UC Riverside
UC Riverside Electronic Theses and Dissertations

Title

Van der Waals Heterostructure Devices: From Monolayer Graphene to Twisted Bilayer
Graphene

Permalink
https://escholarship.org/uc/item/0zz0x107|
Author

Lv, Rui

Publication Date
2019

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/0zz0x107
https://escholarship.org
http://www.cdlib.org/

UNIVERSITY OF CALIFORNIA
RIVERSIDE

Van der Waals Heterostructure Devices: From Monolayer Graphene to Twisted Bilayer Graphene
A Dissertation submitted in partial satisfaction
of the requirements for the degree of
Doctor of Philosophy
in
Physics

by

Rui Lv

June 2019

Dissertation Committee:

Dr. Marc W. Bockrath, Co-Chairperson
Dr. Peng Wei, Co-Chairperson
Dr. Roger Lake



Copyright by
Rui Lv
2019



The Dissertation of Rui Lv is approved:

Committee Co-Chairperson

Committee Co-Chairperson

University of California, Riverside



Acknowledgment

First and foremost, | would like to thank my advisor Prof. Marc Bockrath. It has been a
great time to study and work in Prof. Marc Bockrath’s lab in the past five years. I really feel
grareful to have a kind, patient and insightful mentor like him in my PhD career.

I would also like to thank the committee members of my candidacy exams: Prof. Peng
Wei, Prof. Roger Lake, Prof. Jory Yarmoff, Prof. Ward Beyermann, and Prof. Jianlin Liu. And |
would like to thank Prof. Jeanie Lau for the collaborations and inspiring discussions.

It is impossible to complete this dissertation without the efforts from former and current
members in my lab, including Tengfei Miao, Juan Aguilera Servin, Oleg Martynov, Peng Wang,
Bin Cheng, Cheng Pan, Yong Wu, Yi Wu, Sean Nelson, Adrian Nosek, Zachary Tuchfeld,
Nicholas Mazzucca, Dongying Wang, and Devin Ryan. | enjoy the time working with them and |
would like to thank them for countless valuable discussions over the past years.

The support from family gives me the courage to move on no matter how many
difficulties | must face in life and study. | would like to thank my parents for their unconditional
love. And | would like to thank my wife, Yuning Shen, for the company both physically and

spiritually.



In memory of my grandmother



ABSTRACT OF THE DISSERTATION

Van der Waals Heterostructure Devices: From Monolayer Graphene to Twisted Bilayer Graphene

by

Rui Lv

Doctor of Philosophy, Graduate Program in Physics
University of California, Riverside, June 2019
Dr. Marc W. Bockrath, Co-Chairperson
Dr. Peng Wei, Co-Chairperson

In this dissertation, | report my work on making two-dimensional van der Waals heterostructure
devices. Chapter one introduces the main concepts of the band structure of graphene and the
guantum Hall effect. These are the necessary theoretical foundation to understand transport
experiment results in the following chapters. Chapter two includes the device fabrication
techniques and recipes for fabrication. In Chapter three, | illustrate different characterization
methods to study the properties of van der Waals heterostructure devices. Chapter four presents

more detailed work on transport measurements of twisted bilayer graphene devices.

Vi



Contents

Chapter 1 1] T [T 4T o USSR 1
1.1  Basic Concepts in Graphene ..o 1
1.1.1  lattice and band structure of graphnene ..o 1

1.1.2  Dirac fEIMIONS ....c.veuiiiiiiieiiiie b e 4

1.1.3 lattice and band structure of bilayer graphene...........ccccoeoeivininiiincenn 5

1.1.4  moirépattern in twisted bilayer graphene (tBLG)........c.cccceoveveiiiiicveieecesiee 6

1.1.5  band structure OF tBLG .........cooiiiiiieiciee e 7

1.2 Integer Quantum Hall EFfECt..........ccooiiiiiiiiiicee e 9
1.2.1  quantum Hall effect in two-dimension free electron gas..........cccoeevvvviviernnnne. 9

1.2.2  quantum Hall effect in graphene ... 11

Chapter 2 Device FabIICAtiON .....ccoiiiiccece e e 13
2.1  Mechanical Exfoliation of Layered Materials ............cccoeviiiiviiiiiiiciiece e 13
2.1.1  procedure of exfoliation with SCOICh tape.........cccvviriiiriiee e 13

2.1.2  graphene prepared by razor blade scratching ..........ccccceeeviviiciiiiicicecee 17

2.2 Dry Transfer Method for Making van der Waals Heterostructure..............c.ccoceovenee. 18

2.3 ApPPAratus for TIANSTEI ......cccoi i e eae s 22

2.4 E-beam Lithography and RIE ..........cccooiiiiiiiiei e 25
Chapter 3 Characterization of van der Waals HeteroStruCtures...........ccoovevevevvcieieseerieneenn, 29
3.1 RAMAN SPECLIOSCOPY ...eevvienrietiertiesiee st sttt et et be ettt e sbe e sae e sabessbesbeenbeesbeenreeas 29

3.2 Scanning electron and Atomic fOrce MICrOSCOPY ........coerverververieieeeresisiese e 39
3.21  scanning electron MICTOSCOPE. ......uuiuauereeeereeateeee e ereenie e neesee e e seeseeeeeseeeees 39

3.2.2  SEM image of flipped Stacks.........cooeiiieiiiiiiiseeee s 40

vii



3.2.3  PeakForce tapping AFM......ccooi e 44

3.3 TranSpOrt MEASUIEIMENTS .......cceeiieiieiie i eie e e e st e e e e sre e sreesreesneesnbeabeenbeenreesreeas 47
3.3.1  field effect mobility and Hall mobility ..o 48

3.3.2  magnetoconductanCe MEaSUrEMENTS. ..........ccvevrirrerierrerrenreeeese e 52

Chapter 4  Characterization of twisted bilayer graphene devices...........ccccovveveviviiieie i eviennnnn, 58
4.1  Overview of twisted bilayer graphene ..o 58

4.2 Measurement 0N deViCe A151 .......cccoiiiiiiiiiiiineiseee e 60
421  field effect transport MEASUIEMENT ........ccveveirireriierere e 60

4.2.2  magnetoconductance MeasUrEMENTS..........ccveverievieseiieesesteeseesreeee e sreenesee e 62

4.2.3  temperature dependence MeasUrEMENT.........cccvvvevvereiieereseeriesieeee e sreeneseens 66

4.3  Additional measurement results from device d092............ccccorviiiiiiiiiiinie, 69

4.4 Analysis of temperature dependence data on device d151 .........ccccoeviviieveieciie e 70
441  fitting of the temperature dependence data............ccocoverereinienininenc e 72

4.4.2  discussions and OULIOOKS ...........ccoriiiriiiniiiccee e 76

Chapter 5 LO00] g od [VE5] o] 4 < SRR S P 79
RETEIENCE ...ttt b bbbttt ettt n e 81

viii



List of figures

1-1 Lattice structure of monolayer graphene ... 2
1-2 Energy dispersion relation of graphene ... ..., 4
1-3 Lattice structure of bilayer graphene ..o 5
1-4 Band structure of bilayer graphene near K point ..., 6
1-5 Moirépattern of twisted bilayer graphene ...............cooiiiiiiiiii 7
1-6 Band structure of twisted bilayer graphene ............. ..o 8

1-7 llustration of competition between the kinetic energy and interlayer hybridization energy ....8

1-8 Landau levels in two-dimensional free electron gas ............ooiiiiiiiiiiiiiiiiiieeean 10
1-9 Quantum hall effect in systems with different Berry phase ............c.ocoooiiiiiiiiiiiin.. 12
2-1 Optical IMage Of raphene ........c.viuiiiit i ettt e e aeaie e 15
2-2 Optical and AFM image of hBN ... .o i 16
2-3 “Razor blade” raphene ........o.oiitiiiit i e 18
2-4 Picture of a glass slide with transfer Stamps ............ccoooiiiiiiiiiiii e 19
2-5 Schematic diagram of the pick-upmethod ..o 21
2-6 Micromanipulator 1 ... ... e e 22
2-7 MICTOmManipUlator 2 ... .ottt et 23
2-8 Script used to process optical MICTOSCOPE TMAZES ... .vvevrenrerrenrerenrererenreneenrenrreeenns 24
2-9 Dose test and metallization ..............oiiiiiiii e 27
3-1 Raman features of graphene ............ooiiiiii i 30



3-2 Layer dependence of Raman spectrain graphene ..............o.oveviiiiiiiiiiniinieiraeeennnns. 31

3-3 Raman spectroscopy of monolayer and bilayer graphene ................cccoviiiiiiiiinnnnn... 32
3-4 Raman spectroscopy of graphene on hBN ... 33
3-5 Overview of experimental data of Raman spectra of tBLG ..............coviiiiiiiiiiiiiininn.. 35
3-6 Overview of calculation and fitting of Raman spectra ..............coveviviininiiiiiinenennnn. 36
3-7 van Hove singularities in tBLG ..ot 36
3-8 Raman spectroscopy of tBLG with twistangle of ~12°. ..., 37
3-9 SEM images of hBN/graphene/hBN Stack ............ccoviiiiiiiiiiiiiiiicee e 40
3-10 Additional SEM and optical images of stacks ............cooiiiiiiiiiiiiii 41
3-11 Schematic diagram of reversing the stacking order .................coooviiiiiiiiiiiiiiii i 42
3-12 SEM images of graphene/hBN stack ...........ccoiiiiiiiiiii e 43
3-13 Ilustration of “bubbles” in the Stack ............c.ooviiiiiiiiiii e 44
3-14 AFM images of graphene/hBN stack .............oooviiiiiiiiii s 45
3-15 PeakForce tapping AFM ... 46
3-16 PeakForce AFM images of graphene/hBN stack on PPC ... 47
3-17 Field effect measurement of a monolayer graphene device ..............ccovviiiiiiiiinininnnn.. 49
3-18 Measurement OF L/RH VS. Vg .. vuvriniii e e e e 51
3-19 Extraction of Hall MODILItY .....ovviviitii i e ae e 51
3-20 Landau fan diagram of Ry for monolayer graphene .................cocvviiiiiiiiiiiininnnn.. 53
3-21 Landau fan diagram of dR«/dV, for monolayer graphene ................ccccooeviiiiiiiininnnn.. 54
3-22 Line traces of Ru Vs. Vyat different magnetic field .................cooooiiiiiiiii, 55
3-23 Line trace of Ruxand oxy VS. VO at B ="7.5T ..o 56
4-1 OVErvieW OF tBLG deVICES .....uviuniinitit et 59

4-2 Correlated states in tBLG induced by hydrostatic pressure ...........c.ccvevviiviiniinniineenn.. 60



A-3 B G AEVICE AL oot 61

4-4 Landau fan diagram of Rux fOr d151 ... 63
4-5 Landau fan diagram of Ryy TOr d151 ... 63
4-6 Landau fan diagram of dRyx/dVg for d151 ... 64
4-7 Temperature dependence measurementon d151 ..., 66
4-8 Temperature dependence for carrier density from -2 to 2X102cm2............cooeiiinnnn. 67
4-9 Temperature dependence near N =2 X102 CM2 ... ... . i 68
4-10 2D map of Resistance as a function of carrier density and temperature ......................... 69
4-11 Temperature dependence for carrier density from -1.8 t0 1.8 X102 cm2...................... 70
4-12 Temperature dependence for carrier density from -2.0to -1.6 X102 cm?..................... 70
4-13 Overview of temperature dependence measurements ontBLG .....................cooiiin 71
4-14 Excess resistivity caused by unklapp electron-electron scattering .................ccevevenen.. 72
4-15 Analysis of temperature dependence measurements on d151 ............cooiiiiiiiiinnn., 73
4-16 Resistivity vs. T at different carrier densities fited by EQ (4-4) ..o, 74
4-17 Features of the local maximum in TeSIStIVITY ........vviririniiiie e 77

Xi



List of Tables

2-1 FUrnace annealing reCIPES .. ...virit ittt e e e e e e e 17
2-2 PPC solution and spin COAtiNG TECIPES .....vuuenrtentttent et e aeeeae e 20
2-3 Recipes for EBL, RIE and e-beam evaporation ...............ccooeviiiiiiiiiiniiniininneneann, 26
2-4 Summary of EBL and e-beam evaporation procedure ...............coooeviiinereeiinenininnnnnns 26
4-1 Parameters extracted from power law fitting ..............oooiiiiiiiiiiiiii 75

xii



Chapter 1 Introduction

1.1 Basic Concepts in Graphene

1.1.1 lattice and band structure of graphene

Graphene is a single layer of carbon atoms arranged in the two-dimensional (2D) honeycomb lattice.
It can be considered as the building block of its allotropes such as graphite, carbon nanotube, and
fullerenes [1]. The crystal structure of graphene is shown in Fig 1-1. There are two carbon atoms
per unit cell, labeled as A, B. Each A(B) carbon bonds to three B(A) carbons as its nearest neighbors.

The primitive vectors for the Bravais lattice are:

- 1 V3 g 1 V3
a=ao(-3, _7) and b =a, ('5'7) (1-1)
and the primitive vectors for reciprocal lattice are:
v 2T 4 1 =21 L -
3 =2 (1, ﬁ)and b =21, 3) (1-2)



here a, = 0.246 nm is the lattice constant. High symmetry points I', M, K and K in the Brillouin

zone (BZ) are also shown in Fig 1.1

Fig 1-1 Lattice structure of graphene in real space and k-space.

The outer configuration of carbon atom has four electrons. In the honeycomb lattice, 2s, 2px and
2py orbits hybridized to form o bonds between atoms, while the 2p, orbits form the delocalized
7 bonds. Most of the electronic transport properties in graphene can be understand in terms of the

2p; orbit. Using a simple nearest neighbor tight-binding method on this p, orbit, the band

structure of graphene can be well described [2]

In light of the tight-binding method, we write the solution to the full crystal Schrodinger equation

as:

Y@ k) = Yge'*Ro(r - R) (1-3)



where

o) =ca Y (r+84) + cp Y (r+85) (1-4)
Multiply the crystal Schrodinger equation

(Hae + 4V (1) Y(1;K) = By W(r; k) (1-5)

by @, (r+8,) and " (r+ 85), we will get an eigenvalue equation that determines ¢, and cg.(In
the above equations, U, is the atomic wave function for 2p, orbit; 8, and 85 as shown in Fig 1.1, H,,
is the atomic Hamiltonian for atoms in the primitive cell located at the origin and AV (r) contains all the
corrections to produce the full crystal potential.)

If we include only the nearest neighbors in the eigenvalue equation, the solution is in a simple form:

Ex—Ey  vo f(K) Ca _ )
(VO fr(K) Ex-— Eo> (CB) =0 (1-6)

with
Ey =E,+ [dr ¢, (r + 8,)AV(r) Y, (r + 8,) (1-7a)
Yo =—[dr g, (r +8,)4V(r) Y (r + 85) (1-7b)
F(K) =1+ e ik 4 gikb (1-7c)
the eigenvalues are given by,
det(Ey — H) = | Ex=Eo v f(R)|_ (1-8)

Yo f*(K) Ex—Eol

that is:

E, = E, + yOJS +2 Cos(k-3) + 2 Cos(k - b) + 2Cos(k - (@ + b)) (1-9)

¥,is also known as the hopping energy, which is related to the intralayer hopping of the nearest neighbor

and the experimental value is ~ 3eV [1]. A 3D plot of the energy band is shown in Fig 1-2



4
K’y(l‘agl /‘(x(l“dg)

Fig 1-2 3D plot of energy dispersion relation of graphene in k-space.

1.1.2 Dirac fermions

Taking a close look at the energy band in Fig 1.2, we can see the gap is exactly zero at K and K’.
Furthermore, the energy shows a linear dependence on |K| [3]. To check this, let’s go back to

equation (1-9) and let Eg to be the “zero energy” and expand k at K, that is,

k=;@ +b")+ 4k (1-10)

. 2T . 2TC 4
then (k) = 1 + e - G KD 4 oL G+AKD) 04 the Hamiltonian becomes,

73 ( 0 Ak, — i Ak,

_V3 2y o 3 Ak -
H= 5 Yodo Ak + 1 Ak, 0 >+0(k ) = hvpo - Ak (1-11)

this Hamiltonian is in the same form as the famous Dirac Hamiltonian H = Acé - k in two

dimensions, where o is the Pauli matrices (Close to K’, the Hamiltonian is Avgc™ - ﬁ) In analogy

with the real spin in Dirac equation, the two components of the wave function corresponding to the
3
2

sublattice A and B is called pseudospin [1] and the Fermi velocity vy = —OT"O = 10%m/s which

is 1/300 the speed of light. Within the Dirac cone, charge carriers in graphene behave like

relativistic particles with an effective speed of light given by the Fermi velocity. This unusual



behavior in graphene brings the rich physics of quantum relativistic effects into the condensed

matter field [4].

Fig 1-3 Lattice structure of bilayer graphene. (a) lattice structure in real space. (b) “hopping”
parameters (adopted form [5]).

1.1.3 lattice and band structure of bilayer graphene

Bilayer graphene, as its name indicates, consists of two layers of graphene stacked together. Bernal
(AB) stacking is the most common arrangement for bilayer graphene, the structure is shown in Fig
1-3a .The same tight-binding method can be used to solve the band structure of bilayer graphene,
Fig 1-3b shows the possible hopping to nearest atoms in bilayer graphene and we have the
Hamiltonian with the basis of components of wave function at sites A2, B2, Al, B1:
Ex—Ey vof(K) vaf(K) v3f (k)
H = Yo fT(K) Ex—Ey V1 Ya f(K)

Ya f7(K) V1 Ex—Ey vof(K)
Ysf(K) vaf'(K) vof'(K) Ex—Ep

(1-12)

Solving the eigenvalue equation will give us four bands. The typical value for hopping energy

obtained from experiments are y, ~ 3 eV, y; = 0.1y, y34 = 0.03 y, [5]. Here we consider only



the dominate terms with hopping energy y, and y; and look at the band structure near K. Then the

two high-energy bands are given by [6],

EF = i%(\/l + 4h2v2k2 Jy, + 1) (1-13)

and the two low-energy bands are given by,

Ef = + B (J1+4n2v2k2 /y; — 1) (1-14)
the two low-energy bands sit in between the high-energy ones, and show a quadratic relation to k

for low momenta and linear for high momenta (Fig 1-4)

(@ I (b) :

N
i

Fig 1-4 Band structure of bilayer graphene near K point.

1.1.4 moirépattern in twisted bilayer graphene (tBLG)

Twisted bilayer graphene is attracting more and more attention since recent experimental work
shows exciting results by controlling the twist angle to around 1.1< In this section we will show

the main feature of twisted bilayer graphene (tBLG) -- a flat band structure [7,8]

To describe the twist angle between two layers of graphene, the commensurate structure is often

used in theoretical works and calculations [7~10]. We can rotate the second layer graphene with



respect to the first layer so that lattice vector V.=ma + nb moves to V' =n3+mb to produce
the Moirépatterns. Then V and V”’ will be the primitive lattice vectors of the moirécell (Fig 1-5).

and the rotation angle for such commensurate structure is given by

Cosf = Lmiin’+amn (1-15)

2 m2+n2+mn
and we noticed that a small twisted angle is constructed for m = n + 1 with AA stacking locates

at corners and AB stacking at 1/3 and 2/3 of the long diagonal [8].
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Fig 1-5 Moirépattern of twisted bilayer graphene. (a) the primitive cell vectors of moirélattice

and illustration of AA and AB stack region (adopted from [8]). (b) k-space Brillouin zone of
bilayer graphene and reduced Brillouin zone of tBLG.

1.1.5 band structure of tBLG

A simple picture for the band structure of tBLG is to understand it as folding the band of single
layer graphene into the reduced Brillouin zone [9]. The low-energy band width is reduced to
4mthvg /3|V| and the Fermi velocity is reduced with the same scale. Such a picture works good for
twist angles lager than 5< However, at smaller twist angle, the band structure calculated from tight-
binding method deviates from this picture [10]. The band width is significantly reduced and

velocity tends to be zero near 6=1.08° [8].



(b) 6 =3.89°

Energy (eV)

Fig 1-6 Band structure of tBLG [10].

The behavior at small twisted angle can be qualitatively explained as a competition between the
kinetic energy and interlayer hybridization energy. The two Dirac cone K1 and K2 are from the K
point of the first and second layer. At the position they overlap, a gap will form with energy 2w.
As the twist angle 6 decreases, K1 and K2 move closer and w will finally be comparable to the
kinetic energy. As a result, the low-energy band will be flat, producing a Fermi velocity close to

zero, leading to correlated insulating and superconducting states [11,12].

w=0 2w < vk, 2w = hv K,

Fig 1-7 lllustration of competition between the kinetic energy and interlayer hybridization energy
[11].



1.2 Integer Quantum Hall Effect

1.2.1 quantum Hall effect in two-dimension free electron gas

When uniform magnetic field is applied perpendicular to electrons in two dimensions, electrons
will move in circular cyclotron orbits. By solving the Schrodinger equation for free electron in
magnetic field, it is shown that the energy spectrum is quantized into discrete Landau levels (LL).
As a result, properties such as conductivity, thermal conductivity, magnetic susceptibility etc. will
show oscillatory behavior with magnetic field. In particular, the oscillation in conductivity, known
as Shubnikov-de Haas oscillations (SdHOs) [13], can evolve into the Quantum Hall effect in
appropriate samples under large magnetic field at sufficient low temperature. The quantum Hall

effect was first observed by Klaus von Klitzing in 1980 [15], characterized as quantizing in units

2
of % of Hall conductivity together with vanishing of longitudinal conductivity. That is:

2

Zo,=0 (v=123..) (1-16)

Oy =V

To understand the behavior of 2D system under magnetic field, let’s consider 2D electron gas.
Without a magnetic field, the energy spectrum is given by
_ h%k?
E(k) =5~ (1-17)
And when a uniform magnetic field B perpendicular to the plane is applied, energy collapse into
Landau levels given by

E,=@+)ho, (v=123,...) (1-18)



B . . . . . . .
W, = % is the circular frequency of electron’s orbit in semiclassical picture. In Fig 1-8, we see

that the quasi-continuum energy spectrum quantized into highly degenerated Landau levels. For a

sample with length of L, the degeneracy of each Landau level is

__el’B
D== (1-19)

E/hw
n
|
|
i
V4
d \\\ /
\
i\
1
1 \
1

B=0 B0  B#0 N(E)
Ty=® 10=h/F

Fig 1-8 Landau levels in two-dimensional free electron gas [16].

Plateaus in oy, appears each time when a Landau level is fully filled. The number of electrons N

in the sample is:

N=vD=v pyrs v=123...) (1-20)
and the Hall conductivity ay,, is given by,
N e?
axy=ne/B=L—2e/B=vT v=123,...) (1-21)

Lastly, it’s instructive to rearrange Eq (1-19) in the following form:

B=22=¢,n/g (1-22)

el?
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where ¢, = % is the magnetic flux quanta, n is the number of electrons in a unit area, and g is the

degeneracy of the system. Eq (1-22) is a general condition for Landau levels in magnetic field and
has a simple physical mean that the system will quantize into Landau levels that in each Landau

level one flux quanta goes through one cyclotron orbit.

1.2.2 quantum Hall effect in graphene

As shown in previous section, the transport of graphene and bilayer graphene are governed by
equations which differ from free electron gas. For monolayer graphene, Landau levels are given by

solving Dirac’s equation, and have the energy [1,16],

E, = sgn(v)/2avé|vleB (v=0,+1,%2,..) (1-23)

In experiment, the distinctions between graphene and normal 2D free electron system have been
clearly observed. (1) The spin and valley degeneracy in graphene contributes a factor of g = 4 in
Eq (1-22). (2) m,, the effect cyclotron mass, was found to be proportional to n'/? \where n is the
carrier density [4]. Such a result proves that energy E is proportional to k. And even though

graphene has a linear energy spectrum on k, which indicates zero rest mass, the cyclotron mass is
given by the relativistic equation E = m.vZ. (3) Furthermore, replacing the mass in w. = % by
m, = E /v and pluging into Eq (1-18), it is indicated that E,, « v/vB, which agrees with Eq (1-23).

(4) The plateau in a,,, shifts by 1/2 compare to conventional quantum Hall effect and is given by

1. 4e?

Oxy = (v + E)T v=012...) (1-24)
the shift of 1/2 can be thought resulting from the Berry phase of @ due to the precession of

pseudospin as Dirac fermions undergo cyclotron motion [17,18]. Fig 1-9(c) is a schematic

illustration of quantum Hall effect in monolayer graphene.

11



In bilayer graphene, energy of Landau levels is given by
E, = sgn)yP (M- Dho, (v=0+1%2,..) (1-25)
with m, = 0.03m,,and m, is the mass of electron. The quantum Hall effect in bilayer graphene is

also unconventional and

Oxy = iv% v=123,...) (1-26)
the plateau for v = 0 is “missing” because of the Berry phase of 2n. The system degeneracy of
bilayer graphene is g = 4, but a perpendicular electric field can break the degeneracy and cause the

splitting of Landau levels in low magnetic field. Fig 1-9(b) shows the quantum Hall effect in bilayer

graphene.

o, (getih) (b) al o,y (ge?/h) | oy lgeth)

Fig 1-9 Schematic illustration of quantum Hall effect for (a) 2D free electron gas. (b) monolayer
graphene. (c) bilayer graphene (adopted from [17]).

12



Chapter 2 Device Fabrication

2.1 Mechanical Exfoliation of Layered Materials

For materials like graphite and hexagonal boron nitride (hBN), layers are bonded by the van der
Waals force. It is easy to cleave them by an external force. There are early works that use atomic
force microscope (AFM) or scanning tunneling microscope (STM) tip to get every thin graphite
flakes [19,20]. Furthermore, these layered materials can be cleaved and isolated down to a thickness
of a few atoms, even only one atomic layer in thick, by the “mechanical exfoliation” method [21].
Two-dimensional (2D) materials obtained by the mechanical exfoliation method have rather high
guality, and defect in the material can be controlled to its minimum. For this reason, it is very
suitable for studying the intrinsic properties of these material and exploring some fundamental

effects in physics.

2.1.1 procedure of exfoliation with scotch tape

To get graphene and few layer hBN flakes used for fabricating high-quality devices, we start with
the bulk materials. Examples of these layered bulk materials are Kish graphite, Highly Ordered
Pyrolytic Graphite (HOPG), synthesis hBN and BN powder. For simplicity, I’ll use Kish graphite
as an example, and the procedure for exfoliation of other materials are similar. First, several Kish

graphite flakes was attached on the scotch tape. Then we fold the tape in different directions so that

13



graphite flakes were “copied” by two in each folding until they cover almost the whole area that
we want to place Si/SiO; wafer on later. By firstly spreading graphite on a single tape , we can
reduce the chance that tape residue is transferred onto the 2-D material. And after this “mother”
tape is made, we repeat the procedure of attaching and releasing the prepared tape with a new one
until the “density” of the flake on the tape is proper for the next transfer. A proper “density” of the
flake differs for different materials, and it’s hard to characterize in quantitatively. But with enough

practicing, it’s relatively easy to get an idea about it.

In the next step, the tape is placed on the clean Si/SiO; chips. Si chips with a 290nm oxidized SiO,
layer is used to give good contrast in identifying graphene under optical microscope. We gently
press the tape to squeeze out air bubbles, and then hold the chip and slowly peel the tape from one
side. With a proper “density” of flakes on tape, some mono- and few-layer graphene will be

transferred onto the chip.

Next, we use optical microscope to determine the number of layers of graphene flakes and figure
out those with proper size and thickness we need. Monolayer, bilayer and tri-layer graphene show
different colors under an optical microscope Fig 2-1, which can be seen by naked eye. However,
the difference in color is smaller as the number of layer increases. Telling the exact number of
layers for thicker graphene flakes with an optical microscope is hard. In this case, one may use
AFM or Raman spectroscopy [21, 22] if needed (and obviously, the AFM and Raman spectroscopy

is also valid in identifying mono-layer bi-layer and tri-layer graphene).
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Fig 2-1 Optical image of graphene with thickness of 1~3 layers.

For hBN, if the exact thickness is not crucial, as is the case for most devices in this dissertation, the
color of the flake can give a satisfactory estimation on the thickness. For our devices, we use hBN
that shows a bluish to green color, and the thickness at such color range is 20~50 nm based on AFM

measurements.

Finally, furnace annealing is done to remove any tape residue on the chip. Although this step is
sometimes optional, and even inapplicable for air sensitive materials, we found by performing this
furnace annealing step, the defects in devices can be reduced, thus improving the quality of device.
A discussion about this is given in Chapter 3. The recipe for furnace annealing is shown is Table

2-1.
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Fig 2-2 Optical and AFM image of hBN.
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Table 2-1
Furnace annealing for graphene (hBN) fakes: O, at flow rate of 0.5~1 standard cubic centimeter
per minute (sccm), at temperature 300°C ( 500°C ).

Set point for graphene (hBN) is
300 °C (500°C)

Set point
t0~t1: 15min (20min)
t1~t2: >3hr
furnace is power off after t2

t0 L1, \ L2 . ., .

2.1.2 graphene prepared by razor blade scratching

Besides the regular exfoliation procedure with scotch tape, we also use graphene flakes obtained
by the “razor blade” method to fabricate devices: first, thick graphite flakes are deposited on pre-
cleaned Si/SiO; chips. Then, instead of repeating exfoliating the fake with scotch tape, we use the
tip of razor blade to gently scratch on the flake. As part of the flake is scratched off from the chip,
the rest of the flake is “exfoliated” at the edge by the razor blade and chances are that a large
graphene piece is left at the boundary. Fig 2-3 shows large monolayer and bilayer graphene
obtained by this method. The advantage of using a razor blade to perform the mechanical
exfoliation is that the graphene can be kept free from any tape residue. Both AFM and transport
measurements show that the stack made with “razor blade” graphene is cleaner compared to the

regular “scotch tape” graphene. Detailed results are discussed in section 3.2.3 and 3.3.
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20.3 ym

Fig 2-3 “Razor blade” graphene, left: bilayer, right: monolayer.

2.2 Dry Transfer Method for Making van der Waals

Heterostructure

After having graphene and hBN flakes on the chip, the next step is to assemble them into a stack.
The method we use here is called the “pick-up” method, and is first proposed by L. Wang [23]. The
pick-up method provides a huge flexibility in making devices with 2D materials. In principle, we
can stack different 2D materials on top of each other in any order and as many times as we want,
which is just like assembling Lego in atomic scale [24]. What’s more, using the “tear-and-stack”
strategy based on the “pick-up” [25, 26], Cao and Kim’s work opens the possibility of controlling
the twist angle -- relative crystal orientation between different layers of the stack. The precise
control of twist angle provides a new way to modify the properties of materials and in twisted
bilayer graphene, it has led to some surprising new findings originated from the “magic angle”
[8,11,12]. A detailed procedure of making twisted bilayer graphene stack is illustrated below as an

example of the pick-up method:

18



1.Prepare the transfer glass slide
Starting with a glass slide, we first apply a layer of transparent tape on it. This layer of tape was

then cut into small squares of ~2 mm X 2mm. Multiple squares can be made on one glass slide and

these squares serve as a stamp for transfer (Fig 2-4). Then, a second layer of transparent tape is
attached on the glass slide to cover the stamps. Next, we spin coat polypropylene carbonate (PPC)
onto the glass slide to finish the transfer glass slide (The recipe for dissolving and spin coating PPC

is shown in Table 2-2.

Fig 2-4 Picture of a glass slide with transfer stamps.

2. Pick up top hBN from chip

We place the glass slide on the X-Y stage of the microscope and a chip with the hBN we want to
pick up is mounted on a micromanipulation stage which can move on all three translation
dimensions and pitch and yaw angles. The PPC and the flake are placed face to face. More details
of the transfer stage setup are given in next section. To pick up the top hBN, we align it with a

stamp on the glass slide and heat up PPC to 40°C, which gives the best adherence to flakes. When
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lowering the transfer stage, a stamp will touch the flake on the chip first and provide a good contact
between PPC and the flake. After the whole flake is in touch with PPC, we quickly retract the

micromanipulator, and hBN flake will be picked up.

Table 2-2
PPC solution: poly-propylene carbonate (Sigma-Aldrich, CAS 25511-85-7) is dissolved in
anisole at a ratio in weight of 1.5 : 8.5 (15% in weight). The beaker is placed on hot plate at
60°C and stirred overnight to fully dissolve PPC.

Spin coat: PPC is spin coated on tape at 6500 Revolutions per minute(rpm) for 45 seconds.
Then the glass slide is place on hot plate at 100°C and baked for 10 min.

3. Tear and stack graphene, pick up bottom hBN

The next step is to use the top hBN to pick up the following layers of the stack. Due to the fact
that the van der Waals force between 2D flakes is much stronger than the force between a flake and
the Si/SiO2 chip, we can bring the top hBN close to a graphene flake on the chip and use the van
der Waals force to pick it up. Here, the tear-and-stack strategy is also needed to make the twisted
bilayer graphene. To do this, we first partially align the top hBN with graphene, which means we
only bring half of the graphene in contact with hBN when lowering the stage. In contrast with the
previous step, for the following pick-up we always first bring PPC and the chip in contact and then

heat PPC. The PPC is heated to 60~90°C, and at this temperature range, PPC is softened and tend

to press on the chip due to thermal expansion. As a result, hBN and graphene under it will attract
and form a stack. To avoid PPC from sticking on the chip, we wait for PPC to cool down to room
temperature and then retract the stage. The van der Waals for is so strong that the graphene will be
torn along the edge of the stack, leaving the other half of graphene flake on the chip. Since this

flake has same crystal orientation as one on our stack, we can change the relative crystal orientation
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between the two layers simply by rotating the micromanipulation stage and repeat the pick-up

procedure. Finally, the bottom hBN is pick-up by repeat the procedure again.

4. Drop the stack onto chip

The glass slide with the stack and a chip with pre-patterned alignment marks are placed in the
same way as previous steps. We bring the stack to the chip and heat PPC to ~120°C. This
temperature will melt PPC and we retract the micromanipulation stage and leave the stack and PPC
on the chip. Then the chip is dipped in chloroform for 1 min to dissolve PPC. And the stack is
successfully placed on the chip with alignment marks and ready for the standard e-beam

lithography procedure. Fig 2-5 shows a schematic diagram of the pick-up method.

PPCC———7] p|Ck up PPC% align PPC
hBN hBN
5 e— S

tear

twist stack
PPC plck up PPC
hBN hBN
tBLG rnG1 e,
hBN Sl/SlOz
SISO,

PPC
hBN drop the stack hBN
hEN SiISio, g

Fig 2-5 Schematic diagram of the pick-up method.
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2.3 Apparatus for Transfer

Fig 2-6 and Fig 2-7 shows the microscope and micromanipulator we use for transfer procedure.
The x-y stage on microscope is used to coarsely align flake with the stamp and then keep fixed
during transfer procedure. The micromanipulator we use provide a precise control of three
translation direction and two direction of rotation Fig 2-7. We can’t change the third direction of
rotation continuously, but in practice, it can be manually adjusted to meet the requirement for our

experiment.
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Fig 2-6 micromanipulator 1.
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Fig 2-7 micromanipulator 2.

We also have a script to assist us in the transfer procedure. The script provides the function of
detecting the edge of a saved image and overlapping it with the live image from microscope. The
saved edge contour can be moved and rotated to help us align flakes during transfer. The use of the

script is illustrated in Fig 2-8.
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Fig 2-8 Screen shot of the script used for (a) detecting edge. (b) overlapping to microscope image.
(c) adjusting edge contour position.
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2.4 E-beam Lithography and RIE

we use standard e-beam lithography (EBL) procedure and reactive ion etching (RIE) to define the
geometry of the device and make quasi one-dimensional contacts to the edge of graphene. In this
procedure, at least two rounds of lithography are needed. In the first lithography round, we define
the device into a hall bar geometry and use RIE to etch the pattern. In designing the hall bar pattern,
we intentionally make the leads a bit longer than we actually needed to protect the contact edge
from polymer residue. In the second round of lithography, we define the electrodes and bounding
pads. This time our pattern for electrodes expose the extra lead on the hall bar. And again we use
RIE to etch away the extra leads. By doing this, we can make a clean quasi one-dimensional edge
for metal contact. In the work of L. Wang [23], where the one-dimensional contact is first proposed,
they directly etch a hall bar pattern, and before making metal contact, perform an O2 plasma
cleaning to “flush” the edge. Here, we modified it into this sacrifice leads method. We find this can
provide a more reliable contact on graphene because no polymer is possible to deposit on the
contact edge. Finally, we use e-beam evaporator to evaporate Cr/Au contact on the device. The
recipes for e-beam lithography, RIE, and e-beam evaporation is shown in table 2-3. And dose test
for e-beam lithography and related metalization of the pattern is shown in Fig 2-9. And a summary

of the completed procedure is listed in Table 2-4.
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Table 2-4

Resist polymer for EBL:
two layers of PMMA 950A. are spin coated on chip at 4000 rpm for 45s. Chip is baked on hot
plate at 180°C for 10 min after each layer is spin coated.

RIE:

a mixture gas of CHF; and O; is used for etching. The flow rate is 45 sccm and 5 sccm
respectively. Under the pressure of 20mT, RIE power of 50W, the etch rate for hBN is
~50nm/min while the rate for graphene is much lower (~2nm/min).

E-beam evaporation:

electrodes of Cr/Au are made as the edge contact to device. The evaporation is done at the
pressure less than 5107 tor. The thickness of Cr/Au is 5/80 nm. For Cr, the rate of evaporation
is ~1 A/sec and for Au, ~2.0 A/sec

Table 2-5

Summary of EBL and e-beam evaporation procedure

Alignment marks are made by EBL on clean chips. Cr/Au of 5/50 nm in thick is evaporated
using e-beam evaporation. Chips are furnace annealed at 300°C in O, for 3 hr to remove
polymer residue before stack is transferred on.

Stack is made using pick-up method and transferred on the chip with pre-patterned alignment
marks.

EBL is done to define the stack into specific pattern (for example, the Hall bar shape ). RIE is
used to etch the pattern. Then chip is soaked in acetone for >3 hrs to remove polymer residue.

EBL is done to define electrodes and bounding pads. RIE is used to expose the edge for contact.
And Cr/Au of 5/80nm is made by e-beam evaporation.

Chip is soaked in acetone for >12 hrs to lift off extra Cr/Au. Usually, a longer time for soaking
is helpful for lifting off the film. And small pieces of Cr/Au that is not lifted off may be removed
by a careful sonication of 1~3 sec.

An optional top gate can be made by EBL followed by e-beam evaporation of Al,O3/Cr/Au of
200/5/80 nm. A thick layer of Al,QOs is required here to fully cover the height of the device and
electrodes to avoid shorting to electrodes. And a similar lift-off procedure is done afterwards.
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Fig 2-9 Dose test and metallization.
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Fig 2-9(continued) Dose test and metallization.
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Chapter 3 Characterization of van der

Waals Heterostructures

3.1 Raman spectroscopy

Raman spectroscopy is a useful tool to characterize properties of two-dimensional materials. In
early research of graphene, it is used to give an unambiguous identification of graphene layers [27].
Now Raman spectroscopy has become a more versatile tool in identifying disorder and defect,
orientation of crystal, edge type, alignment of layers of heterostructure and measuring doping,
strain, oxidation and so on [28-33]. Raman spectroscopy measurement is hondestructive, so it can
be integrated with multiple research fields. In our work, Raman spectroscopy measurement is

performed between steps of device fabrication to check the properties of the heterostructure.

Raman spectroscopy measures the shift in energy of laser photons that results from laser light
interacting with phonons or other excitations in the system. Fig 3-1 shows the typical Raman

features in graphene. The most prominent features in the Raman spectra of graphene are called the
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G band, which appears at ~1582 cm™, and the G’ band, which appears at ~2700 cm™. There is also
the disorder induced the D band at ~1350cm™ and D’ band at ~1620cm™ in the spectrum. The D
and D’ band can be observed in a disordered graphene sample or from the spectrum taken at the
edge of a graphene sample. The G’ band is also called 2D band in some text because its shift in
wavenumber is about twice of the D band. However, the scattering process in G” band does not
involve in any defects. Both the D and G’ bands originate from the second-order process and exhibit
a dispersive behavior as a function of the energy of the incident laser. More details about the phonon

modes and Raman processes are not discussed here and can be found in [34].
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Fig 3-1 Raman features of graphene.

The relative intensity and the shape of the G’ peak is often used in identifying the number of
layers in graphene. The intensity of G peak increases linearly with the number of layers for few-
layer graphene (layer number < 10 [35]). The shape of G’ peak is closely related to the band

structure of graphene, which varies with the number of layers. For monolayer graphene, the G’

30



peak exhibits a single Lorentzian feature, while for bilayer, the spectra can be fitted with four
Lorentzians that related to the splitting of valence and conduction bands in bilayer graphene [5].

Similarly, tri-layer graphene can be fitted with six Lorentzians (Fig 3-2(b)).
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Fig 3-2 Layer dependence of Raman spectra in graphene (adopted from [36, 34]).

In our work, we use Raman spectroscopy to identify mono-layer and bilayer graphene. A sample
of Raman spectra is shown in Fig 3-3(a). The laser with wavelength of 532nm used for
measurement. And the laser power used is less than 1mW to avoid damage on the sample. Our
measurement result agrees with the reported data [27]. The G peak is found at ~1580 cm™ and G’
is at ~2665 cm™ for mono-layer graphene. It can be clearly seen that both the ratio between G and
G’ peak and the shape of G’ peak give good evidence in telling the number of layers of graphene.
There are few defects in exfoliated graphene, so the D and D’ peak is in absence in most of the

measurement. And it’s worth mentioning that for tri-layer and thicker graphene, the shape of G’
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peak is more complicated in that the peak varies not only with the number of layer but also the
stacking order (ABA or ABC). Details of Raman spectroscopy of tri-layer and thicker graphene
are not discussed here. Research on few-layer graphene with different stacking order can be

found in [37,38]
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Fig 3-3 Raman spectroscopy of monolayer and bilayer graphene.

We also checked the Raman spectra of graphene sample before and after annealing (See sec. 2.1.1

for detail of furnace annealing procedures). The result is plotted in Fig 3-3(b). The ratio between
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G and G’ peak changes after annealing. We attribute this to the change of strength that graphene
attaches to SiO; surface. It is shown that the intensity of G peak is related to the interference
effects between graphene and the underlying substrate [35]. In addition, the strain in graphene
also influences the position and intensity of G and G’ peak [39]. Furnace annealing can remove
hydrocarbons and tape residue attached on surface of graphene and release possible strain
between graphene and SiO.. These effects can all be sources that possibly affect the Raman
spectra. But a quantitative understanding requires a more careful investigation and is beyond the

topic of this dissertation.
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Fig 3-4 Raman spectroscopy of graphene on hBN.

In Fig 3-4, we investigate the Raman spectroscopy of graphene on hBN. The measurement is

performed for stacks on PPC stamp during pick-up procedure and for stacks on Si/SiO- chip that

flipped from the polymer stamp (see next section for steps to flip a stack). The Raman spectra
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includes features from hBN and PPC, but the G and G’ can still be easily identified. And the shift

of ~20 cm™ in G’ peak is observed as the effect of hBN substrate.

Raman spectroscopy measurements can also be applied to twisted bilayer graphene samples. The
Raman spectra of tBLG has been reported in samples that is folded [40, 41] or intentionally
twisted by transferring two monolayer graphene together [42-44]. Theoretical calculation results
can also be found [40, 45]. The Raman spectra of tBLG retains some features of monolayer
graphene, but the G’ peak shows a shift to larger wave number. At small twisted angles, the full
width at half maximum (FWHM) of G’ peak is slightly smaller than that of monolayer graphene.
While for larger twisted angle, the Raman tends to recover to the case of two separated
monolayers due two the weaker coupling between the two layers. The G peak shows a similar
behavior, however, at certain twisted angle an enhancement of the G peak of more than 30-fold
increasement can be observed. Additional peaks, R and R’, are also reported in Raman spectra of
tBLG at ~1375 cm™ and ~1620 cm® respectively. Fig 3-5 is a brief summary of the reported

Raman spectra of tBLG.

A better understanding of the angle dependence of Raman features in tBLG requires an
investigation from theoretical aspect. Some reported results are shown in Fig 3-6. Experiment and
the calculation results agree well, indicating that we have good explanations for Raman spectra of
tBLG. On the other hand, unlike the case of monolayer and bilayer graphene, extraction of the
twist angle from the Raman spectra remains to be a very hard task. The accuracy is limited by the
relatively weak signal of the Raman features and the fact that angle dependence of the Raman

spectra has no significant change with twisted angle in most cases.
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Fig 3-5 Overview of experimental data of Raman spectra of tBLG (a) angle dependence of
Raman shift in the range of 1200 to 2800 cm™ [42]. (b) R’ peak for different angle and laser
energy [43]. (c) the R peak in tBLG for twisted angle of (15%£2)° [40].

In our experiment, we measured the Raman spectra of tBLG sample with the twisted angle of
~12< At such a twisted angle, the energy difference between conduction and valence van Hove
singularities reaches the energy of laser light for measurement. The energy difference (Fig 3-7) is
given by,

AE = hvg Ak ~ hvg 30 (3-1)
the enhancement happens when AE equals the photon energy of the laser used in measurement. In
our experiment, we use 532nm laser, which has the laser energy of 2.34 eV. To match it with the

energy difference mentioned above, AE = 2.34 eV gives the twist angle of 11.9<
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Fig 3-7 (a) Brillouin zone (BZ) of tBLG. (b) illustration of van Hove singularities in the sketch of
density of states (DOS) for tBLG (adopted from [42]).

36



We checked samples of tBLG/hBN stack on PPC stamp and flipped tBLG/hBN stack. The

measurement result in shown in Fig 3-8.
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Fig 3-8 Raman spectra of tBLG with twist angle of ~12< (a)tBLG/hBN stack on PPC stamp.
Inset is the optical image of the sample. (b) tBLG/hBN stack on Si/SiO; chip. Inset is the SEM
image of the sample.
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For a sample on PPC stamp, we perform Raman spectroscopy measurement along a line on the
sample (see inset of Fig 3-8 (a)) and identify the spots related to monolayer graphene and tBLG.
The Raman features of PPC and hBN are removed by subtracting the measured spectra from the
Raman spectra at the spot of hBN that is not covered by graphene on the same sample. And as
expected, the enhancement of the G peak can be clearly observed. We find that the position of the
G peak for tBLG doesn’t shift much compared with the monolayer graphene but the G peak has a
shift of ~25 cm™. The result agrees with reported experiments and calculations.

A similar result is found for flipped tBLG/hBN sample on Si/SiO- chips, but measurement for
samples on Si/SiO, chip has several advantages. The sample on Si/SiO, chips has less noise
compared to the stacks on PPC, and the step to subtract background signal is not needed. Also, the
area of monolayer graphene and tBLG can be imaged with SEM for samples on Si/SiO- chips (Fig
3-8(b) inset), but for samples on PPC only optical images can be obtained and the identification of
the monolayer and tBLG areas are not accurate. The possibility of performing multiple
characterization methods on the same sample allows for a straightforward comparison. Although
polymer residue and defects are found in the SEM image, modification of Raman spectra is not
observed. This indicates Raman spectra is much less sensitive than SEM imaging in detecting
defects.

In both type of samples, we don’t observe R and R’ peaks. The possible reason is that these peaks
are weak at the twisted angle and laser energy in our experimental setup. But the measurement we
performed show the possibility to integrate the Raman spectroscopy measurement into the
procedures of device fabrication and other characterization method. Especially, measurement for
flipped stacks on Si/SiO; chip give us the Raman spectroscopy with reasonably high resolution.
With a further systematic measurement, a better understanding of Raman spectroscopy of tBLG is

expected.
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3.2 Scanning electron and Atomic force microscopy

In General, optical images of stacks can give a satisfactory solution for designing patterns and
fabricating devices. However, bubbles formed during the pick- up procedure turns out to be the
main roadblock in improving the quality of devices. The size of these defects is usually smaller
than the resolution of optical microscope. To characterize and obtain better understanding of these
defects, we employed atomic force microscopy (AFM) and scanning electron microscopy (SEM)

to image our sample with a higher resolution.

3.2.1 scanning electron microscope

Getting the SEM image of the stack seems to be a straightforward task. However, there are some
issues to confront to obtain clear images of the samples. The heterostructure that we are interested
in are consisted of graphene or tBLG encapsulated between hBN. Such stacks can cause difficulty
in SEM imaging because a conducting sample is required for SEM. Besides, the PPC used for
picking up is hard to remove by dipping in acetone. Fig 3-8(a) shows an SEM image of a
hBN/graphene/hBN stack made by the pick-up procedure. Due to the insulation of hBN and
remaining PPC residue, the details of the graphene and bubbles in the stack can’t be seen clearly.
To overcome this, a furnace annealing step is needed before taking the SEM image. The image
taken after performing the furnace annealing is shown in Fig 3-8(b). We find the resolution is
largely improved after annealing. And to further improve the resolution of the underlying graphene,
we use a lower voltage for SEM imaging. Rather than the 5kV that people usually used in SEM

imaging, we find a voltage of 1~3 kV works better for imaging the encapsulated stacks.

39



2im ‘oo ooswy EMT=100kv  SignalA=InLens Date :12 Jun 2015 2pm* taq- 0oy EMT=200kv  Signal A=InLens Date :18 Jun 2015
9 4 WD= 60mm  PhotoNo.=301 Time :21:39:27 h i > WD=66mm  PhotoNo.=346 Time :15:32:03

Fig 3-9 SEM images of hBN/graphene/hBN stack before (a) and after (b) furnace annealing (inset
is optical image of the same stack)

In the SEM image, the underlaying graphene looks brighter compared with the hBN area. The
location of bubbles can also be seen in the image. In Fig 3-9(b), we can identify the edge between
monolayer and bilayer graphene because the top hBN we use for this stack is less than 10nm in
thickness. The identification of layers becomes harder as the thickness of hBN increases. For hBN
with thickness of 20~50 nm, the underlying graphene shows a bright profile but telling the edge of
layers turns out to be hard. Meanwhile, bubbles in the stack can still be observed from the SEM

image. Two more SEM images of the stack are shown in Fig 3-10 with the inset optical image.

3.2.2 SEM image of flipped stacks

In the pick-up procedure, we need to firstly pick up a layer of hBN as the substrate to pick up other
layered materials by van der Waals force. The normal pick-up procedure will always leave

graphene
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Fig 3-10 Additional SEM and optical images of stacks. Insets are optical images of the same
stack on the Si/SiO; chip and PPC stamp respectively.
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covered by the top hBN. A method of reversing the stacking order is proposed by Kim et al. [46].
The schematic diagram to reverse the stacking order using one water soluble polymer and another
non water soluble polymer is shown in Fig 3-11. An alternative method is proposed by Zeng et al.
[47], that the stack on the polymer is directly flipped and attached on the Si/SiO; chip and the
polymer is then evaporated in furnace. In our experiment, we tried both methods to flip graphene

onto top and both methods work good for taking SEM image.

Step 6 Step 5 Step 4

Fig 3-11 Schematic diagram of reversing the stacking order (adopted from [46]).

By flipping the stack, we are able to obtain high resolution images from the surface of graphene
in the stack. This helps us to get a better understanding of the formation of defects in graphene
and provides us with the guidance to improve the quality of devices. By examining these SEM
images, we found a distinct difference between the stack made from graphene with and without
pre-annealing (Fig 3-12). Previously, we showed that the Raman spectra of graphene before and
after pre-annealing has different ratio between G and G’ peak, indicating that there are
modifications to the surface of graphene by furnace annealing. Here the SEM images give

another proof that pre-annealing helps in reducing defects in the stack.
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Fig 3-12 SEM images of graphene/hBN stacks made from graphene with and without pre-
annealing.

The SEM images in Fig 3-12 also give us evidence that tape residue left on exfoliated graphene
plays a role in the formation of “bubbles” in the stack. Besides the hydrocarbons from the
atmosphere, tape residue is another source that induces defects into the stack. Pre-furnace
annealing can effectively remove tape residue, so stacks made from graphene with pre-annealing
have less defects. We also attempted furnace annealing after the stack in made, but it turns out to
be much less effective comparing with the pre-annealing procedure. This agrees with the feature
found from the SEM image. Defects in the stack are not individual “bubbles” but a network of
point and line defects. So the “bubbles” are actually trapped between layers, making them hard to

remove after the stack is made Fig (3-13).
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Fig 3-13 lllustration of “bubbles” in stack.

3.2.3 PeakForce tapping AFM

We also use AFM to image the surface of the stack. Fig 3-14 is the AFM images of graphene/hBN
stack on PPC stamp. It shows similar features as the SEM images. AFM imaging provides more
flexibility, image can be taken from soft substrates like PPC. No further treatment is needed so in
principle AFM images can be taken between each step of the pick-up procedure. In our work, we
usually take images of the exfoliated hBN on Si/SiO; chip to measure the thickness of flake and
figure out the flat area that can be used for transfer (see section 2.1.1), and images of graphene/hBN
stack to check the defects on graphene. AFM measurement has channels such as height, phase and
height sensor. Here we show the image from phase channel, which gives good resolution of the
defects. Different areas of the stack can be identified. There’s an obvious step between hBN and

graphene due to the abrupt change of mechanical properties at the edge while the edge of monolayer
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graphene and tBLG is not always easy to identify. The fact that density of defects increases along

with the slight step at the edge can be used to determine the area of monolayer graphene and tBLG.

1
00 3: Phase M.1m 0.0 3: Phase 225um

z

Fig 3-14 AFM images of graphene/hBN stack.

Another thing to mention is that for stacks used to take AFM images, we use “razor blade”
graphene (see section 2.1.2) and the “tear-and-stack” method to make the tBLG heterostructures.
SEM images of stacks made from graphene with and without pre-annealing provide evidence that
tape residue plays a role in the formation of defects. To eliminate the effect from tape residue, we
switch to “razor blade” graphene in our recent device fabrication. The AFM images and transport
measurements (see next section) shows the device from “razor blade” graphene has less defects

and high mobility in transport.

We also use the PeakForce tapping AFM [48] to improve the resolution of the image. The setup

of PeakForce measurement is illustrated in Fig 3-15. At each spot of the sample, the measurement
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of force vs z-position of the tip was performed. Related mechanical properties such as Young’s
modulus, adhesion and deformation can be calculated from the curve. The PeakForce mode

performs better on soft substrates than the regular AFM, so it’s very suitable for imaging the

stacks on the PPC stamps.
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Fig 3-15 PeakForce tapping AFM (adopted from tutorial material provided with instrument).

Fig 3-16 is the image taken by PeakForce tapping AFM. The network of point and line defects
are clearly seen in the image. And the density of defects at monolayer graphene and tBLG area
are distinct. In the monolayer graphene part, a defect-free area of >10 um in length can be found,
but the area is limited to ~2 pm in length in tBLG part. In the “tear-and-stack” method, we need
to align half of the graphene with hBN while the other half will contact the PPC polymer to tear
the flake. We think this is associated with the difference in defect the two area because PPC
residue may be deposited on the graphene in this procedure. Also, domains of different twisted

angle can form in the stack [49], which may also induce defects in the tBLG area.
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Fig 3-16 PeakForce AFM images of graphene/hBN stack on PPC.

To conclude, in this section we discussed our work on characterizing van der Waals
heterostructures with SEM and AFM imaging. Analyzing these images gives some evidence about
the formation of defects in the stack and hints on how to reduce the defects. And it also provides

a guidance on designing the pattern to avoid defects in the device fabricated.

3.3 Transport measurements

Transport measurements are a widely used method to characterize properties of materials. After the
stack of 2D materials is etched into a specific pattern (for example, a Hall bar), and contacted with
metal electrodes, electric transport measurements can be performed to verify related properties of
the device. Here a monolayer graphene Hall bar device is used to illustrate how to analyze the

properties with experimental transport measurement data.
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3.3.1 field effect mobility and Hall mobility

In transport measurements, mobility is used to characterize the response of electron to the applied
electric field. In general, higher mobility is related to less scattering occurring in the material in
electric transport. In 2D material devices, mobility is widely used as a reference of the quality of
the device. Using the Drude model [13], conductivity o of a material is related to mobility u by a
simple equation:

c=neu (3-2)
where n is the carrier density and e is the value of elementary charge.
In Eq (3-2), the carrier density can’t be directly measured, and depending on how the carrier
density is deduced, a variety of definitions of mobility are given by the calculation from Eq (3-2).
There can be difference in the value by using different definitions. In this section, we will show
how the two commonly used definition of mobility, field effect mobility and Hall mobility, can

be calculated from transport measurement data.

Transport data is taken from a monolayer graphene device encapsulated in hBN with the Si/SiO-
working as the back gate. An optical image of the Hall bar device is shown is Fig 3-17(a). Carrier
density can be tuned with the Si/SiO; back gate. When a bias voltage is applied on the device, the
conductance will be observed varying with the carrier density thus with the gate voltage. A four-
terminal measurement at 1.5K with zero magnetic field is shown in Fig 3-17(b) and the inset is the

setup for the measurement.
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Fig 3-17 Field effect measurements. (a) optical image of the monolayer device. (b)
conductivity and resistivity as a function of gate voltage.

with a model of parallel plate capacitor, carrier induced by gate voltage is given by,

n =2y, (3-3)
in the equation £=3.9 and & = 8.85X 102 F - m are the electric constant of SiO. and free space,
respectively, t = 300 nm is the thickness of SiO- layer on the chip. Plugging these values into Eq
(3-3) gives n = 0.072X 10V, cm™?/V. Thus, we get the relation between carrier density and gate
voltage, and plugging Eq (3-3) into Eq (3-2) gives us the so-called field effect mobility:

n=o (3-4)

- & £0Vg

In practice, Vi is usually replaced by :—5 taken from the linear fit of 6 vs Vg:
g g

__t do (3-4)

- ggy dlg
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In the device shown here, the linear fit of ¢ vs Vg in Fig 3-17 has a slope of -1.65 mS/V and 1.75
mS/V for low carrier density on hole side and electron side respectively. This gives the field effect
mobility of ~150,000 cm?-V1- 5%, The value indicates our device has pretty high quality though the
SiO; back gate is less effective in screening density inhomogeneities than the local graphite gates

[50].

Carrier density can also be calculated from the classical Hall effect measurement. The measurement

value of Hall coefficient Ry is given by

Ry =2 (3-5a)

T IL,B
Where I, is the biased current through the device, B is a weak magnetic field applied perpendicular
to the device and Vy is the Hall voltage, or the transverse voltage in Hall effect.

R is related to the carrier density by

Ry =— (3-5b)
Fig 3-18 shows the plot of 1/Rn vs Vg measured at B = 0.15T. The slope from linear fit givesne =
0.106 Vg T-kohm™-V1, or n = 0.066 X 10* V4 cm™?/V. The value is close to the one from the model
of a parallel plate capacitor in Eq (3-3), indicating most of the induced charges by back gate are

free charges that contributes to the conduction of the device. In Hall effect measurement the

conductivity o can be measured at the same time. Using Eq (3-2), the Hall mobility ux is given by

Ry

Hy = —= (3-6)

g

Fig 3-19 is the plot of calculated Hall mobility from Eq (3-6) as a function of gate voltage. We find

the Hall mobility has a value of ~150,000 cm?-V*- s at low carrier density, which is close to the
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field effect mobility previously calculated, and the value decreases to ~50,000 cm?-V*- s as the

carrier density increases.
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Fig 3-19 Hall mobility.
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Another feature pointed out by people in transport measurements of monolayer graphene is that the
maximum resistivity near the charge neutrality point (CNP) always fall into a small range near
h/4e? =~ 6.45 kohm regardless of the mobility of the device [4, 51], and is believed to be related to
the intrinsic property of electronic systems described by the Dirac equation. The feature is also
verified on our device (Fig 3-17), with the maximum resistivity of ~5.7 khom. Though errors can
come from the rough estimation of the aspect ratio of the device and a slow response on the quick
change of resistivity when sweeping through CNP in the measurement. the measurement result has

a good agreement with reported data.

3.3.2 magnetoconductance measurements

Magnetoconductance measurements are widely used to study the interaction of material with
magnetic field. Here we perform measurement on the monolayer graphene device in perpendicular
magnetic field. A map of longitudinal resistance as a function of gate voltage and magnetic field in
shown in Fig 3-20. The features from such a measurement is referred as a “Landau fan”. A simple

explanation of a Landau fan is given here by considering Eq (1-22) in Chapter 1,

B=22=d4n/g (1-22)

and the physics explanation behind it is that in each fully filled Landau level, one flux quanta goes

through one cyclotron orbit.

52



And we already see in section 3.3.1 that the carrier density n is proportional to the gate voltage,

that is n = 0.072X 10V, cm?/V. And in Landau fan diagram, multiple Landau levels are filled,

so we need to sum up the degeneracy of each Landau level, so g in Eq (1-22) need to be replaced
by > g; (i=0,1,2,...). As a result, when using the gate voltage and magnetic field as variables
and plugging in the numerical results into Eq (1-22), the condition that Landau level is fully filled
is given by the equation,

2.98

B =5_-%RM) (v=012..) (3-7)
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Fig 3-20 Landau fan diagram of Rxx for monolayer graphene.

When the condition Landau level being fully filled is satisfied, the longitudinal resistance in

Shubnikov-de Haas oscillations (SAHOs) regime reaches minimum and turns to zero when system
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evolves into quantum Hall regime. From Eq (3-7) we see that the minimum resistance should form
a series of straight lines in the B-Vq map, which agrees with the experimental data shown in Fig 3-

21.

To further check the magnetoconductance measurement quantitatively, the map of dRyx/dVy is
plotted in Fig 3-22 to give a higher contrast on the oscillations in the Landau fan diagram. For
monolayer graphene, the degeneracy of the lowest Landau level is g=2 while all higher Landau
levels has a degeneracy of g=4 [6,18]. So, in the case of monolayer graphene, Eq (3-7) has the

following form,

298
av+3) 8

v=012...) (3-7)

DRz
Dvg

Fig 3-21 Landau fan diagram of dRy/dVy for monolayer graphene.
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In practice, the Landau fan diagram is fitted with the equation,

B = %a V—Vp) (i=012,...) (3-7)
!
2

the fitting result is shown in Fig 3-21 as the dashed green lines. The only parameters we adjust to
fit experimental data are Vp, which is used to adjust the shift of V4 from CNP, and a, which gives
a slight correction to the dependence of carrier density on Vg (all Landau levels are fitted with the
same o. The value of Vp and « is obtained by manually adjust the fitted line until all the lines are
aligned with the minimum of the resistance. We find that Vo= 3.0 V and « = 0.975 gives the best

fit to the data. The fitted lines agree well with the Landau diagram up to i = 10.

0
V. (V)

Fig 3-22 Line traces of R« vs Vg taken at different magnetic field (lines are vertically shifted by
10 khom).
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We can make line traces along constant magnetic field in Landau fan diagram to take a closer look
at the measurement result. The SAHOs arises at magnetic field lower than 0.4 T and in the line trace
taken at B =0.7 T in Fig 3-22, we can clearly observe the periodic oscillations, proving the device
has a high mobility. On the electron side (Vg > Vb), Rxx decreases to zero at 3.5 T as evidence of
guantization in the system. At higher magnetic field, the lift of the four-fold degeneracy in graphene
is observed. In our device, carrier density is tuned by SiO, back gate and perpendicular electric
field proportional to the gate voltage is also induced. The lift of the degeneracy can be explained

by Zeeman splitting caused by the magnetic field.
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Fig 3-23 Line trace of Rxx and oxy vs. VgatB=7.5T.
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Fig 3-23 shows the line trace of Ry and oxy at B = 7.5 T, which gives a clearer evidence of the
Zeeman splitting. Ry shows addition local minimum between Landau levels. On the hole side, the
measured resistance has a finite value, and we think that’s because the contact resistance is higher
on hole side and the signal measured by lock-in is too weak when resistance on device is close to
zero. And the measurement of transverse conductivity (oxy) indeed show plateaus on both electron
and hole side. The quantization of the plateaus agrees with the theoretical value given by Eq (1-24).
Also, at large gate voltage, three smaller plateaus are observed between the main Landau levels,
which agrees with the lifting of four-fold degeneracy by Zeeman splitting.

Lastly, the fractional quantum Hall effect, which may require a higher magnetic field to onset, is
not observed in our device. The “plateau” at oy near zero is the fake signal when the resistance

exceeds the maximum measured value of the instrument.
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Chapter 4 Characterization of twisted

bilayer graphene devices

4.1 Overview of twisted bilayer graphene

In section 1.1.4 and 1.1.5, we have seen that the crystal structure and band spectrum are altered by
stacking two graphene sheets with a twist angle. An increasing number of theoretical and
experimental works have appeared since a feasible strategy, “tear-and-stack” [25, 26], was
proposed to precisely control the twist angle. And in recent work, a Mott-like insulating state and
superconductivity were observed in tBLG [11, 12], leading to a new wave of interest in the field of
2D materials. The twist angle has become a new parameter to consider in modifying the properties
of materials. Works to study the twist angle related effect on other materials is also accumulating

[52-54]. The following is a brief overview of the progress in tBLG devices from experimental

aspect.
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Fig 4-1 Overview of tBLG devices (a) the superlattice gap at full-filling [25]. (b) correlated Mott-
like insulating state and superconducting state [12]. (c) band structure and density of states
calculated with single-particle picture for twist angle of 1.05°[12].
The twisted bilayer graphene is one of the simplest structures for twisted 2D materials. Early
experimental works of tBLG on Si/SiO; can be found in [55, 56]. In more recent works, the
superlattice induced gap is reported on hBN encapsulated tBLG devices with small twisted angle
(Fig 4-1(a)). The size of the reported gap varies in a wide range of 10 to 60 meV[11,25, 26, 57, 58],
while the calculations shows the gap of ~10meV or less [59, 60]. This gap is induced at the carrier
density of four electrons per moiréunit cell (full-filling), and we will refer it as the “superlattice
gap”. Later, the more surprising findings is reported in tBLG devices with a twisted angle of 1.1
degree [11, 12] (Fig 4-1(b)). Such angle has been predicted to be the “magic angle”, where the low
energy bands are flat and the Fermi velocity at Dirac points tends to zero [8]. However, the non-
interacting picture fails to explain the observed Mott-like gap and superconductivity at carrier

density near two electrons per moiréunit cell (half-filling). This indicates the Coulomb interaction
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between electrons need to be considered in tBLG near magic angle. The strong correlations in the
system are supported by the calculation of density of states (DOS), showing the energy scale is 3
orders of magnitudes smaller than that of two uncoupled monolayer graphene (Fig 4-1(c)). To tune
the correlation features of tBLG, the interlayer spacing can be manipulated with hydrostatic
pressure [61]. The correlated insulating and superconducting phases are induced in a device with
twist angle of 1.27° (Fig 4-2), larger than the magic angle, under 2.21GPa, providing another

degree of freedom to play with in tBLG.
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Fig 4-2 Correlated states in tBLG induced by hydrostatic pressure.

Works on tBLG won’t stop here, experiments on many other aspects are still needed to resolve
debates and understand this system better. Theoretical works also need more data from experiment

to explain the insulating state and superconductivity in the system.

4.2 Measurement on device d151

4.2.1 field effect transport measurement

Optical image of a tBLG device (d151) made by the tear-and-stack method is shown in Fig 4-3(a).

Patterns are etched into three different area and contacted with Cr/Au electrons. Measurements
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mainly focus on the Hall bar pattern high-lighted by the red box in the image. Additional
measurement results can be found in Supplementary Data part. Fig 4-3(b) is the four-terminal
measurement of longitudinal resistance (Rx) measured at T = 1.5 Kand B =0 T. Si/SiO; back gate
is used to tune the carrier density in device. The charge neutrality point (CNP) shows up at Vg = 2.5
V. Two more peaks are found at Vy =-56.6 V and Vg = 60.0V, locates almost symmetrically to the
CNP. These two peaks are related to the superlattice gap in tBLG. The twist angle is aimed at 1.1°
in experiment, while the angle calculated from the superlattice gap turn out to be 1.35 <(see the
following text for detailed calculation). A few more devices are made, showing the actual twiste
angle seems to be slightly larger than the aimed one. But currently the number of devices is too

limited to confirm such a trend.

(@) (b)

(kohm)

Fig 4-3 tBLG device d151 (a) optical image (b) resistance vs. gate voltage.

A similar analysis as in section 3.3.1 can be carried out here. The field effect mobility is calculated
to be ~15,000 cm?-V1- s, about 10 times smaller than the monolayer graphene device. We noticed
the reduction of mobility is also observed in works mentioned above [8, 25]. We attribute the lower
mobility to the increased density of defects in the stack and the flat band feature of tBLG. As we

increase the carrier density, the resistance begins to saturate for |Vg| > 20 V but we don’t see
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evidence of correlated states near half-filling. This agrees with the reported works that the
correlated states are only found near the magic angle. When the carrier density is further increased,
resistance starts to increase, and the voltage where the superlattice gap shows up corresponds to the

carrier density of ns = £4.2<10' cm. Because the superlattice gap is at four electron per moiré

unit cell, the area of the moirécell can be calculated and thus the twisted angle. The moiré

wavelength is given by

a

a
~ 2sin(6/2) 6 (4-1)
and ns is related to the twisted angle by
4 862
= F,. " Va2 (4-2)

2
From Eq (4-2), ns = +4.2X10'? cm2 corresponds to the twisted angle of ~1.35<

Asymmetric behavior is observed between electron and hole side. Since the contact resistance has
little influence on the four-terminal measurement used in our experiment, we hypothesize that the
asymmetric behavior is related to the band structure of tBLG, but more theoretical efforts are

needed to understand this feature.

4.2.2 magnetoconductance measurements

Measurements are also performed on the device placed in perpendicular magnetic field. The map
of longitudinal and transverse resistance vs gate voltage and magnetic field is shown in Fig 4-4 and
4-5. Series of Landau fans can be seen from the map. In the map of Ry, fan diagram can be
overserved originating from the CNP and the superlattice gap for V4 > 0 V. For V4 < 0 V, instead
of the Landau fan feature, a high resistive area is observed for carrier density larger than the half-
filling of moirécell. For V4 >0 V, Landau levels from the CNP and superlattice gap meet near the

carrier density of half filling, where a lifting up of resistance is observed.
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Fig 4-5 Landau fan diagram of Ry, for d151.
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In the map of Ry, the fan diagram at the CNP can be observed, but features from superlattice gap
are note well defined. Near half-filling the change in sign of Ryy is observed on both sides, indicates
the switch of carrier type there. This finding supports the statement that the peaks at n; = +4.2X
102 cm 2 comes from the superlattice induced gap, with the superlattice mini-band being half filled

near the midway.

Fig 4-6 Landau fan diagram of dR«/dV, for d151.

To bring up the Landau fan diagram with a clearer look, the map of dRx/dVy is plotted in Fig 4-6
to help make a further analysis of the magnetoconductance data. We map the Landau fan diagram
with lines of integer filling factors. Green dashed lines in Fig 4-6 shows the best fit to the
experimental data. The carrier density is estimated using the parallel plate capacitor model with a

correction factor being manually adjusted within 10% to fit with experimental data (see section
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3.3.2 for detail). Theoretical investigations imply the filling factors for Landau fans from the CNP
in tBLG should be in the sequence of monolayer graphene multiplied by two, that is, v = 34, 12,
320, ... corresponding to an eight-fold degeneracy. However, in our fitting the minimum resistance
aligns with filling factors of v = #4, 38, #12, H6, ... . Similar results are reported in other works
[12, 61]. Additionally, measurement results reported in [57] point out that Landau fans for v = 48,
H6, ... are fainter, indicating they result from the splitting of eight-fold degeneracy. In our data,
we didn’t see a clear difference in between v = 4, 12, 220, ... and v = 248, H6, ... This suggests
that the system has four-fold degeneracy in our device, similar to the case of AB stacked bilayer
graphene. However, devices with lower disorder may give more information about the coupling in
tBLG. We also notice that to give the best fit to the Landau fan diagram, the fitted lines for the
electron and hole side do not intersect at B =0 T, but leave a small gap at the CNP. This indicates
the existence of charge paddles in our device and the possibility to further improve the device

quality.

Landau fans from the superlattice gap at Vq > 0 V are also fitted in the same manner. There are
hints that Landau fans also originate from the superlattice gap at Vg < 0 V. But because there’s a
large resistive area it’s difficult to the data. Landau fans from the CNP and superlattice gap meet
near the half-filling, but no evidence of crossing of Landau levels is observe. The Landau fan
diagram also shows the longitudinal resistance near half-filling increases in high magnetic field,
which is possibly related to the strong correlations in the system. But the resistive state at high
carrier density in Vy < 0 V area and the asymmetry between electron and hole side of the systems

remain to be a puzzle.
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4.2.3 temperature dependence measurement

We also performed a temperature dependence measurement on device d161. Two rounds of
measurement were performed and plotted in Fig 4-7. In the first measurement, we took line traces
of longitudinal resistance vs gate voltage from varies temperature from 1.52 K to 150 K. A more
careful investigation on temperature dependence was performed in the second measurement, and
the line traces are converted into two-dimensional map as shown in Fig 4-7(b). The two rounds of

measurement show similar features, indicating the result is repeatable.

R (kohm)

0 2 4

n (x10'2 cm?)

Fig 4-7 Temperature dependence measurement on d151.

A strong dependence of resistance on temperature is observed from the measurement. In Fig 4-7
(a), the line traces are well separated though we don’t add any vertical shift between different
temperatures. Another clear feature is that the local maximum of resistance at high carrier density
is found to move towards the CNP as the temperature increases. Following the work in [62], we
manually divide the 2D map (Fig-b) along the maximum resistance at high carrier density.
Although the second measurement doesn’t cover the local maximum in full range to avoid

breakdown of the back gate, the division can still be estimated from the dome-like shape of
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resistance in the 2D map. Both measurements show a clear trend that the local maximum is moving

inwards, a discussion on this is given in the next section.
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Fig 4-8 Temperature dependence for carrier density from -2 to 2X10'? cm™2,

In Fig 4-8 and 4-9, we take line traces of resistivity along different carrier densities. The resistivity
is obtained by simply multiplying the measured resistance by the aspect ratio of the device. In Fig
4-8, we check resistivity vs temperature over a wide range of carrier density, and lines are shifted
vertically by 1kohm. A consistent trend of increasing in resistivity with temperature is observed for
all measured carrier densities. The temperature of saturation or turning down is also observed to be
carrier density dependent, which related to the inwards shifting of the local maximum in resistance.
Also, the resistivity seems to change faster for higher carrier density, and a quantitative analysis
will be given in the following text.

In Fig 4-9, we show the temperature dependence of resistivity of a small range near the carrier

density of n = *+2X10% cm. No vertical shift is added between lines to illustrate the weak
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dependence feature of resistivity on the carrier density. We find the line traces almost overlap with
each other at T <50 K forn <0 and at T < 100 K for n > 0. The lines start to separate at higher

temperature and the saturation of resistivity is observed round the same temperature.
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Fig 4-9 Temperature dependence near n = £2X 102 cm™.

Line traces in Fig 4-9 and Fig 4-9 gives us an overview of the temperature dependence of resistivity.
For wide range of carrier density, the resistivity increases with temperature. And there’s also a slow
variation with carrier density that the resistance changes faster with higher carrier density. Besides,
the asymmetry between A more detailed analysis of these features will be given in the following

sections.
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4.3 Additional measurement results from device d092

We also perform measurements on another device d092. Using Eq (4-2), the twist angle is
calculated to be ~1.50< The temperature dependence data shows similar features as device d151
illustrated in previous text. Fig 4-15 to 4-17 show the measurement results. Further analysis is still

in preparation.
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Fig 4-10 2D map of Resistance as a function of carrier density and temperature.
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Fig 4-12 Temperature dependence for carrier density from -2.0 (black) to -1.6 (purple) X 102 cm™

4.4 Analysis of temperature dependence data on device d151

To understand the features in the temperature dependence measurement, we first investigate several

related works from different groups. Temperature dependence of resistivity for a tBLG device with
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twist angle of ~2<is reported in [58], and the temperature dependence is attributed to phonon

scattering and the data is fitted by Ap(T) = aT#. The power index S ranges from 0.9 to 1.7 and
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Fig 4-13 Overview of temperature dependence measurements on tBLG.
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displays a W-shaped curve. Minimum locates near the half-filling with g = 0.9 and maximum
appears as the carrier density approaches full-filling 8 = 1.6~ 1.7(Fig 4-13(a)). Recent works focus
on the T-linear dependence of resistance at various twisted angle including the magic angle [62,
63]. The scattering rate extracted from the T-linear resistivity regime is in the same magnitude of
kg /h , which is a hallmark of strongly correlated systems [63] (Fig 4-13(b)). And the T-linear response
over a wide range of temperatures for twisted angles varying from 0.75<to 2 is reported in [62]. The
value of dp/dT extracted from the linear fit for the same twisted at different carrier density is nearly
a constant. And dp/dT vs twisted angle agrees well with the theoretical prediction of phonon
induced scattering [64]. Another work that worth mentioning explains the excess resistivity in
monolayer graphene/hBN superlattice [65]. Theoretical investigation shows that the asymmetry

resistivity on electron and hole side is caused by the umklapp electron-electron scattering (Fig 4-

14).
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Fig 4-14 Excess resistivity caused by umklapp electron-electron scattering in monolayer
graphene/hBN superlattice.

4.4.1 fitting of the temperature dependence data

Works above unveiled some of the truth in the mechanism of temperature dependence of resistivity

in tBLG and give us some guidance on analyzing data from our devices. But there are also a few
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different features found in our measurement that can be helpful for a better understanding of the
transport properties of tBLG.
First, we introduce the mean-free-path model to show that the features in temperature dependence
measurement is related to the moirépattern in tBLG. The relation of conductivity o and mean free
path I is given by

o= mn- 1 (4-3)
where n is the carrier density. Using the moiréwavelength given by Eq (4-1) as the character mean
free path, we plot the character resistance (1/c multiplying the aspect ratio of the device) as a
function of gate voltage in Fig 4-15(a) in comparison with the temperature dependence result. We
find that the measured resistance keeps below the character resistance except for the carrier density
near superlattice gap at low temperature. We can conclude that the mean free path of electron and
hole are longer than the moirélattice, so the scattering induced by the superlattice should be taken
into account to explain experimental data. And interestingly, the saturation of maximum resistance
is in the same range as the character resistance. The finding proves that the features in intermediate
temperature is related to the moirésuperlattice in tBLG, and the maximum resistance may also

relate to the scattering from superlattice.
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Fig 4-15 Analysis of temperature dependence measurements on d151.
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We also re-plot Fig 4-8 as Ap vs T in log-log coordinate. Traces should show up as straight lines
with slope of 1 if Ap follows T-linear dependence. However, it turns out in the plot that the slope
varies with carrier density. The deviation from the T-linear dependence agrees with the original
data plotted in Fig 4-8. On the other hand, it can be seen that Ap follows straight lines in a wide

range of temperature, so the power law dependence on T is still satisfied by the resistivity.
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Fig 4-16 Resistivity vs T at different carrier density fitted by Eq (4-4).

Analyses above indicates our measurement result follows the power law in temperature dependence,
similar to the work reported in [58]. However, fitting the data with Ap(T) = aT? can be tricky
because the resistivity is also affected by factors like disorder and localization at low temperature
regime, so the value of p(0) can’t be directly extracted from the experimental data. To overcome

this, we add a term po accounting for the residue resistivity and use the equation
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p(T) = po + aT¥ (4-4)
to fit the temperature data. The result is plotted in Fig 4-13(a). And in comparison, linear fit is

shown in Fig 4-16(b) for carrier density of n = 2X 10 cm. In both the linear fit and power law

fit, the fitting range is manually adjusted to make the fitting cover the largest temperature range.
We find the power law given by Eq (4-4) agrees well with data in a wider temperature range while
the linear fit deviates from measurement for T < 10 K. This verifies that the temperature dependence
of tBLG is phenomenologically better described by the power law, but it doesn’t exclude the
possibility that T-linear dependence is still valid in explaining the mechanism of excess resistivity
(see discussion in next section). But here we will focus only on the power law fitting to
guantitatively describe the system. Fig 4-16(a) shows fitting for three different carrier densities on
electron side, and parameters that give the best fit are show in the legend of the plot. The power
indexes pvary from 1.23 to 1.57 and the residual resistivity po decreases from 0.70 kohm to 0.49
kohm as the carrier density increases. Similar features are observed from the hole side, but f turns
out to be smaller than the electron side at same carrier density. Asymmetry also shows up in the
prefactor a, which is 2~10 times larger on the hole side than the electron side. The result of the

power law fitting is summarized in Table 4-1.

Table 4-1

Parameters extracted from power law fitting

Carrier density -2.8 -2.0 -1.0 1.0 2.0 2.8
(X102 cm?)

po (kohm) [ 0.752 0.631 0.797 0.700 0.495 0.487
a (kohm/KP) | 00120 | 0.00744 |0.0115 |0.00369 |0.00305 | 0.00120
B 131 1.29 1.16 1.23 1.30 157
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4.4.2 discussions and outlooks

The fitting to power law allows us to make a direct comparison to data in [58], where the
measurement is also interpreted with the power law. Fig 4-10(a) summarizes the main conclusion
that the power index follows a W-shape dependence on carrier density at small twist angle. The
reduction of g is related to the modification of band structure near the van Hove singularities,
manifested as small peaks near half-filling. Such a peak is in absence in our measurement, and
extracted from our measurement varies monotonically with carrier density. But considering the
fitted B is in the similar range of ~1.2 to 1.6 as shown in Table 4-1, results are qualitatively in
agreement except near half-filling.

In other works, the temperature dependence is analyzed with linear fit. Similar to what we find in
Fig 4-13(b), the T-linear dependence is satisfied only in the intermediate temperature range, usually
a few Kelvin to less than 100K for small twist angles (Fig 4-10(b), (c)). Theoretical works
[64]indicates it might be determined by the underlaying mechanism that T-linear dependence is
under domination only in the intermediate temperature range. On the contrary, the power law can
be used to phenomenologically describe the temperature dependence, but it doesn’t relate to any
straight forward mechanism in theory. So, although the power law can fit data in a wider
temperature range, it does not prove the failure of T-dependence interpretation but provides
evidence that competing mechanism may exist in lower and higher temperature range. Besides, the
power law relation can be expanded into terms accounting for contributions from competing

mechanism. But such a theoretical treatment is beyond the scope of in this dissertation.

It is another interesting feature observed in our measurement that the local maximum at high carrier

density shifts toward the CNP as the temperature increases. Similar feature is observed in other

reported works [25, 62, 57] (Fig 4-1(a), Fig 4-17), but in short of detailed discussions. We find the
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observed shifting in our data is of the most evident ones among all the data available. The shifting
is strongly angle dependent, and is obvious in devices with twist angle of 1.24962], 1.35<device
d151) and 1.50°(device d092, see next section), but is subtle in devices with twist angle of 1.8<%2°
[25, 57, 58]. And careful measurement of the superlattice gap shows it has the double hump
structure, making the scenario more complex (Fig 4-17(b)) [57]. Theoretical works to explain these

features seem to be in absence.

n[10'2cm 7]

Fig 4-17 Features of the local maximum in resistivity (a) the shifting of maximum resistivity [62].
(b) the double hump structure of superlattice gap [57].

Asymmetry between the electron and hole side is observed throughout the transport measurement.
In the case of graphene/hBN superlattice, umklapp electron-electron scattering dominates the
resistivity in a wide range of temperature and carrier density, and results in a large excess resistivity
and asymmetry in the system [65]. Measurement from our tBLG device indicates umklapp electron-
electron scattering may also exist in tBLG superlattice. The feature of pronounced asymmetry
between the electron and hole side makes umklapp scattering a promising candidacy to explain the

temperature dependence of tBLG. Umklapp scattering has quadratic temperature dependence,
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while the phenomenological power law fitting gives g ranging from ~1.2 to 1.6, depending on the
carrier density, so umklapp scattering can’t be the only source of excess resistivity. We hypothesize

that it’s a co-existing mechanism along with the phonon scattering proposed in [62].

The flat band introduced by the moirépatterns in 2D materials provide a new platform to study
strong corelated systems. Novel experimental results keep being reported during the preparation of
this dissertation. Evidence of the Ferromagnetism state is reported in twisted double bilayer
graphene device recently [66]. In our collaborative work, corelated insulating and superconducting
states are reported in a tBLG device with twist angle of 0.93<[67]. Related researches are still under
debate in many aspects. Two examples are given here: the tBLG devices with small twist angle
behave drastically different from AB stack bilayer. How the electronic properties of tBLG converge
to AB stack bilayer graphene as the twist angle approaches zero is still a mystery. The Harper-
Hofstadter bands of graphene subjected to a superlattice potential induced by aligned
graphene/hBN heterostructures have been observed [68]. Similar effects are expected in tBLG
superlattice [ 10] but haven’t been reported yet. We will continue working on these topics to uncover

the fascinating physics behind.
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Chapter 5 Conclusions

In this dissertation, I reported our work on van der Waals heterostructure devices. Graphene based
heterostructure devices show different properties as we vary the arrangement of carbon layers.
From the aspect of transport experiments, a good understanding of the physics behind it requires
efforts on fabrication, characterization, measurements and data analysis. The preparation of 2D
materials using mechanical exfoliation method is introduced. And the procedures and recipes for
device fabrication are recorded. We investigate several characterization methods: Raman
spectroscopy, SEM and AFM. Raman spectroscopy is used to identify the number of layers of
graphene flakes, and Raman spectrums of graphene on different substrates are compared. We also
show Raman spectroscopy measurement of tBLG samples with twist angle of ~ 12< and the
enhancement of the G peak is observed. SEM and AFM are used to image defects in the stack.
These imaging methods give us a guideline in improving the quality of devices. We verify the
importance of the removal of tape and other polymer residuals for making defect-free devices. A

polymer free monolayer graphene device with mobility of ~150,000 cm?-V1- s is reported and the
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quantum Hall effect is observed. We also fabricated tBLG devices using the tear-and-stack strategy.
The twist angle is calculated from the carrier density where the superlattice gap is induced. Here
devices with twist angle of 1.35and 1.50<are reported. Magnetoconductance measurements show
Landau fans with filling factor of v=4, 8, 12, ... originate from the CNP and the superlattice gap.
We observed evident asymmetry between the electron and hole side. We also observed resistive
areas in Landau fan diagram at finite perpendicular magnetic field. Further theoretical work is
needed to understand these observations. Temperature dependence measurements on tBLG sample
show special features. The excess resistivity is fitted with power law dependence on temperature.
We hypothesize there is a co-existing mechanism of phonon scattering and umklapp electron-
electron scattering. Our observations provide information to help understand the correlated

behaviors in tBLG.
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