in Figure 4) and d-orbitalnietal. This orbital hybridization is considerable
chemical reaction to change the electronic propeftygraphene significantly, destroy the band
structure of graphene, banish the Dirac point, @reh open the band-gap of graphene. The perturbed
graphene namely dramatically creates a much momgplocated system with metals, contains the

abundant electron carriers like donor, and lowerrttetal work-function eventually.
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Figure 27. Energy band alignments of metal/graplenetions with high (a) and low (b) metal work-
functions for the physisorbed graphene on metadsvsiy the graphene-metal interaction [163-164],

@, is the work-function of the metalg, is the work-function of the graphends: is the Fermi-
level, AE; is the Fermi-level shift in the graphené&, is the vacuum levelA,,; is the potential
energy change between the metal and graph&hg, is the charge density on the metal surface,

Qp is the dipole charge densitf); is the doping charge density of the graphene, dnds the

Van der Waals gap distance between the graphenthamdetal.
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1.6.2 Graphene Diffusion Barrier

Due to the orbital hybridization explained in Clept.3.2, the high dense electron cloud fills the
openings in hexagonal lattice of graphene. The emtmgss of electronic states near the openings is
superb, other atoms cannot easily penetrate thrtheggraphene [176, 177, 407-412]. Borrowing this
impermeability, we can utilize the atomically-thgnaphene layer as a diffusion barrier blocking the
material intermixing like a protective coating filas shown in Figure 28. An intact junction formed
by the graphene diffusion barrier is utilized tduee the sub-threshold leakage current or incrirese
photocurrent signal during the transport measurémioharge carriers crossing the clean interface
[177, 389].

BABBAABARRBARD
b4 4449494444444

$ 999999899494~

d
BAAR R A AR AT e e

‘11»-«-‘-'\1««

L 2R I SE T U R R R
‘1:1-.q‘-‘.¢-..'.
_!144.4'\“_‘

kY v 9 9 ¥ 9% 94

b v v v v v

Figure 28. (a) Diffusion of atoms into a solid swate. (b) Graphene diffusion barrier protecting th

surface from atomic diffusion.
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1.6.3 Graphene Interlayer

A dimensionality is itself known as a crucial factelated to performance optimization and power
consumption in nanoscale device [15]. However,rgjulegree of freedom to the moving direction of
charge carriers creates a much higher level ofipalysegime. The vertical stacking of graphene with
other 2D Van der Waals materials [171-174] is pdrthis attempt. The mixed-dimensional Van der
Waals system can be also interfaced with the gragp&l3-415].

From a slightly different perspective, combiningaginene-metal interaction [163-164] (Chapter
1.6.1) with graphene diffusion barrier [176, 1707412] (Chapter 1.6.3) makes possible to invent
another complex system. Graphene interlayer samgdidbetween bulk metal and semiconductor
substrate simply looks like 3D/2D/3D hetero-struettHowever, ballistic carrier transport measured
on the graphene-based hetero-junction introducetthisnthesis is considered as 1D parallel charge
carrier transport through 2D-layer-interfaced 3ty system.

The functionality of graphene as a diffusion bargaables to obtain the intact Schottky contacts
and investigate the surface states on semicondsigbmtrate [177]. The interaction between graphene
and metal is found to result in forming electripale charges at the interface between metal and
graphene, which makes the potential differencessing the interface (Figure 29) [389]. Therefore,
by employing the interlayer, it is possible to miade electronic states at the interface and regulat
charge distribution across the interface. In otdetiscover the hidden physics in the grapheneebase
hetero-interface, understanding the role of grapheterlayer inserted at the metal/semiconductor

junction is one of the main purpose of my research.
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Figure 29. Energy band alignments of metal/grapimesemiconductor junctions for the high (a) and

low (b) interface-trap densities regions, whefg is the Schottky barrier heighq, is the work-
function of the metal,¢g is the work-function of the graphen?; is the built-in potential energy,
Er is the Fermi-level, AE; is the Fermi-level shift in the graphen&, is the vacuum level,
E. is the conduction band edge in the semiconduckyy,is the valence band edge in the
semiconductor,E.,, is the charge neutrality level of the semiconduclEg is the band gap of the
semiconductor,A\c is the potential energy change between metal aaphgne, Asg is the
potential energy change between graphene and sednictor, Q,, is the charge density on the

metal surface,Q, is the interaction dipole charge densif); is the doping charge density of the
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graphene, Qs is the interface-trap charge densifds. is the space charge densitgl, is the Van
der Waals gap distance between the graphene amiettaé. D,, is the interface-trap density on the

semiconductor surface)s is the electron affinity of the semiconductor, add is the gap distance

of the vacuum or the thin insulating layer betw#engraphene and the semiconductor. [389].
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1.7 Dirac Fermion Quantum Opticsin Graphene

As is well known, the electron as charge quantuafisrmion following the Fermi-Dirac statistics
as well as the Pauli exclusion principle [416-488]d it has finite mass and half-odd-integer spim.
the other hand, the photon as light quantum issatdollowing the Bose-Einstein statistics andais h
zero-mass and integer spin. Since the photon exelmange particle of a fundamental electromagnetic
force, electron emit or absorb the photon to losg@ei the energy. But the photon cannot emit or
absorb the electron. Moreover, the photon has pleeds of light which can never be attained by the
maximum speed of electron. In spite of these isitirdifferences between electron and photon, the
analogy between ballistic electron propagation eladsical wave optics has drawn a great deal of
attention by recalling functionality and versailitf optical elements for manipulation of photoreisu
as focusing, collimation, and interference.

Electron quantum optics is the concept of manijngadf electrons in solid like photons in air and
controlling the quantum state of propagating etawtr The quantum control of wave nature of the
electron can ultimately be utilized for quantum @ating or quantum information processing in
electronic devices [419-421]. Nevertheless, suchntium effect is not easily detected and only
realized in ultraclean samples at cryogenic tentps¥a under strong magnetic fields. In this
connection, the laterally-conducting and verticaignfined two-dimensional electron gas (2DEG)
formed at the interface in epitaxial hetero-stroesu[422-431] ensuring high mobility and ballistic
carrier transport has enabled us to develop optinggns for electron quantum optics.

Graphene is considered as another ideal platforappooach electron quantum optics [63-67]. The
phenomena traced in classical wave optics arecéésoly observed in the graphene such as focusing
[73-77], angle-dependent transmission [78-82],ic@tion [83-87], reflection [98-102], interference
[103-107], Aharonov-Bohm oscillation [108-112], &dization [113-117], and confinement [118-122].

However, regarding the natural constraints on edacimitating photon, it is quite difficult to stee
the electron wave packets with no spatial spreadimd) manipulate the electronic quantum states.
Thus, building a completely controllable electromagtum optics system has still remained as a

challenging task.
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1.7.1 Klein Tunneling in Graphene

If we imagine a flying ball shot to a wall, we caasily predict the three futures. One is that e b
will hit the wall generously and be reflected fratmAnother is that the ball will jump over the wal
The other is that the ball will collide with the Wwaery harshly, smash it, and go through it. Have,
have to consider the energy related issues and ih&o probabilistic causation. As we all recogniz
this is the classical picture of the Newtown medt&fd32-434].

In quantum world, an elementary particle has wake-motion. In other words, the particle
approaching close to a potential barrier can béegtfd or transmitted according to different
probabilities. Even if the height of potential barris lower than the particle’s total energy, the
particle encountering the wall can be bounced wifnf the potential barrier which acts like an
invisible net. The most interesting point is tHat tncident particle can penetrate through therizte
barrier with its height even greater than the tetargy of particle and appear on the opposite side
eventually. There is no energy loss in such a @®CcEhis quantum tunneling effect is widely known
as one of the basic exercise in the quantum mech#i35-437].

Moreover, Oskar Klein found the unprecedented efi&28, 439] called as the Klein paradox that a
potential barrier seen by a charged particle i®atrtransparent and the backscattering is drantigtica
suppressed without damping if the height of potdridarrier is comparable to the mass of charged
particle. In the relativistic quantum mechanicsq442] that must use the Dirac equation [186] not
the Schrddinger equation, the quantum tunnelingcefs valid with surprisingly one hundred percent
regardless of the height and width of potentiatibaiat vertical incidence, which refers to the ikle
tunneling [68-72].
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As explained in Chapter 1.3.2, the charge carrighe graphene also act like the massless Dirac
particle. The particle described by the Dirac eiuasatisfy the following fundamental conservation
laws [72]. The conservation of total energy is dalue to the time-invariance of system. The lateral

momentum perpendicular to the interface varies r@ieg to the potential profile, while the

transverse momentum parallel to the interface iegdly conserved. The momentum projectikp

along the y direction is also conserved in accordance withdliational invariance (Equations 48
and 49). The X directional velocity operatoi'?/X is found to be identical to theX directional
pseudo-spin operatoﬁX (Equation 50). Interestingly, its time evolutiores include they
directional momentumky (Equation 51). Therefore, when the electron ilhjtinas zero momentum
k,(t) =k, (0)=0 along the y direction, the velocityV, and pseudo-spind, along the X

direction are always constant. In other words, alsomange in theX direction momentum\, for

backscattering requires the inversion of pseudn-sficcordingly, the charge carrier can transmit
perfectly along theX direction in the absence of backscattering at abrimcidence, which is

identical to the Klein tunneling [68-72].

ky = :il_-|:ky’ l:ltotal:| = O (48)
k, () =k,(0) (49)

\7x = :II_-|: X, |:|total:| = OA-x (50)
v, :I—l[ 5, How | =20 K, (51)
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Figure 30a shows the electron in the graphenecislent from the left1() on the sharp square

potential barrier if ) of width W and transmitted to the rightr( ), where @ is the incident angle,

@ s the transmitted angle escaping from the paikbtrrier, k; = (K K/) =£(Cos¢,sirw) is
F

E :
the incident momentum Wave-vectorkR:(—kx, ky)=h—(—cosqo,8|r§0) is the reflected
VF

E-U
h

(COS¢,Sir¢) is the transmitted momentum
VF

momentum wave-vector,K, = ( K., ky) =-

E-U
hve

wave-vector inside the potential barrigf;, =(—Kd, Ig) =- (—COS¢ ,Sir‘¢) is the reflected

momentum wave-vector inside the potential barriér,= K, is the transmitted momentum wave-

vector escaping from the potential barridr, is the total energy of the electrof, is the plank
constant. Vi is the Fermi velocity, andJ is the potential barrier height. The Snell-Desesitaw
with transverse momentum conservation implies thowing relation (Equation 52). The wave-

functions in the left1(), the potential barrier( ), and the right ff ) are given by¢/;, (Equations
53-55) ¢, and {/; respectively [68. 72], wheréA is the coefficient corresponding to tHeA,

B is the coefficient corresponding to tH&, R is the reflection probability, and is the

transmission probability. By solving the Equatid®55 at X=0 and X=W, we can obtain the
transmission probabilityl represented by Equation 56. The transmitted mamenvave-vector

componentkg1 along the X direction inside the potential barrier is writtas Equation 57. It is

found that the transmission probabilif is greatly influenced by the incident angle

X

K
(p:tan‘l(k—”) and has nothing to do with the potential barriedtiv W. Surprisingly, if the

incident momentum wave-vector compondq; along the y direction is zero ¢=0 at normal

incidence), the transmission probabilith becomes one, i.e., the Klein tunneling [68-72].
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is the incident angle@ is the transmitted angle escaping
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where @

. Pscudo-spin
momentum wave-vector escaping from the potentiaidra (b) The corresponding band structure of

Figure 30. (a) Schematic of the electron in theoheme incident on the sharp square potential barrie

of height U and width W
momentum Wave-vectorl(A is the transmitted momentum wave-vector insidepbiential barrier,

K is the reflected momentum wave-vector inside tbeemtial barrier, andk; is the transmitted

from the potential barrier,K is the incident momentum wave

graphene [68-72], wherd=  is the Fermi-level.



1.7.2 Superlattice Pattern in Graphene

Many researchers have adopted the superlatticeegraphene by using the Kronnig-Penny type
periodic structure (Figure 31a) [88-97], nanoribljpd#3-446], nanomesh [447-450], nanodot (Figure
31b) [451-454], and ripples [455-458]. Such nanlesgatterns can be achieved by not only the e-
beam lithography on the graphene directly but #heofluorination [459], the metal gate electrode
[460], and the substrate pre-engineering [461]. Jieerlattice patterned on the graphene channel can
itself be interpreted as an interconnected networkcurrent flow. In other words, the electron
dynamics in the well-designed graphene superlattare pave the way for the advanced electron
guantum optics system, containing the Veselago [g13s82], supercollimator [68-72, 83-87],
Andreev-Klein reflector [98-102], and Aharonov-Botlype or Fabry-Pérot type interferometer [103-
122]. In electronic solid-state device, it is pb#sito avoid splitting of electron flow without any
external magnetic fields and realize the localiaedonfined electron wave packets. Based on that, i
is observable the almost perfect ballistic propiagadf the electron along the selected directids: [6
72, 73-102] and the coherent or damped oscillatidrise electron wave packets [103-122].
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Figure 31. (a,b) Graphene superlattice patterndédtive Kronnig-Penny type periodic structure (a)

and nanodot (b).
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2. Strong Fermi-Level Pinning Effect at M etal/Graphene/S Junction

As explained in Chapter 1.4, the Schottky barr@nmiation (Chapter 1.4.1) and charge carrier
transport (Chapter 1.4.4) in the metal/semicondyataction has a crucial link with the physical and
chemical phenomena at the interface [15, 340-3%8& major complexity that make it difficult to
identify the underlying mechanisms of the barr@mnfation and carrier transport originate in defect
[249-254], oxidation [255-262], material intermigin284-298]. Many metal and semiconductor
atoms take participate in the diffusion at theriiaee with very thin or no native oxide layer. lase
of metal/Si junction, the intermixing of metal aBdatoms driven by the inter-diffusion can modulate
the density and distribution of trap states onSheurface or bring about the silicide formatio842
285, 462-464]. Even if the Si substrate is proatssith RCA cleaning procedures and hydrogen
passivation [299-304], the very thin native oxidgyion exists. In other words, regardless of the
surface treatment, the material intermixing occimsvitably in very small areas, inducing the
effective energy barrier height in the small patchreich lower than that in the prevailing surrougdin
(Chapter 1.4.5). The isolated patches act likeleaaky current paths in the spatially inhomogeneous
Schottky contact [359-377]. Here, we employ thepbeme interlayer and insert it at the mteal/n-
Si(001) interface in order to protect the interf&man the material intermixing and establish theald
junction [177].
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2.1 Sample Fabrication

As shown in Figure 32, the metal/Si and metal/geat\Si junctions sharing the same substrate can
be prepared by the partial transfer of the grapleyer onto Si surface previously processed wiéh th
RCA cleaning and the hydrogen passivation [177;2®8 390-406]. The chemical vapor deposition
(CVvD) monolayer graphene grown on the Cu foil isispated on the top side with a PMMA film at
5000 rpm for 60 seconds. The graphene on the badtdenshould be removed by the reactive ion
etching (RIE) with 10 W power for 20 seconds unti@rmTorr pressure maintained by 50 sccm O
flow. the Cu foil is etched with an aqueous solutid ammonium persulfate (NHS:O;, for 48 hours.
After etching of the Cu foil, the graphene shouddrimsed in deionized water at least five timese Th
PMMA/graphene stack is then transferred partiatiyttoe half of the Si surface leaving the other half
uncovered. The PMMA/graphene/Si sample should mEdn clean environment and baked for 15
minutes at 150C with blowing of N gas on the sample surface. The PMMA film shoulddmoved
[390-406] with acetone more than 24 hours and dnagéth isopropyl alcohol (IPA). Here, the
forming gas (H, N, and Ar) annealing method can be used to minithizechemical residues. Next,
the graphene/Si sample should be also rinsed wsitpropanol and heated for 15 minutes at ZD0
again. The blowing of Ngas on the sample surface should be followed. eating and blowing
procedures are necessary for driving off all mdcuesidues including water at the graphene/Si
interface and isopropanol on the graphene surfidoe Raman spectrum [465-467] is measured on the
graphene (Figure 33a) to analyze the intensityhef@ peak (~1580 ci) and the 2D peak (~2700
cm™h), confirming the quality of the graphene layercam Si substrate. Now, the metal electrodes are
deposited through a circular-shaped shadow masksing the e-beam evaporation. The graphene-
uncovered area deposited by the metal electrodente=:the metal/Si junctions. After removing the
metal-uncovered graphene by the RIE with 10 W pofwer40 seconds under 10 mTorr pressure
maintained by 50 sccmQlow to isolate the region of metal-covered graphethe region become
the metal/graphene/Si junctions. The cross-sedtiszhematic view of the metal/Si and
metal/graphene/Si junctions with the zoom-ins thasng the interfaces is shown in the Figure 33b
[177].
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Figure 32. Sample fabrication processes [177, Z89-390-406].
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Figure 33. (a) Raman spectrum measured on the emaplil77, 465-467] (b) Cross-sectional
schematic view of the metal/Si and metal/ grapt&inehctions [177]. The two zoom-ins illustrates
the graphene interlayer blocks the atomic interngxiat the interfaces. The IPE measurement

configuration is also included [32-34, 380-387].
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2.2 Current-Voltage M easurement

Figure 34 shows the current-voltage (I-V) curvesasuged on the metal/Si and metal/graphene/Si
junctions [15, 177, 340-358]. Interestingly, theeese-biased leakage current of metal/graphene/Si
junction is observed to be much smaller than thametal/Si junction (Figure 34). This is easily
understandable because the |-V characteristicsdanginated by low barrier patches [359-377]
induced by the local material intermixing (Chaptet.5) and these low barrier patches are blocked by
the graphene diffusion barrier [176, 177, 407-4ACHapter 1.6.2).

The nickel silicide having low electrical resistivis known to be formed with the diffusion of Ni
atoms to the Si substrate [284, 285, 462-464]. &ttacted Schottky barrier height of Ni/graphene/Si
junction is found to be larger than that of Ni/8h¢tion (Figure 34a), indicating that the graphene
interlayer blocks the nickel-silicon reaction, make metal/Si junction intact, and forms a uniform
Schottky barrier height.

In case of Pt/Si and Pt/graphene/Si junctionstheextracted Schottky barrier heights are found
to be almost identical. This can be understood ftbenfact that the material intermixing is not so
active at the Pt/Si interface relative to the N&&d Ti/Si interfaces [284-298]. This implies thia¢
associated low barrier [359-377] patches would hra@adly small areal fraction in the Pt/Si junction,
which is even unnoticeable in the forward-biasedent [359-377]. The energy band profile of the
small low-barrier patches is known to be pinchedstfongly by the high-barrier surrounding [187-
190, 378, 379], the energy barrier height seerhbyetectron become almost comparable to the high-
barrier surrounding for the forward bias. For tlieched-off energy band profile of a very small-size
low barrier patch, the influence of the low-barrgatches on the charge carrier transport cannot be
revealed by the Schottky barrier height extractedhfthe 1-V (Figure 34b). On the other hand, these
pinch-off energy band profile of the small low-barrpatches is also known to be reduced for the
reverse bias [187-190, 378, 379], and the smaltdawier patches will provide the preferred paths
for current flow under the reverse bias (Chaptdr5). Thus, the reverse-biased leakage current of
Pt/Si junction is observed to be much larger tlneat of Pt/graphene/Si junction (Figure 34b).

It is especially worthy of notice that the Ti/grapte/Si junction is less leaky (about 1000 times
smaller) than the Ti/Si junction (Figure 34c), sogmg that the graphene interlayer greatly reduces
the material intermixing at the interface. The rhsilicon reaction and material intermixing at the
Ti/Si interface is known to be mcuh active thanSiend Pt/Si interfaces [284, 285, 462-464]. Hence,
the atomically mixed local areas of Ti/ Si are miedikier compared to that of Ni/ Si and Pt/ Si. itve
with the graphene interlayer, there will be the braeeas where the graphene does not completely
cover or the carbon atoms are missing. Accordiniig, I-V extracted Schottky barrier height in

Figure 34c is obtained to be smaller than thatiguife 34a and Figure 34b.
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Figure 34. Current-voltage (I-V) curves on the Mi8iaand metal/graphene/Si junctions for Ni, Pt and
Ti electrodes [15, 177, 340-358].
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2.3 Internal Photoemission M easurement

Figure 35 shows the internal photoemission (IPBEngum yield (Chapter 1.5) [32-34, 380-387] for
the metal/Si and metal/graphene/Si junctions [1Fdr the Ni/Si junction without the graphene
interlayer, the two thresholds are observed (Fi@&&). The additional quantum yield rise in the IPE
measurements at the Ni/Si interface could be altre$uhe barrier lowering due to the material
intermixing occurred at the weak spots. Thus, irst threshold represents the low barrier patches
[359-377] isolated in the high barrier surroundimgd the second threshold does the high barrier
region. This two threshold behavior is not ideatifiin the conventional I-V curve (Figure 34a) since
the most of junction current flows through the draa¢as with their local Schottky barrier heightian
the |-V extracted Schottky barrier height is maidgtermined by these low barrier patches [359-377].
On the other hand, our IPE results reveal the heeshold behavior of the Ni/Si junction very clgarl
providing experimental evidence for the existendelosv barrier patches [359-377] formed by
material intermixing at the Ni/Si interface mentohso far. On the other hand, with the graphene
interlayer, one threshold is observed (Figure 3®&mpared to the Ni/ Si junction, this single
threshold behavior of Ni/graphene/Si junction imdés the formation of homogeneous Schottky
contact which could be obtained with the grapheerlayer owing to the its role of diffusion barrie
[176, 177, 407-412]. This is consistent with thealler |-V extracted Schottky barrier height of Ni/S
junction with and without the graphene interlay€ig(re 34a).

For the both Pt/Si and Pt/graphene/Si junction (f@g35b), the single threshold is observed.
Similar to the 1-V measurement (Figure 34b), theresponding Schottky barrier heights are obtained
to be almost identical, which can be understoodih®y inactive material intermixing at the Pt/Si
interface. The area of low barrier patches [359}3##he Pt/Si junction is expected to be so small
that the photocurrent from the low barrier patoteesnot be distinguishable in IPE measurements.

As confirmed in Figure 34c, the Ti/Si junction isserved to be very leaky so that the photocurrent
is overwhelmed by the leakage current. Thus, tmeesponding IPE quantum yield was not extracted
at all. However, with the graphene interlayer, H& yield spectra is well specified and the single

threshold is observed for the Ti/graphene/Si jumctiFigure 35c).
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Figure 35. IPE yield as a function of photon enesgythe metal/Si and metal/graphene/Si junctions

for Ni, Pt and Ti electrodes [32-34, 177, 380-38#e average Schottky barrier heights including the

image force lowering are shown in the tables.
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2.4 Transmission Electron Microscopy Image

Figure 36 shows the high-resolution transmissi@ttebn microscopy (HRTEM) images of Ni/Si
and Ni/graphene/Si junctions. It is found that th&kness of the native oxide layer at the Ni/Si
interface varies actually depending on locatiorekgmining the structural change across the interfac
for Figure 36a and Figure 36b taken at two diffesgtes in the same Ni/Si junction. The native exid
layer in Figure 36b is seen to be thinner than iatigure 36a. In particular, the Siayer of the
red-circled area in Figure 36b looks particulaHint confirming the non-uniform native oxide layer.
The comprehensive analysis of these two figuredsléa the following conclusion that the thickness
of SiQ, layer is spatially inhomogeneous and some aregbtrhave pinholes with no SiCayer at all.
The material intermixing can occur more easily be freas with thin SiOlayers or pinholes,
resulting in formation of local Schottky barrieridat lower than the surrounding areas with thicker
SiO, layers. Between the Ni electrode and Si substtate,graphene interlayer is seen clearly in
Figure 36c¢c. The inserted graphene layer carries tbatrole of diffusion barrier to form the
homogeneous Schottky contact [176, 177, 407-412].
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Figure 36. (a,b) Transmission electron microscopgge at two different locations in the same Ni/Si

junction. (c) Transmission electron microscopy imad Ni/graphene/Si junction [177].
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2.5 Parallel Conduction Model Calculation

As discussed in Chapters 2.3 and 2.4, the two4tlotdsbehavior in the IPE measurement (Figure
35a) does not appear in the |-V measurement (Fid#a). The |-V characteristics of the
inhomogeneous Schottky contact can be influencethéysmall portion of low-barrier patches [187-
190, 378, 379]. Thusm the IPE measurements [3238@;387] are more suitable for extracting the
Schottky barrier height on the prevailing region.

From the parallel conduction model [187-190, 3789]3the areal fraction of the low barrier
patches [359-377] can be estimated (Chapter 1 Bds)the several different areal fractions of thw |
barrier patches, Figure 37a shows the calculaddwrves of the Ni/Si junction possessing the low
barrier patches [359-377] surrounded by the prigpihigh barrier region. The low Schottky barrier
height of the low barrier patches [359-377] is a®sd to be the Schottky barrier height extracted
from the first IPE threshold (Figure 35a) and tighhSchottky barrier height of the prevailing high
barrier region is assumed to be the Schottky brahééght extracted from the second IPE threshold
(Figure 35a). In order to match the effective Styobarrier height calculated from the parallel
conduction model with the Schottky barrier heigktracted from the |-V curve (Figure 34a), the areal

fraction of low barrier patches in the Ni/Si jurmtiis estimated to be about 7.6 % (Figure 37b).
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Figure 37. (a) The I-V curves of the Ni/Si juncticalculated from the parallel conduction model [177
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2.6 Strong Fermi-L evel Pinning Effect
As shown in the Figure 38, the Schottky barrieghts of the metal/graphene/Si junctions which
are determined from the IPE measurement (Chapsgrobviously show the very weak dependence
on the metal work-functions. Almost independencéhef Schottky barrier height for the metal work-
function implies the strong Fermi-level pinningeadt at the interface (Chapter 1.4.2), approachieg t
Bardeen limit [207-209, 225-235, 249-298]. The rhé&trmi-level seems to be almost completely
pinned at the charge neutrality level close towhlence band edge of Si. The charge neutralityl leve
is found to be positioned around 0.145 eV aboverttience band edge. The atomically impermeable
property of the graphene interlayer suppressesraierial intermixing, create an environment for
studying the ballistic carrier transport across ihierface, and provides an efficient platform to

explore the Fermi-level pinning effect.
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Figure 38. Schottky barrier height of the metalpdyene/Si junction extracted from the IPE

measurements as a function of metal work-functiofv[ 191-194, 245].
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2.7 Fermi-Level Pinning Effect Depending on the Junction Area

Following the trend of continuous downscaling @ationic devices, the junction area has become
smaller than hundreds nm. The downscaling of etadtcontacts has a huge impact on the contact
resistance and is directly related the performadegradation. In particular, with respect to the
nanoscale Schottky contact, the I-V characteristtesknown to be almost unaffected by the interface
Fermi-level pinning effect and the effective Sckgtbarrier height is supposed to be greatly reduced
[159-162, 468-472]. Since the influence of the &ledlipole layer at the interface associated \tliid
surface states on the semiconductor substratecisrkiio be drastically limited around the junction
edge, the corresponding Fermi-level pinning effeat be seemingly deactivated by this edge effect
[177]. The change of electrostatic potential actbsselectric dipole layer [15, 189, 190, 207-2i4]
very essential in the interface Fermi-level pinngffgct (Chapter 1.4.2).

If the metal electrode is about um in size, theafeSchottky junction is so large that the infloen
of interface electric dipole layer can reach de#p the semiconductor substrate and the energy band
profile in the depletion region on the semicondudide is affected entirely by the interface Fermi-
level pinning (Figure 39a and Figure 39c). Howetlee, nanoscale Schottky junction will behave as
being unpinned by the influence of the junctioneedgen if the Fermi-level pinning effect is actyall
strong at the interface. Moreover, if the occupyanga of electric dipole layer at the interfacéors
small, the influence of the interface electric dgdayer can be limited throughout the junction
(Figure 39b and Figure 39d).
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2.8 Conclusion

It is systematically demonstrated that the graphimerlayer inserted at the metal/n-Si(001)
interface takes the role of a diffusion barrier §gter 1.6.2) [176, 177, 407-412], prevents the atom
inter-diffusion substantially ensuring the intanteirface, and forms an atomically abrupt Schottky
contact. This efficient method adopting the graghemnerlayer as a diffusion barrier is particularly
useful for protecting the junction from unwantedattical changes and investigating the Fermi-level
pinning effect. The minimized reaction is confirmsih the current-voltage measurements. Most of
all, the internal photoemission measurements olsliyoshow the strong Fermi level pinning effect at

the intact metal/ Si interface ensured by the geaphinterlayer blocking the atomic intermixing [1.77
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Figure 40. Summary of Chapter 2 [177].
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3. Negative Fermi-Level Pinning Effect at M etal/Graphene/GaAs Junction

The previous research in Chapter 2 suggest thagrdughene interlayer inserted at the metal/Si
junction can be used to form an intact metal/sendoator junction and investigate the Fermi-level
pinning effect at the interface [177]. Interestinghe graphene interlayer at the metal/GaAs joncti
turns out to function differently [389]. As disceskin Chapter 1.4.2, the GaAs-like 11I-V compound
semiconductor is known to have the reconstructethse and contain the low density of surface
states [15, 225-235, 249-298, 326-339]. Howevetthd structure is modified by some extrinsic
factors, the surface comes to have the high demditgurface states. In addition, during metal
deposition, the intermixing of metal, Ga, and Asnag on the low surface-state regions can induce the
interface-trap states, resulting in the high tregtes similarly to the regions with regular natoséde
layer. Therefore, as is well known [326-339], theire region of the metal/GaAs junction can be
governed by the strong Fermi-level pinning effé@h the other hand, if the graphene interlayer is
inserted at the metal/GaAs interface and prevdmsatomic intermixing [176, 177, 407-412], the
regions can preserve the low interface-trap sttesinduce the weak Fermi-level pinning effect [15,
225-235, 249-298, 326-339]. Furthermore, the Skfdblarrier height of the metal/graphene/GaAs
junction is found to decrease with the metal warketion increasing. The pinning factor generally
ranges between 0 (Bardeen limit) [207-209] and ch¢8ky-Mott limit) [196-197] depending on the
pinning strength [225-235, 249-298] Surprisingllye tnegative value of pinning factor has been
extracted [389].
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3.1 Sample Fabrication

The metal/GaAs junctions with and withgout the dreme interlayer can be fabricated by following
the procedures [389]. The native oxide on the GsAstched in a 1:1 diluted solution of ammonia
hydroxide in deionized water for 1 minutes followled DI water rinsing [473]. In order to make
ohmic contacts to the GaAs [474, 475], gold-basethfs (Ti/Pt/Au, 5/20/500 nm) are deposited near
the edge of GaAs substrate using the e-beam evapoi@nd annealed at 40C for 300 seconds
using rapid thermal annealing (RTA). The samplal& treated in an ammonia hydroxide etching
solution for 3 min followed by DI water rinsing agaight before the graphene transfer [473]. As
described in Figure 41, the CVD grown graphene raymws purchased from the Graphene
Supermarket is transferred on the GaAs surface.s€h@-dry transfer method using thermal release
tapes has been used [390-406]. The other detal®xglained in Chapter 2.1. After the graphene
transfer, the quality of graphene on GaAs substiateexamined with the Raman spectrum
measurements (Figure 42) [389, 465-467]. The cresihaped metal electrodes of average diameter
~500 um are then deposited by using the e-beanpeatign. The metal/GaAs junction is formed on
the graphene-uncovered area. The graphene uncdweredtal electrodes is removed with the RIE to

isolate each metal/graphene/GaAs junction.
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3.2 Current-Voltage M easurement

The Al/graphene/GaAs (Figure 43a) and Ti/grapheaf& (Figure 43b) junctions reveals the
rectifying characteristics. Their reverse-biasedents are reduced than the Al/GaAs and Ti/GaAs
junctions. On the other hand, the reverse-biase@mis of Ni/graphene/GaAs and Pt/graphene/GaAs
junctions are strikingly increased than those ofGdAs and Pt/GaAs junctions (Figure 43c and
Figure 43d). Moreover, it seems that the rectifyb@paviors have almost disappeared. Considering
the difference in work-function of metal electrog#ss result is counter-intuitive. However, wittet
graphene interlayer, it is found that the Schottikgrrier heights of Al/graphene/GaAs and
Ti/graphene/GaAs junctions are high, and that éffdphene/GaAs and Pt/graphene/GaAs junctions
are low. Considering the strong Fermi-level pinnéffgct on the prevailing GaAs surface [15, 225-
235, 249-298, 326-339], it is normally expected tha I-V-extracted Schottky barrier heights of the
metal/graphene/GaAs junction should have the vadiregar to that of the metal/GaAs junction. In
other words, the conjecture that the metal-depengariation in the |-V characteristics of the

metal/graphene/GaAs junction originates from thalspatches of low interface-trap density can be
claimed [389].
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Figure 43. (a-d) I-V characteristics of metal/Ggésctions with and without the graphene interlayer
[389].
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3.3 Internal Photoemission M easurement

As explained in Chapter 1.5, the IPE signals ao@iged by all regions in the junction. However, if
the most region of junction is uniform and the oegof isolated low barrier patches exists with caly
small areal fraction, the IPE spectrum will be doatéd by the prevailing region. In other words, the
contribution from the low barrier patches will wisible

The two thresholds of GaAs [476] are clearly obsdrfor the conduction band minimB &nd L
valleys). Here, the first threshold reflects thecedon transmission into thevalley and represents the
commonly accepted Schottky barrier height of thaah@aAs junction. The the second threshold
corresponds to the additional transmission intolthalley. The gap between the first and second
thresholds is found to be about 0.29 eV [476]. Sitne first and second thresholds are extractbe to
considerably identical for all four metal electredé can be claimed that the Fermi-level pinning
effect is strong uniformly throughout the entiretataAs junction.

The two common thresholds in the IPE spectra ofb&al/graphene/GaAs junctions are observed
to be quite similar to those for the metal/GaAsctions for Al, Ti, and Ni electrodes. On the other
hand, for the Pt/graphene/GaAs junction, the exeedsakage current, which is already identified in
the I-V characteristics (Figure 43d), overwhelmieg measured photocurrent. The corresponding IPE
yield could not be determined (Figure 44d). Theilsinty in the IPE thresholds implies that the
Fermi-level pinning effect at the metal/graphené&&anterface is also strong in the major region of

junction bearing high interface-trap density.
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Figure 44. (a-d) IPE quantum yield spectra on thetahGaAs junctions with and without the
graphene interlayer for Al (a), Ti (b), Ni (c), aRdl (d) electrodes [389].
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3.4 Direct Optical Excitation from Localized I nterface States

The IPE signals will be mainly from the prevailinggions with high interface-trap density. As
discussed in Chapter 3.3, the transmission intd'tbeL valleys corresponds to the first and second
thresholds. However, the observation of transmissito the X valley of GaAs is interrupted by the
humps of the IPE yield around 1.33 eV, which isilaited to the direct optical excitation from the
localized interface states to theor L valleys [388] (Chapter 1.5.1 and Figure 19R/)e localized
interface states expected to be positioned ardumdharge neutrality level and filled with elecson
are responsible for the strong Fermi-level pinrahgnetal/GaAs junction. As shown in Figure 45, the
IPE yield spectra under varying applied reverse bizaracterizes how the localized interface states
contribute to the IPE yield. Around the photon gget.33 eV, the IPE yield humps are found for all
metal electrodes even if there is to some extemhethal dependence in their relative strengthss It i
readily noticeable that the hump become more pmooed with the applied bias increasing. This
implies that more and more electrons excited frow localized interface states can escape and
transmit into the conduction band minima of GaAshwhe aid of the electric field in the depletion

region due to the applied bias.
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Figure 45: IPE quantum yield on the metal/GaAs fiems under applied reverse bias varying from
0.001 to 5 V [389]. The magnified views of the @swaround 1.33 eV are shown in (b), (d), (f), and

(h).
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3.5 Transmission Electron Microscopy Image

As shown in Figure 46d, Figure 46e, and Figure 4i6¢ graphene interlayers inserted at the
Pt/GaAs interface is seen clearly. It is also aoméid with the high-resolution transmission electron
microscopy images taken on the several differ¢as sh the Pt/GaAs (Figure 46b and Figure 46c¢) and
Pt/graphene/GaAs (Figure 46e and Figure 46f) jonstithat the thickness of native oxide layer is
spatially inhomogeneous. The yellow circles in Feggd6c and Figure 46f indicate that the area of
GaAs surface occupied with very thin or no natix&e layer is small. The thickness of oxide layer i
estimated to be about 2.82 nm for the Pt/GaAs janand about 2.27 nm for the Pt/graphene/GaAs
junction [477]. Because the oxide layer on the gesye-covered area is passivated while the oxide
layer on the graphene-uncovered area is exposedetair before the metal electrode deposition,
compared to that for Pt/graphene/GaAs junctiofis itkely to have slightly thicker oxide layer for
Pt/GaAs junction on the same GaAs substrate. litiaddthe native GaAs oxide is reported to have
very small band gap [478], the charge carrier parts across metal/GaAs junction depends
significantly on whether the graphene interlayéngerted at the interface or not, rather tharsthell

difference in the thickness of GaAs oxide layer.

(a)

Figure 46: (a-f) Transmission electron microscapgpges of Pt/GaAs (a-c) and Pt/graphene/GaAs (d-
f) junctions [389]. (a,d) Bright-field images (ked) High-resolution images. The yellow circles

represent the small-size regions with very thinveadxide layer.
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3.6 Negative Fermi-Level Pinning Effect

As shown in in Figure 47, the average Schottkyieafreights extracted from the measured I-V
curve (Figure 43) to the thermionic emission mgdél, 340-358] or the first threshold in the IPE

spectra (Figure 44) with the image force loweriB8-B4, 380-387] are plotted as a function of the

metal work-functions. As mentioned in Chapter 3@, the metal/graphene/GaAs junction, the

Schottky barrier height is found to be decreas¢hasmetal work-function increases. The pinning

factors are obtained to be - 0.365. In general,pin@ing factor is known to range from 0 to 1.

However, the pinning factor of our metal/graphers¥6 reflects the negative value. On the other

hand, in the case of IPE measurements, the Schudtkier heights are extracted to be very simiar t

each other. The corresponding pinning factors aagrdo the 0, implying the strong Fermi-level

pinning effect.
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Figure 47.(a,b) I-V-extracted (a) and IPE-extracted (b) Sttyotarrier heights of metal/GaAs

junctions with and without the graphene interlaggia function of metal work-function [389].
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It is known that the native oxide layer on the Gafisface consists of @as, As0s, and GaAsg
and its structure is considerably stable [479, 4BOtonsideration of the growth mechanism of rativ
oxide, the low interface-trap density regions atpeeted to be very small and randomly distributed
on the surface.

Based on the result from I-V and IPE measureméntgn be claimed as shown in Figure 48a and
Figure 48b that the entire region of GaAs surfage the metal/GaAs junction will have high
interface-trap density [15, 225-235, 249-298, 336,3389, 481] due to oxidation (Figure 48a) or
material intermixing (Figure 48b). In other wordee Fermi-level pinning effect will seem to be
strong throughout the entire region and the cunéihbe uniformly distributed (Figure 48e).

For the metal/graphene/GaAs junctions, as confirimetthe IPE measurement (Chapter 3.3), the
prevailing region with regular native oxides wikh\e a large density of interface-trap states (ligur
48c) and the Fermi-level pinning effect on thisioagwill be strong similarly to the metal/GaAs
junction case. Above all, the most important reg®oithe small patches with no native oxide layer,
where the low interface-trap density is maintaitieghks to the protection of the graphene interlayer
(Figure 48d). The observed negative Fermi-levehipig effect in the I1-V measurements is expected
to occur here, the small patches with no natival@xayer. According to the negative Fermi-level
pinning effect, in case of the metal/graphene/Gastion, the low work-function metal electrodes
will lead to form relatively higher Schottky barnribeights on the small patches with no native oxide
layer than that on the surrounding regions. Sittyildhe Schottky barrier heights on the surrounding
regions with regular native oxides will have thenparably high Schottky barrier heights with the
low work-function metal electrodes. Thus, the jumttcurrent will flow comparably in both the small
patches and the prevailing regions (Figure 48f)tl@@nother hand, with the high work-function metal
electrodes, the small patches with no native obagler will form the low Schottky barrier heightssju
like the low barrier patches [359-377] and bearl#aky current paths [187-190, 378, 379]. Therefore
the junction current mostly flows through the snpdtches with no native oxide layer compared to

the prevailing regions (Figure 48g).
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3.7 Energy Band Profile across I nterface

The energy band profiles across the metal/graplees junction for high and low interface-trap
density regions is obtained [389] by performing #iectrostatic modeling with the FlexPDE [482-

484]. In order to explain the negative Fermi-lepigning effect, the variable dhe first importance is

the interaction dipole charge densif), [163-164], which is discussed in Chapter 1.6.1 and
Chapter 1.6.3. In this modeling, as shown in Figie the interaction dipole charge densiy,

indicates the charges on the graphene side, tht $my, the positive sign o€, signifies the

positive charges on the graphene and negative ehany the metal, vice versa. It is necessary to

verify whether the observed negative Fermi-leveinpig effect can occur without the interaction

dipole layer so that the Schottky barrier heighif and pinning strengthS for various interface-
trap densitiesD, on the GaAs surface are calculated by assunfgig= 0. As shown in Figure

504, if the interaction dipole charge density is ecamsideredQp, = O, the pinning strength is always
calculated to be positive in the typical range bV compound semiconductors [389, 485]. If the

interaction dipole charge densitQ, is estimated arbitrarily to match with the I-V-eadted ¢

for D, > 10" eV-lem, as shown in Figure 50b, th® is found to increase dramatically and

have the physically impossible values [225-235,-289, 326-339, 389, 481]. As compared with the

IPE measurements (Figure 44), this confirms thatggative Fermi-level pinning effect should occur
on the low interface-trap densitylX, < 10" eV-'cm?) regions, which is also consistent with our
conjecture discussed in Chapter 3.6. Since it eeted that the interaction dipole layer uniformly

formed throughout the entire contact, each metalilshbe assumed to have a certain cons@@,t
in the metal/graphene/GaAs junction regardlessiefiocally varying interface-trap densitl), on
the GaAs surface. Here, the interaction dipole giadensitiesQ, are obtained for the low

interface-trap densityD,, = 5x10'? eV-*cm? (fitting the I-V measured¢q, ) and the high interface-

trap density D,, =5x10"eV-'cn? (assumed to be the high interface-trap densitiherprevailing

region). The calculated relevant potentials andgdmare listed in Figure 50c. In order to viswaliz
these parameters, the band profiles across theafiligne/GaAs and Pt/graphene/GaAs interfaces are

shown in Figure 51, following the form discussedimapter 1.6.3 and Figure 29.
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The following is a detailed description of the feielement electrostatic modeling [389]. The

electrostatic potential dropJ (X) from the vacuum level is given by the solving tReisson’s

_p(x)

0*r

equation 0°U (X) = , where X is real coordinate perpendicular to the metal/lgemg/GaAs

junction, p(Xx) is the net charge density;, is the permittivity of vacuum, and, is the dielectric
constant for the GaAs substrate [486]. As showfigure 49, it is defined thaX is zero at the
metal surface, the vacuum gap between metal susfadegraphene layer < Xx<d, the graphene
layer at X=d, the vacuum gap between the graphene layer an@dls substrate ird < X< 2d,
and the GaAs substrate i8d < X< X. According to the Gauss’ law, the net charge dgngi(X)
across the metal/graphene/GaAs junction would be Zéde charge density is zerp(X) =0) in the

vacuum gaps at metal/grapher@<{X<d) or graphene/GaAsd < X< 2d) contact (Figure 49).

The charge densityo(X) can be written aso(X) = —q[ N, — n( >§] in the GaAs substrate, where

q is the electronic chargeN, = 5x10' cnT? is the doping concentration of the n-GaAs substrat

and n(x) = N, exp(—@] is the concentration of free electron in the GaAbstrate,
B

NC = 4.7x10Y cni® is the effective density of states in the conductband of the GaAs,
E-(X) =&, —Xs—qU(X is the conduction band edge of the GaAs subsiEtés the Fermi-level,
kB is the Boltzmann constantt is the absolute temperaturé%T is the thermal energy
(approximately 0.026 eV)@, is the metal work-function, angs = 4.07 eV is the electron
affinity of the GaAs [15, 486]. Now, we can thinktbe thin charge sheet&),,, Qs , and Qg are
located atXx=0, Xx=d, and Xx=2d [15, 163, 164, 189, 190, 207-224, 389, 487], wh&g is

GAE: |AE |

2
E

the surface free charge density on the metal seyf&k; = is the doping charge density

of graphene,Q = ‘an( E,— Ecn— goB) is the interface-trap charge density on the GaAfase,
AE. =@, —@ —quU(d) is the Fermi-level shift in the graphené, is the reduced Planck constant,
Vi =10 m/s is the Fermi velocity of graphen¢g, = 1.5 eV is the graphene work-functioh, is
the interface-trap density on the GaAs surfaEr—g\, = 1.424 eV is the band gap of the Gadsg,,

is the charge neutrality level of the GaAs, ag@l=@, —)(S—qU(Zd) is the Schottky barrier
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height of the metal/graphene/GaAs junction [15,,183, 189, 190, 207-224, 389, 487]. Here, the
sign of AE; is determined by the charge carrier type of thaphene QAE: >0 for p-type
graphene andAE: <O for n-type graphene. Two opposite sign of intécactlipole chargesQp
are assumed to be located =0 and X=d. The boundary conditions are assignedh) =0,

d+e 2d+&
U(2d+X):%—XS—kBT|n[%J, Iin?).[,o(x)dx:QG+QD, lim j p(X)dx=Q . The
- d-¢ & 2

D d-¢

QG_ QD

voltage drop AMG:T across the metal/graphene interface and the wltdgop

A ——M: across the graphene/GaAs interf be alamebtf th deli 15
Gs = c grap interface can be alainedtfrom the modeling [15,

&, . . .
163, 164, 189, 190, 207-224, 389, 487], wh@@ﬁ’ is the capacitance of vacuum gap per unit

area, Qsc:\/ZEOé‘rND(%—kBT) is the space charge density in GaAs, and

@ =@ —KkgTIn (%j is the built-in potential energy.

D
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Figure 49. Charge distribution across the metablyeae/GaAs junction [389], wher®),, is the
metal surface charge densitfd, is the interaction dipole chargd) is the doping charge
density of the grapheneQss is the interface-trap charge densifdsc is the space charge density

in the depletion regiond is the thickness of the vacuum gap, aXd is the thickness of the GaAs

substrate.
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(a) D, {(eVvT-cm?) 0 [ 1x10™]5x10"] 1x1073] 5x10"3| 1x1014 5x10™[ 1x10'®
Al [0.187| 0.229 | 0.356 | 0.459 | 0.704 | 0.766 0.826 | 0.834
Calculated ¢ (eV) [ T1 | 0.283] 0.322 | 0.442 | 0.535 | 0.738 | 0.784 0.829 | 0.836
(assuming Q,= 0) | Ni [0.687| 0.691 | 0.722 | 0.746 | 0.805 | 0.821 0.937 | 0.840
Pt |0.808] 0.810 | 0.816 | 0.821 | 0.834 | 0.838 0.841 | 0.842
S 0.412] 0.384 | 0.301 | 0.234 | 0.082 | 0.045 0.010 | 0.005

(b) D, eV T-cri?) 0 [1x10'2]5x10 1x10"3] 5x1073[ 1x10™] 5x10™ | 110
Estimated Q, | Al | 5.87| 5.92 | 6.13 ~6.39 | 8.62 | 11.84] 54.48| 149.98
(10°Ccn®) | Ti [-5.23] -5.29 | -5.52 -5.81 | -8.35|-12.05 —62.69 |-178.49

(to hit with the |-V [Ni [1.60 | 1.74 | 2.27  3.09 | 18.61 | 60.31 |1286.07|5048.71
measured 4,) |[PL[3.35 | 3.51 | 429 558 | 28.5/ | 89.08 |1843.13[7210.81

(c) Metal Al Ti Ni Pt

v (eV) 4.08 4.33 5.15 5.65

Q, (10C-cm™) -6.13 ~5.52 057 1.29
D, (eV~'crm?®  5x102[5x10% | 5x102 [ 5x 10 | 5x102 [ 5x10% | 5x10 [ 5x10
E.y (&V) 0.582 | 0.413 | 0.582 | 0.413 | 0.582 | 0.413 | 0.582 | 0.413
g5 (V) 0.895  1.008 | 0.601 | 1.008 | 0.465  0.995 | 0.392 | 0.993
AEf (&V) 0.521 | 0.539 | 0.529 | 0.546 | -0.039 0.167 | -0.135| 0.106
Aya V) 0.941 | 0.959 | 0.699 | 0.716 | -0.689 -0.483| -1.285| —1.044
Ags (V) ~0.056| 0.039 | -0.058| 0.032 | 0.074 | 0.398 | 0.097 | 0.456
Q, (108C-cn?) —3.364| —3.306| —3.467| -3.412| 0.234  0.848 | 0.498 | 1.215 |
Q. (10°¢Ccrmr? 3.197 | 3.424 | 3.295 | 3.511 | -0.018 0.328 | -0.216/ 0.133
Q. (10 6Ccnr2) 0.042 | —0.251] 0.047 | -0.231| -0.302| —1.308| -0.361| —1.480
Q.. (10°Ccm2) 0.125 | 0.183 | 0.125 | 0.133 | 0.087 | 0.182 | 0.079 | 0.132

Figure 50. (a) Schottky barrier heighg, and pinning strengthS by assumingQ, =0 and
varying D, for the metal/graphene/GaAs junctions. (b) Estimafd, to match with the I-V-

extracted ¢ by varying D, for the metal/graphene/GaAs junctions. (c) Caledarelevant

potentials and charges for the metal/graphene/Q@asions [191-194, 389].
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Figure 51. Energy band alignments of metal/grapime@aaS junctions for the high (a,c) and low

(b,d) interface-trap densities regions, whefg is the Schottky barrier heigh#g, is the work-
function of the metal,¢g is the work-function of the graphen?; is the built-in potential energy,
Er is the Fermi-level, AE; is the Fermi-level shift in the graphen&, is the vacuum level,
E. is the conduction band edge in the semiconduckyy,is the valence band edge in the
semiconductor,E.,, is the charge neutrality level of the semiconductﬁg is the band gap of the
semiconductor,A\,; is the potential energy change across the megplgne interface\;¢ is the
potential energy change across the graphene/sethictor interface,Q,, is the charge density on
the metal surfaceQ, is the interaction dipole charge densifd; is the doping charge density of
the graphene Qs is the interface-trap charge densif)ds. is the space charge density in the
depletion region,d is the Van der Waals gap distance between thengrepand the metalD,, is

the interface-trap density on the semiconductofaser and X5 is the electron affinity of the

semiconductor [389].
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3.8 Electronegativity Difference and I nteraction Dipole Charge

Based on the the finite element electrostatic moddlChapter 3.7), the Schottky barrier heights

@ are calculated for four different combinationstioé interaction dipole charge densifp, and

the interface-trap densityD, . As shown in Figure 52a, the negative value ohipig factor for the
metal/graphene/GaAs junction is found to be obthioely with Qy # O for the low interface-trap
density D,, . For the Pt/graphene/GaAs junction, it is alsontbthat Q, must have positive sign
to obtain the measured small value of Schottkyi®aheight ¢ . In fact, this polarity coincides with

the DFT calculation results [163-164] discusse€hapter 1.6.1. However, the polarity €@, for
the Al/graphene/GaAs junction is found to be negain order to match with the measured Schottky
barrier height. According to the DFT calculation$3-164], the polarity ofQ for the Al/graphene

interface should be positive and its magnitude igmsmaller than that of Pt/graphene interface.

Considering the electrostatic potential drops acths gap between the metal and the graphene, the
positive sign of Q is expected to always lower the Schottky barrigight of metal/graphene/n-

semiconductor junction, relative to the metal/ m&®nductor junction without the graphene

interlayer. However, as seen in Figure 52a, theo@ich barrier height of Al/graphene/GaAs junction

on the low interface-trap density regions is okgdito be quite low withQy, =0 or Qy >0 (blue

circle in Figure 52a). In other words, it is neaeysfor Q, <O in order to match the

experimentally measured large Schottky barriertitgiiged square in Figure 52a).
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Figure 52. (a) Calculated Schottky barrier height of metal/graphene/GaAs junction from the
finite element electrostatic modeling as a functdrihe metal work-function [191-194] for the low

interface-trap densityD;, = 5x10'? eV-'cm? and the high interface-trap densify, = 5x10%

eV-lcn2 The interaction dipole charge densiti€3, are chosen to be zero or the values obtained

in the Figure 50c. (b) Calculated), from the finite element electrostatic modeling and

conventional values of the metal atom electrongiafi488] as a function of the metal work-function

[191-194]. Two circles indicate two groups categed with the opposite polarities of interaction

dipole chargeQ, [389].
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Figure 6b shows the calculateQ, and the metal atom electronegativity [488] as recfion of

metal work-function [191-194]. The exchange coftiela potential for electrons is known to be
attractive to the metal surface, that is, the matimhcts the electrons on the metal surface [B38-1
489]. And the atomic electronegativity values dftak metals are seen to be smaller than that of

carbon. Thus, the interacting electrons can baaéd more toward the graphene side, inducing the
Q, >0.

Now, the question is how th€), <O of Al/graphene/GaAs junction is possible. Here, vea

think of the electronegativity difference betweba tmetal and the carbon atom. Compared to carbon,
the atomic electronegativities of Al and Ti is guéimaller than that of Ni and Pt (Figure 6b). Thius,

attracting direction of interacting electrons canshifted toward the graphene side so as to retlegse
direction of the exchange correlation force, legdin the Q, < 0. As the Ni and Pt have the high

work-functions, the difference of electronegativwglue from the carbon is seen to be smaller than t

Al and Ti (Figure 6b). Thus, considering this exafpa correlation, it is expected that the interagtin

electrons of Ni and Pt are shifted toward the metsiulting in the Q, > 0.
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3.9 Parallel Conduction Model Calculation

Our Ni/graphene/GaAs junction [389] reveals the Behottky barrier height estimated from the I-
V measurements (Figure 43c) and the high Schotiksidy height (1.020 eV) on the prevailing region
identified from the IPE measurements (Figure 4#wjicating that this junction is quite suitable for
employing the parallel conduction model [187-1988,3379] for the thermionic emission [15, 340-
348] through an inhomogeneous Schottky contaid.dkpected that the Schottky barrier height of the
low barrier patches [359-377] would be lower thhe t-V extracted Schottky barrier height, two
different cases of 0.4 eV and 0.3 eV are consideyexstimate the areal fraction of low barrier patc
The |-V extracted Schottky barrier height (0.464e¥puld be the effective Schottky barrier height of
the inhomogeneous Ni/graphene/GaAs junction cangigf high and low Schottky barrier heights.
Figure 53a and Figure 53b show the I-V curves dfjifdphene/GaAs junction and Figure 53c and
Figure 53d provide the estimated effective Scholtigrier height of the junction as a function of th
areal fraction of low-barrier small patches (Chaftd.5). According to the parallel conduction mlode
calculation [187-190, 378, 379], it is estimated tbw barrier portion would be about 8.15 % and
0.18 % for 0.4 eV and 0.3 eV, respectively. Hehe, ¢stimated areal fraction 0.18 % for 0.3 eV is
really small. Moreover, this low-barrier fractioright be even smaller since the actual could be lowe
than 0.3 eV. This result implies that the low-barmegion of Ni/graphene/GaAs junction with no
native oxide layer [illustrated in Figure 48d angjufe 51d] indeed occupies a very small areal
fraction. This is believed to be the reason whyg fduite difficult to locate any of the small pagshby
using the cross-sectional high-resolution transimisglectron microscopy images (Chapter 3.5 and

Figure 46). Furthermore, The ratio of current flogiithrough the low barrier patches to that flowing
through the high barrier region is obtained to beua 2.1% 10° in order to produce the measured I-V

curve correctly [389]. Thus, it is claimed that #&ire junction can become so leaky [359-377]sThi
is also consistent with our interpretation (Cha@té) claiming that most of the junction currermivis
through those low-barrier patches in the actualm&asurements. With this parallel conduction model
[187-190, 378, 379, it is reasonably explainaldevithe small patches affect the I-V characteristics

of the entire junction even with its areal fractimeing very low.
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Figure 53. Parallel conduction model calculationtf@ Ni/graphene/GaAs junction. (a,c) |-V curves
of the Ni/graphene/GaAs junction for several difer low-barrier portion. (c,d) Effective Schottky
barrier height of Ni/graphene/GaAs junction asrcfion of low-barrier portion. The blue dashed line
shows the estimation of low-barrier portion to nmatice calculated effective Schottky barrier witk th
Schottky barrier height extracted from the I-V mgasents. The low barrier is assumed to be 0.4 eV
(a,c) and 0.3 eV (b,d) respectively. The high learHigh of prevailing region is 1.020 eV for (a)4(d

which is assumed to be identical to the Schotthyidaextracted from the IPE measurements.
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3.10 Conclusion

It is experimentally observed that the negativerirdevel pinning effect occurs on the region of
GaAs surface with low interface-trap density in tmetal/graphene/n-GaAs(001) junction [389],
resulting from the electric dipole layer formedthé metal/graphene contact [163-164] due to the
overlapping of electron wave-functions. This undisiegative Fermi-level pinning effect [389] can be
understood with the interaction dipole charge at netal/graphene contact [163-164]. In order to
explain the observed negative pinning factor, titeracting electrons at the metal/graphene interfac
should be attracted more toward the graphene sidew work-function metals, bearing the increase
of electrostatic potential across the interface. liigh work-function metals, the interacting elecis
should be attracted more toward the metal sidejngake electrostatic potential decrease across the
interface accordingly. The change of electrostgtitential across the metal/graphene interface
signifies the modulation of effective metal workafition. The low interface-trap density regions,
protected by the graphene interlayer, are fountaie the local Schottky barrier affected directyy b
the interaction dipole layer at the metal/grapheastact. It is also discussed that the polarity of
interaction dipole layer, indicating the positiohimteracting electrons, is likely to be determinmd
the interplay of exchange repulsion and electrotidgadifference between metal and carbon atoms
[389]. Based on this work, it can be claimed that graphene interlayer can invert the effectiveainet
work-function very efficiently and suggest the neiforming Schottky and Ohmic-like contacts
simultaneously with the identical (particularly higvork-function) metal electrodes on a GaAs-like
semiconductor substrate possessing low surface-stahsity or the other 2D Van der Waals

semiconducting materials [9].
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Figure 54. Summary of Chapter 3 [389].
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4. Recombination Enabling L ow Temperature Rectification at Graphene/Si Junction

The graphene/semiconductor Schottky diode has éxtemsively explored for device applications
[151-154, 490-510], exhibiting not only a rectifgibbehavior but also a broad spectral range of photo
detection. In particular, the graphene/semiconductmtact is engineered to deeply understand the
physics occurring at the interface, and enhancelirical [151-154, 490, 492, 493, 495, 497-499,
502, 509, 510] or [491, 494, 496, 500, 501, 503;%14] optical properties. It is also reported that
the reverse-biased current in the graphene/semictmdjunction is not saturated due to both the
image force barrier lowering (Chapter 1.4.3) arelgraphene doping enhanced barrier lowering [495,
498, 499]. The doping enhanced barrier loweringe@ff[495, 498, 499] relies on the fact the
transferred CVD graphene is inevitably p-doped [5Meanwhile, the recent studies [499, 502]
suggest that the non-ideal I-V characteristics &nhy attributed to the recombination [354-358] in
addition to the interface-trap states and the éainhomogeneity [187-190, 210-213, 378, 379].
Although the metallic contaminant introduced on ¢gnaphene layer is expected to be the source of
recombination [499, 502], it is also consideredt tie diffusion of hole carriers directly supplied
from the p-type graphene into the semiconductorlediem layer leads to the increase of
recombination current. Here, the graphene fieldatffransistor gated with Si depletion layer is
fabricated to investigate the charge carrier trartsmechanism across the graphene/Si junction and
verify the doping type of graphene layer at the esatime. The temperature-dependent I-V
measurements provide the important clue in clargythe non-ideal current source in the small

forward-bias regime.
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4.1 Sample Fabrication

The graphene field-effect-transistor gated with 8iedepletion layer without the SiGnsulating
layer can be fabricated with the following steprsgithe n-type Si substrate is processed with the
RCA cleaning [299-304, 390-406]. The 30-nm-thick@ insulating layer is then deposited on the Si
surface using the atomic layer deposition (ALD)eTdiripe-shaped trench pattern is made with the
conventional UV photolithography and the patternegion is etched with the buffered HF (BOE).
The metal electrodes (Ti/Au, 5/50 nm) are depositedhe AbOs layer through a shadow mask by
using the e-beam evaporation. The exposed Si suifateated again with the RCA cleaning and the
hydrogen passivation [299-304, 390-406]. The CVbwgr graphene monolayer is then transferred on
the whole surface of the sample [390-406] (Chaptgy. After transferring the graphene, the quality
is examined with the Raman spectrum measuremeigsré-55) [465-467]. The rectangular-shaped
graphene channel connecting the metal electrodpatisrned with the e-beam lithography and the
RIE etching. As shown in Figure 56. the grapheremokl between the metal electrodes is contacted

to the Si surface and gated with not the common BiSlating layer but the Si depletion layer.
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Figure 55. (a-d) Optical microscope image with plosition indicator taken on the graphene os(Al
(a), the bare ADs (b), the graphene on Si (c), and the Bare Si(&dh) Raman spectra measured on
the corresponding region [465-467]. (i) Raman spectof graphene with the ADs background
signal subtracted. (j) Raman spectrum of graphdtietie Si background signal subtracted.

Figure 56. (a) Schematic illustration of devicausture. (b) Optical microscope image taken on the

graphene channel. (c) Device mounted on the cryogemperature measurement system.
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4.2 Temper ature-Dependent Current-Voltage M easurement

As shown in Figure 57, by varying the temperattine,current-voltage measurement is performed
on the graphene field-effect-transistor gated ligh Si depletion layer to characterize the trartspor

properties across the graphene channel or the gmneffBi interface.

Averaged over several different samples, the seesistanceR,5 between the two electrodes at
the zero gate voltage is estimated about 7@4HMKgure 57a and Figure 57d), which will be the sum
20c

where O is the area specific contact resistiviy is the graphene channel width); is the

of the graphene channel resistanBg,, and the Ti/graphene contact resistandB.o =

transfer length known to be much smaller than émgth (D, or Dgy) of graphene contact with the

electrode on the left or right side [513-520]. Figyb8 shows the geometry parameters mentioned

above. The graphene channel resistance is giverRpy = RSWL, where Rg is the graphene

sheet resistance anll is the graphene channel length. By assuming tee apecific contact

resistivity O. = 30 kQun? for the Ti/graphene contacts and; = 0.1 pum [513-520], it is
estimated that the graphene sheet resistadngefor our sample is about 2.20K 7.

Figure 57h and Figure 57i show the temperaturestidgret current-voltage characteristics
measured on the graphene/Si (Figure 57b) and [i@ire 57c) junctions. As is well known [15,
187-190, 340-343], both junctions reveal the rguotd behavior at room temperature and the
suppressed the forward and reverse biased curreitits decreasing the temperature. However,
depending on the temperature, it is seen thatebifying behavior of the Pt/Si junction disappears
more rapidly than that of the graphene/Si junctiamg the current suppression becomes significant
for the Pt/Si junction compared to the graphengf$ition.

As shown in Figure 57j, the drain-to-source charmetent in the graphene field-effect-transistor
gated by the Si depletion layer (Figure 57d) revélaé low-efficient switching characteristics, whic
is likely to be disrupted by the current leakingotigh the graphene/Si contact (Figure 57e and €igur
57k). The sum of the channel current (Figure 57 the leakage current (Figure 57k) is shown in
Figure 57I. Corrected with the leakage current flgvthrough the graphene/Si contact, Figure 57I
reveals the enhanced switching characteristics aomapto Figure 57j. Nevertheless, Figure 571 still
reveals the low-efficient switching characteristicsplying that the gating with the Si depletioyda
on the graphene layer is not so effective (Figui®. ®ne thing to note clearly here is that theaDir

voltage is observed to be positive, verifying ttiet graphene layer is p-doped.
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Figure 57. (a-f) Device structure and measurementiguration. (g) Graphene channel current versus
drain voltage. (h) Current-voltage curves of thapirene/Si junction. (i) Current-voltage curveshaf t

Pt/Si junction. (j) Graphene channel current vergage voltage. (k) Graphene/Si leakage current
versus gate voltage. (I) Total current flowing tgh graphene channel and graphene/Si junction

versus gate voltage.
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Figure 58. Device structure with geometry paranset@here W is the graphene channel widtlh,

is the graphene channel lengtfs is the length of contact with SiD, is the length of graphene

contact with Ti/Au electrode on the left side, alhd; is the length of graphene contact with Ti/Au

electrode on the right side.
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4.3 Improved Rectification Ratio at Low Temperature

The temperature-dependent Schottky barrier heigtittiae ideality factor are shown in Figure 59b
for the graphene/Si junction and Figure 59c for Bi&Si junction. The extracted Schottky barrier
height decreases with the temperature decreases.sifaller Schottky barrier height at lower
temperature is very likely to be due to the supgpogsof the thermionic emission effect [15, 187-190
340-343]. The increase of ideality factor at lowemperature usually indicates the presence ofdyarri
inhomogeneity [15, 187-190, 359-377]. However, streng variation in the ideality factor of Pt/Si
junction in comparison with graphene/Si junctiorghtiimply the different transport mechanism for

graphene/Si junction. It is also observed thatréutification ratio at 2V plotted in Figure 59cdsite
similar around the room temperatuee 50°C) for the graphene/Si and the Pt/Si junctions. Elav,
the rectification ratio of the Pt/Si junction isdteeed sharply with decreasing the temperature ewhil
that of graphene/Si junction is maintained up ® ldw temperature( 30 K). This implies that the

charge carrier transport mechanism for grapherai8iPt/Si junctions might be different with each
other and the non-ideal behavior of graphene/Sitjan will be attributed to the other mechanism for
charge carrier transport [15, 187-190, 340-353Jafatér 1.4.4).
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Figure 59. (a,b) Temperature-dependent Schottkydsdreight and ideality factor with their standard
errors for the graphene/Si (a) and the Pt/Si (bgtons. (¢) Rectification ratio at 2V.
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4.4 Thermionic Emission Ver sus Recombination

The modified thermionic emission model for graplisemiconductor Schottky contact [499. 502,
521] combined with the image force barrier lower{@hapter 1.4.3) the graphene doping enhanced
barrier lowering [495, 498, 499], and the seriesistance [15, 187-190, 340-343] is adopted to
analyze the current-voltage curve measured on r@phgne/Si junction.

The modified thermionic emission equation for grapdy'Si junction is given by Equation 58,
where JTGE is the thermionic emission current density, is the electric charge constark is the
Boltzmann constanty is the absolute temperaturkBT is the thermal energy (approximately
0.026 eV), i is the plank constantV: is the Fermi velocity,V, is the applied bias voltageJ

is the total current densityA is the contact areaR is the series resistancd) is the ideality

1
o’ N ||}
factor. ¢, is the zero bias Schottky barrier heigiftg = W is the image force barrier
EOKS

lowering energy, N, is the doping concentration (~12%0cni®) of the n-type Si,

D

Y=q+0g =@, KT In (%j - q(V,— JAR is the potential energy at the Si surfagg; is

3
. . mkT)? . . . .
the built-in potential energyN =2 W is the effective density of states in the condrcti

band of the Si [522],m is the effective mass in . is the permittivity of the vacuumK is the
dielectric constant of the semiconductor, a3 is the graphene doping enhanced barrier lowering
energy. The graphene doping enhanced barrier logenergy A@ can be obtained [495, 498, 499]
by solving the charge neutrality conditidQ;+ Qsst Q.= 0 [15, 163, 164, 189, 190, 207-224,

GAE; |AE, |

389, 487], where Qg = ey

is the doping charge density of graphene,

Qu = ‘an[ E,~ Ecn™ (¢)ED -Ag - A%)J is the interface-trap charge density on the Siaser

Qs =aNpW, is the space charge density in $, is the interface-trap density on the Si surface,

- . | o [2EK Y
¢ Is the band gap of the Sk, is the charge neutrality level of the Si, ald, = qT
D
is the depletion region width. It should be notédttthe increase of reverse-biased current is
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attributed to the image force barrier lowering gyeA¢@ and the graphene doping enhanced barrier

lowering energy/A@ [495, 498, 499]. The sign oAE- should be positive for p-type graphene as
confirmed in Figure 571.

The measured data is well reproduced with theafjitturve obtained with Equation 58 by assuming
n=1.75 @,=0.7,and J = JSE (Figure 60a). As discussed in Chapter 4.3, itisstdered that

the non-ideal effect of graphene/Si junction is doighe other transport mechanism [15, 187-190,
340-353], not the presence of barrier inhomogendis; 187-190, 359-377]. Based on the recent
studies [499, 502] claiming that the recombinaticurrent [354-358] dominates the non-ideal
behavior of the forward-biased current in the gea@Si junction, the measured data is well

reproduced with the sum of the thermionic emisgiorrent and recombination current by assuming

n=1, @&, =0.7, and J=J5 + J>. (Figure 60b), whereJs. is the recombination current

density [15, 499, 502], n is the intrinsic carrier concentration in the Sb23],

T=r, exp{——E‘;(_TE'

j is the recombination lifetime in the Si [524-527], is the recombination
B

lifetime constant, E, is the conduction band edge in the Si, dad is the recombination energy

level. Note that7,= 10 ps andE, — E = 0.365 eV for the best fitting of the measurechdat

‘J'I('BE — ql§2 T3 exp{_q(%o _A@_A%)}{ex{ q(VA_ ‘]AFﬂ_ } (58)
Tz kT nk, T

LI o)

kT
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As shown in Figure 60b, it is quite interestingttiiae measured forward-bias current can be
reproduced with the thermionic emission indeperigentth n#1 or the sum of the thermionic
emission and the recombination with=1. It is seen that the recombination current doneisat the

small forward-bias regime (0 ~ 0.2 V). ComparinguBtipn 58 with Equation 59, the slope of the

natural logarithm of the current densitp J as a function of the applied bias voltayg in the

small forward-bias regime is the% for the thermionic emission (Equation 58) andq— for
n

B
the recombination (Equation 59). As shown in FigbBb, the ideality factor extracted from the

current-voltage curve measured on the Pt/Si jundtioreases with the temperature decreasing, which
is known to be due to the presence of barrier indgeneity [15, 187-190, 359-377]. On the other
hand, the ideality factor extracted from the slopethe current-voltage curve measured on the
graphene/Si junction (Figure 59a) remains at abdwisimilar value around 2. As is well known, the
thermionic emission decreases rapidly with decnga@mperature [344-348]. From this point of view,
we can make conjecture that the non-ideal effeth@fgraphene/Si junction in the small forward bias

regime actually stems from the recombination aredrdtombination is somehow maintained up to
around 100 K.
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Figure 60. (a,b) Current density-voltage curve tfe graphene/Si junction. (a) Measured data with

the fitting curve to the thermionic emission cutrdansity JTGE with n=1.75 and @, =0.7. (b)
Measured data with the fitting curve to the themsoemission current densityJTGE and

recombination current density]RGE with n=1 and ¢, =0.7.
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The cubic of the temperatur&® is in the coefficient of equation for the thermimremission

current densityJTGE [499. 502, 521] (Equation 58). On the other harlas,coefficient of equation

for the recombination current densit&SE [15, 499, 502] (Equation 59) consists of more claxp

28K,
temperature-dependent parameters such as the ideplegion width W, = O—SM the

AN,

potential energyy = ¢, — KT In [%)— a( V.- JAR at the Si surface, the effective density of

D

3
migT)? . . o .
states N =2 o in the conduction band of the Si [522], the irgrincarrier concentration

2.54
n =5.29x 1(3‘{%)} ex{—@] in the Si [523], and the recombination lifetime

T=r, exp{——E‘;(_TE'

j in the Si [524-527]. Based on the thermionic emisgurrent densityJTGE
B

[499. 502, 521] (Equation 58) and recombinatiorrentr density JRGE [15, 499, 502] (Equation 59),

the temperature-dependent current-voltage curveldged in Figure 61, which reveals the stark

difference between the thermionic emission andd¢bhembination. Comparing with the measured one

(Figure 61a), both the current density of therngoerinission JSE with n=1.75 (Figure 61b) and

the current density of thermionic emissioJfE with n=1 (Figure 61c) are suppressed very
significantly with the temperature decreasing. @& ¢ther hands, the reduction of current density of
recombination JSE with n=1 (Figure 61d) is relatively slow depending on tlemperature.
Accordingly, the current density of the sum of ttheermionic emission and the recombination
J$E+JEE with n=1 (Figure 61e) reveals that total current is donadaby the recombination.

This is consistent our result claiming that thet tierombination actually plays an important role in
the charge carrier transport mechanism across ridwghgne/Si interface and the recombination is
maintained up to the low temperature. Based onréfsislt, it can be claimed that the low temperature

rectification at the graphene/Si interface [1511%28] occurs due to the recombination.
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Figure 61. (a-e) Current-voltage characteristicthefgraphene/Si junction for the measured one (a),

the thermionic emissionJTGE with n=1.75 (b), the thermionic emission]TGE with n=1 (c), the
recombination JgE with n=1 (d). and the sum of the thermionic emission amdrétombination

Jo +J5. with n=1 (e).
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4.5 Recombination Current dueto the Hole Carriers Supplied from Graphene

Figure 62a shows the ratio of the recombinatiorrec’tlrJg’E to the sum of the thermionic

emission current and the recombination currdﬁg + JE‘E, showing that the recombination process is

actually predominant in the small forward bias negjiand the total current is totally governed by the
recombination current below 200 K. The energy bdrayrams with the relevant potential energy
parameters and charge carrier transport mecharisrshown in Figure 62b for the zero bias, Figure
62c for the forward bias, and Figure 62c for theerse bias. As confirmed in Figure 571, the grajghen
is p-doped and possess a considerable amount bbtbecarriers. Therefore, unlike the conventional
metal/Si junction where the holes are generallytinm the metal electrode, the hole carriers sagpli
from the graphene can be directly injected into $iesurface and the Si depletion layer under the
forward bias (Figure 62b). It is likely that thejéoted holes encountering the electrons in the Si

depletion layer will contribute to the recombinatiourrent in the small forward bias regime. Since
the depletion region width\V; shrinks with the increase of the applied bias agetV,, the

recombination ratio shown in Figure 62a is reduoetthe higher forward bias. As shown in Figure 61

and Figure 62a, the recombination current in treplgene/Si junction seems to survive at the low
temperature up around 100 K. This is also likelgause the depletion region widW/, increases

as the temperature decreases [15], raising a pligsith meeting the injected holes supplied forinet

graphene and the electron coming from the Si biilks also noted that the image force barrier
lowering energy/A@ and the graphene doping enhanced barrier lowesieggy A@ cause the

increase of reverse-biased current [495, 498, 499].
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Figure 62. (b-d) Energy band diagram shown in thpeeu side is drawn as a function of position in

the junction and the corresponding linear energpelision relation of graphene with the Fermi-level

indicated is drawn below [389], wherg} is the Schottky barrier heigh@}, is the zero bias
Schottky barrier height A@g is the image force barrier lowering energ)g is the graphene
doping enhanced barrier lowering energg; is the built-in potential energyFEr; is the Fermi-
level of the grapheneAE.; is the Fermi-level shift in the graphen&.s is the Fermi-level of the
Si, E¢ is the conduction band edge in the &, is the valence band edge in the $ig,, is the

charge neutrality level of the semiconducttEg is the band gap of the SQ is the doping

charge density of the graphen@sg is the interface-trap charge density on the Saser Qg is

the space charge density in the depletion regighe5i.
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4.6 Conclusion

The graphene field-effect-transistor without th®Shnsulating layer is fabricated to investigate the
temperature-dependent carrier transport propedaesss the graphene channel or the graphene/Si
interface. The p-type doping of graphene is alsdigd with the simultaneous transport measurement
gated with the Si depletion layer developed bypbsitive bias on the Si substrate. It is found that
non-ideal effect of the graphene/Si junction stérom the recombination process dominating in the
small forward bias regime since the hole carrieggped from the p-doped graphene function as the
source of recombination occurring in the Si depletiegion. This implies that the recombination can
be maintained up to the low temperature owing &iticreased depletion width. Unlike conventional
metal/semiconductor diode losing its function at kemperature, the graphene/Si Schottky diode can
preserve the performance characteristics as diee@nd offer the possibility to utilize a new staof

diode that can operate even at the low temperaturgparable to the room temperature.
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Figure 63. Summary of Chapter 4.
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5. Enhanced Thermionic Emission and Tunneling at Junction Edges

As explained in Chapter 1.4.2 and Chapter 2.7pthggn of Fermi-level pinning effect is known to
be the electric dipole layer associated with the states on the semiconductor surface [15, 188, 19
207-224]. The electric dipole layer is known torbstriced near the junction edge since the effectiv
contact between the metal and the semiconductdhécharge transfer is reduced at the edge. Thus,
the influence of interface electric dipole layereigpected to be limited when the occupied area of
electric dipole layer is relatively too small satlihe charge density on the semiconductor suitace
restricted [159-162, 177, 468-472, 529-532]. Int tbase, the energy band profile in the depletion
region on the semiconductor side appears not taffeeted by the Fermi-level pinning effect, since
the influence of interface electric dipole layemngat reach deep into the semiconductor substrate.
This area-dependent effect of interface electroldi layer relies on the fact that the surface gdar
density at the center of the small-area Schottkgtjon will be comparable to that at the edge. More
specifically, as the contact size of Schottky jiortigets small below about hundreds nanometer, the
magnitude of leakage current component will be dirgncreased mainly flowing through the
junction edge where the Fermi-level pinning effecseemingly limited. Accordingly, the current-
voltage characteristics of hano-junction will setenbe almost unaffected by the interface Fermiileve
pinning effect although the actual Fermi-level pirgneffect is strong at the entire junction [17This
is a crucial phenomenon directly related to theosaale device operation (Chapter 1.4.4). Here, it i
experimentally demonstrated that the effective 8klidarrier height of Al/Si and Al/Graphene/Si
junctions decreases with the lateral width of jiorcdecreasing. From the finite-element electrastat
modeling to obtain the energy band profile acrdss junction and the numerical calculation to
estimate the current flowing through the junctias,the lateral size of junction becomes smallés, it
found that the potential barrier gets narrower gnredcurrent-voltage characteristic is governedhey t
thermionic emission and the tunneling of chargeieer around the junction edge. It is also believed
that our work can provide a physically-reasonalile ¢or understanding the drastic size-dependent

variation of current-voltage characteristic in ttenoscale device architecture.
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5.1 Sample Fabrication

The lateral-size-varying Al/Si and Al/graphene/@ngtions shown in Figure 64 are prepared as
follows. The n-type (~ 1 x20cnT®) Si substrate is first cleaned with the RCA pred@99-304]. The
30-nm-thick AbOs insulating film is deposited by using the atonagdr deposition (ALD). In order
to fabricate the wide trenches in the Si substthie stripe patterns are created by photolithograph
processing. The exposed 8k regions are then removed by buffered oxide etcliBRQE) wet
etching for 20 sec. After the photoresist remotlad, samples are treated in methanol for rinsing Th
monolayer graphene grown with chemical vapor dejpos{CVD) was transffered onto the substrates.
It is noted that the semi-dry transfer method ipleyed to minimize the water molecule trapping at
the interface [390-406]. The metal electrodes ctimgj of Ti/Au (10/50 nm) are then deposited
through a shadow mask on thex®@d /Si surface by using the e-beam evaporation. Eneptes are
dipped in a BOE etching solution once again to negnany native oxide. The rectangular-shaped
width-varying patterns covering both the metal #tete and the Si trench are written by the e-beam
lithography. Subsequently, the Al electrodes ohB0are deposited by the using e-beam evaporation.
After the lift-off process, the Raman spectroscapy carried out near the Al electrodes on Si trench
As shown in Figure 65, the quality of transferredpiene is identified by comparing the Raman
spectra of the graphene-uncovered region withdhtte graphene-covered region [465-467]. Finally,
the graphene uncovered by Al electrodes are remawtddreactive ion etching (RIE) to isolate each
junction. The AIl/Si and Al/graphene/Si junctionse aformed on the graphene-uncovered and

graphene-covered regions respectively.
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Figure 64.(a)-(I) Optical microscope images of the Al/Si jtino formed on the Si-trench under the
Al>0s3. The contact size of junction is controlled by thteral width of the Al electrode connected
with the Ti/Au pad on the ADs. () 100 um, (b) 10 um, (c) 1 um, (d) 500 nm2@) nm, (f) 100 nm.
(9)-(l) the corresponding magnified view of (a)-(f)
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Figure 65. Raman spectra of the bare Si (a) medsurgb), the graphene on Si (c) measured on (d),
graphene with the Si background signal subtraagE5-467].
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5.2 Current-Voltage M easurement

Figure 66 show the current density-voltage curveasured on Al/Si and Al/graphene/Si junctions
depending on the lateral size. The typical reatdycharacteristic appears in Al/Si junction (Figure
66a) and the non-ideal forward-bias behavior iseobged in Al/graphene/Si junction (Figure 66b).
Aaveraged over several different junctions by aithgpthe thermionic emission model [15, 340-358],
the extracted Schottky barrier heights and idedhtytors are listed in Figure 66¢c. The effective
Schottky barrier heights scale down with the ldteize of junction. Interestingly, the non-idedieet
in Al/graphene/Si junction becomes striking andisgted as the lateral width of junction decreases.

Regarding the reverse-bias leakage current, iep@nted that the local material intermixing of
metal and Si atoms inducing the low barrier patcimeshe metal/Si junction and increasing the
leakage current can be blocked by the graphenesbffi barrier [177]. If the atomic interdiffusioh a
the interface is active enough, the reverse-bialsalge current of metal/Si junction will be increhse
while that of metal/graphene/Si junction can bedffely suppressed with the graphene interlayer
preventing the interdiffusion. However, the revebsis leakage current of Al/Si junction (Figure $6a
is somehow similar to that of Al/graphene/Si juanti(Figure 66b). This implies that the atomic
reaction at the Al/Si interface used in this wodesd not occur quite actively and the reverse-bias
leakage currents of our Al/Si and Al/graphene/$icjions are not attributed to the inhomogeneity-
related leakage current. Meantime, the reversedbmsage current is noticeably increased with the
downscaling of Al electrode, indicating that theveese-bias leakage currents arise from the other

mechanism.
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junctions depending on the lateral width of Al étede. (c) Extracted Schottky barrier heights and

ideality factors depending on the lateral size.
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5.3 Energy Band Profile across I nterface

In order to understand the influence of electrasttvironment between nano and bulk geometries
on the leakage current near the edge of the Sghjpitiction, as shown in Figure 67, the conduction
energy band distributions at around the Al/Si ifatee are plotted by performing the finite element
electrostatic modeling with a commercial softwasekage FlexPDE [482-484]. The schematic of
device structure shown in Figure 67a is employedtHe modeling by varying the lateral width of Al
electrode. As can be seen from the cross-sectlmarad profiles across the center and edge of Al/Si
junction in Figure 68, the depletion width shrirdmaller with the downscaling of lateral width. This
is found at both the center (Figure 68a) and trgedéFigure 68b). The number of charge carriers
tunneling through the Schottky barrier is expedtethcrease sharply as the depletion width deceease
[15, 349-353, 533, 534]. In particular, from thenter to the edge, the Schottky barrier height
decreases and the depletion width becomes thifiinég. implies that both the thermionic emission
current due to the low Schottky barrier height &mel tunneling current due to the narrow barrier
width at the edge of the Schottky junction leadhe modification in |-V characteristics. Actually,
this expectation is in agreement with the increasedrse-bias leakage current in Figure 66a. Based
on this result, it can be claimed that the revéiss-leakage currents of Al/Si and Al/graphene/Si
junctions are attributed to the edge-related leal@grent.

Interestingly, the difference in depletion widthtween the center and the edge is significantly
reduced in the nanoscale contacts (Figure 68d)paced to the wide planar contacts (Figure 68c). In
other words, the energy band profiles across tiecef nano-junction (Figure 68d) drops rapidly
compared to that of planar-junction (Figure 68d)isTis likely because the electric field at theteen
just as that at the edge, is affected by the sadiog semiconductor bulk in the nano-sized junction
At this stage, it looks worthwhile to review the tadésemiconductor nano-junction, which is
categorized into two cases in general. One is H®size metal contacts to bulk semiconductor,
which is associated with the geometrically-inducedlocal environmental pinning effect [535]. The
other is the metal to semiconductor nano-contatgsiyving the environmental pinning effect from
guantum confinement [536]. As mentioned previoulg, origin of Fermi-level pinning is known to
be the electric dipole layer brought about by titerface states on the semiconductor surface B%, 1
190, 207-224]. Since the weighted charge distrivuts lower at the edge in comparison with at the
center, the influence of electric dipole layer djiag the electrostatic potential across the interfis
expected to be limited near the edge. This is Hgtudnat is observed in Figure 68c. However, as the
junction lateral size relatively gets too smallerh would be no signficant change in the effect of
interface dipole layer on the energy band profieaeen the center and the edge, which is identified
in Figure 68d.
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Figure 67. (a) Schematic of device structure engdofor the modeling. (b)-(k) Conduction energy
band distributions at around the Al/Si interfaceviayying the lateral width of Al electrode. 3D-view

10 pm (b), 1 um (c), 500 nm (d), 200 nm (e), 100(Hm2D-view: 10 pm (g), 1 um (h), 500 nm (i),
200 nm (j), 100 nm (k). The gray rectangles in({Q)represent the areas of Al electrode.
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5.4 Thermionic Emission Versus Tunneling

In order to address the deviation of edge-relagattdge currents between the nano-size Schottky
junction and the wide-planar one, the thermionigssion and tunneling currents flowing across the
center and the edge of Al/Si junction are calculateh a MATLAB program [15, 340-344, 349-353,
533, 534, 537]. As shown in Figure 69, the smdHerlateral size of junction, the larger the regers
bias leakage current, which is in agreement with éxperimental observation in Figure 66a. In
addition, the thermionic emission current at thetee(Figure 69a) is found to be smaller than tiat
the edge (Figure 69b). Likewise, the tunneling entrat the center (Figure 69c) is also seen to be
smaller than that at the edge (Figure 69d). Thizesause the barrier height and the barrier thiskne
at the center (Figure 68a) are higher and widar thase at the edge (Figure 68b). It is known tiheat
thermionic emission is determined by the Schottdgribr height, while the tunneling depends on both
the Schottky barrier height and the thickness #)-344, 349-353]. The thermionic emission current
(Figure 69a and Figure 69b) is observed to be talga the tunneling current (Figure 69c and Figure
69d). Hence, it can be claimed that the Schottkyridraheight substantially influences on the
thermionic emission rather than the tunneling. Delrey on the lateral size, the change in tunneling
current (Figure 69c and Figure 69d) is more nobiteahan that in thermionic emission current
(Figure 69a and Figure 69b). As mentioned just t@efohe tunneling strongly depends on the
thickness of Schottky barrier because the narromsidvawidth results in a high electric field at the
interface [15, 340-344, 349-353]. It is apparert tthe Schottky barrier thickness becomes narrow
(Figure 68a and Figure 68b) and the tunneling cdriecrease (Figure 69c and Figure 69d) in
accordance with decreasing of lateral junction.sTtes phenomenon is expected to be significant in
the Schottky junction with narrower barrier thicksefabricated with the more highly-doped Si

substrate than those used in this work.
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junction by varying the lateral width of the Al eteode. (a) Thermionic emission current at the

junction center, (b) Thermionic emission currentte junction edge, (c) Tunneling current at the

junction center, (d) thermionic emission currenthat junction edge.
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5.5 Edge Current Enhanced with Downscaling of Lateral Width

Based on our |-V measurement in Figure 66, bandlig@ro Figure 68, and current calculation in
Figure 69, it can be claimed as follows. In caséhefAl/Si junction (Figure 70a and Figure 70ck th
dominant conduction mechanism is responsible ferttiermionic emission and the tunneling, which
are enhaced at the junction edge (Figure 70c)@tigetreduced barrier height and thickness. Because
the depletion region where the recombination takémce is thin at the junction edge, the
recombination will be low. On the other hand, foe tAl/graphene/Si junction (Figure 70b and Figure
70d), the recombination is expected to become faignit with the graphene interlayer. The graphene
is considered to be p-doped and a substantial anaiuhe hole carriers supplied from the p-doped
graphene interlayer can be injected into the Siediem region, contributing to the recombination
eventually. What is interesting in this point isatithe depletion widthi.e., the Schottky barrier
thickness itself is the competing factor deterngriioth the tunneling and the recombination. As seen
in Figure 66, the saturated non-ideal |-V charastierunder the forward-bias seems to be attributed

to the interplay of tunneling and recombinationexsally for the nano-Schottky junction.
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5.6 Conclusion

It is experimentally observed that the effectivén@tky barrier height of Al/Si and Al/graphene/Si
junctions are reduced with decreasing the latéral af Al electrode. It is found that the thermioni
emission and the tunneling of charge carriers actios interface near the junction edge provide a
plausible explanation for the downscaling effect AWSi and Al/graphene/Si junctions. The
dominance of the edge current component in the potetion current implies that the lateral-size-
dependent charge carrier transport is mainly aiteith to the low effective Schottky barrier height
formed around the junction edge. The forward-biasgdent of Al/graphene/Si junction is enhanced
in comparison with that of Al/Si junction, which @tributed to the recombination process regarding
the hole carriers injected from p-doped graphenkeichvis consistent with Chapter 4. The low
resistance conduction path is generally considévede the most important factor in the leakage

current so that this work provides the useful infation to solve the leakage current problems in the
nanoscale devices.
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Figure 71. Summary of Chapter 5.
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6. Electrically-Controlled Carrier Guiding in Single-Channel Graphene Superlattice Device

As discussed in Chapter 1.3.2 and Chapter 1.71haHistic charge carrier in the graphene satisfie
the fundamental conservation laws and acts likentlhgsless Dirac particle described by the Dirac
equation [68-72, 186]. Here, the theoretical catiahs on the time-evolving probability density of
electron wave packets propogating in the graphaperkattice structure are performed, showing that
the propagation direction and the spread of elactrave packets in the graphene channel sensitively
depend on the magnitude of superlattice poterfta. graphene superlattice is adopted by a Kronnig-
Penny type of periodic potential generated witteraliting n-and p-type doping regions in the
graphene. The single-channel multi-drain grapheperattice device can be used to guide the charge
carriers to a specific direction just by contrajinhe electrostatic environment in the channel,
inspiring a new perspective in the conductancechiviy mechanism of the graphene device and

achieving a high on-off current ratio regardlesgeo band-gap property of graphene.
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6.1 Device Geometry

The single-channel multi-drain graphene deviceeisighed with pristine graphene (Figure 72a) or
superlattice graphene (Figure 72e). If we assuraeptbbability density distribution of a Gaussian
localized electron wave packets in the pristingogeme at initial (Figure 72b), the electron probgbi
densitiy distribution can be tracked with time-exny (Figure 72d) or time-integrated (Figure 72c)
forms. As shown in Figure 72c and Figure 72d, tleeteon packets propogate in the form of a
concentric circle with the pristine graphene.
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Figure 72. (a) Device geometry of pristine graphaeeéce with channel (blue) on insulating substrate
(black) in xy coordinate space. (yellow): metalctledes of source, drain, and side drain. (b) Ebect

probability density distribution of Gaussian localil wave packets in pristine graphene at initigh wi
the central wave vectoK, set by the energyE(lg) =g =nv |kc| =0.02 eV of incident electron

wave packet. (c) Time-integrated probability depsdistribution of electron wave packets in the
pristine graphene. (d) Time-evolving probabilityndiiy distributions of electron wave packets in
pristine graphene at 100 fs, 150 fs, 200 fs, ar@f&5(e) Device geometry of superlattice graphene
device with channel (blue) on insulating substr@tieck) in xy coordinate space. (yellow): metal
electrodes of source, drain, and side drain. (redjperlattice potential with different half-period
lengths (150 nm, 50 nm, 30 nm, and 10 nm).
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6.2 Electron Trajectory Incident to Graphene Superlattice Potential

Recalling the electron quantum optics [63-67] ie tiraphene as discussed in Chapter 1.7.1 and
Chapter .1.7.2, the electron trajectory passingudiin the potential barrier reveals Klein tunneling
[68-72] and negative refraction [73-77]. If the iohence is perpendicular to the surface of potential
barrier in graphene, the electron can tunnel themi@al barrier with probability regardless of its
height and width,i.e,, the absence of back-scattering [68-72]. In additio that, owing to the
negative refraction [73-77], the angle-dependariamission [78-82] and the collimation [83-87] can
be achieved with the periodic potentials in graghg8-92], so-called the graphene superlattice [93-
97]. The trajectories of electron incident to thraghene superlattice are illustrated in Figure 1@ a
Figure 74.
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Figure 73. (a,b,c) Schematic of trajectories ottetm incident to the graphene superlattice (Chapte
1.7.1 and Chapter .1.7.2). The incident angle & &@d the magnitude of superlattice potential is

moderate (a), extensive (b), minor (c).
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Figure 74. (a,b,c) Schematic of trajectories ottetm incident to the graphene superlattice (Chapte
1.7.1 and Chapter .1.7.2). The incident angle & &@d the magnitude of superlattice potential is

moderate (a), extensive (b), minor (c).
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6.3 Time-Evolving Electron Probability Distribution in Graphene Superlattice

The Gaussian wave packetd of the massless Dirac fermion in the graphene ivengby

Equation 60, where A is the wave-funciton coefﬁcient,l& is the momentum wave-vector
component along theX direction, ky is that along they direction, X = 30 nm is the spatial
extent along theX, Y = 30 nm is the spatial extent along the, S is the band index (1 for the
conduction band and -1 for the valence bar11;l:|'jj is the first row column componenk{jj is the

second row column component, andlk the potential magnitude. Based on the conservaifon
total energy and the transverse momentum parallghie interface, The time-evolution of Gaussian

wave packets can be obtained with Equations 61-683-97] by applying the

total

W(x, y,At) = |h%LP(x, y,At) of the time evolution of the wave-funciton withetenergy of

an incident electron with the central wave vect§f, AXx=Ay = 1 nm, At = 0.1 fs,

0 (0<x<L)
U((x+2L)=U(x), and U(X)=U (L<x<2L)'

1
2 2

W(x,y,0)= Aexr{i(l& x+ k ;ﬂ ex{—(z);z + ;@zﬂ sexp{i taﬁl(t—ZH :(:JJ (60)

1]

1+IA—;U (%) vFAt[ii—ij
W(x, y,At) = W(x,y,0) (61)
—vFAt[ii+ij 1+§U x)
oy 0x i

(62)

i,j+1 \{n] -1 Yr]rl; Vlj]

g = 2U
= ' At + VA
| N q J lTIj y { Ay AX

Vn_ At i,j+1 l’lj 1 lilr]rl; U 3, 'At
~ ¥ [ Ay o V), (63)
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Based on the above equations, the transmissiofiaient for the electron wave packect incident
on the graphene superlattice with the differengles of half- period within the same channel length
is obtained by varying the magnitude of superlatpotential. As shown in Figure 75, the propagation

direction and angular spread of electron wave pack&ongly depends on superlattice potential
magnitude or periodicity.
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Figure 75. (a-f) Transmission coefficient for thieatron wave packect incident on the graphene
superlattice with the different lengths of half+ipd (150 nm, 50 nm, 30 nm, and 10 nm) within the

same channel length as a function of the magniafdeuperlattice potential. (aE(K) = E and
n n n
=5 ) E(k)=2E, and v=5 ¢ E(k)=E and o=7 d) E(k)=2E and

¢:7ZT, (e) E(K:):ZE0 and ¢):7—37, and (f) E(k:)=2E0 and ¢=7§T, where E(lg) is the

energy of incident electron wave packet with thated wave vectorkc and @ is the incident

angle.
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The time-evolving electron probability densitiy tisutions in the single-channel multi-drain
graphene device under the superlattice potentifl thie different lengths of half- period (Figureey2
by varying the applied voltage to the superlatpogential barrier are shown in Figure 76 for 150 nm
Figure 77 for 50 nm, Figure 78 for 30 nm, and Fégid® for 10 nm. The single-channel multi-drain
graphene device is designed with the pristine graph(Figure 72a) or the superlattice graphene
(Figure 72e). Because of the influence of the dafiere on the electron trajectory as described in
Figure 73 and Figure 74, the electron wave pagkefgsagate in the collimated form depending on the

applied voltage to the superlattice potential legymo longer in the form of concentric circles.
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Figure 76. Time-evolving probability densitiy dibuitions of electron wave packets in the graphene
superlattice device with the 150 nm of half-periedgth by varying the applied voltage (0.1 eV, 0.3
eV, 0.5 eV, and 0.7 eV) to the superlattice pottuarrier at 100 fs, 150 fs, 200 fs, and 250 fs.
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Figure 77. Time-evolving probability densitiy disutions of electron wave packet in the graphene
superlattice device with the 50 nm of half-perieddth by varying the applied voltage (0.1 eV, 0/3 e
0.5 eV, and 0.7 eV) to the superlattice potentatibr at 100 fs, 150 fs, 200 fs, and 250 fs.
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Figure 78. Time-evolving probability densitiy disutions of electron wave packet in the graphene
superlattice device with the 30 nm of half-perieddth by varying the applied voltage (0.1 eV, 0/3 e
0.5 eV, and 0.7 eV) to the superlattice potentgtibr at 100 fs, 150 fs, 200 fs, and 250 fs.
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Figure 79. Time-evolving probability densitiy distitions of electron wave packet in the graphene

superlattice device with the 10 nm of half-perieddth by varying the applied voltage (0.1 eV, 0/3 e
0.5 eV, and 0.7 eV) to the superlattice potentgtibr at 100 fs, 150 fs, 200 fs, and 250 fs.
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6.4 Time-Integrated Electron Probability Distribution in Graphene Superlattice

The corresponding time-integrated electron proligidensity distributions are shown in Figure 80.
As seen in the figure, the ratio between the nunobelectrons flowing into the drain electrode and
that of electrons flowing into the side drain canbodulated arbitrarily.
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Figure 80. Time-integrated probability density disitions of electron wave packet in the graphene
superlattice device with the different lengths affhperiod (150 nm, 50 nm, 30 nm, and 10 nm) by
varying the applied voltage (0.1 eV, 0.3 eV, 0.5&wW 0.7 eV) to the superlattice potential barrier
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6.5 Superlattice-Periodicity-Dependent On-Off Current Ratio

. The electrons flow into either drain or side drdf the total current is set to be the sum ofirdra
current and side drain currents, the drain curo@et total current as a function of the magnitutie o
superlattice potential with the different lengttidhalf- period is obtained as shown in Figure 8%.8A
result of comparative analysis of different enesgigincident electron wave packets, it is founat th
the higher energy (Figure 81b and Figure 81d) ms®e the number of electrons flowing through the
drain due to the increased portion of normal ingideectrons corresponding to the Klein tunneling
compared to the smaller energy (Figure 81la andr&igtc). Accordingly, for the higher energy, the
current ratio to the side drain cannot be suffidiemodulated by varying the applied voltage to the
superlattice potential. This implies that the vgéaifference between the drain and the sourcelghou
not be so large in order to better control the entrinto the side drain. Furthermore, it is difftcior
the electrons to reach to the side drain with tigemwchannel width (Figure 81c and Figure 81d) by
considering the angular spread of electron wavdgiac Thus, the narrower channel width (Figure

81a and Figure 81b) is more suitable for contrgltime electrons reaching to the side drain.
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Figure 81. Drain current ratio (drain current ovetal current) as a function of the magnitude of

superlattice potential with the different lengttihalf- period (150 nm, 50 nm, 30 nm, and 10 nra). (

Superlattice Potential (eV)

Superlattice Potential (eV)

E(k,)=E, and W =250 nm, (b)E(k.)=2E, and W =250 nm, (c)E(k.)=E, and W

= 500 nm, (d) E(kc) =2E, and W =500 nm, WhereE(kc) is the energy of incident electron

wave packet with the central wave vectéy and W is the channel width. Note: electrons flow

into either drain or side drain (total current aidrcurrent + side drain currents).
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As shown in Figure 82, the on-off current ratiomisained as the ratio between the maximum and
minimum number of electrons flowing into the draiectrode based on the current ratio in Figure 81.
The smaller length of superlattice period and tlaerower width of channel reveal the higher

switching ratio.
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Figure 82. On-off current ratio as a function o uperlattice half-period length. (;E(kc) =g
and W =300 nm, (b)E(k.)=2E, and W =300 nm, (c)E(k,)=E, and W =600 nm, (d)
E(kc) =2E, and W = 600 nm, WhereE(kC) is the energy of incident electron wave packet

with the central wave vectoK, and W is the channel width.
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6.6 Conclusion

It is demonstrated that the single-channel mubidgraphene device where charge carriers are
guided to a specific direction on purpose can baized with the superlattice structure. Both
propagation direction and angular spread of elacivave packet in the single graphene channel can
be manipulated just by tuning the magnitude of igdpbias or the length of the superlattice period.
The ratio between the number of electrons flowintp ithe drain electrode and that of electrons
flowing into the side drain is found to be modutatarbitrarily by tuning the magnitude of the
superlattice potential. This work provides a sc@abethod to fabricate the graphene device large on
off current ratio while maintaining a high carrigrobility of graphene, bult also paves the way to

control the practically available off-state of #f@phene device overcoming the zero band-gap nature

A50 nm 50 nm a0 nm 10nm

10*

On-off Ratio
—
o
[

0 50 100 150

Superlattice Half-period Length (nm)

Figure 83. Summary of Chapter 6.
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Appendix 1. Graphene Super lattices

The Kronnig-Penny type one-dimensional externaiogér potential is introduced in Chapter 6. In
the real device application, the alternating n- prgipe doping regions on the graphene channel can
be formed by applying the proper voltages on thealzghaped top gate electrode and the global

bottom gate electrode (Figure 84 and Figure 85).

Figure 84. (a,b) Scanning electron microscopy irsag&en on the Kronnig-Penny type superlattice

structure with different lengths of half- periodhoait 50 nm (a) and 40 nm (b).

Figure 85. Fabrication process of the graphenerkaifiee device.
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As discussed in Chapter 1.7.2, the well-designexbrattice structure patterned on the graphene
channel funtions as an interconnected network torent flow [88-97, 443-461]. In addition to the
Kronnig-Penny type periodic structure [88-97] witanslational invariance, the nanomesh [447-450,
461]. As shown in Figure 86, by addressing artfigi patterned square- or triangular superlattioes
the graphene channel, the transport pathway ofgehearrier can be modulated depending on its

width, interval, shape, and periodicity.

(a)

Figure 86. (a,b) Optical images taken on the graptehannel (a) with the superlattice structure (b).
(c,e) Scanning electron microscopy images takethersquare superlattice structure. (d,f) Scanning

electron microscopy images taken on the triangaugerlattice structure.
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Appendix 2. Artificial Randomized Defects with Metal Adatom on Graphene

The artificial randomized defects induced by théahadatom deposition on the graphene channel
[147-150] can be interpreted as the graphene saipee as well.

Metal adatom
Graphene Hall bar

\

200 um

Figure 87. Optical image taken on the graphene b#allwith the metal adatom.
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Figure 88. (a-d) Atomic force microscopy imagesetalon the Au on Si©(a,b) and the Au on
graphene/Si@(c,d).
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Appendix 3. Graphene Aharonov-Bohm I nteferometer

The conductance oscillation involving localizatiand confinement can be also observed in the
graphene with the quantum interference signatudad-fi22]. The Aharonov-Bohm interferomter is the
most typical form for the experimental observat@inconductance oscillation [108-112]. Figure 89
shows the pattern of Aharonov-Bohm interferomtahwhe quantum point contact and the side gate.

Figure 89. Scanning electron microscopy image takethe pattern of Aharonov-Bohm interferomter.
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Conclusion and Outlook

In this dissertation, two different aspects of badlistic carrier transport (Chapter 1.2) through t
graphene (Chapter 1.3) were studied (Figure 90aRlng the out-of-plane ballistic carrier trangpor
(Chapter 1.2.2), the ballistic carrier transpontoas the graphene hetero-interface (Chapter 1.6) wa
highlighted owing to the IPE measurement (Chapt&) Enabling the direct determination of
interfacial energy barrier in the entire regionSahottky junction (Chapter 1.4) with the hot carrie
transport. By employing the idea of the grapherffiglon barrier (Chapter 1.6.2) and the graphene
interlayer (Chapter 1.6.3), the theoretically peggli strong Fermi-level pinning effect at the ni&tal
interface was experimentally explored (ChapterBjsed on the electric dipole layer formed by
graphene-metal interaction (Chapter 1.6.1), theommaon negative Fermi-level pinning effect at the
metal/GaAs interface (Chapter 3) was also obsewild the graphene interlayer (Chapter 1.6.3),
which is readily new discovery of unusual naturel@vice physics. It was found that the low barrier
patches induced by the material intermixing of rhetad Si atoms in the conventional metal/Si
junction can be blocked (Chapter 2) by the graplubffiesion barrier (Chapter 1.6.2), while the low
interface-trap region of GaAs surface can be pveske(Chapter 3) with the graphene diffusion barrier
(Chapter 1.6.2). The areal fraction of low barpatches was estimated with the parallel conduction
model (Chapter 1.4.5). The graphene field-effemtdistor gated with the Si depletion layer
characterizing the transport properties across gite@hene channel or the graphene/Si interface
(Chapter 4) revealed the the non-ideal effect & traphene/Si junction stemming from the
recombination process in the small forward biasmeg It was expected that the recombination
current (Chapter 1.4.4) due to the hole carrieppbed from p-doped graphene (Chapter 1.3) survives
at low temperature, offering the possibility to ogie the diode at low temperature (Chapter 4) als w
also demonstrated in the lateral size scaling Sich@inction (Chapter 5) with and without graphene
interlayer (Chapter 1.6.3) that the charge catramsport across the interface is mainly attributed
the thermionic emission and the tunneling (Chaftdr4) near the junction edge due to the low
effective Schottky barrier height. The result witintribute to solving the leakage current probléms
the nanoscale device (Chapter 5). With regardddriplane ballistic carrier transport (Chapter.3).2
the ballistic carrier transport in the grapheneairttie superlattice was investigated by importhmy t
useful concepts in electron quantum optics (Chahtéx. It was found that the propagation direction
and angular spread of electron wave packets candokllated (Chapter 6) by tuning the superlattice
potential magnitude or periodicity. The superla&twombined with the idea of single-channel and
multi-drain can be used to control the off-stategcdphene device (Chapter 6). In conclusion, the
research covered in this dissertation provideseatime perspective on the conductance switching in
nano device by implementing exotic quantum phenamer designing a new types of architecture.
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It is just like steering the electroms imitate the photons or installing a roadblockctntrol the

current flow. The results will not only stimulatbet research interests searching for new physical
phenomena in the fields of nanomaterial and depigssics but also have enormous implications on
the relevant communities in making next-generagtectronic device. Further research needs to be
required to understand the carrier transport mashaacross the interface or the fundamental physics

occurring at the interface.
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Figure 90. Summary and outline of dissertatiorb)(@ut-of-plane ballistic carrier transport through
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