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ABSTRACT

Geng, Junzhe. M.S.E.C.E., Purdue University, August 2012. Atomistic Modeling of
Graphene Nanostructures and Single-Electron Quantum Dots.  Major Professor:
Gerhard Klimeck.

The technological advancement in the semiconductor industry in the past few
decades has mainly been driven by the continuous down-scaling of CMOS devices
following Moore’s Law [1]. However, device scaling is fundamentally limited by a
number of technological issues, such as short-channel effects. The length scale of to-
day’s device is quickly approaching its fundamental limit [3]. As a result, extensive
research efforts are invested to find new materials and novel device concepts to en-
hance device performance. Computational modeling serves as a highly effective and
efficient approach in exploring these materials and device concepts. This work utilizes
several computational modeling methods to study two types of devices (a) graphene
based nanostructures, and (b) silicon based quantum dots.

The first part of this thesis is focused on modeling a new class of graphene based
nanostructures, namely graphene nanomesh (GNM). It is a 2D nanostructure ob-
tained by fabricating periodic perforations on a piece of graphene sheet. According
to experimental studies [18] [19], this is an effective approach of tuning the bandgap.
This work applies an advanced nearest-neighbor tight-binding model [20] in the elec-
tronic structure calculation of GNM. The model details as well as its advantages
compared to the conventional model are discussed. Transport properties of GNM
are investigated using non-equilibrium Green’s function (NEGF) method. Two types
of hole geometries in GNM, circular and rectangular holes, are studied in details.
It is demonstrated that bandstructures of GNM can be engineered via hole geom-

etry. Some intriguing features in the GNM bandstructures are observed, such as
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dispersionless bands, edge localization of electron wavefunctions, anisotropic disper-
sion relations. The effects of edge geometries (zigzag vs. armchair) in GNM on its
electronic structure and transport properties are investigated. Lastly, some novel de-
vice applications that utilize these unique electronic properties of GNM are proposed.

The second half of this work is focused on predicting valley splitting (VS) in an
electrostatically defined silicon quantum dot. The significance of VS for quantum in-
formation storage is explained. Eigenstates of the quantum dot have been calculated
charge self-consistently and the VS has been extracted under various biasing condi-
tions. Simulation results indicate that the VS in this quantum dot can be controlled
by tuning the potential barrier and gate geometry. Full range of the achievable VS is
determined. This information is vital in guiding the design of Si quantum dots with

desired VS.



1. INTRODUCTION

1.1 The Device Scaling Challenge

In the past few decades, the semiconductor industry has seen steady and rapid
development as the technology node scaling down following Moore’s Law [1]. For
decades, making MOSFETSs smaller has been key to the progress in the digital logic.
The down-scaling of transistor size has enabled increasing complexity of integrated
circuits as more transistors are able to fit into a single chip. Such a phenomenon was
best summarized by Moore’s Law, which states that the number of transistors in a
single integrated circuit doubles every 18 months [1] [2]. As a result, we have witnessed
dramatic advances in electronics that have found uses in computing, communications,
and other applications that affect just about every aspect of our lives.

However, performance enhancement of devices through scaling cannot continue
forever. The continuing scaling of CMOS transistors is heavily hampered due to a
number of technological limits, among which the most prominent is the short channel
effect (SCE), which is the major source of device degradation as the MOSFET channel
length scales down. One of the most outstanding SCE is the drain induced barrier
lowering(DIBL, Fig. 1.1), in which the effect of drain terminal lowers the potential
barrier seen by the electrons in the source, thus making the electrons easier to climb
over the barrier. The result of DIBL is undesirable, large off-state leakage current.
Therefore, DIBL is highly undesirable and detrimental to device operation because
it not only makes the device harder to be turned off, but also induces large power
leakage at the off-state. DIBL is more severe for short channel length devices. The
practical consideration on power leakage limits the physical length of a planer CMOS

device to ~10 nm [3].
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Fig. 1.1. Hlustration of potential barrier lowering of MOSFET. As channel
length decreases, the barrier ¢ to be surmounted by an electron from the
source on its way to the drain reduces. (Image from Wikipedia [53])

Fig. 1.2 shows the evolution of MOSFET gate length in production-stage in-
tegrated circuits as well as the number of transistors in a single processor chip. As
shown, the length of today’s MOSFET has already scaled down to tens of nanomenters,
which is quickly approaching the planner CMOS limit. There is growing concern in
the semiconductor industry that MOSFET scaling is approaching its limits and that,
in the long run, it will be necessary to introduce new material and device concepts to
ensure that performance continues to improve. Such concern has lead to research to-
wards potential new transistor channel materials such as Ge, InAs, graphene and new
device structures such as finFET, gate-all-around FET and band-to-band tunnelling
(BTBT) transistors. Innovative concepts like quantum computing, which utilizes the
electron’s spin information as a quantum information unit (qubit), has also been

proposed [26] and drawn tremendous amount of attention and excitement.
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Fig. 1.2. Evolution of MOSFET gate length in production-stage inte-
grated circuits(filled red circles) and International Technology Roadmap
for Semiconductors (ITRS) targets (open red circles). As gate length being
reduced, the number of transistors per processor chip has increased (blue
stars). Maintaining these trends is a significant challenge for the semicon-
ductor industry, which is why new materials and new device structures
are being investigated. [3]

1.2 The Role of Computational Modeling

When it comes to utilizing nano-scale device concepts to target the current techno-
logical issues, the possibilities are endless. Such is mainly because of the complexity
and many aspects of electronic device structures, such as dimension, orientation,
gate/channel materials. However, a large portion of these concepts do not see their
applications in real devices. Because the fabrication of integrated circuits is a highly
complicated art, semiconductor fabrication plants are extremely expensive (several

billions of US dollars [3]). It is highly costly for the semiconductor industry to mas-



sively produce a new device based on fundamentally different structures and physics
other than CMOS, or a different material other than Si. Therefore, for a new device
structure or material to be of any practical use for industry, it must be fabricated
and tested repeatedly in laboratories. However, even the experimental approach to
device engineering can be very expensive which cannot afford to experiment with the
numerous aspects of device via ‘trial and error’. Computational modeling serves such
purpose and covers the limitation of the experimental approach. Computational mod-
eling approaches utilize established device theory and electronic models, to simulate
and test various aspects of device engineering, taking advantage of efficient compu-
tational methods and abundant computing resources. Computational modeling not
only serves for theoretical studies but also for developing guidelines for experimental

design and testing of novel electronic devices.

1.3 Need for Atomistic Modeling and Quantum Transport

Today’s device length scale has already reached sub-micron regime (figure 1.2),
and device size will reach below 10 nm in the very near future. At such small length-
scale, the device characteristics are heavily influenced by quantum mechanical effects
and the exact bandstructure of device. Therefore, atomistic approaches are necessary
in order to model these nanoscale devices and reveal their physics. For example,
when it comes to carrier transport in nanoscale devices, semi-classical methods such
as drift-diffusion equation do not describe the carrier behavior well. Quantum trans-
port methods such as the non-equilibrium green’s function (NEGF) method must be

utilized to correctly take the quantum mechanical behaviors into account.

1.4 Outline of This Thesis

This thesis applies computational modeling to explore (1) Graphene based nanos-
tructures and (2) Si based single-electron quantum dots. Both of these two subjects

are studied utilizing atomistic modeling (and) quantum transport approaches. Chap-



ter 2 will discuss the graphene nanostructure, which has drawn a lot of excitement
due to its potential of replacing Si as the channel material for next generation devices.
Chapter 3 will focus on Si single-electron quantum dots, which have been proposed as
a design candidate for spin qubits. Chapter 4 will summarize the work in this thesis

and present a proposal for future work.



2. ATOMISTIC MODELING OF GRAPHENE
NANOMESHES

2.1 Introduction: Emergence of Graphene Devices

Graphene is a single 2D sheet of carbon atoms arranged in a honeycomb lattice
as shown in Fig. 2.1. Its electronics properties was first studied by P.R Wallace
in 1947 [6]. However, its rise to stardom only started in recent years. In October
2004, physicists reported that they had prepared graphene and observed the electric
field effect in their samples [4]. Since then, graphene has attracted enormous interest
not only among physicists and material scientists, but also in the electronic device
community, which has been actively seeking for new materials to potentially replace
Si in next generation devices in order to continue the device scaling trend. Graphene
possesses a number of extraordinary characteristics that makes it such an attractive

material for future electronic devices.
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Fig. 2.1. Graphene 2D lattice, showing the honeycomb arrangement of
carbon atoms (Image from Wikipedia [52])

2.1.1 Advantages of Graphene
High Mobility

One of the most outstanding properties of graphene is its high electron mobility,
which is a key property in defining a good device channel material because mobility
is strongly related to carrier transport characteristics and device performance. Mo-
bilities of 10 em?V ~1s™! have been reported for suspended graphene [12], which is

many orders of magnitude higher than conventional semiconductor materials like Si.

Good High-Field Transport

However, mobility only describes carrier transport well in the low-field regime. As
the gate length of modern FET scales down, a significant portion of device channel is
in the high-field regime, where electron velocity is the deciding factor of carrier trans-
port characteristics. Therefore, a deeper look into the electron velocity in graphene,

especially under high electrical field, is necessary in order to determine the electron



transport performance in graphene. Fig. 2.2 compares the electron drift velocity
of graphene, carbon nanotubes, and common semiconductors such as Si, GaAs,and
Ing 53Gag47As under various electric fields. The curves clearly show that graphene
and carbon nanotubes have much higher electron velocity than the common semicon-
ductors at under all range of E-fields. Furthermore, the decrease of electron velocity
at higher E-fields is much slower in graphene than in common semiconductors. There-
fore, regarding high-field transport, graphene has a clear advantage over conventional
semiconductors. Such advantage can potentially result in graphene finding applica-

tion in high-frequency device, where rapid response of electron is required.
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Fig. 2.2. Electron drift velocity versus electric field for common semi-
conductors (Si, GaAs, Ing53Gag47As), a carbon nanotube and large-area
graphene (ref. [7])

Low Dimensionality

Another big, if not the biggest advantage of graphene as a FET channel material
is that it is a two-dimensional material. Graphene based FET has the potential of

having single-atomic layer thickness, which is the ultimate device scaling limit. With



a thin channel, graphene FET will be robust against short-channel effects down to

very short gate lengths [13], thus having superior gate controllability.

2.1.2 Challenge of Graphene Devices: Bandgap Opening

Despite all the attractive properties of graphene, there is one major drawback
that hinders graphene’s major breakthrough in real device applications — it has zero
bandgap! As can be seen from the graphene bandstructure in Fig. 2.3, the conduction
and valence bands of graphene are cone shaped at K points and their tips connect,
which leads to the zero bandgap. As a result, large area graphene sheet cannot be
directly used in digital logic devices since it does not have an “off” state due to zero

bandgap.

Fig. 2.3. Graphene bandstructure. Conduction and valence bands are
cone-shaped and meet at K points, resulting in zero bandgap (zoomed
in). Image taken from [14]

Extensive research efforts, both theoretical and experimental have been devoted in
finding methods to open up a band gap in graphene (Fig. 2.4). Such methods include
constraining large-area graphene in one dimension to form graphene nanoribbons [8],
biasing bilayer graphene [9], epitaxial growth of graphene on SiC [10] and applying
strain to graphene [11].
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Fig. 2.4. Various bandgap opening techniques in graphene. (a) Graphene
nanoribbons [8]. (b) Biasing by-layer graphene [9]. (c) Epitaxial growth
of graphene on SiC [10]. (d) Applying strain in graphene [11].

Graphene Nanoribbon

Among the various bandgap-opening approaches, the graphene nanoribbon(GNR)
method is among the most popular. It has been predicted GNRs with width less than
10 nm have a bandgap that is inversely proportional to the width of the nanoribbon
[15]. The opening of a bandgap in nanoribbons has been verified experimentally [16].

However, in order to open a bandgap useful for conventional field-effect devices,
very narrow nanoribbons with well-defined edges are needed. This is because the
electronic properties of graphene nanoribbon are very sensitive to edge roughness and
ribbon width fluctuations [17]. This presents a great challenge in GNR fabrication
processes because it is very difficult to achieve GNR with clean edges. Moreover,

nanoribbon devices often have low driving currents or transconductances. Practical
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devices and circuits will require the production of dense arrays of ordered nanoribbons,

which poses additional challenges in the fabrication process.

Graphene Nanomesh

Recently, experimentalists have successfully fabricated a new graphene nanostruc-
ture — graphene nanomesh(GNM) [18], which can open up a bandgap in a large sheet
of graphene. Graphene nanomeshes are prepared using block copolymer lithography
to punch periodic pores in a graphene sheet. The fabrication process is shown in
Fig. 2.5. The hole periodicity as well as neckwidth can be varied, and as a result,
various sizes of bandgaps can be obtained. It was also reported by Bai et al. [18] that
a GNM FET can support current that is nearly 100 times larger than in individual
GNR devices, while maintaining a similar on-off ratio. The bandgap and on-off ratio

can also be tuned by varying the neckwidth.

Block copolymer film

5105 nanornesh, mask
with PS5 residue film

Fig. 2.5. Schematic of fabrication of a graphene nanomesh using block
copolymer lithography (ref [18])
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2.1.3 Objectives of This Work

The goal of this work is to explore the potential of GNM based devices by conduct-
ing an elaborative simulation study on various GNM structures. By investigating the
electronic and transport properties of GNM, we hope to find answers to the following

questions:
e What factor determines the bandgap in GNM?
e How does the edge geometry affect both the electronic and transport properties?
e What, if any, are the potential applications for GNM devices?

This chapter is organized as follows. The next section covers information about
the model and approach used to study GNM. Subsequently results are presented and
explained, and lastly, based on the results, some potential application ideas are put

forward.
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2.2 Methodology

2.2.1 Electronic Model: The Tight-Binding Approach

Fig. 2.6. Arrangement of carbon atoms on graphene, showing the unitcell
structure. The lattice constant is ap=0.142 nm. The graphene lattice is
formed by translating the unitcell(marked by blue boxes) periodically in
2D with respect to basis vectors a; and a3. Each unitcell contains two
carbon atoms A and B, and it has four nearest neighbors 1-4.

Fig. 2.7. Reciprocal lattice with basis vector z‘fl and A; such that ffl -a] =
Ay -ay =21 and A, - dy = Ay - d; = 0. The Brillouin zone is the shaded
blue region obtained by drawing the perpendicular bisectors of the lines
joining the I' point to the six neighboring points on the reciprocal lattices.
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Fig. 2.6 shows the arrangement of atoms in the graphene lattice. The graphene
lattice is two-dimensional and consists of six carbon atoms arranged in a hexagonal
shape. The distance between two neighboring carbon atoms is 0.142 nm, which is the
lattice constant ag. A single graphene unitcell contains two carbon atoms A and B
(shown as a blue box in fig 2.6), and the atoms are grouped so that any two unitcells
have exactly same surrounding. The graphene lattice can be formed by repeating a
unitcell periodically in 2D. Fig. 2.6 shows a unitcell ‘u’ in the center and its four
neighboring unitcells, marked as 1-4. The basis vectors by which the lattice is formed
are aj and a3, which are the vectors connecting ‘u’ from its neighbor ‘1’ and ‘2”:

. 3ap.  3ag

= — 2.1
ai B T+ 9 Yy ( )

3 3
@ = %x - ‘/;aog (2.2)

and the vectors to the other two unitcells 3 and 4 can be obtained from a7 and a5

by:

I = —aj (2.3)

ay = —a; (2.4)

The reciprocal lattice are formed with vectors ffl and ffg, which can be constructed
from relation:
for graphene, the relation simplifies to:

— — — —

Ay-ay =Ay-ay =2m A -ay = Ay a1 =0 (2.6)

and combined with 2.1 2.2, Ai, ffg can be obtained as:

- 2
Al — _Tr-f‘i‘
3CLO

21
iy 2.7
5ol (2.7)
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Fig. 2.7 shows the reciprocal lattice constructed from basis A; and A,. The

Brillouin zone (shaded blue region) is obtained by drawing the perpendicular bisectors
of the lines joining the origin [0,0] to the six neighboring points on the reciprocal
lattices. Also marked on the reciprocal lattice are important symmetry points I,
which is the center of the Brillouin zone, K which are the corners of the Brillouin
zone, and M, which are the mid-points of Brillouin zone edges.

In order to obtain the bandstructure, the matrix form of Schrodinger equation
with nearest-neighbor approximation:

Z[Hnm]¢m = E¢, (2.9)

m

must be solved, where n is the index of the unitcell and m is the index of its nearest
neighbors. H,,, is the coupling matrix from unitcell n to m, which has dimension
(b x b), where b is the number of atoms per unitcell multiplied by the number of
basis (explained later) in each atom. ¢,, is a (bx1) column vector denoting the

wavefunction in unit cell m, and it follows the Bloch’s theorem:
b = oetFdm (2.10)
The matrix equation in (2.9) can then be simplified using (2.10) to:

E¢o = [h(k)]¢o (2.11)

where
(1R = D[ Hy e =) (2.12)
is the Hamiltonian matrix. The bandstructure is obtained by finding the eigenvalues
of the Hamiltonian, which is a (bxb) matrix. For graphene, each carbon atom has
four valence orbitals (2s, 2p,, 2p,, 2p.), however, the electronic structure of graphene
can be described quite well using only the 2p, orbital. This is because the energy

levels involving 2s, 2p,, 2p, orbitals are largely decoupled from those involving 2p,
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orbitals [6]. More importantly, energy levels yielded by 2p, orbitals are close to the
Fermi level, where electron conduction happens. Such a one band tight-binding model
for graphene, where only the 2p, orbital is used is known as the ‘pz model’. Using
the pz model, the Hamiltonian matrix in (2.12) becomes a (2x2) matrix since there
are two atoms in each unit cell and one basis representing each atom.

If we assume the onsite element to be zero for convenience, and coupling between

neighboring carbon atoms to be -t, then the coupling matrices can be written as:

0 —t
—t 0
_ . 0_
[Hu] = [Huo] =
__t 0_
_O _t_
[Hu?)] = [Hu4] =
_0 0 -

The Hamiltonian can be constructed according to equation 2.12:

— — — —

[h(l;)] = [Huu] + {Huﬂeik-cﬁ + [I’Iug]elk.cr2 + [}[ug]€lk.w3 + [}IIUA]BZ‘]{.CL71 (213)

substituting in eq.2.1-2.4 and the coupling matrices, equation 2.13 becomes:

h[_‘] 0 —t(l + eil;:‘-fl + eiE-aE)
—t(1+ eikdi | e‘“z'@) 0
replacing k with kyz+k,y, and @ with a,Z + a,y, simplify, and the analytical form

of E-k relation is obtained:

2T

\/§a0

2 2
E = :t\/l + 4cos(%ky)cas(—ﬁkx) + 4cos?( ky) (2.14)
Qo

\/_ 3@0

2.2.2 Band Model of Graphene: P/D Model

The pz model described in the previous section is a widely popular method of rep-

resenting the graphene electronic structure. It is simple and computationally efficient,
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and it describes general features of the graphene bandstructure well. However, it does
not include enough physics in order to accurately represent the electronic structure
of graphene and its nanostructures, such as GNR. There are mainly two issues with
the pz model. First, it does not correctly reproduce the asymmetry of the graphene
bandstructure at M, which is present in the ab initio calculations. Fig. 2.8 compares
bulk graphene bandstructure calculated from ab initio method (DFT+GW) and pz
model, The DFT+GW calculation produces an asymmetric bandstructure around
the M point, while the pz model produces exact symmetry at the M point. The
difference at the M points for these two different methods is around 0.8 eV. Secondly,
the single-pz model does not allow hydrogen passivation on graphene edges. Because
hydrogen atoms modeled by a single s-orbital has no coupling to the 7w-bands. Such

shortcoming has resulted in incorrect bandgap calculation for AGNR, [20].
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Fig. 2.8. Bulk graphene bandstructure in the vicinity of K calculated us-
ing three different methods: DFT4+GW (diamonds), the p/d model (solid
lines), and the pz model (dotted lines). The DET+GW calculation pro-
duces asymmetric bandstructure around the M point, while the pz model
produces exact symmetry at M point. The p/d model is able reproduce
such asymmetry quite well. Image taken from ref. [20]

Boykin et al. [20] provided a solution to the above problem by coming up with a
new tight-binding model for graphene. It is a nearest neighbor tight-binding model
that includes not only the p, orbital, but also two of the 3d orbitals: d,. and d.,.
Together they form a three-orbital orthogonal basis {p., dy., d..}.

In order to include proper hydrogen passivation, the same basis set {p., dy., d.,}
is provided for the hydrogen atoms as well. The parameters are obtained from fitting
from DFT calculations [20]. Including the three-basis set in H atoms induces coupling
between orbitals in H atoms and orbitals in C atoms. Thus, the p/d model allows
hydrogen passivation to be included explicitly in the tight-binding Hamiltonian.

The p/d model is able to correctly reproduce the asymmetry of the E-k relation

around the M point, as can been seen from fig 2.8. This is because the bands resulted
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from higher energy d orbitals have different coupling effects to the two 7 bands,
resulting in asymmetric 7 bands above and below the Dirac point. Furthermore,
the bandstructure produced by the p/d model with hydrogen passivation for AGNRs

shows better agreement with DFT calculations [20].

2.2.3 Validation of P/D Model

Since the p/d model has included essential physics of bulk graphene and hydrogen
passivation, it is utilized in this work to study the electronic properties of GNM.
However, before starting any modeling tasks of graphene structures, it is necessary

to verify the band model that is being used.

Bandstructure Comparison for Graphene

As previously described, one of the major problems of the pz model is that it does
not correctly capture the band asymmetry around the M point. The bandstructure
of graphene calculated using the p/d model should be able to reveal such asymmetry.
Therefore, the first test of the model is to compare the bandstructure of graphene

calculated from the two different band models.
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Fig. 2.9. Calculation of bulk graphene bandstructure using pz(black dot)
and p/d model(red cross). As shown, the pz model produces bands sym-
metric along the Dirac point(E=0), while p/d calculation produces bands
asymmetric, just as expected from [20]

As can be seen from Fig. 2.9, the bandstructure calculated using the p/d model(red
cross) is indeed asymmetric around the Dirac point. At the M point, the energy state
from the lower band is at -2.76 eV, while the state from the upper band is at 1.86 eV.
In comparison, the two states at the M point from the pz bandstructure is located at
around -3 eV and 3 eV. This calculation is a strong indication that the p/d model

for graphene has been correctly implemented.

A Sanity Check: 10-ZGNR

For the second test, a 10 atomic layers wide zigzag graphene nanoribbon (10-

ZGNR) was constructred, Fig. 2.10 displays the (a) bandstructure (b) transmission
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calculated using the two different models pz and p/d. Bandstructure calculated using

both models reveal the metallic nature of zigzag GNR, as shown, the conduction and

valence bands meet each other at E = 0 eV, yielding zero bandgap. However, the p/d

result also reveals the band bending at the tail ends of the bandstructure (marked

with green circles), where the pz result indicates completely flat bands. As a result,

the transmission T(E) result from p/d calculation has a ‘spike’ at around E = 0 eV,

i.e, T(E=0) = 3. Such a spike in the transmission is also observed in various other

DFT calculations [24] [23]. Such excellent agreement of our tight-binding results with

DFT calculations is another proof that the p/d model includes the essential physics

to describe the properties of graphene nanostructures.
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Fig. 2.10. (a) Bandstructure (b) Transmission calculated with pz (black)
and p/d (red) models for a 10-ZGNR. The biggest difference is around
Dirac points where the conduction bands and valence bands meet. For
p/d calculation, the bands around Dirac is not perfectly flat, as compared
to the pz calculation, which leads to a spike in the transmission of T(E)
= 3.

With the above two test, it is convincible that we have a decent electronic model

in p/d model that contains the essential physics of carbon atoms in graphene. We

will utilize the p/d model in our simulation study of graphene nanomesh.
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Simulation study of GNM in this chapter is carried out with NEMO 5, the fifth
edition of the nanoelectronics modeling Tools of the Klimeck group. The core capa-
bilities of NEMO?5 lie in the atomic-resolution calculation of nanostructure properties
using the tight-binding model, self-consistent Schroedinger-Poisson calculations, and

quantum transport [5].

2.3 Results For Graphene Nanomeshes
2.3.1 Circular Hole Structures: Bandgap Engineering

The first topic for GNM study is the most sought-after property, namely the
bandgap. The ability of GNM to open bandgaps by tuning its neckwidth makes it
an attractive material for electronic devices. There have been experimental efforts
in fabricating GNMs with varying neckwidths and measuring the bandgap. Liang et
al. [19] have fabricated graphene nanomeshes where pores are arranged in hexagonal
shapes and are separated by less than 10 nm, as shown in Fig. 2.11. They also

measured the bandgap versus neckwidth, which is shown in Fig. 2.12.

8i0, Graphene

Fig. 2.11. SEM image of a graphene nanomesh with neckwidth of 10.0
nm (periodicity of 33 nm) ref. [19] (Red box shows roughly a unitcell)
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Fig. 2.12. The energy bandgap Eg versus the average GNM ribbon-width
w (square). Taken from ref. [19]

In order to reveal the essential relation between the bandgap and neckwidth, a
good starting point is to model a small GNM structure with controlled number of
atoms removed. Afterwards, we will attempt to model the experimental structure
described in Fig. 2.11 and compare with their results shown in Fig. 2.12.

The first structure to be studied is shown in Fig. 2.13 (a). Neckwidth, marked
as ‘W’ in the figure, is the shortest distance between neighbor holes. The supercell
structure contains 12 x 12 graphene primitive unitcells, as shown in Fig. 2.13 (b),
the hole size is varied in order to investigate its effects on bandstructure. The edges

on the hole are passivated with hydrogen atoms.
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(@)

periodic

Fig. 2.13. (a) The periodic structure of GNM. ‘d’ is the hole diameter and
‘W’ is the neckwidth. (b) A supercell containing 12 x 12 graphene (red)
primitive unitcells. Hole diameter ‘d’ is varied. Edges are passivated by
hydrogen atoms (blue).

The bandstructure calculated for Fig. 2.13 structure with different hole sizes (in
terms of uc, number of primitive unitcells) are compared in Fig. 2.14. As shown
in the figure, the bandstructure for a GNM with circular hole indeed possesses a
bandgap. The size of the bandgap increases with the hole size, as shown, from 0.29
eV at d = 3 uc to 0.75 eV at d = 7 uc. This trend of bandgap is expected, since a
larger hole narrows the path that electrons can travel through, effectively increases
the spacial confinement, and as a result, the bandgap increases. However, as the hole
size becomes large, as shown in the d = 7 uc case, some dispersionless bands appears
in the middle of the bandgap (marked by red circles). The next step is to take a close

look at those dispersionless bands in order to understand their nature.
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Fig. 2.14. Bandstructure calculation for Fig. 2.13 structure with different
hole diameters (a) 3; (b) 5; (c¢) 6; (d) 7 (number of primitive unitcells in
graphene)

The electron wavefunction magnitude |¢?| at the ' point of a dispersionless band
is plotted in Fig. 2.15 (¢). The plot clearly shows that the flat band is an edge state,
whose electron wavefunction is localized on the hole edges. For comparison, Fig. 2.15
(b) plots wavefunction magnitude at the I" point of a dispersion band, which is spread
out in the entire structure. Upon a closer look, it is found out that the wavefunction of
the edge state shown in (c) is only localized at the certain portions of the edges which

have zigzag shape. One thing to emphasize is that the edges are already passivated
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by hydrogen atoms explicitly in the p/d model. Therefore, these edge states are not
because of dangling bonds on the edges. It can therefore be deduced that the zigzag

geometry of the edges contributes to the localized states in the bandstructure.
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Fig. 2.15. (a) Bandstructure of GNM with d = 7uc (same as Fig. 2.14
(d)). Plot of electron wavefunction magnitude [¢?| at T point of (b) a
dispersion band and (c) a dispersionless band. Green circles in (c) marks
the the zigzag edges on which the wavefunction is localized

Fig. 2.16 plots the bandgap versus neckwidth for GNM with various hole sizes. As
shown by the red fitted line, when the neckwidth is large (small holes), the bandgap
increases almost linearly with reducing neckwidth. However, the bandgap results
at the small neckwidth range (large holes) deviates from the linear trend. This is
because as the hole becomes larger, the edge effects (mostly due to the zigzag edges,
see Fig. 2.15 above) becomes more dominant, and as a result, more flat bands are
induced in the bandstructure. These flat bands must be excluded since they have
little contribution to the electron conduction. However, the existence of flat bands

due to the edge effects in big holes makes the bandgap calculation largely inaccurate.
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Fig. 2.16. Bandgap vs. neckwidth calculated for the structure in Fig.
2.13. Bandgap is almost linearly dependent on neckwidth at large neck-
width (small holes) range. Red dashed line is a linearly fitted curve. As
neckwidth becomes small, the bandgap deviates significantly from the lin-
ear trend, this is because of the increased edge effects in large holes.

The next task is to model the experimental structure in Fig. 2.11, calculate
the bandgaps at different neckwidths and compare them against the experimental
results. Fig. 2.17 displays a supercell constructed in NEMO5 which resembles the
experimental structure. It is is 33 nm long, which is about 138 graphene unitcells.

Width of the circular hole at the center of the structure is varied.
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Fig. 2.17. Supercell of a circular-hole GNM example. The size of the
supercell is 138x138 graphene unit cells, and it contains a circular hole
at the center.

The bandgap vs. neckwidth for is calculated and plotted in Fig. 2.18, together
with the experimental measurements from Fig. 2.12 for comparison. It can be seen
that although our simulation results display similar trends as the experimental re-
sults, i.e. the bandgap increases as GNM neckwidth reduces, we cannot obtain a
close quantitative fit. This is again due to the strong edge effects in this big struc-
ture, which induces bands with low dispersion, making it difficult to calculate the
bandgap accurately. Despite such inaccuracies, both experimental measurements and
simulation results suggest that GNM indeed has a bandgap that can be tuned by the
neckwidth.
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Fig. 2.18. Plot of bandgap in circular-hole GNM as a function of neck-
width. Blue circles are NEMObS calculation, in comparison with experi-
mental result (red cross) from Liang et al. paper [19]

To illustrate the edge effect, we pick out a GNM sample with 9.7 nm neckwidth
(d = 24 nm), and plot its bandstructure in Fig. 2.19 (a). A bandgap is observed with
two flat bands in the middle. The electron wavefunction magnitude |¢?| at the T
point on one of the flat bands is shown in Fig. 2.19 (b), which indicates that electron
wavefunction is localized on several ‘puddles’ at the edge. A zoomed-in plot on one
of the puddles, shown in Fig 2.19 (c), reveals that it is localized on the zigzag edge,

consistent with previous observations (Fig. 2.15).
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Fig. 2.19. An example showing the localized edge state. (a) Bandstructure
of GNM, hole diameter d=24 nm. The bandgap is marked as F,, which
does not count the two edge states. The red circle indicates an edge state,
of which the electron wavefunction is plotted in (b). The wavefunction
shows that the electron at such an edge state is localized on the edge of
the structure as ‘puddles’. (c¢) Zoom in on one electron ‘puddle’; which
shows that electron is localized on the zigzag edges.

From the study of GNM with circular shaped holes, it is learned that periodic
perforation in graphene can open up a sizeable bandgap, which makes GNM a suitable
candidate for transistor applications. Furthermore, the magnitude of bandgap can be
tuned with different hole sizes, which makes it even more attractive for engineering
of novel devices. However, it is also found out that the bandstructure is sensitive to

the exact edge geometry of the hole. In the next section, the effect of hole shape on
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the electronic properties of GNM will be investigated and the edge effects will also

be studied in greater details.
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2.3.2 Rectangular Hole Structures: Bandstructure vs. Edge Geometry

One of the key information obtained from the circular hole GNM study was that
electrons tend to localize on the edge of GNM and that edge structures play a key
role in the properties of GNM. In order to further understand the influence of edge
geometry, or even make use of such electron preference for certain edge geometries,
further study on different hole structures is necessary. To study the edge effects,
two different types of edge structure, zigzag and armchair, must be separated and
controlled. The circular hole GNM is no longer suitable for such a study because the
edges on a circular hole are a mixture of zigzag and armchair structures.

A GNM with a rectangular hole, see Fig 2.20, is a natural choice for the next
study, since the two pairs of sides always have different edge orientations. As for this
study, the structure is oriented such that the zigzag edges always lie along the [100]
direction, and armchair edges along the [010] direction. The degree of edge influence
can be tuned easily by changing the dimension of the rectangular hole. The two
particular structures for this study are shown in Fig 2.20(a) and (c). Both have 8x8
nm? supercells with a 1x7 nm? hole. For one structure as shown in (a), the long edge
lies along [010], which has armchair shape, while the other structure in (c) has a zigzag
edge as the long edge. For convenience, we call the structure in (a) armchair graphene
nanomesh (AGNM), and the structure of (c) zigzag graphene nanomesh (ZGNM). The
two structures are set up such that the only major difference is the dominant edge
geometry. For AGNM, the edges are dominated by armchair edges and for ZGNM,
the edges are mostly ZGNM. With this approach, the role of edge geometry can be
clearly observed through bandstructure comparisons. The bandstructures for both
structures along directions [100] and [010] and their respective structures are shown

in Fig 2.20.
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Fig. 2.20. (a), (c) structure of 8x8 nm? GNM with two different rect-
angular holes. Hole dimension: (a) 1x7 nm? (b) 7x1 nm? Edges are
zigzag along [100] and armchair along [010]. (b), (d) Comparison of band-
structure for these two structures. Bandstructures in both cases show
anisotropic dispersion along [100] and [010]. The dispersion difference is
larger for structures with zigzag dominated edges, which is the case in the
7x1 nm? hole structure. The effects of such anisotropic dispersions on
electron transport will be shown next.

Three main observations can be made from the bandstructure plots. First of all,
the bands along two directions have very different dispersion, and along the long edge
direction([100] for (b), [010] for (d)) dispersion is always much higher compared to the
short edge direction. A high E-k dispersion means high electron velocity, which is a
strong indication of good transport properties. Such anisotropic dispersions indicates
that edge orientation does not only play a strong role in electronic structure, but

may also effect the transport properties of GNM. The transport properties will be
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discussed in the next section. Secondly, the ZGNM bandstructure exhibits a lot more
flat bands than the AGNM bandstructure. These flat bands are localized edge states
which have been discussed in the previous section. Thirdly, for the ZGNM case, the
difference in dispersions along the two directions is much more pronounced. As can
be seen in (d), the bands along [010] are mostly flat while the bands along [100] have
large dispersion. In comparison, bands in AGNM (b), have reasonable dispersion

along both directions. Origins of these observations will be further investigated later.

2.3.3 Rectangular Hole Structures: Edge Localization

From the bandstructure calculation for rectangular hole GNM, it is shown that
GNM with different edge orientation, i.e, AGNM versus ZGNM, have very different
electronic properties. In order to find out the origin of such edge dependent properties,
the next logical step is to study the electron wavefunctions to see how the edge
influence electron localization.

The two previous examples, AGNM and ZGNM, are studied individually. First
we will study the ZGNM. Fig. 2.21 (c¢) shows the bandstructure of a ZGNM in Fig
2.20(c), and zoom in on a portion of the bands marked in the red box and displays
it in Fig 2.21(a). As can be seen from the zoom in plot that most of these bands are
flat. We pick two of these flat bands and plot the electron wavefunction at I' point
and display them in (b) and (d). The wavefunction plot shows that the electron at
these flat bands is strongly localized on the zigzag edges, which again confirms that
these flat bands are localized edge states.

Next we turn our focus to AGNM(shown in fig 2.20(a) ). Fig. 2.22 plots its
bandstructure and a zoomed-in portion. The electron wavefunction at the I' point
of two bands is plotted and shown in (b), (d). In this case, the bands are not as
flat, which means that the electrons are no longer strongly localized. The electron
wavefunction plot confirms this argument by showing a more spreadout wavefunction.

However, although the zigzag edges along [100] direction are just a small portion of
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the entire edge structure, there is still localization (but not as strong) present along
the zigzag edges. The fact that the electron wavefunction localizes on the zigzag edge
in such an armchair dominant structure is a strong supporting fact for the argument

that zigzag edge is more preferred by electrons.
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Fig. 2.21. (a), (c)Bandstructure plot of 8x8 nm? GNM with 7x1 nm?
hole (Fig. 2.20(c)) (a) is zoomed in plot for bands marked by red box
in (c), most of these bands are flat, which means they are edges states.
(b), (d) electron wavefunction plot at I'([000]) points of two flat bands.
It can be seen that the flat bands are indeed localized edge states, as
wavefunction is concentrated on the zigzag edge.
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Fig. 2.22. (a), (c)Bandstructure plot of 8x8nm? GNM with 1x7nm? hole
(Fig. 2.20(a)) (a) is zoomed in plot for bands marked by red box in (c).
(b), (d) electron wavefunction plot at I' points of two bands. Even if these
two bands are not localized, the electron wavefunction is still denser at
the short zigzag edges. From this it can be concluded that electron prefers
to localize at the zigzag edge.

2.3.4 Rectangular Hole Structures: Anisotropic Conductance

In order to see the edge effect on electron conduction, transport calculation must
be performed for GNM with rectangular holes. Fig 2.23 shows the setup for the
transport calculation of a ZGNM along the [100] direction. Source and drain are exact
same structure as the device. Electrons enter through the source-device contact into
the device and leave the device via the device-drain contact. The electron transmission
function T(E) is then calculated using the non-equilibrium Green’s function(NEGF)

method, which is described as:
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T(E) = Trace[l,GT,G1] (2.15)

where G is the Green’s function that has expression:

GE)=[EI-H-X]! (2.16)

where E is energy, I is the identity matrix, H is the device Hamiltonian, and ¥ is

the contact self-energy. I' can be obtained from ¥ using the identity:

I =% — X (2.17)

Details of NEGF formalism can be found in professor Datta’s book [21].
Transmission function has fundamental connection to the electrical conductance,

which can be seen shown in the following relation:

G="L /_oo T(E)(—%)dE (2.18)

where G is the conductance, T'(E) is the transmission function and f; is the Fermi

function which has the form:

B 1
o= o

(2.19)

Therefore, by calculating and analyzing the transmission functions T'(E) in various
GNM structures, it can be deduced whether or not a certain type of structure has
good electron conductance along a certain direction.

Fig. 2.24 plots the electron transmission for the ZGNM structure shown in Fig.
2.20(c) at zero bias along both [100] and [010] directions. For comparison, the band-
structure is also plotted. The results show a much larger transmission along the [100]
direction than [010] direction, which coincide with the fact that the band dispersion
along the [100] direction is much larger. Such a match between band dispersion and

electron transmission is expected, because the transmission function 7'(E) could also
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be written as multiplication of T'(E) and number of modes M (FE). T(FE) is the proba-
bility that an electron at energy, E injected from source contact exits in drain contact

(or vice versa) and is given as the following relation:

AE)
ANE)+ L
where A is the mean free path of electron and L is the device length. M(FE) is

T(E) = (2.20)

given as:

M(E)=W - Myp(E) = W - %<V;(E)>H(E —E,) (2.21)

From the above equations, it can be seen that the transmission function T(E) is
directly related to the average electron velocity in the transport direction <V, (E)>,
which is also related in the band dispersion since v, = OF/Jk,. Therefore, large band
dispersion results in large electron velocity, which in turn leads to a large electron
transmission and conductance.

Same calculation on the AGNM structure (Fig. 2.20(a)) also reveals similar fea-
tures, as shown in Fig. 2.25 that transmission along the [010] direction is much

larger.
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Fig. 2.23. Diagram for tranport calculation setup along [100] direction for
rectangular hole GNM. Source, drain are made of the exact same structure
as the device
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Fig. 2.24. (Middle) Bandstructure for 8x8 nm? GNM with 7x1 nm? hole
(Fig 2.20(c)) (Left) Electron transmission along [010] direction (Right)
Electron transmission along [100] direction. Transmission along the long
edge direction, which in this case is [100], is much larger than the other
direction.
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Fig. 2.25. (Middle) Bandstructure for 8x8 nm? GNM with 1x7 nm? hole
(Fig 2.20(a)) (Left) Electron transmission along [010] direction (Right)
Electron transmission along [100] direction. Transmission along the long
edge direction, which in this case is [010], is much larger than the other
direction.

2.3.5 Rectangular Hole Structures: The Edge Effect on Conductance

At this point, we can conclude that the edge structure in GNM plays an important
role in electron conductance and that electrons prefer to localize on the zigzag edge.
However, one important question remains: how does the electron preference on the
zigzag edge affect electron transport? In order to answer this question, a third struc-
ture has been studied. This structure, as shown in Fig. 2.26 has the same supercell
size of 8x8 mm?, but the hole size has been changed to 4x4 nm?. In this case, it is
a symmetric structure, with same lengths of armchair and zigzag edges. Therefore,
any difference in electronic structure and transmission along two directions can be
accredited to the edge structure. The same calculations are performed on this struc-
ture as for the previous examples. Fig. 2.27 plots the bandstructure as well as the

electron wavefunction on two bands. In this case, the electrons again are strongly
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localized on the zigzag edges. From the bandstructure, it can be observed that the
dispersion along [100] is higher. Transmission along [100] and [010] is calculated and
plotted in Fig 2.28. [100] and [010] transmissions are plotted on top of each other for
comparison. It can be clearly seen that the [100] direction has a higher transmission
than [010]. Such difference can be explained by the electron preference on the zigzag
edges, which is illustrated in Fig. 2.29. Electrons tend to localize on the zigzag edges,
forming puddles, which is marked as yellow color on the figure. Such localization
along [100] edges makes it easy for electrons from one cell to travel along [100] direc-
tions to the next cell. In comparison, traveling along the [010] requires electron to
tunnel through the hole, which is a more difficult process. As a result, transmission

along [100] is stronger than [010].
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Fig. 2.26. Structure of 8x8 nm? GNM with 4x4 nm? rectangular hole.
Edges are zigzag along [100] and armchair along [010]
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Fig. 2.27. (a), (c)Bandstructure plot of 8x8 nm? GNM with 4x4 nm?
hole (a) is zoomed in plot for bands marked by red box in (c). (b), (d)
electron wavefunction plot at I' points of two bands. In this case, this
structure has symmetric geometry, yet the wavefunction still concentrates
on the two zigzag edges. This is another prove that electron prefers to
localize at the zigzag edge.
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Fig. 2.28. (Left) Bandstructure for 8x8 nm? GNM with 4x4 nm? hole.
(Right) Comparison of transmission along [100](blue) and [010](red) di-
rections. In this case, this structure has symmetric geometry. The trans-
mission along [100] is higher than [010] direction. Such difference is due
to electron preference of zigzag edges ([100]) ever armchair edges ([010]).
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Fig. 2.29. Illustration of electron localization effect on conductance. Elec-
trons tend to localize on the zigzag edges, forming puddles, which is
marked as yellow color on the figure. Such localization along [100] edges
makes it easy for electrons from one cell to travel along [100] directions
to the next cell. In comparison, traveling along the [010] requires electron
to tunnel through the hole, which is a more difficult process. As a result,
transmission along [100] is stronger than [010].

2.3.6 Rectangular Hole Structures: Proposal of Novel Devices

Through the simulation study presented in this work, some interesting and special
properties have been found on rectangular graphene nanomeshes. One such properties
is the anisotropic electronic conductance along different directions. What makes these
structures even more intriguing is the strong dependence of their electronic properties
on geometries, including hole size, shape, orientation, as well as edge geometries.
These properties open up enormous opportunities and freedom for bandstructure
engineering in graphene, which greatly expand the already tremendous potential of
graphene based applications. Below are some application ideas based on the study of

GNM, which the authors deem worthy of further investigation.

e Band-to-band tunneling transistors: GNM can potentially find ways into novel
transistors applications due to their strong bandstructure engineering capabil-

ities. Through bandstructure engineering, GNMs can be designed to be the
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channel materials for different types of devices, such as GNM based field-effect-
transistors (GNMFET) or band-to-band-tunneling transistors (BTBT).

e Quantum computing: There has been theoretical work on quantum wire-based
qubits [25] by Zibold and Vogl. In that work, they have proposed the use of
quantum wires with coupling windows to form a qubit, and they also demon-
strated that the entanglement can be controlled externally by tuning the tun-
neling coupling between wires. However, due to the complexity of the system,
it was never put into real experimental tests. The rectangular hole GNM struc-
tures presented in this work, on the other hand, can be treated as arrays of
nanowires, with strong conduction along the hole direction(see fig. 2.29). The
weak conduction along the other direction, on the other hand, can be thought of
as coupling between the wires. If such coupling can be tuned through external
methods such as electrical field, then GNM conceptually can work as a platform

for quantum-wire based spin qubits.

2.3.7 Conclusion

The electronic structure simulation on circular hole GNM shows that a tunable
bandgap can indeed be obtained by varying the GNM ribbon neckwidth. This conclu-
sion is in agreement with experimental studies suggesting GNM’s potential for being
used in digital logic devices. Further study on the rectangular hole GNM with two
different edge structures, AGNM and ZGNM, shows that the edges plays a role as
electron ‘guide’, which allows electrons to travel much easier along the dominant edge
direction. Electron preference for zigzag edges suggests that the ZGNM is a better
electron conductor than AGNM. Further transport calculations with biased potential

are necessary to demonstrate the potential of GNM devices for real applications.
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3. ATOMISTIC MODELING OF A TUNABLE
SINGLE-ELECTRON QUANTUM DOT IN SILICON

3.1 Introduction
3.1.1 What is Quantum dot

Quantum dots (QDs), also known as artificial atoms, have drawn enormous inter-
est recently due to their potential application in solid-state quantum computing. A
quantum dot can be described as a confined semiconductor structure in all three spa-
tial dimensions. Quantum dots allow confinement of countable number of electrons,
while preserving their spin information. The capability of storing and manipulating
electron spin information makes quantum dots a promising candidate for spin qubits
in quantum computing. Depending on how the confined space is created, there are
several types of quantum dots. One type of quantum dot is a single donor quantum
dot, such as a Si:P quantum dot [49]. In the Si:P quantum dot, the spatial confine-
ment is created by the donor potential of a single phosphorous atom. Another type
of quantum dot is the electrostatically defined quantum dot, where the confinement
is created by electric fields controlled by gate biases. Both types of quantum dots
have been studied experimentally and proposed as the platform for spin qubits in a

future quantum computer [49] [40].

3.1.2 Advantages of Si MOS Quantum Dot

Among all the semiconductor materials, Si in particular is a favorite candidate for
fabricating QDs for quantum computing devices. The main reason is the fact that Si
has a long spin coherence time [26] [28] [29], which is the direct measure of how long

a spin qubit is able to preserve its quantum information. A long spin-coherence time
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means that electrons Si quantum dots are less likely to lose their spin information
due to interaction with the external world, which also means that a Si based qubit is
capable of performing more operations per second before losing its spin information.
Another significant advantage of silicon is that over 90% of the isotopes in nature have
zero net spin (257, I = 0), and with additional purification processes, the composition
of 28 can be upgraded to up to 99.9% [27]. Having an environment with zero net
spin significantly reduces decoherence for spin based qubits. Moreover, silicon metal-
oxide-semiconductor (MOS) structures have been the dominant transistor design in
the semiconductor industry over the last several decades. Using existing state-of-the-
art Si MOS technology for quantum computer designs will definitely make it easier

for future circuit integration.

3.1.3 What Is Valley Splitting and Why Is It Important

Despite the many advantages of Si, there are some disadvantages when it comes
to qubit design. One of the major hurdles for Si based qubit designs is the six-fold
valley degeneracy in Si. As mentioned before, one of the most important issues in spin
qubit design is controlling spin-decoherence. Decoherence is an irreversible process
that happens when the qubit interacts with the external environment, causing the
electrons in the qubit to lose their spin information. For a quantum dot qubit, it
is required that the lowest two spin states are well-separated from other states to
avoid quantum decoherence [30] [31]. For silicon, the six-fold valley degeneracy poses
a great challenge to provide such two-spin states that have large energy separation
from other states, as is illustrated in Fig. 3.1. Fig. 3.1 shows the conduction band
minima of Si. Because Si has six-fold degeneracy, the conduction band minima has
six portions, each represented by a lobe located in [100] [010] or [001] directions. For
bulk Si, all these six states are at exactly the same energy value. When an external
bias is provided along [001] direction, the asymmetry in external potential will cause

the six-fold degeneracy to split. The energy position of a certain state is determined
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by the confinement strength in that direction. Similar to the quantization states in
a quantum well, the energy of a state is inversely proportional to the effective mass
along the confinement direction. The two states along [001] direction have a larger
effective mass than the four states in the direction transverse to the bias. Therefore,
the two [001] states will have lower energies than the other states(along [010], [001]).
Additional asymmetry effects in the quantum dot will further split the states by a
few hundred meV. Due to spin degeneracy, each valley contains a spin-up and a spin-
down state, forming a two-spin system. The energy difference between the lowest two
valleys, also known as valley-splitting(VS), is a critical quantity to determine whether

the QD is suitable for safely storing electron spin information.

[001] =—
SiO2 _ ;
Six-fold A
degeneracy ",
[010] [100] R .
Si A (Valley splitting)
[ *

Fig. 3.1. (Left) Physical structure of a Si MOS QD. Red curve is the con-
finement potential along [001] direction. (Middle) Six-valley degeneracy
diagram of Si, where each of the six lobes is a conduction band minimum
of the Si bulk bandstructure. Two black arrows along [001] direction rep-
resent the confinement potential. (Right) Energy splitting diagram due
to [001] confinement potential. Two green lines correspond to [001] direc-
tion states. Four red lines are the other four states along [010] and [001]
directions.

Because of the significance of VS in quantum computing applications, it has been
widely studied theoretically [32] [33] [34] [35]. Boykin et al. calculated VS in a silicon
quantum well as a function of barrier height using a sp®d®s* tight-binding model [32]

[33]. Boykin et al. concluded that VS is an oscillation function with QW width and
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overall, decreases as with increasing QW width. Despite extensive theoretical work on
VS, the actual VS values measured experimentally vary from micro-electron-volts to
milli-electron-votes and differ from device to device [36] [37] [38] [39]. The reason for
such differences is because VS has critical dependence on factors, such as electrical
field, confinement strength, lattice miscuts, oxide interfaces and so on. Therefore
when it comes to theoretical guiding of experimental design of QDs for QC devices,
it is necessary to provide a range of VS values with respect to bias voltage through

simulation.

3.2 Objective of This Work
3.2.1 Experimental Device of Interest

A major hurdle for creating silicon quantum dots for electron-spin qubits has
been the difficulty to reduce the Si/SiO; interface disorder, which makes it difficult
to achieve single-electron occupancy [41] [39]. However, recently Lim et al. have been
able to fabricate a Si MOS based QD structure which has low Si/SiO, disorder [40],
and proved that the device indeed could operate down to the single-electron regime.
The Si MOS QD of interest is shown in Fig 3.2, from (a) the top view and (b) a cross-
section view. The device operation is controlled by five independent gates. L1 and
L2 control source and drain, respectively, and inject or extract electrons in and out of
the quantum dot. B1 and B2 gates create the depletion region in the channel, which
serves as a barrier for tunneling electrons. The plunger gate P at the top controls
electron filling in the middle dot region by raising or lowering the energy level in the
dot. Fig 3.3 shows the ”"Coulomb diamond” charge stability diagram, which plots
the differential conductance dI/dVsp of the device versus the plunger gate Vp and
source-drain voltage Vsp. The edges of each "diamond” in the diagram show the
transition voltages for one additional electron to enter in or exit out of the QD. From
the figure, it is seen that the first diamond has completely opened up, showing clear

diamond edges, and thus indicates that the transition takes place only when the last
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electron tunnels in and out of the QS. Therefore, it can be concluded that the Si MOS

QD device indeed can operate down to the single-electron regime.

Electron Reservoir Dot

near intrinsic Si substrate Bl n+ ohmic regions 1l SiO,
M aluminum gates oxidized aluminum

Fig. 3.2. (a), (b) Physical structure of Si MOS QD. Five top gates marked
L1, L2, B1, B2, P are on top of the oxide interface to create electron
reservoir (L1/L2), barrier between QD and the reservoir (B1/B2) and
QD (P). Image taken from [40] with permission.
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Fig. 3.3. Charge stability diagram of the Si MOS QD device in the few-
electron regime. By decreasing the plunger gate voltage Vp, the electrons
are depleted one-by-one from the dot through tunnelling. The first dia-
mond opens up completely; indicating that the last and only electron has
tunnelled out of the dot. [40]

3.2.2 What Needs To Be Studied

In order to decide whether or not this device is a suitable candidate for QC
applications, knowledge of the valley splitting range inside this quantum dot under
various gate biases is necessary. Below are several questions that experimentalists are

particularly interested in:

e What are the combinations of gate bias voltages that result in a single electron

in the quantum dot under equilibrium?
e What is the possible range of VS in the QD under proper biasing conditions?
e How does the VS depend on factors such as external field and barrier height?

The goal of this work is to seek answers to these questions and provide insight
and guidance to experimental design of Si MOS QD devices, by using a modeling

and simulation approach. This work was done in collaboration with an experimental
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group, which also fabricated the device, at the Center for Quantum Computation and

Communication Technology in Australia.

3.3 Methodology
3.3.1 Need for Atomistic Modeling and NEMO3D-peta

As was discussed above, the valley splitting is heavily dependent on various atom-
istic effects such as oxide interface roughness, lattice miscut, substrate orientation
and so on. Therefore, in order to correctly model VS in the MOS QD, an atomistic
approach is required to account for the various atomistic effects and quantum me-
chanical effects. Meanwhile, the QD device to be modeled contains at least several
million atoms in Si bulk. Modeling such a large structure atomistically requires a
massively parallelized simulator and abundant computing resources.

The Nanoelectronic Modeling Tool(NEMO 3-D) can simulate atomistic structures
of realistic sizes and treats non-parabolicity of bulk materials using an empirical
sp*d®s* tight-binding model [42] [43] [44]. NEMO3-D proved successful in several
problems such as modeling of valley-splitting in miscut Si/SiGe quantum wells [45],
InGaAs embedded InAs quantum dots and in the modeling of the spectrum of phos-
phorus impurities in silicon FinFETs [46].

NEMO3D-peta is a massively parallelized tool based on NEMO 3-D, and ex-
panded the existing capabilities of NEMO 3-D with advanced parallelization schemes.
NEMO3D-peta allows execution of self-consistent Schrodinger-Possion simulations on
multi-million-atom structures within several hours using a couple of hundred cpu
cores. Details of NEMO3D-peta’s functional modules, parallelization scheme, bench-
marking details and so on can be found in ref. [50]. NEMO3D-peta proved suc-
cessful in modeling densely Phosphorous doped Silicon devices(Si:P), such as Si:P
d-layers [47], Si:P single atomic layer nanowires [48], and Si:P single atom transis-

tors [49].
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In this work, the Si MOS QD device will be studied using NEMO3D-peta and
VS will be calculated under various bias combinations. The next section will explain
in detail how the device is modeled and key results will be presented and discussed

afterwards.

3.3.2 Simulation Domain

The physical structure of the Si MOS QD device is shown below in Fig. 3.4(a),(b)
(same as figure 3.2). The device is controlled by five gates P, B1, B2, L1, L2 as
explained before. The QD region, where electrons tunnel in and out of, is marked
in the figure by the red box. The S and D regions are electron reservoirs, which
provide electrons to the QD. The QD region is much smaller compared to the outside
region. In this study, the objective is to calculate the VS when the device is in
equilibrium and when there is only one electron in the quantum dot. Therefore, only
the QD region needs to be included in the simulation domain while assuming that
the source and drain set the Fermi level across the entire device. The QD region
to be modeled by NEMO3D-peta is shown in Fig. 3.4(c) and (d). The domain is
restricted to the central region of the device, which includes the dot and part of the
left and right barrier regions. The S0, thickness is roughly 10 nm. The oxidized
aluminum surrounding each metal gate is ignored in the domain. The plunger gate
region is roughly 30x60 nm?. In order to investigate geometry effects on the VS, the
width of the plunger gate is adjusted to four different values (We = 30, 40, 50 and 60
nm). The overall electronic domain is fixed to 60x90x40 nm?3 and contains roughly

8 million atoms.
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Fig. 3.4. Comparison of real device structure and NEMO3D-peta simula-
tion structure. (a),(b) SEM images, same as in Fig. 3.2. (c¢) Top view of
simulation structure, which shows only the dot region of the device. Left
barrier, right barrier, plunger gates correspond to B1, B2 and P gates in
(a) respectively. (d) Cross section view of simulation structure. The sili-
con substrate is 30 nm thick, which is included in the electronic domain
of the Schrodinger solver. Si10s is 10 nm thick. The FEM domain for the
Poisson solver includes the entire structure(Si plus oxide)

The entire device operates at extremely low temperatures of around 100 mK.
At such low temperatures, the Fermi function, which determines which states are
occupied by electrons, acts like a heaviside step function. States in the QD which are
below the Fermi level will be occupied and states above Fermi level will be empty.
Since each quantized state in the dot can occupy two electrons due to spin degeneracy,
the Fermi level must cross exactly the ground energy state in order for the system to

only contain one electron.
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3.3.3 Simulation Scheme: Self-Consistent Loop

Schrodinger Solver
(H+Uyp = Ey

elf-Consisten
Loop

Potential
Profile U(r)

Charge
Profile n(r)

Poisson Solver

V(EVU) = g°n

| (O

Fig. 3.5. Simulation scheme of NEMO3D-peta, which consists of a
Schrodinger-Poisson self-consistent loop. The Schrodinger solver calcu-
lates eigenstates E and wavefunctions v by solving the sp*d®s* tight-
binding Hamiltonian; the results E and 1 then go through charge in-
tegration process according to equation 3.1 to obtain the charge profile
n(r); The Poisson solver takes the charge profile n(r), gate bias Vg and Vp
as inputs and calculates the potential profile U(r) using Newton-Raphson
method. The potential U(r) calculated from the Poisson solver then serves
as the input to the Schrodinger Solver, and also marks the beginning of
the next iteration cycle.

A Schrodinger-Poisson self-consistent simulation scheme shown in Fig. 3.5 is uti-
lized to calculate the VS in the structure previously described. For a single iteration,
the Schrodinger solver assembles the sp?d®s* tight-binding Hamiltonian of silicon
substrate, then adds to it the potential profile of the device provided by the Poisson

solver. After that it performs the eigenvalue calculation on the Hamiltonian matrix
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to obtain the eigenstates (e;,1;). The charge profile n(r) is calculated by integrating

the eigenstates with respect to the Fermi level of the device:

n(r) =23 i —— (3.1)

i 1+e kBT

The Poisson solver takes the charge profile n(r) as its input and calculates the potential
profile U(r) by solving the Poisson equation using Newton-Raphson’s iterative method
[51]. The boundary conditions on the top side of the substrate are determined by
the gate bias voltages Vi and Vp, while all the other sides use Neumann boundary
conditions, which specifies the electric field to be zero. The device Hamiltonian in
the Schrodinger solver is then updated with the potential profile calculated from the
Poisson solver, and again calculates the eigenstates for the next iteration.

In each iteration, convergence must be checked by comparing the updated poten-
tial profile with the old U(r) calculated from the previous iteration. If the difference
is within the defined range of tolerance, then convergence is achieved and the final
eigenstates are calculated using the Hamiltonian with the converged potential.

Since the entire simulation assumes low temperature (T ~ 100 mK) to match
experimental conditions, convergence is often difficult to achieve. The reason is that
at very low temperatures, the Fermi function acts almost like a heaviside step func-
tion, and thus even small fluctuations in the potential profile may result in a huge
differences in the convergence pattern. Fortunately, the VS values do not vary signif-
icantly when the simulation is close to convergence. Therefore, it is often necessary
and practical to loosen the convergence criteria for a specific simulation in order to

achieve convergence.

3.4 Results
3.4.1 NEMO3D-peta Scaling

Figure 3.6 shows the time it takes to perform the electronic structure calculation

for a 60x90x40 nm?® domain using different number of cpu cores. The domain size
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is roughly 8 million atoms, which is a typical problem size in this work. The figure
shows that NEMO3D-peta has exceptional scaling abilities, which is indicated by the
almost ideal scaling curve. The efficient 3D spatial parallelization scheme has allowed
the eigenstate calculation of 8-million atom structure to be performed in the range of

hours.

Time (hours)

-
o
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Fig. 3.6. Electronic structure calculation time as a function of the number
of processors for a 60x90x40 nm? domain containing 8 million atoms.

3.4.2 Potential Landscape In the Single Electron Regime

As stated before, the objective of this work is to explore the VS behavior in MOS
QD devices for various QD sizes and under various bias voltages, while maintaining a
single electron in the QD. Therefore, the first main goal is to find out what the bias
combinations are that lead to a single electron in the dot. Fig. 3.7 shows the relation
of the plunger gate bias Vp and barrier bias Vz (in this case, two barrier gates have
the same bias). The plots show almost linear relation between the two gate biases:
as Vp increases, Vg must decrease to balance it out, and in order to preserve same

number of electrons. It can be seen from the figure that the gate bias needed for a
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single electron is strongly dependent on the QD size. For smaller QDs, larger gate
biases are required to maintain a single electron. This is analogous to a "particle in
a box” problem, where the confined energy levels are inversely proportional to the
confinement length. Therefore, for a smaller QD, it takes a larger gate bias to ”push
down” the energy states in order to align the ground state with the Fermi level.

To illustrate such relations, Fig. 3.8 compares the 1-D potential cut along X
direction for two different bias sets. The blue curve is the potential resulting from
one set of bias, Vp; and V. If the barrier gate bias increases, thus lowering the barrier
height, the plunger gate bias must decrease; raising the bottom of the potential well
as well as the energy states in the QW, to make the ground state cross the Fermi

level. The new potential profile is indicated as the green curve.
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Fig. 3.7. Vg vs Vp when only single electron is present in the QD. Different
dot color/shape represent different QD sizes. Simulations are grouped and
labeled by numbers 1 to 5. Simulation runs with the same number have
the same barrier gate bias.
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Fig. 3.8. Visualization of potential change along X direction. Initial po-
tential profile is the blue curve, with VS of A; as the barrier gate potential
Vp increases, the barrier is lowered, in order to align the ground energy
state with the Fermi level to assure single electron, the gate bias Vp must
decrease, thus raising the energy states, leading to the new potential shown
as the green curve, with a smaller VS value A,

3.4.3 Valley Splitting vs. Barrier Height, Electric Field

After each converged simulation, the VS is extracted as the difference between
the lowest two eigenstates. In addition, the barrier height and the electric field at the
oxide interface are also calculated. The barrier height is the energy difference between
the top of the barrier and the Fermi level(which is fixed and assumed to be 1.1eV).
The electric field is calculated from the converged potential profile from the relation:
E, = %%—g .—0, where U is the potential profile and z is the direction perpendicular
to the oxide interface. The VS is plotted against the E-field and barrier height and
shown in Fig. 3.9(a) and 3.9(b) respectively. Different marker shapes in the figures
represent different QD sizes.

Fig. 3.9(a) indicates that VS is almost linearly dependent on the E-field. As the

E-field increases, the VS also increases. The QD size, on the other hand, does not
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directly determine the VS, as can be seen from the figure. All shapes of dots almost
align on the same line.

The barrier height dependence of VS can be seen in Fig. 3.9(b). The plot indicates
that for a fixed QD size, the VS increases almost linearly as the barrier height. This
is reasonable since higher barrier heights mean stronger confinement. On the other
hand, if the barrier height is fixed, confinement inside smaller QDs is stronger, which

in turn leads to larger VS.
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(b) Effect of the barrier height on VS for different
QD sizes. As the barrier height reduces, confine-
ment in the dot becomes weaker, and as a result
VS decreases. On the other hand, if the barrier
height is fixed, confinement inside smaller QDs is

stronger, which leads to larger VS.
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3.4.4 Valley Splitting Spectrum

Lastly, the VS for different QD sizes is plotted against Vz and Vp as a 2D color
map, where the VS values in between samples are interpolated. This plot indicates
the whole VS range that can be achieved, and ranges from 95 to 470 peV. This is in
good agreement with the experimentally measured value of 100ueV [40]. This plot
can serve as a reference or look-up map to guide experimental designs of MOS QD

devices with specific VS values.
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Fig. 3.9. Interpolated color map plot of VS distribution as a function of
Vp and Vg in the single-electron regime. Dashed line indicates (Vp , Vg)
for different QD sizes as indicated in the plot. Vp in the figure is the bias
required to fill in a single electron with given Vp and size of the dot.

3.5 Conclusion

A Si MOS based quantum dot has been successfully modeled with NEMO3D-
peta. The electronic structure of the Si substrate is represented by an atomistic
sp3d®s* tight-binding Hamiltonian. NEMOS3D-peta utilizes an efficient 3D spatial
parallelization scheme that allows the self-consistent simulation of an 8-million-atom
substrate within reasonable time limits. The range of VS has been calculated under

various gate biases. Simulation results show that the VS of the MOS quantum dot
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device in the single electron regime can be tuned by applying various gate biases.
The calculated range of VS is comparable to known experimental results. The effects
of gate size on VS as well as VS dependence on electric field and barrier height have

also been explored and results showed trends consistent to experiments.
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4. SUMMARY AND FUTURE WORK

Chapter 1 of this thesis addresses the device scaling challenge and how it impedes
the trend of device performance enhancement which has continued for the past sev-
eral decades. Computational modeling serves as an important tool in studying novel
device concepts, and ultimately finding solutions to the scaling challenge. This the-
sis utilizes the computational modeling approach in studying two types of devices,
graphene nanostructures and single-electron quantum dots. Chapter 2 and 3 addresses
each one of these two subjects.

Chapter 2 begins with introducing the unique properties of graphene, such as its
giant mobility, high electron velocity, and 2D nature, and how these properties are
related to electronic devices. The biggest challenge in utilizing graphene in transistor
applications has been the zero bandgap in graphene. Various graphene processing
techniques and graphene based nanostructures have been proposed to engineer a
bandgap in graphene. One of these examples is fabricating periodic perforation in
graphene, making graphene nanomeshes (GNM). This work then focuses on modeling
GNM using an advanced nearest neighbor tight-binding model, namely the p/d model.
Details and advantages of the p/d model is discussed. Two types of hole geomotries,
circular and rectangular holes, are studied in details. Simulation results confirm that
a variable bandgap can be obtained by tuning the hole size. Further study also
revealed interesting properties of GNM edges, which lead to anisotropic electronic
properties along different directions in rectangular hole GNMs. It is concluded that
the bandstructure of graphene can be engineered by various hole geometries, which
makes GNM attractive for novel device applications. A complete understanding of
hole geometry and edges effects can potentially lead to the capability of making a
specific GNM structure that is tuned and customized for a specific task or device.

However, in order to fully harness the potential of GNM, atomic precision lithography
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is necessary in order to create a clean GNM structure with defined edges, since the
electronic properties of GNM is sensitive to the exact hole and edge geometries.

To fully reveal the bandstructure engineering capabilities of GNM, more under-
standing needs to be gained on how the hole geometry and edge effects affect the
bandstructure. Therefore, other hole geometries, such as triangular, hexagonal shaped
holes in GNM need to be studied. Important quantities such as the bandgap needs to
be summarized and tabulated under various conditions. In order to unveil the device
capabilities of GNM, charge self-consistent transport simulation must be performed,
with gates included and biase voltages applied. Important quantities of interest, such
as on-off ratio, sub-threshold slope(SS) needs to be extracted from I-V curve and
compare to current existing devices.

Reliablity test is an essential task before proposing GNM for novel device applica-
tions. In this work, GNM structures constructed for simulation study are same size,
perfectly aligned, and with no defect on the edges. In reality, however, the fabrication
process induces many non-idealities including hole size variation, mis-alignment, and
edge roughness, all of which will play roles in influencing device performances. Fur-
ther simulations that include these non-idealities must be carried out to determine
how susceptible to non-idealities are the properties of GNM based devices.

Chapter 3 is focused on studying the valley splitting (VS) in a single electron
quantum dot based on Si MOS structure. The importance of VS regarding quantum
computing is discussed. Eigenstates of the quantum dot are calculated charge self-
consistently and the VS are extracted under various biasing conditions. Simulation
results indicate that the VS in this quantum dot can be controlled by tuning the
potential barrier and gate geometry. Full range of the achievable VS is determined,
which matches the VS range measured experimentally.

As for future work, a number of factors need to be investigated to predict the
VS more accurately, such as Si/SiO, interface roughness and surface charge. To
fully understand the electron tunneling events in the quantum dot and reproduce the

experimental charge stability diagram, source and drain terminals need to be included
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in the modeling domain. Potential profiles across the entire device, including source
and drain, under various biasing conditions need to be described. The eigen-energy
spectrums under two and multiple electron regime need to be calculated, which means

electron-electron interaction must be correctly modeled inside the quantum dot.
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