
1 
 

Electrical Transport in Graphene Heterostructures and 

Other 2D Crystals 

 

A thesis submitted to the University of Manchester for the degree 

of Doctor of Philosophy 

in the Faculty of Sciences and Engineering 

 

 

 

 

2020 

Zihao Wang 

 

 

Department of Physics and Astronomy



2 
 

 

Introduction ................................................................................................................................. 9 

Chapter 1 Basics of 2D Electrical Measurement .......................................................................... 10 

Introduction ....................................................................................................................................... 10 

1.1 Nearly Free Electron Model ........................................................................................................... 11 

1.2 Carrier Density for 2D Crystals and its Modulation in Transport Measurement  .............................. 13 

1.3 Metals, Semiconductors and Multiple Carrier model...................................................................... 16 
1.3.1 The Transport of Metals and Semiconductor .................................................................................................. 16 
1.3.2 Capacitance of the field-effect device and the gating effect of transistors ................................................... 18 
1.3.3 Two-carrier model ............................................................................................................................................ 20 

1.4 Shubnikov-de Haas oscillation, Landau level and Lifshitz-Kosevich (LK) formula .............................. 21 

1.5 Quasiparticles and Effective mass ................................................................................................. 27 

1.6  Various Transport Geometries and Transport Measurement Methods .......................................... 29 
1.6.1 Transport Geometry: Van der Pauw Method, Hall bar, and Corbino ............................................................. 29 
1.6.2 Tunnelling measurement ................................................................................................................................. 34 
1.6.3 Capacitance measurement .............................................................................................................................. 36 

Chapter 2 Measurement Instruments ......................................................................................... 37 

2.1 Cryogenic system .......................................................................................................................... 37 
2.1.1 Wet Cryostat ..................................................................................................................................................... 37 

2.2 Measurement Instruments ........................................................................................................... 42 
2.2.1 AC measurement .............................................................................................................................................. 42 
2.2.2 DC measurement .............................................................................................................................................. 43 

Chapter 3 Alignment of graphene-hBN superlattice .................................................................... 44 

Introduction ....................................................................................................................................... 44 

3.1 Graphene ..................................................................................................................................... 44 

3.2 hBN-graphene single aligned heterostructure ................................................................................ 47 
Paper 1 (Published in Nature Physics, co-author) .................................................................................................... 51 

3.3 hBN-graphene-hBN double aligned heterostructure ...................................................................... 56 
Paper 2 (Published in Science Advance, first author)............................................................................................... 57 

3.4 Alignment of twisted NbSe2 .......................................................................................................... 83 
Paper 3 (Published in Nature material, co-author) .................................................................................................. 83 

3.5 CVD graphene and its twisted heterostructures ........................................................................... 148 
Paper 4 (Published in Advanced Material, Contributed equally) .......................................................................... 148 
Paper 5 (Accepted by Nature Communication, Contributed equally) ................................................................... 179 

 Chapter 4 Closing remarks ....................................................................................................... 212 

References ............................................................................................................................... 213 
 
 
 
 
 



3 
 

Abstract 
 
This PhD thesis, submitted to The University of Manchester, mainly refers to any fundamental 

knowledge of transport measurement, the description of different measurement instruments and 

my research based on transport measurement ranging from the single alignment between 

graphene and one side hBN to double alignment where graphene is intentionally aligned to hBN on 

both sides, and extended from graphene - hBN superlattice to other twisted heterostructures. 

Twisted superconductors NbSe2 has been discussed. Furthermore, the high-quality CVD graphene 

and exploration of twisted CVD graphene are also referred. 
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Introduction 

As a novel tool for engineering devices with on-demand electronic properties, 2D heterostructures 

have received significant global interest in recent years. The introduction of interlayer twist offers a 

new degree of freedom to tune the electrical properties of 2D crystal stackings, among which, 

Graphene - hBN superlattice is our focus in this thesis. 

Hexagonal boron nitride (hBN), as an ideal substrate for graphene owing to its atomically smooth 

surface and fine stability2–4, has the lattice structure similar to graphene. Their lattice mismatch is 

only 1.8%, which enables the creation of a moire pattern by aligning the lattice of hBN with that of 

graphene. The resulting periodicity of the superlattice is 10 times greater than the lattice of graphene. 

This opened up the possibility to study a lot of interesting phenomena, such as second Dirac points5, 

Hofstadter butterfly6–8 in magnetic fields and Brown - Zak oscillation9,10 persisting up to boiling water 

temperatures. When the twist angle between graphene and hBN gets close to zero, graphene will 

adjust itself to follow the lattice of hBN resulting in a commensurate state11. This local displacement 

also breaks the sublattice symmetry. As a result, the bandgap opening on the graphene neutrality 

point is observable.8 

The first paper in the thesis reported the strong Umklapp electron-electron scattering (UEE scattering) 

in the graphene-hBN superlattice. UEE scattering is the scattering process in which the momentum 

of electrons is transferred to the crystal lattice thus providing a finite resistance on graphene.  

Compared to the pristine graphene lattice, the larger superlattice periods correspond to the smaller 

reciprocal lattice. Between two neighbouring superlattice periods, UEE scattering is prone to occur. 

The resulting contribution of resistance strongly depends on the temperature and shows a quadratic 

dependence in a wide temperature range which was extracted in our paper. At room temperature, 

UEE scattering has already become the dominant factor of carrier mobility. Hence the observation in 

this paper has extensive significance for the engineering of graphene superlattice-based devices 

To further control the properties of graphene heterostructures, additional degree of freedom can be 

introduced by aligning graphene lattice to lattice of hBN on both sides together. In this structure, the 

bandstructure of graphene can be tuned not only by double moire patterns but also by the 

differential supermoires originated from the interaction between two Moire periods. In this way, the 

limitation of moire pattern period due to the graphene- hBN lattice mismatch can be overcome. The 
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resulting supermoire periods can be controlled arbitrarily to desired size. Correspondingly, the 

energy spectrum of monolayer graphene can be engineered at arbitrarily low energies. 

Section 3.3 details the current data and analysis on double aligned graphene heterostructures 

determined in this study.The multiple peaks in the carrier concentration dependence of Rxx and sign 

reversals in Rxy indicate the periods of moire and supermoire. These are consistent with the measured 

fundamental frequencies of Brown zak oscillation.  

In addition to the graphene - hBN alignment, twisted NbSe2 heterostructures have been studied. In 

Section 3.4, NbSe2 was used as a model system, whereby a new general method for scalable synthesis 

of high-quality monolayer superconductors has been reported. To prove the high quality of NbSe2 

printed in such method, the transport device of twisted printed NbSe2 was measured against its 

exfoliated counterpart. The critical current of superconductivity with respect to the magnetic field 

shows the significant magnetic field dependent oscillation from which the frequency of Aharonov–

Bohm oscillation can be extracted. 

Fabrication of CVD graphene and its twisted 2D heterostructures has been explored with two studies. 

Section 3.5 tried to solve the puzzle of surface contamination by a post-growth method which 

exploited the adhesive force of an activated-carbon-based lint roller on the graphene surface. It was 

found that the polymer residue can be significantly eliminated through this approach. As a result, the 

electrical properties of such a pure graphene device are dramatically improved. Following Section 

3.5, Section 3.6 reported an ex situ nucleation strategy to control the second layer nucleation with 

respect to the first layer. The quality of the resultant twisted graphene was kept very well, with 

mobility up to 68,000 cm2 V−1 s−1 at room temperature. 

 

Chapter 1 Basics of 2D Electrical Measurement  

Introduction 

In this chapter, general knowledge for different kinds of samples and measurement methods are 

referred to. 
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First, the nearly free model is introduced, whereby the carrier density in the k-space of the 2-

dimensional electron gas is calculated and the distribution function f(Ek) evolving with the 

temperature is discussed. This model has many applications in transport measurement, such as the 

gate model of the transistor sample, the temperature smearing of fine information and the Fermi 

level shift. Then the difference between metals and semiconductors is mentioned with their 

transport characteristics, extending to the 2-carrier model. Shubnikov-de Haas oscillations(SdH), as a 

kind of magnetic oscillations, is described by Lifshitz-Kosevich (LK) formula. This chapter also 

illustrates the concept of quasiparticles in regard to its broad application in the weakly interacting 

many-body system. Different fermion quasiparticles and boson quasiparticles are summarised and 

listed briefly. The typical term of electron quasiparticles are referred to by explaining the usage of 

the effective mass. Finally, the Van der Pauw geometry is explained together with hall bar structure 

and Corbino geometry.  

1.1 Nearly Free Electron Model 

In the 2D free electron gas model, electrons propagate freely in the x and y directions and strongly 

bounded in the z-direction. If  the boundary conditions in the z-direction are infinite, this can be 

treated as a quantum well model. Electron energy is quantised when the width of the quantum well 

is less than or equal to the electron wavelengths.  Due to the discrete energy levels of the quantum 

well model 𝐸𝐸𝑛𝑛 = ℏ2kn
2

2m∗ = ℏ2

2m∗ (𝑛𝑛𝑛𝑛
𝑑𝑑

)
2

 where En is the discrete energy of confined electrons, kn is the 

wavenumber and m* is the effective mass, the small quantum well width d will give a large gap 𝛥𝛥𝐸𝐸𝑛𝑛 

between two levels, hence, electrons in the z-direction are usually confined in the ground state. In 

practical experiments, the 2D crystals are usually encapsulated between stable materials with huge 

band gaps such as hBN whilst measurements are conducted at helium temperatures to ensure the 

boundary conditions of the z-direction and to minimize the temperature smearing of the 

presentation of energy levels. 

In the x and y direction, most materials with Schrodinger fermions have the dispersion relation 

                                                 EF =
ℏ2kF

2

2𝑚𝑚∗                   

Graphene with massless Dirac fermions has  

                                 EF = ℏvFkF 

(1) 

(2) 
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where m* is the effective mass and k represents the wavenumber of the dispersion 

The free electron model in x and y directions provides the simplest dispersion relation as shown in 

Fig.1 (a). The translational symmetry in real spaces is transformed into the translational symmetry in 

k-space. Considering the periodic potential on the free electrons moving in the crystal lattices, the 

resultant translational invariance in k-space gives the following corrected dispersion relation 

𝐸𝐸𝑣𝑣𝒌𝒌 =
ℏ2𝒌𝒌𝟐𝟐

2m∗ =
ℏ2(𝒌𝒌 + 𝑮𝑮)𝟐𝟐

2m∗  

where G is the periodic reciprocal lattice vector as depicted by the blue curve in Fig.1 (b), m* is the 

effective mass and k represents the wavenumber of the dispersion.  

Fig.1 The diagram of the band structures in (a) extended zone, (b) repeated zone  

The crossing point of each k=±nπ/a depicts the edge of each Brillioun Zone (BZ) at which the electron 

waves are Bragg scattered resulting in the zero-group velocity. Thus, the bandgap opens up and the 

different energy states are isolated as shown in Fig.2. Meanwhile, the dispersion relation away from 

the zone edge is still similar to the free electron model.  

Essentially, compared to the free electron model, the nearly free electron model just introduces the 

weak periodic potentials caused by the lattice of crystals. The detailed explanation can start from 

plane waves of electrons to the two standing waves formed on the zone boundaries. The differing 

(3) 
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electrostatic energies results in the bandgap opening.  

In comparison to the nearly free electron model considering the weak periodic potential, the tight-

binding model assumes the strong lattice potentials on electrons, in which the electrons are bound 

to the lattice cores strongly and rarely jump between atoms through the unique quantum-mechanical 

approach. The tight-binding model is generally applied to theoretical simulations of band structures 

 

Fig.2  The illustration of the energy dispersion in two models. Red curves indicating the scattering by the lattice periodic 

potential shows the difference between the free electron model and the nearly free electron model. The bandgap is 

opened on these crossing points while the parabolic relation 𝐸𝐸𝑣𝑣𝒌𝒌 = ℏ2𝒌𝒌𝟐𝟐

2m∗   is maintained to a large scale away from the 

crossing points. 

1.2 Carrier Density for 2D Crystals and its Modulation in Transport Measurement  

According to the nearly free electron model, the electron movements in  2D crystals can be regarded 

as the motions confined by the periodic boundary conditions originating from periodic lattice 

potential. This boundary condition is called the Born-von Karman periodic boundary condition in 

which the wavefunction of electrons is translationally invariant between two neighbouring periods. 

The electron state distribution in k-space is shown as follows 
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Figure 3 The diagram of k-space. The grid points represent the states of electrons and the circle represent the Fermi 

energy corresponding to kF 

     𝑘𝑘𝑥𝑥 =
2𝑛𝑛𝑛𝑛𝑥𝑥
𝐿𝐿𝑥𝑥

 

    𝑘𝑘𝑦𝑦 =
2𝑛𝑛𝑛𝑛𝑦𝑦
𝐿𝐿𝑦𝑦

 

where nx and ny are integers and Lx and Ly are the sizes of the sample.         

In Fig.3, the grid points within the circle of wave vector kF correspond to the electron states with 

energies smaller or equal to the Fermi energy. By calculating the number of points enclosed within 

the kF circle for a unit area in the real space, the relationship between wave vector kF and carrier 

density n is deduced through the following equation  

 

             𝑘𝑘𝐹𝐹 = ��
4𝑛𝑛𝑛𝑛
𝑔𝑔𝑠𝑠𝑔𝑔𝑣𝑣

� 

where gs and gv are the spin degeneracy and valley degeneracy, respectively. 

 

All the above deductions are based on the assumption that all states within the kF circle are 100% 

occupied by electrons. This only occurs at absolute zero temperature.  

 

(6) 

(4) 
 
 
 
(5) 
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For different band structures,  the dispersion for Schrodinger fermions and graphene can be written 

as  

                                                             EF =
ℏ2kF

2

2m∗ =  
ℏ2 �4πn

gsgv
�

2m∗                   

                                         EF = ℏvFkF =  ℏvF��
4πn
gsgv

� 

Our field-effect transistor samples can be modelled as a parallel-plate capacitor for which the 

introduced carrier density ∆𝑛𝑛2𝐷𝐷 is tuned linearly with the gate ∆𝑉𝑉𝑔𝑔. 

                                   ∆𝑛𝑛2𝐷𝐷 =
𝜀𝜀𝜀𝜀0
𝑒𝑒𝑑𝑑

∆𝑉𝑉𝑔𝑔        

Where d is the thickness of the capacitor, primarily the thickness of SiO2 and hBN in our samples, 𝜀𝜀 is 

the relative permittivity and 𝜀𝜀0is the vacuum permittivity.  

 

When the low-temperature premise disappears, an additional factor of occupation function is 

required to describe the behaviour of electrons.  

                                 𝑛𝑛 = � 𝑔𝑔(𝐸𝐸)𝑑𝑑𝐸𝐸𝑑𝑑(𝐸𝐸)
𝐸𝐸𝐹𝐹

𝐸𝐸𝐶𝐶
 

Where the g(E) is the density of states with the constant value m
∗

πℏ2
 for the 2D case. The product g(E)dE 

is the number of quantum states in the energy interval between E and E+dE per unit cell. Fig.4 shows 

the occupation function of fermions in the finite temperature, known as Fermi-Dirac distribution 

                               𝑑𝑑(𝐸𝐸) =  
1

1 + 𝑒𝑒
(𝐸𝐸−𝐸𝐸𝐹𝐹)
𝑘𝑘𝑘𝑘

 

 

Fig.4 The distribution function g2D(E) and Fermi-Dirac distribution function f(E-Ef) of the density of states in the finite 

temperature. 

 

(7) 

(8) 

(9) 

(10) 

(11) 
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With the temperature increasing, electrons disperse to occupy the states of the higher energies 

above Fermi energy while leaving holes just below the Fermi energy. This temperature smearing 

effect lead to the reduction of the measurement resolution. If the explored propertiesrequires the 

high resolution of characterization of the band structures, the gate sweeping cannot detect it 

differentiably enough and instead gives the averaged information on a larger energyrange. On the 

contrary, at temperatures approaching absolute zero, the occupation function of electrons tends to 

fully occupy the states below the Fermi level and totally vacate the states above. In this case, only 

the electrons proximal to the Fermi-edge are able to contribute to the conduction. The passing of 

Fermi level across the different band structures provides an elaborate depiction.  

 

1.3 Metals, Semiconductors and Multiple Carrier model 

1.3.1 The Transport of Metals and Semiconductor 

The gating effect on metals 

 The analysis described in Section 1.2 regarding carrier density tuning is only suitable for metals 

whereby the Fermi energy level situates within bands. In the practical measurement, the gating is 

not always effective to tune the metals electrically. For graphene, the gate modulation is powerful 

enough as the carrier density for pristine graphene is around zero. The dielectric SiO2 and hBN 

provide the gate tunning range in the order of 1012 cm-2, which is sufficient to observe most 

phenomena for graphene. Yet, the intrinsic carrier concentration of most 2D metals exceeds the 

order of 1013 cm-2. Although ionic liquid gating can dope up to 1014  cm-2, this method still has many 

disadvantage. Contamination will be introduced to influence the sample’s intrinsic properties.12 

Therefore, gate modulation is fairly impractical in most metal tuning scenarios. Moreover, for most 

multilayer metals, the gate-induced electric field is screened by the first layer neighbouring the 

dielectric. Dispersion then occurs, resulting in different carrier concentrations on different layers. 

 

The Transport of Metals 

Since the conductivity for the metal in the Drude model is proportional to the product of carrier 

density and the scattering time, the scattering time has to be considered also. Scattering time is 

defined as how long charge carriers are ballistically accelerated by the external electric field until 

there is a collision that changes the direction of the charge carrier. This process is highly dependent 
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on acoustic phonons. Since atom vibrations will be completely frozen at absolute zero temperature 

in the temperature measurement of helium-4, this factor is minimised.13 

 

In a not ‘clean’ system, any chargeable impurities will scatter electrons by Coulomb force. This 

scattering significantly depends on the number of charges whose existence is independent of 

temperature, and consequently, impurity scattering cannot be eliminated by low temperatures. If 

the influence of an ‘unclean’ system needs to be alleviated from the measurement, the fundamental 

solution would be to fabricate a ‘clean’ sample. Scattering due to imperfections, such as surface 

roughness, defects, and charge trapping sites, follows a similar process of resolution 

 

Besides, there are other kinds of scattering not appearing commonly. For high-quality graphene 

samples, the electron-electron scattering plays an important role at low temperatures after the 

cooling down kills the phonon.14 In some compound semiconductors with a polar nature, the electric 

field arising from the distortion of the sample unit cell due to the external strain deflects the travelling 

electrons.13 In the Section 3.2, the Umklapp electron-electron scattering provides a finite resistance 

in the graphene-hBN superlattice. 

 

The transport of semiconductors 

Since the Fermi level of a semiconductor is positioned within bandgaps, the carrier density of the 

semiconductor is dependent on the position of the Fermi level relative to the band edge and the 

temperature which excites electrons jumping to the bands.   

 

                                                       𝑛𝑛 ∝ 𝑒𝑒−
𝛥𝛥𝛥𝛥
2𝑘𝑘𝑘𝑘     

 

where T is the temperature and ΔE is the energy difference between the Fermi level and the band.  

 

Equation (12) shows an exponentially decreasing relationship between n and T. The mobility 𝜇𝜇, which 

depends on scattering time, has less dependence with T, as this usually varies linearly in a similar 

manner to metals. Therefore, n (T) is the dominant factor. As a result, our resistivity measurement 

also varies exponentially with T. Based on the measurement of temperature dependence, the 

(12) 
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position of the Fermi level can be determined within bands (metals) or within bandgaps 

(semiconductors or insulators). The basic profile of temperature dependence is shown in Fig.5 13 

 

 
Fig.5 The general temperature dependence of resistivity for metals and semiconductors. 

1.3.2 Capacitance of the field-effect device and the gating effect of transistors 

In terms of the potential induced by the gate, the concepts of geometrical capacitance and quantum 

capacitance become evident. Geometrical capacitance is governed by a dielectric independent of the 

gate, while quantum capacitance relies on the crystal band structure and therefore varies with gate 

modulation. The total capacitance of this parallel plate capacitor model is given by  

1
𝐶𝐶𝑡𝑡

= 1
𝐶𝐶𝑔𝑔

+ 1
𝐶𝐶𝑞𝑞

  where Cg and Cq represent the geometrical capacitance and quantum capacitance, 

respectively.15 

The total potential difference caused by total capacitance is the difference between the Fermi levels 

of the gate and sample. In physics, this is the total free electron energy difference. Geometrical 

capacitance induces the pure electrical potential on each electron, and so, the energy change of all 

electrons occurs concurrently, resulting in the energy of the whole band structure shifting 

collectively. However, the relative position of the Fermi levels in each band structure remains the 

same.  Contrastingly, quantum capacitance results in a relative shift of the Fermi level. Electrons 

introduced to the negative side occupy the higher energy states, whilst electrons eliminated from the 
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positive side leave the lower energy states vacant. Physically, geometrical capacitance originates 

from the formation of dipoles from the dielectric, following the process of 𝑄𝑄 = 𝐶𝐶𝑑𝑑𝑉𝑉𝑔𝑔, where Cd and 

Vq represent the dielectric capacitance and Galvani potential, respectively. Contrarily, quantum 

capacitance derives from the variation of the chemical potential ∆𝑢𝑢𝑖𝑖 = 𝑄𝑄/(𝜌𝜌𝑒𝑒). The corresponding 

voltage is determined as 𝑉𝑉𝑞𝑞 = ∆𝑢𝑢𝑖𝑖/𝑒𝑒 = 𝑄𝑄/(𝜌𝜌𝑒𝑒2), where 𝜌𝜌 refers to the density of states of the low-

density-of-states material. Hence, the definition of quantum capacitance is represented by 𝐶𝐶𝑄𝑄 =

𝜌𝜌𝑒𝑒2.16  

For normal crystals with parabolic dispersion, quantum capacitance is calculated as shown in 

Equation (13).16 

                𝐶𝐶𝑄𝑄 =
𝑔𝑔𝑣𝑣m∗e2

𝑛𝑛ℏ2
 

For graphene with Dirac massless fermions, the quantum capacitance depends on the carrier density. 

When 𝐸𝐸𝐹𝐹 ≫ 𝑘𝑘𝑘𝑘, the Fermi level is distant from the Dirac point and is measured at low temperatures, 

the quantum capacitance is shown in Equation (14). 17 

                         𝐶𝐶𝑄𝑄 = 𝑒𝑒2
2
𝑛𝑛

𝑒𝑒𝑉𝑉𝑐𝑐ℎ
𝑛𝑛(ℏ𝑣𝑣𝐹𝐹)2

 

Quantum capacitance is negligible in the metal-insulator-metal capacitor due to the high carrier 

concentrations of metal. As the introduction or loss of electrons is inconsequential, so is the chemical 

energy change. However, in the context of the low-density-of-states system, quantum capacitance is 

of significance. The quantum capacitance of semiconductors, graphene, or semimetals varies with 

the gate. In terms of graphene, quantum capacitance is distinctly altered around Dirac points and in 

quantising magnetic fields.  

In our transport measurement, a single SiO2 gate architecture is usually employed. To lessen the 

disorder caused by inhomogeneous electric gating, a graphite gate is applied.18 By applying this dual 

gate geometry, the displacement field and the carrier density can be tuned separately. Resultantly, 

the measurement has an additional degree of freedom, and this has become a common strategy for 

bilayer graphene.19,20  

 

(13) 

(14) 
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1.3.3 Two-carrier model 

The analysis described in the previous section pertains to contexts where the Fermi levels are 

positioned in the bands or bandgaps, but is limited to a single carrier case where the Fermi level of 

crystals scans across the band of only one orbital or bandgap. However, for some materials, the bands 

of different orbitals can be overlapped in the region accessible by the solid gate. For example, the 

WTe2 band structure is shown in Fig.6. 

 

 

 

 

 

 

 

 

Fig.6  Bulk WTe2  (a) band structure;  (b) total and partial density of states (DOS);  (c) Fermi surface adapted from [17]. 

Fig.6 shows that the atomic shells W-5d and Te-5p both contribute to the conduction. In Fig.6b, the 

theoretically stimulated density of states displays the contributions from different carriers. 

In our transport measurement, the concentration of different carriers can be split. By applying small 

magnetic fields, the resistivity and hall resistance under the two-band model can be fitted in 

accordance with Equation (15) and Equation (16).17                                          

                                            𝜌𝜌𝑥𝑥𝑥𝑥 = 1
𝑒𝑒

(𝑛𝑛𝜇𝜇𝑒𝑒+𝑝𝑝𝜇𝜇ℎ)+�𝑛𝑛𝜇𝜇𝑒𝑒𝜇𝜇ℎ2+𝑝𝑝𝜇𝜇𝑒𝑒2𝜇𝜇ℎ�𝐵𝐵2

(𝑛𝑛𝜇𝜇𝑒𝑒+𝑝𝑝𝜇𝜇ℎ)2+(𝑝𝑝−𝑛𝑛)2𝜇𝜇𝑒𝑒2𝜇𝜇ℎ2𝐵𝐵2

                                            𝜌𝜌𝑥𝑥𝑦𝑦 = 1
𝑒𝑒
�𝑝𝑝𝜇𝜇ℎ2−𝑛𝑛𝜇𝜇𝑒𝑒2�𝐵𝐵+�𝜇𝜇ℎ2𝜇𝜇𝑒𝑒2�(𝑝𝑝−𝑛𝑛)𝐵𝐵3

(𝑛𝑛𝜇𝜇𝑒𝑒+𝑝𝑝𝜇𝜇ℎ)2+(𝑝𝑝−𝑛𝑛)2𝜇𝜇𝑒𝑒2𝜇𝜇ℎ2𝐵𝐵2
 

These equations refer to the 2-carrier case of electrons and holes. In the context of electrons and 

electrons, and holes and holes, the formula is similar. Since these two equations contain only four 

(15) 

(16) 
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unknown parameters, the results will produce inadequate accuracy. Alternatively, the field 

dependence at high fields can be an effective supplement. The Lifshitz-Kosevich (LK) formula is often 

employed to fit the SdH oscillation for effective mass extraction. 

1.4 Shubnikov-de Haas oscillation, Landau level and Lifshitz-Kosevich (LK) formula 

SdH oscillation occurs when free electrons behave like a harmonic oscillator in the conditions of low 

temperatures and intense magnetic fields. As the magnetic fields increase, finally fully developed 

Landau levels form and the quantum hall effect is reached. SdH oscillation orginates from the Landau 

quantisation which is the quantum quantisation of the cyclotron motion of electrons under intense 

magnetic fields and low temperatures, whereby the electrons only occupy the discrete energy levels 

corresponding to certain orbits. The Hamiltonian for weakly interacting electrons under the influence 

of the magnetic field can be written as follows:13 

                                                      𝐻𝐻� = 1
2𝑚𝑚

(�̂�𝑝 − 𝑞𝑞�̂�𝐴/𝑐𝑐)2 

When the perpendicular magnetic field is applied on 2D crystals, the energy eigenvalue in the z-

direction is ignored.19 

                                                       𝐻𝐻� = 𝑝𝑝�𝑥𝑥2

2𝑚𝑚
+ 1

2𝑚𝑚
(�̂�𝑝𝑦𝑦 − 𝑞𝑞𝐵𝐵𝑥𝑥�

𝑐𝑐
)2 

                                                     𝐻𝐻� = 𝑝𝑝�𝑥𝑥2

2𝑚𝑚
+ 1

2
𝑚𝑚𝜔𝜔𝑐𝑐2(𝑥𝑥� − ℏ𝑘𝑘𝑦𝑦

𝑚𝑚𝜔𝜔𝑐𝑐
)2 

Replacing the qB/mc with the cyclotron frequency ωc enables the equation to become a typical model 

of a quantum harmonic oscillator, which always owns the discrete energy levels-Landau levels: 

                                                            𝐸𝐸𝑛𝑛 = (𝑛𝑛 + 1
2
)ℏ𝜔𝜔𝑐𝑐 

Due to the boundary condition of the sample edge, LLs bend upwards near the edge. The Fermi level 

situated between two LLs in the bulk will cut the bent LLs on the sample edge, which forms edge 

states.15  

The LK formula is often used to describe SdH oscillations, which comprise five parts: 1) magnetisation 

and torque, 2) curvature factor, 3) damping terms rt, 4) dingle term RD, and 5) the spin splitting factor 

RS. 18 

(17) 

(18) 

(19) 

(20) 
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Ω ∝ 𝑅𝑅𝑘𝑘𝑅𝑅𝐷𝐷𝑅𝑅𝑆𝑆 × magnetisation and torque × curvature factor  

Magnetisation and torque refers to the measurement of the perpendicular or parallel area of 

magnetisation and torque, in regard to magnetic fields. If our sample is measured perpendicular to 

fields without rotation, this term can be ignored. 

Likewise, curvature factor accounts for the Fermi surface curvature, and therefore, is irrelevant 

unless the angle-dependent measurement is applied. 

Damping is a term that originates from temperature smearing. As shown in Fig.4, the occupation 

function at non-zero temperature broadens to the order of kBT, relative to the step function at zero 

temperature. At this point, as the Fermi level is no longer a strict boundary differentiating the 

occupied and unoccupied states, different oscillations of different carrier densities around the Fermi 

level will interfere with each other, which reduces the oscillation amplitude value by the factor shown 

below: 

                                                              𝑅𝑅𝑘𝑘 = � 𝑋𝑋
sinh (𝑋𝑋)

� 

                            𝑋𝑋 = 2𝜋𝜋𝑘𝑘𝐵𝐵𝑘𝑘𝑝𝑝𝑚𝑚∗

𝑒𝑒ℏ𝐵𝐵  

where m* is the effective mass governed by electron-phonon scattering and electron-electron 

scattering. Damping can be applied to extract the effective mass by fitting the temperature 

dependence of the envelope of the oscillation; this then allows these two types of scattering to be 

investigated. 18  

It should be acknowledged that the parameter of X is essentially the ratio between temperature 

smearing kBT and the Landau level spacing eħB/ m*. Based on the function X/sinh(X), the damping 

effect increases with the ratio; this explains why measurement of the SdH oscillation requires a low 

temperature of < 50K and high magnetic fields. The oscillation is more observable in sample 

materials that naturally have a smaller effective mass.  

The dingle term RD is governed by the impurity or defect scattering, as shown in Equation (24): 

                                                𝑅𝑅𝐷𝐷 = exp (2𝜋𝜋𝑘𝑘𝐵𝐵𝑘𝑘𝐷𝐷𝑝𝑝𝑚𝑚𝑏𝑏
𝑒𝑒ℏ𝐵𝐵

) 

(21) 

(22) 

(23) 

(24) 
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where mb is the band mass (applied in cyclotron motion in magnetic fields), τ is the scattering time, 

and TD = ħ/2πkBτ is the dingle temperature which is set to imitate the influence of the real 

temperature on electron-phonon scattering. Impurities in a sample result in smaller values of τ, and 

thus, TD is larger. This results in the suppression and widening of Landau levels.  

The spin splitting factor RS acknowledges the Zeeman splitting of Landau levels, whereby the 

spacing is ΔE = gµBB; in this case, g is the total degeneracy of electrons. 

Parabolic dispersion relation leads to the reduction factor due to the interference between two 

close oscillations:  

                                                    𝑅𝑅𝑆𝑆 = cos (𝜋𝜋𝑔𝑔𝑝𝑝𝑚𝑚𝑏𝑏
2𝑚𝑚𝑠𝑠

) 

where ms only refers to the electron-electron interaction. When the electron-electron interplay is 

irrelevant, ms approaches m*.22  

                                                      𝛥𝛥 𝑅𝑅𝑥𝑥𝑥𝑥(𝑘𝑘,𝐵𝐵) ∝ 𝛼𝛼𝑘𝑘/𝛥𝛥𝐸𝐸𝑁𝑁(𝐵𝐵)

𝑠𝑠𝑠𝑠𝑛𝑛ℎ� 𝛼𝛼𝑘𝑘
𝛥𝛥𝐸𝐸𝑁𝑁(𝐵𝐵)�

𝑒𝑒−
𝛼𝛼𝑘𝑘𝐷𝐷

𝛥𝛥𝐸𝐸𝑁𝑁(𝐵𝐵) 

In our measurement, RT and RD are the main damping factors for the fitting. The envelope of 

oscillation amplitude is fitted by Equation (26), which extracts the damping factor with respect to T 

or B, as either fixed B fitting T or fixed T fitting B.  

(25) 

(26) 
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Fig. 7 Adapted from [19] (a) The subtracted Shubnikov de Haas oscillations at different temperatures, (b) The 

temperature dependence of the  oscillation amplitude at N=10, Inset: The fitted ΔE of different oscillations N with 

respect to B, and (c) The 1/ B fitting of ln(D) at 450K D=𝛥𝛥 𝑅𝑅𝑥𝑥𝑥𝑥 𝐵𝐵𝑠𝑠𝑠𝑠𝑛𝑛ℎ � 𝛼𝛼𝑘𝑘
𝛥𝛥𝐸𝐸𝑁𝑁(𝐵𝐵)

�. 

The simple model of 1-carrier crystals shown in Fig.7 can be used as an example: firstly, the Rxx vs B 

at different temperatures are subtracted from the background by a polynomial fitting. The deducted 

ΔRxx(B) should oscillate at approximately 0. Then, specific oscillation peaks or valleys are selected to 

fix B. In Fig.7, the significant Landau level index number N=10 is chosen at different temperatures. 

This temperature dependence is fitted by 𝛼𝛼𝑘𝑘/𝛥𝛥𝐸𝐸𝑁𝑁(𝐵𝐵)

𝑠𝑠𝑖𝑖𝑛𝑛ℎ� 𝛼𝛼𝑘𝑘
𝛥𝛥𝛥𝛥𝑁𝑁(𝐵𝐵)�

 , where ΔEN(B) = ħ𝑒𝑒𝐵𝐵/𝑚𝑚∗ is the energy gap 

between N and (N+1)th Landau levels; this becomes the constant by fixing B at this point. To obtain 

the most accurate value of ΔEN, the linear fitting can be applied to determine the average of the 

energy gaps calculated from the different Nth Landau levels. The inset of Fig.7 (b) depicts this method. 

Thus, the effective mass can be derived from the slope of the 1/B dependence. 18 

Following the establishment of the effective mass of materials based on the temperature 

dependence of Δ Rxx, the dingle term can provide the scattering time at specific temperatures using 

magnetic field dependence. However, the B dependence associated with damping must first be 

removed. Based on Equation (26), a new term is created: 𝐷𝐷 =  𝛥𝛥 𝑅𝑅𝑥𝑥𝑥𝑥 𝐵𝐵𝑠𝑠𝑠𝑠𝑛𝑛ℎ � 𝛼𝛼𝑘𝑘
𝛥𝛥𝐸𝐸𝑁𝑁(𝐵𝐵)�. Using the slope 
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of ln(D) vs 1/B facilitates the extraction of TD = ħ/2πkBτ. Based on this, the scattering time and its 

corresponding mobility can be derived. At temperatures higher than the helium-4 boiling point, the 

scattering time includes both temperature-dependent scatterings and temperature-independent 

scatterings; yet when the temperature cools to below 2K, the former scattering is obsolete, and only 

the latter type, describing impurity scattering, survives. 

By calculating the period of (1/B) of every peak or valley, the fundamental frequency BF can be 

deduced, followed by the carrier density of SdH oscillation as 𝑛𝑛(𝑆𝑆𝑑𝑑𝐻𝐻) = 𝑔𝑔𝑒𝑒𝐵𝐵𝐹𝐹/ℎ. In this equation, 

degeneracy g, including spin degeneracy and valley degeneracy, are important factors, but there is 

no involvement in the Hall effect. By comparing these two n, the degeneracy of electrons in this 

crystal can be determined.  

In the context of a 2-carrier case, extracting the effective mass is a more challenging concept. The 

superposition of two or more oscillations makes it difficult to determine the envelope of each 

individual oscillation. Therefore, FFT (Fast Fourier Transformation) can be applied to distinguish the 

different frequencies that have merged. Equation (27) is useful to attempt direct fitting for 

oscillations, as opposed to establishing the envelope of the oscillations by LK formula. Using FFT of 

the data for (1/B) dependence transforms the X-axis from real 1/B to frequency BF. Meanwhile, the 

Y-axis usually remains as amplitude. The two frequencies, BF1 and BF2 with maximum amplitude, can 

be extracted for two terms. Their corresponding carrier densities can then be deduced.20 

∆𝑅𝑅𝑥𝑥𝑥𝑥 ∝ 𝑅𝑅𝑘𝑘1𝑅𝑅𝐷𝐷1 sin �
2𝑛𝑛𝐵𝐵𝐹𝐹1
𝐵𝐵

+ 𝜑𝜑� + 𝑅𝑅𝑘𝑘2𝑅𝑅𝐷𝐷2sin (
2𝑛𝑛𝐵𝐵𝐹𝐹2
𝐵𝐵

+ 𝜑𝜑) 

At various temperatures, the field dependences can be fitted to simultaneously obtain effective mass 

and carrier lifetime. However, this method is relatively complex, as ideally only one parameter would 

be fit at one time. Since the RD only involves field dependence, and effective mass is usually 

temperature-independent, the amplitude of oscillations will only involve a variable RT with constant 

parameter m* at the fixed field. To maximise this advantage, the amplitude of FFT is extracted as 

shown in Fig.8. 20   

(27) 
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Fig.8 An example of effective mass extraction. (a) SdH oscillations after subtracting the background, (b) FFT spectrum of 

the oscillations in (a) Adapted from [20]. 

In the case of FFT of Δ Rxx versus 1/B, three frequencies α,β, and γ are distinguished. It should be 

noted that the higher harmonics and their combinations, such as 2β and (2α+ β+ γ), also have 

significant peaks; however, these are established frequencies. The amplitudes of the three 

frequencies are essentially the average of corresponding oscillations in Fig.8 (a), which can be used 

for temperature fitting as the inset shows. 

Once the effective mass has been determined, fitting the Δ Rxx function to derive the carrier lifetime 

becomes a simpler process. Moreover, the temperature dependence of scattering time also becomes 

obtainable. 

Essentially, by fitting the SdH oscillations with the LK formula, the quantity effective mass and 

scattering time, and therefore the mobility and carrier density, can be established. When the SdH 

oscillation includes two or more oscillations, the 2-band model should be considered. The first stage 

should utilise the Hall effect, as fitting Rxx and Rxy at small magnetic fields deducts separate mobilities 

and carrier concentrations. Furthermore, higher fields that trigger SdH oscillations allows the use of 

the LK formula, assisted by FFT to split the carrier densities, effective masses,  scattering times, and 

further effective mobilities.  

In the real measurement of this study, the mixing of SdH oscillation with other smaller oscillations is 

a common phenomenon. To determine the origin of this event, oscillations deriving from other 

sources should initially be considered, such as BZ oscillation9, magnetophonon oscillations,23 and 

multiple Dirac points caused by the intersection of Landau levels. The usual approach to this 
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investigation involves measuring the magnetoresistance at different temperatures and different 

gates. If the results eliminate these options, other artificial factors of the 2-carrier model should be 

considered, such as the different carrier densities in different layers. The screening effect of samples 

found that carriers in different layers experience different gate influences vertically. If the samples 

are not uniform, are contaminated in certain regions, or the vicinity of contacts is doped, different 

horizontal regions will include different concentrations, and can potentially form p-n junctions24’25. 

These vertical and horizontal inhomogeneities can also create an additional oscillation with a 

different frequency. If the results of all these factors deem them irrelevant, the 2-carrier model 

should be carefully considered, especially for semimetals with overlapped band structures. 

1.5 Quasiparticles and Effective mass 

The analysis in the previous section used the effective mass in most instances where the formula 

required a quantity of mass. Before going into details of the effective mass, a general physical 

quantity known as ‘quasiparticles’ will be introduced, which comprises the most fundamental idea 

and mode of thought in a weakly-interacting quantum many-body system.  

Solids consist of three elementary particles: neutrons, protons, and electrons. Only electrons 

participate in conduction. Quasiparticles do not exist, as instead, they are created artificially to 

simplify the complicated system. There are two keywords associated with the quasiparticle system: 

weakly interacting and many-body.   

A single electron travelling in a weakly-interacting system is influenced by the presence of all other 

electrons, nuclei, and other external factors. If these influences are considered together in terms of 

motion and energy, the theoretical environment becomes too complicated. Therefore, the concept 

of quasiparticles was introduced to incorporate all the weak interactions on electrons into their 

effective mass. As a result, the movement of different crystals will behave like electrons with different 

effective masses, moving smoothly within free electron gas following the simplest dispersion relation 

E(k). Specifically, the electron quasiparticle is introduced to contain the influence of crystals on the 

‘free’ electrons. The holes quasiparticles are special for the conduction to be carried by the valence 

band of semiconductors or the hole band of semimetals, for which the effective mass is negative and 

electron charge is positive. A polaron is employed to describe the motion of conduction electrons in 

ionic crystals.26 Overall, quasiparticles are a mathematical tool created with the purpose to transform 
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the complicated weakly interacting system of real particles into the non-interacting system of totally 

free particles. 27,28  

A further motivation for the use of quasiparticles is the impossible direct description of all particles 

and their correlations in a ‘many-body’ system. In a real measurement, even a small graphene 

channel with a size of several nanometres would contain at least 1011 electrons. To better depict the 

information of such systems, treating every particle independently is vital. As with the previous 

analysis, applying the quasiparticle concept denotes the independent movement of every electron 

quasiparticle in a free electron gas, devoid of any interplay. This refers to a fermion quasiparticle.  

In regard to boson quasiparticles, also known as ‘collective excitations’, the Boltzmann distribution 

is employed and the same notion of quasiparticles can be applied. For a given quantum system, the 

energy distribution is discrete with the ground state and many excited states with higher energies 

above the ground states. At absolute zero temperature, oscillation is absent on the lattice. The 

ground states accommodate all the electron states. At any higher temperatures, the lattice vibration 

will be triggered. To simplify the complicated oscillation influence, the phonon concept is introduced 

as a type of elementary excitation,  and is essentially a quantum of the sound wave. When one 

phonon is added to the lattice, the crystal vibrates very slightly in a particular frequency, and the 

lattice will be in a low-lying excited state. More generally, the excited states can possess any integer 

number of phonons, which are all treated independently. This process allows a basic understanding 

of the simplified lattice vibration. In reality, the excitation energy borders on the accurate sum of all 

identical phonons but fails to attain the legitimate value. Some perturbations need to be introduced, 

such as phonon-phonon scattering.  

Effective mass simplifies the movement behaviours of the electron quasiparticles by illustrating that 

electrons with different effective masses act like free electrons and are only influenced by an external 

electric field or magnetic field. The interactions due to the intrinsic properties of materials will be 

contained in the effective mass; this is not associated with real mass and is simply a mathematical 

contraption. The value of the effective mass is determined by the band structures and is also 

reversely defined by the relationship between the external force and group velocity. The group 

velocity represents the velocity of the whole electron system, or in the context of waves, refers to 

the propagation speed of electron wavefunctions. Mathematically, group velocity is the phase 

velocity of the wave packet envelope. 
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𝑣𝑣𝑔𝑔 =
𝑑𝑑𝐸𝐸
𝑑𝑑𝑝𝑝

=
𝑑𝑑𝐸𝐸
ℏ𝑑𝑑𝑘𝑘

 

If an external force caused by the electric field is applied, the formula for effective mass is derived, 

as shown below: 

𝐹𝐹 = 𝑚𝑚∗ 𝑑𝑑𝑣𝑣𝑔𝑔
𝑑𝑑𝑑𝑑

 

𝑚𝑚∗ =
1
𝑑𝑑2𝐸𝐸
ℏ2𝑑𝑑𝑘𝑘2

 

In Equation (27), F only refers to the external force, as the crystalline force is already contained in the 

wavefunction of electrons represented by group velocity vg. It has been established that the parabolic 

dispersion E(k) corresponds to the constant m*, while other k dependence results in a varying 

effective mass. Since graphene contains Dirac massless electrons, this formula is not applicable. For 

the 2D case, the carrier density has a direct relationship with effective mass 𝑔𝑔𝑣𝑣𝑚𝑚
∗

𝜋𝜋ħ2
. 

As a basic property of crystals, effective mass essentially represents the band structure of the 

outermost shell of atoms and characterises the movement of most free electrons in crystals.  

1.6  Various Transport Geometries and Transport Measurement Methods 

1.6.1 Transport Geometry: Van der Pauw Method, Hall bar, and Corbino 

In terms of practical measurements, the geometry of the Hall bar is the most common configuration. 

However, the Van der Pauw method is also significant. At times, the limitation of fabrication and the 

lower requirement of measurement result in a rectangular or circle sample also being employed 

without etching.  

Resistivity transport measurement is a weighted averaging of the local resistivities of the whole 

measured section. Different sample shapes have different current distribution, and thus, are suitable 

for use with various methods to obtain the average and eliminate the inhomogeneity. Our transport 

measurement consists of the 2-probe method and the 4-probe method. The difference lies in the 

integration or separation of current-carrying electrodes and voltage-sensing electrodes. The 

measured results derived from 2-probe sensing include the impedance, capacitance, and resistivity 

(26) 

(27) 

(28) 
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of two loads. Therefore, this approach is generally less accurate. However, sometimes contact 

resistance plays an important role in our measurement, and therefore, if the main focus is the contact 

resistance or edge channels, which are closely related to contacts, this method would be applicable. 

Comparatively, 4-probe sensing only measures the impedance of the chosen area targeted by the 

voltage-sensing loads; therefore, this method produces higher accuracy. The principle of 4-probe 

sensing is that for most instruments, such as lock-in or nanovoltmeter, almost no current will flow 

through the voltage sensing ends. As a result, the voltage variation induced by the contact is 

negligible. To achieve this principle, the sample resistance between two sense leads must be 

considerably smaller than the input resistance of the measuring instruments.  

When the 4-probe measurement is applied, the resistance distribution of the sample shape, the 

contact position, and its size all take effect. The local resistivity in different areas contribute to 

different weighting; the resistivity of a specific area can be determined based on Equation (30).  

𝜌𝜌𝑎𝑎𝑣𝑣𝑒𝑒𝑎𝑎𝑎𝑎𝑔𝑔𝑒𝑒 = �𝜌𝜌(𝑥𝑥,𝑦𝑦)𝑑𝑑(𝑥𝑥,𝑦𝑦)𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦 

where  𝜌𝜌(𝑥𝑥,𝑦𝑦)  denotes the local resistivity of the specific location, and 𝑑𝑑(𝑥𝑥,𝑦𝑦) is the weighting 

function depending on the sample shape and the arrangements of the contacts’ position and size.  

Regarding homogeneous resistivity and linear 4-probe arrangement, the resistance in the sensing 

direction is commonly known as 𝜌𝜌 = 𝑅𝑅𝑅𝑅/𝐿𝐿. For general cases where contacts are positioned on the 

perimeter of the 2D sample with a random shape, the Van der Pauw method is primarily 

implemented.41,42 

(30) 



31 
 

 

Fig.9 Van Der Pauw method  (a) general schematic of the Van Der Pauw measurement (b) various sample shapes (c) an 

intuitive understanding of the resistivity distribution, adapted from [60] (d) the contour of the weighting map, whereby 

the negative index labels the negative weighting, adapted from [60]; current is applied from 1 to 2 and the subsequent 

voltage drop between 4 and 3 is measured. 

In the Van der Pauw theorem, the general formula of the resistivity shown in Fig.9 (a) is represented 

in Equation (31). 

𝜌𝜌 =
𝑛𝑛
𝐿𝐿𝑛𝑛2

(
𝑉𝑉34
𝐼𝐼12

) 

However, this formula assumes that the contacts are equally spaced and that the sample is 

symmetrical. If a higher level of accuracy is required, other measurement strategies can be used to 

estimate the inhomogeneity, and therefore, derive a more accurate average of the resistivity.  

Firstly, reversing the polarity of the current or voltage leads (𝐼𝐼12 to 𝐼𝐼21, or 𝑉𝑉34 to 𝑉𝑉43) removes the 

background resistance offset in direct current (DC) measurement; this is independent of the 

measurement direction, such as the background noise of instruments or the thermoelectric effect 

(31) 
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resulting from temperature distribution. If the resistance of the swapped polarities produces a 

significant deviation, then this indicates that these two factors are active. By taking the average value, 

the offset is eliminated.  

Secondly, the voltage leads and current leads can be swapped (𝐼𝐼12,𝑉𝑉34 to 𝑉𝑉12, 𝐼𝐼34). By comparing both 

resistances, the contacts and sample portions that do not meet the aforementioned assumption of 

equal spacing and symmetry, respectively, can be identified. If the difference between the two 

resistance values is of a suitably small degree of deviation, the sample can be considered as relatively 

high quality. 

Thirdly, both the vertical and horizontal resistances (𝐼𝐼12,𝑉𝑉34 to 𝐼𝐼23,𝑉𝑉14) can be measured. In this way, 

the contribution difference from the weighting function f(x,y) of the different areas can be estimated 

and mitigated to a large scale. To average all the above factors, Equation (32) is used. 

𝑅𝑅𝑎𝑎𝑣𝑣𝑒𝑒𝑎𝑎𝑎𝑎𝑔𝑔𝑒𝑒 =
�𝑅𝑅12,34 + 𝑅𝑅21,43 + 𝑅𝑅34,12 + 𝑅𝑅43,21� + (𝑅𝑅23,14 + 𝑅𝑅32,41 + 𝑅𝑅14,23 + 𝑅𝑅41,32)

8
 

 

Regarding measuring Hall resistance, establishing the value of V13 / I24 is sufficient. The above 

techniques to improve accuracy can also be implemented with an additional method of trying both 

positive and negative magnetic fields and calculating the average. 

As Fig.9 (b) shows, the contacts should be fabricated on the perimeter of the sample if the Van der 

Pauw method is applied. The size of the contacts largely affects the systematic errors of the results. 

As the ratio of c/l increases, the error of Rsheet  and RH grows exponentially, therefore denoting positive 

correlation. Hence, minimising the contact size is important for systematic error reduction.43 Usually, 

c/l should be less than 1/6. For a square sample with c/l = 1/6, rectangular contacts produce a 

systematic error of 2% for Rsheet, while triangular contacts produce a systematic error of 1%, and 

circular samples also produce a systematic error of Rsheet of approximately 1%. Contrastingly, the 

error of Hall resistance RH is greater, at 15% for both square and circular samples. Cloverleaf shape 

samples result in a distinct reduction in systematic error, yet the fabrication process for this shape 

has higher requirements. For the normal Hall bar, the error of Rxx and Rxy measurements is minimal. 

However, the error of mobility can sometimes be magnified by the calculation. The premise p>>c, 

w>3c, and L>4w can ensure the systematic error nears zero.  

(32) 
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Compared to Van der Pauw geometry, Hall bar geometry is considerably more accurate and powerful. 

The longitudinal resistance Rxx and Hall resistance Rxy are well separated with multiple bars to 

measure them concurrently. The design of armbars minimises the side effect produced by the contact 

size. Nevertheless, it is difficult to etch the sample in a clean region. A minimum of six arms is required 

to minimise the misalignment of opposite bars, as well as reasonable contact configuration, and a 

bar with adequate length, to avoid the limiting condition of bubbles, defects, and wrinkles. Moreover, 

it is possible that the sample material may be sensitive to air or light, which is a further limitation, as 

the etching process may expose the edges of the sample. 

Fig.9 (c) and (d) show an intuitive phenomenon. Current is applied from 1 to 2, and the voltage drop 

between 3 and 4 is measured; resultantly, the contour of weighting function f(x,y) in Fig.9 (d) clearly 

depicts negative contribution as shown by the index of -2, which means the local resistivities ρ(x,y) 

on the f(x,y) = -2 curves are contributing negatively to the average resistance. This is illustrated by 

the model in Fig.9 (c), as the current flows vertically through Rd with the voltage sensed on Rb. The 

measurement of resistance is given as follows: 

𝑅𝑅 =
𝑉𝑉
𝐼𝐼

=
𝑅𝑅𝑏𝑏𝑅𝑅𝑑𝑑

𝑅𝑅𝑏𝑏 + 𝑅𝑅𝑑𝑑 + 𝑅𝑅𝑎𝑎 + 𝑅𝑅𝑐𝑐
 

Equation (33) shows that the value of R is inversely proportional to Ra and Rc. Consequently, the 

negative contours are perpendicular to the direction of current flow. In regard to the local resistivity, 

the more constituents perpendicular to the current direction, the more likely it will negatively 

contribute to the averaged resistance. To avoid this effect, the use of 4-probe voltage-sensing leads 

between current-carrying leads void of any perpendicular constituents can be  implemented; this is 

the most common measurement arrangement on Hall bars. When measuring the plasmon related 

phenomenon, the nonlocal measurement containing perpendicular contribution is often applied. 

As shown in Fig.10, the Corbino geometry is designed to specifically avoid the edge state influence, 

and therefore will probe the bulk properties of 2D materials solely and directly. Currently, it is mainly 

used to measure the quantum Hall effect, as it provides a much higher resolution for both integer 

and fractional quantum Hall effects compared with Hall bar geometry. The Corbino geometry allows 

observations of the quantum Hall effect in lower magnetic fields, whilst distinguishing more filling 

fractions.44, 45 If a study required the splitting of the edge state and bulk state of a particular 

phenomenon, the Corbino geometry would be utilised. To further split the bulk and edge states, the 

(33) 
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side gate can also be considered. The electrical properties on the edge can be effectively tuned 

without majorly influencing the bulk section.46 

 

Fig.10 Corbino geometry with graphite dual-gate 

1.6.2 Tunnelling measurement  

Tunnelling measurements are based on the quantum tunnelling regime, which originates from the 

Heisenberg uncertainty principle. It can be solved directly by the Schrodinger equation by inserting 

different potential functions into the equation and solving the wavefunction in terms of potential V 

and particle energy E. Tunneling is solved in the condition of E < V. The transmission coefficient for 

an electron passing through the potential barrier is shown as:  

𝑘𝑘(𝐸𝐸) =  𝑒𝑒
−2∫ 𝑑𝑑𝑥𝑥�2𝑚𝑚

ℏ2
[𝑉𝑉(𝑥𝑥)−𝐸𝐸]𝑥𝑥2

𝑥𝑥1  

where x2 and x1 determine the thickness of the potential barrier, which is the middle insulator 

thickness. V(x) represents the property of the insulator, which is mainly related to its band structure 

distribution on the x-direction, and is usually a constant for homogeneous samples. E is the work 

function of conductors on both sides. Based on this equation, the tunnelling current for low bias can 

be derived, as shown in Equation (35).  

(34) 
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𝐼𝐼(𝑑𝑑) ~𝑉𝑉𝑏𝑏𝑖𝑖𝑎𝑎𝑠𝑠𝑒𝑒𝑥𝑥𝑝𝑝(
2�2𝑚𝑚(𝑉𝑉𝑏𝑏𝑎𝑎𝑎𝑎𝑎𝑎𝑖𝑖𝑒𝑒𝑎𝑎 − 𝐸𝐸)

ℏ
𝑑𝑑) 

where d is the thickness of the middle insulator, and Vbias is the bias applied on tunnelling devices. 

Equation (35) clearly shows that the thickness of the insulator is important: inadequate thickness 

results in break-down risk, making it difficult to control the bias during measurement, whilst 

excessive thickness results in the tunnelling current being too small. Temperature smearing and other 

systematic noise influence the presentation and detection of meaningful phenomena. However, the 

thickness is dependent on each sample, and therefore, is often variable.  

The tunnelling device consists of metal-insulator-metal structures. The example of a graphene-hBN-

graphene device can be used to discuss the general basic rules and principles.   

 

 

 

 

 

 

Fig.11 Schematic of the tunnelling regime of graphene-hBN-graphene device. Adapted from [47]. 

Fig.11 shows the tunnelling regime of Fermi level shifting induced by back gate Vg and bias Vb. The 

basic formula includes the Gauss theorem and energy equation. The Gauss theorem equations for 

both the bottom graphene layer and top graphene layer are given by Equation (36) and Equation 

(37), respectively.  

𝜀𝜀(𝐹𝐹𝑔𝑔 − 𝐹𝐹𝑏𝑏 + 𝐹𝐹𝑝𝑝𝑒𝑒) = 4𝑛𝑛𝑛𝑛𝑏𝑏𝑒𝑒 

𝜀𝜀(𝐹𝐹𝑏𝑏 − 𝐹𝐹𝑝𝑝𝑒𝑒) = 4𝑛𝑛𝑛𝑛𝑘𝑘𝑒𝑒 

where Fb and Fg denote the electrical fields caused by bias voltage and gate voltage, and Fpe denotes 

the remaining electrical field penetrating the bottom graphene monolayer. nT and nb represent the 

introduced number of electrons by the electric field.  

(35) 

(36) 

(37) 
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The total energy applied by the sourcemeter is the sum of Coulomb energy and chemical potential. 
48,47,49 

                                  𝑒𝑒𝑉𝑉𝑏𝑏 = 𝜇𝜇𝑘𝑘 − 𝜇𝜇𝐵𝐵 + �𝐹𝐹𝑏𝑏 − 𝐹𝐹𝑝𝑝𝑒𝑒�𝑒𝑒𝑑𝑑 

𝑒𝑒𝑉𝑉𝑔𝑔 = 𝜇𝜇𝐵𝐵 + 𝑒𝑒2(𝑛𝑛𝑘𝑘 + 𝑛𝑛𝐵𝐵)𝐷𝐷/𝜀𝜀𝜀𝜀0 

where d is the thickness between two graphene layers, and D is the thickness between the back gate 

and the bottom graphene layer. In Equation (36), the second term Coulomb energy is transformed to 

the form of carrier densities 𝑒𝑒2(𝑛𝑛𝑘𝑘 + 𝑛𝑛𝐵𝐵)𝐷𝐷/𝜀𝜀𝜀𝜀0. This set of energy equations can be incorporated to 

fit Vg vs Vb. In terms of the graphene Dirac relativistic electrons, µ ∞ √𝑛𝑛 is applicable, but for most 

fermions, µ ∞ n is more appropriate. 

1.6.3 Capacitance measurement  

Measuring capacitance is an effective probe to determine the available density of states in 2D 

electron gas; its principle is described in Section 1.3.2. The measured total capacitance is the 

reciprocal sum of the quantum capacitance and geometrical capacitance. Geometrical capacitance 

corresponds to the contribution of electrical potential energy, originating from the formation of 

dipole moments in dielectric materials, while quantum capacitance corresponds to the contribution 

of chemical potential, originating from the introduction of carriers. Therefore, variation in the density 

of states, in regard to the gate, can be directly displayed through the capacitance measurement. 

Since the Dirac points and the filling factor lines involve the drop of the density of states, the Landau 

fan, which indicates the filling factors of Landau levels, can also be determined from the capacitance 

measurement.53,54  

 

(38) 

(39) 
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Fig.12 Schematic of the capacitance bridge in ANDEEN-HAGERLING 2700A 

Capacitance measurement is conducted through the capacitor bridge, whereby C0 and R0 in the 

microprocessor are adjusted to attain a ratio of V1/V2 with the sample’s R and C. The relationship of 

C0R0= RC is maintained continuously under the condition of V1 = V2 when the bias V is tuned. 

 

Chapter 2 Measurement Instruments 

2.1 Cryogenic system  

The cryogenic system, as the basic setup for our low-temperature and high-magnetic-field 

measurements, consists of a cryostat, pumping lines, cables, lock-in amplifiers, voltage/current 

source meters, nanovoltmeters, computers with LabVIEW and the sample insert. Two types of 

cryostats are used and classified as a wet and dry cryostat.  

2.1.1 Wet Cryostat 

 

 

 

 

 

 

 

 

 

 

Fig.13 The simple schematic of the (a) wet cryostat, (b) the sample holder of the insert and (c) a typical insert 

(a)  
(b)  

(c)  



38 
 

The term ‘wet cryostat’ means that this kind of cryostat does not have a closed cycle of Helium flow, 

rather the sample area is cooled by flowing liquid helium . The regular transfer of liquid helium is 

required. Its operation is described as Fig.13 (a).  The liquid helium in the tank has two outlets. One 

is to collect evaporated helium gas to send to the recovery line and the other is for flowing of helium 

through the VTI and into the recovery line. In this process, the sample holder is directly in contact 

with flowing helium and is cooled to below liquid helium temperature. The thermal exchange plate 

shown in Fig.13 (c) enhances this thermal contact. Since the low pressure due to the pump can further 

decrease the boiling point of the liquid, the bottom of VTI usually is able to approach temperatures 

down to 2K. The final stable temperature is dependent on the thermal balance between the cooling 

power of the helium flow, controlled by a needle valve and heat dissipation which is determined by 

the loading of the insert and the sealing and isolation of the whole cryostat. The thermal isolation 

baffle on the insert in Fig.13.(c) can help reduce thermal contact with the outside enviroment. If the 

thermal load of the insert is not heavy, the temperature of this kind of cryostat can reach 1.5K 

approximately.  

The procedures for sample loading is described in the following. First, the fabricated sample is 

bonded on achip carrier. The chip carrier is then assembled on the sample holder of the insert. Before 

loading, the sample holder has to be pumped down in vacuum to avoid any external contamination. 

A vacuum brass can shown in Fig.14 will be pumped through the IVC pump out port. Unless the 

bottom of the VTI is at room temperature, the insert has to be loaded gradually to avoid any 

temperature-induced change on the sample. During the process of cooling down the sample, we just 

adjust the needle valve to control the cool down rate. After the temperature reaches liquid helium 

temperatures, the flow rate should be reduced to reach a minimum of 1.5K.   
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2.1.2 Dry Cryostat 

Fig.14  The schematic of the whole layout of dry teslatron cryostat consisting of the helium circulation line and the 

compressor line. Reference from the manual of the Oxford instrument Teslatron PT 1.5 K Quantum Research Platform. 

Dry cryostat means that this cryostat has a closed circle of Helium flow. It does not need the 

periodical filling of Helium. Simply speaking, the dry teslatron cryostat consists of two circles, a 

compressor circle and a helium circulation circle. The compressor circle can be understood as a 

general Carnot cycle with its adiabatic expansion process taking effect in the cold head of cryostat. 

This absorbs heat to the circulated helium and cools down the whole system. The circulation circle 

connects the cold head and VTI to cool down VTI to base T.  

Helium compression path: When the cold head is operational, the compressor is used to pressurise 

the helium. Within the cold head, the high-pressure helium expands adiabatically over a short period 

of time. Specifically, a valve in the cold head of the pulse tube is bordered by high-pressure helium 

on one side and relatively low-pressure helium on the other side. The valve is opened and closed at 

a frequency of 1.4Hz, which is controlled by the solenoid valve. Whenever the valve is opened, a small 

quantity of the high-pressure helium gas transfers across to the low-pressure side, and expands 

rapidly. Following this, the temperature of the flowing helium decreases to a lower value than the 
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other components of the cryostat; therefore, the heat from the system is absorbed and returned to 

the compressor. In the compressor, the low pressure, expanded helium will be pressed again, whilst 

the water-cooling loop will take the heat away from the compressor simultaneously, releasing the 

heat to a separate water-cooling machine. After this process, the resulting high-pressure helium 

returns to the cold head, and the process continues to repeat 

Helium circulation cycle: The variable temperature sample chamber in the system is cooled down by 

a separate helium path. This path is controlled externally by a series of valves and circulation pumps. 

The external circulation pump is connected to the closed circle, and the helium extracted from one 

end of the system is returned to the other end to form a circulation loop, whereby the switch and 

the rate of helium flow can be controlled by several port gauges and valves. Removal of 

contamination in the helium flow is achieved through a zeolite trap prior to circulation.  When the 

system is turned off, the helium gas in the circulation cycle is stored in the storage tank, as depicted 

in Fig.14.  

Helium entering the internal area of the system flows through the cold heads PT1 and PT2 (Fig.14) 

and is cooled to 4K over a two-stage process. When the temperature is below 4.2K, the helium 

liquefies into liquid helium, flows through the needle valve, and is then pumped by the circulation 

pump outside the circulation path. Prior to being pumped out, liquid helium coils around the variable 

temperature sample chamber to enable sufficient heat exchange. Considering these two factors, the 

variable temperature sample chamber can reach as low as 1.5K. Any contamination in the helium 

flowing through this closed loop will be cleaned by a zeolite trap. 

Superconducting magnet: The liquid helium-free superconducting magnet is directly connected to 

PT2 by a copper column. The minimum temperature of PT2 is less than 4K. Due to the strong thermal 

conductivity of copper,, the superconducting magnet can be cooled to below 4K and enter the 

superconducting state.  
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2.1.3 Helium-3 inserts 

 

 

 

 

 

 

 

Fig.15 The schematic of the He-3 insert. Adapted from the manual of Oxford Instrument helium-3 insert.  

Due to the lower boiling point of He-3 at 3.2K, the helium-3 insert can cool down the sample to 0.3K. 

Considering the extremely expensive price of He-3, it is typically used in a closed-circle scheme. 

Before cooling down, the He-3 gas is stored in the top can outside the cryostat. When the part inside 

the cryostat is cooled down by the flowing He-4 gas, the lower pressure in the bottom will push the 

top He-3 gas going down continuously, accumulated in the charcoal of the sorption pump. By heating 

the sorption pump, the released He-3 is liquified around the 1K-surface which is designed to enhance 

the thermal exchange with outside He-4. After the He-3 condensation, the sorption pump is cooled 

down. The charcoal in it starts to absorb the He-3 gas, and acts as a pump, pumping the He-3 pot to 

the lower pressure. At this stage, by adjusting the flow rate of He-4 flowing outside the insert, the 

temperature of He-3 pot can be stabilised at 0.3K. The material with good thermal conductivity 

contacts the He-3 pot to the sample holder, finally cooling down the sample temperature to 0.3K. 

Since the amount of He-3 in this closed-system is limited, when all the helium gas is collected by the 

charcoal, the temperature will go up and the re-condensation needs to be redone to achieve 0.3 K. 
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2.2 Measurement Instruments 

  

  

 

 

 

 

 

Fig.16 The measurement equipments (a) Nanovoltmetre (b) Source meter 2600 (c) SR 830 Lock-in, and  

Fig.16 shows the common measurement instruments we often use. Classified by the current type, 

the electrical measurements are classified into two categories, direct current measurement (DC) and 

alternating current measurement (AC). The AC measurement usually gives more accurate results by 

locking to a single frequency. But since it is measured with the sin function of voltage, it can only 

measure resistance assuming that the voltage-current relationship (I-V curve) is linear. The sample 

with too big resistance, the order above 100 kΩ and Schottky contacts cannot meet this premise. 

Before the AC measurement, it is always meaningful to check the I-V curve by DC methods. 

2.2.1 AC measurement  

The AC measurement is usually performed by using a lock-in amplifier. To measure the small signal, 

amplifier and phase-sensitive detection (PSD) is used. After amplification, the noise will be magnified 

together with respect to the bandwidth. The current lock-in amplifier applies a phase-sensitive 

detector (PSD) strategy to minimize the noise by detecting the signal at a super small bandwidth. The 

principle is that a reference signal with the same frequency and phase is multiplied by the signal. 

(a) (b) 

(c) 
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𝑉𝑉𝑝𝑝𝑠𝑠𝑑𝑑  =  𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔𝑉𝑉𝐿𝐿𝑠𝑠𝑠𝑠𝑛𝑛(𝜔𝜔𝑎𝑎 𝑑𝑑 +  𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔)𝑠𝑠𝑠𝑠𝑛𝑛(𝜔𝜔𝐿𝐿𝑑𝑑 +  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟)  

=  
1
2
𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔𝑉𝑉𝐿𝐿𝑐𝑐𝑐𝑐𝑠𝑠([𝜔𝜔𝑎𝑎   −  𝜔𝜔𝐿𝐿]𝑑𝑑 + 𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  −  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟) 

−  
1
2

 𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔𝑉𝑉𝐿𝐿𝑐𝑐𝑐𝑐𝑠𝑠([𝜔𝜔𝑎𝑎   + 𝜔𝜔𝐿𝐿]𝑑𝑑 +  𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  +  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟 

where the 𝜔𝜔𝐿𝐿, 𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟, and  𝑉𝑉𝐿𝐿 are the parameters of the reference signal and 𝜔𝜔𝑎𝑎 ,𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  and 𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔belong 

to the sample signal. After passing through a low pass filter, this product will reduce to 

 1
2
𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔𝑉𝑉𝐿𝐿𝑐𝑐𝑐𝑐𝑠𝑠( [𝜔𝜔𝑎𝑎   −  𝜔𝜔𝐿𝐿]𝑑𝑑 + 𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  −  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟) 

Theoretically, 𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  should be the same as 𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟  and 𝜔𝜔𝑎𝑎 should be the same as 𝜔𝜔𝐿𝐿  so the 𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔  is 

derived. In our real measurement, we can either input the TTL sync of source lock-in or the sine signal 

of measured voltage to the measuring lock-in as a reference  𝑉𝑉𝐿𝐿𝑠𝑠𝑠𝑠𝑛𝑛�𝜔𝜔𝐿𝐿𝑑𝑑 +  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟�.  Unless the 

sample’s perturbation on the source current is too high, the former will be chosen. In this case, any 

problems introducing some frequency deviation and phase variation will result in the gap between 

the source voltage waves and measured one. If the frequency deviates a lot, the time dependence of 

the measured resistances will have a big oscillation. If this oscillation is negligible, we can take it for 

granted. The phase variation can be measured by the ‘out phase Y’ which is designed in the dual PSD 

regime in that 𝑋𝑋 = 𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔𝑐𝑐𝑐𝑐𝑠𝑠( 𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  −  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟) and 𝑌𝑌 = 𝑉𝑉𝑠𝑠𝑖𝑖𝑔𝑔𝑠𝑠𝑠𝑠𝑛𝑛( 𝜃𝜃𝑠𝑠𝑖𝑖𝑔𝑔  −  𝜃𝜃𝑎𝑎𝑒𝑒𝑟𝑟). Ideally, X should be equal 

to the sample resistance and Y should be zero. If the phase variation is considerable, Y will increase 

and X will decrease. The ratio of X/Y increases. Usually, when this ratio is smaller than 1/10, the 

measurement can be trusted quantitatively. If larger, only the qualitative phenomenon can be 

determined. In the case of large sample resistance, bad ohmic contacts, there builds a large 

capacitance in the whole circuit and any problems from the source leads to measurement leads can 

increase the phase variation of the signal, leading to strong artefacts. Due to the cut frequency 

f=1/RC, a smaller frequency should be used so that co-axial cables and the isolation of outside 

conductors can effectively avoid the phase variation.  

2.2.2 DC measurement 

The DC measurement is conducted by the source meter and nanovoltmeter. The sourcemeter, 

applied as a voltage source, can measured the current with the resolution around 1nA. The 

nanovoltmeter, used as a voltage probe, has a relatively big noise usually containing a large offset. 

(40) 

(41) 
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This voltage offset contained in the measured values is usually removed by the current resersal.   

Compared to the AC measurement locking the specifc frequency, the high-frequency noise largely 

affects the collected results even with the low pass filters in the instruments. To further mitigate the 

noise, an additional RC filter is usually utilized between samples and instruments. 

Chapter 3 Alignment of graphene-hBN superlattice  

Introduction 

Graphene, first exfoliated in reference [55,56], became a groundbreaking foundation and opened 

various epoch-making researches. It was first exfoliated on the SiO2, etched into the multi-terminal 

hall bar and lithographically contacted with the golden contacts. Later the use of hBN largely 

preserves the electric properties of pristine graphene2. As the first paper [2] reporting hBN substrate 

illustrated, the graphene on hBN has mobility two orders higher than that on SiO2. With the 

development of the Van der Waals heterostructures, the graphene-hBN superlattice attracts much 

attention from researchers.  

3.1 Graphene 

Graphene is a gapless semiconductor that hosts quasiparticles that move relativistically with a zero 

effective mass and follow linear energy dispersion governed by the Dirac equation57,58. The 

conduction and valence bands are perfectly symmetrical and described by the same Dirac equation 

which results in the Klein tunnelling59. The exceptional transportability comes from the distinct 

crystals hybridization in which the ‘s’ and ‘p’ orbitals hybridize to form sp2 orbitals with one spare pz 

orbital. The sp2 orbitals form the hexagonal lattice through the creation of covalent bonds with three 

neighbouring carbon atoms  The spare pz orbital forms a π bond with the neighbouring atom whose 

electrons propagate freely in the graphene plane. This is the origin of the exceptional conductivity 

property differing from the graphite counterpart.58 
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Fig.17 a The hybridization of graphene b The band structure of graphene. Graphene has a unique sp2 hybridization with 

single layer atoms arranged in a 2D crystal honeycomb lattice. Electronic dispersion of this honeycomb lattice is shown 

in b with the inset of zoom-in of the bandstructure close to the Dirac point.  adapted from[80] 

The honeycomb structure results in the unique band structure of graphene. It contains two kinds of 

sublattice A and B which have quantum mechanical hopping directly resulting in the overlapping 

bands. They are intersected forming the Dirac point with no gap. The initial theoretical paper in 

194760 derived this result by calculating the quantum hopping of electrons between neighbouring 

sites in the π bonds of the graphene lattice. Its result is shown in Fig.17.(b).  This paper identified that 

three electrons in the sp2 trigonal bonding do not contribute to the conduction. Only the one 2pz 

electron needs to be considered. By considering the hopping occurring between sublattice A and B, 

the tight-binding approximation gives the dispersion relationship of graphene.60 

𝐸𝐸±�𝑘𝑘�⃗ � = ±γ�3 + 2 cos�√3𝑘𝑘𝑦𝑦𝑎𝑎� + 4 cos�√3𝑘𝑘𝑦𝑦𝑎𝑎/2� cos(3𝑘𝑘𝑥𝑥𝑎𝑎/2) 

 

where γ = 2.8 eV is the hopping energy between sublattices A and B which is the nearest-neighbour 

hopping energy. After considering the next nearest-neighbour hopping energy, the parameter γ′ is 

introduced. 

𝐸𝐸±�𝑘𝑘�⃗ � = ±γ�3 + 2 cos�√3𝑘𝑘𝑦𝑦𝑎𝑎� + 4 cos�√3𝑘𝑘𝑦𝑦𝑎𝑎/2� cos(3𝑘𝑘𝑥𝑥𝑎𝑎/2) + γ′(2 cos�√3𝑘𝑘𝑦𝑦𝑎𝑎�

+ 4 cos�√3𝑘𝑘𝑦𝑦𝑎𝑎/2� cos(3𝑘𝑘𝑥𝑥𝑎𝑎/2)) 

 

If γ′ = 0, the energy spectrum will be symmetric around 𝐸𝐸±�𝑘𝑘�⃗ � = 0.  If not, the electron-hole 

symmetry will be broken resulting in the asymmetric π and π* bands. But the Hamiltonian near zero 

a b 

(42) 

(43) 
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will not be influenced. By expanding the Equation(43) in the energyregion close to zero, the linear 

dispersion is derived  

                                             𝐸𝐸±(𝑞𝑞) = ±𝑣𝑣𝐹𝐹𝑞𝑞                                                            (44) 
 
Where q is the momentum and 𝑣𝑣𝐹𝐹 is the Fermi velocity with a value of 106 m/s.60 

In Fig.17 (b), there are six Dirac cones at which conduction bands and valence bands meet in the 

corners of the Brillouin zone with a linear dispersion. These six cones are classified as two different 

Dirac cones, K and K’ points, known as Dirac points. This gives 4-fold degeneracy of graphene density 

of states – two valley degeneracies and two spin degeneracies.61 

The gapless state on the Dirac point is protected by two symmetries, time-reversal symmetry and 

inversion symmetry. Any perturbation invariant under these two symmetries will not open the 

bandgap. When the sublattice equivalence is broken, the inversion symmetry is also broken. Then 

the bandgap is opened. The introduction of the Moire pattern by graphene-hBN superlattice is one 

way to do it.61 

In contrast to graphene, hBN is a 2D material with a very wide bandgap around 6eV. Whilst it 

possesses a similar honeycomb structure to graphene, but the sublattice of boron and nitride is 

unequivalent, which destroys the sublattice symmetry. The small lattice mismatch to graphene of 

1.8% is small enough to signify its role as a good substrate to impose a strain and periodic  potential 

on graphene. Furthermore, factors such as the atomically flat surface between graphene and hBN, 

free the absence of defects of hBN, and the very high work function on the boundary due to hBN’s 

significant bandgap, mean that the graphene - hBN superlattice has becomes a hotspot in 

heterostructure study .2  
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3.2 hBN-graphene single aligned heterostructure 

 

Fig.18 Schematic of a 1D linear array of ion cores evenly spaced by the distance a(middle solid dots) and its 

corresponding wavefunction ψk(x)and periodical potential V(x)    Taken from [15] 

In the Section 1.1, discussing the Nearly free electron model, the energy dispersion E(k) is explained 

by Fig.2. This detailed explanation derives from the Bloch theorem.  

The crystal lattice’s influence is described by the periodic potential. The 1D cases is shown by  

𝑈𝑈(𝑥𝑥)  =  𝑈𝑈(𝑥𝑥 +  𝑎𝑎) 

Where a is the period of the crystal lattice.15 

 When this is applied to the Schrodinger equation, the following wavefunction is derived  

𝜓𝜓𝑘𝑘(𝑥𝑥)  =  𝑒𝑒𝑖𝑖𝑘𝑘.𝑥𝑥𝑢𝑢𝑘𝑘(𝑥𝑥)  

Where 𝑢𝑢𝑘𝑘(𝑥𝑥)  has the periodicity same as the periodic potential and k is the wavenumber.  

Furthermore, Equation (47) indicates that the wave function in some states, k, remains the same 

when electrons move by one lattice distance, a, in real space.15   

𝜓𝜓𝑘𝑘  (𝑥𝑥 +  𝑎𝑎)  =  𝑒𝑒𝑖𝑖𝑘𝑘∙𝑎𝑎𝜓𝜓𝑘𝑘(𝑥𝑥) 

Extending to the 2-dimensional case, the wavefunction differing by multiples of one reciprocal lattice 

vector is identical 𝜓𝜓𝑘𝑘+𝐺𝐺 (𝑟𝑟) = 𝜓𝜓𝑘𝑘(𝑟𝑟) where r is the vector describing the position of electrons. This 

translational symmetry determines the periodicity of the Brillouin zone. Consequently, under ideal 

(45) 

(46) 

(47) 
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conditions with defect-free crystals, T=0, electrons move devoid of scattering when passing these 

positively charged ions. The entire energy spectrum is periodic and can be described by the first 

Brillouin zone, as Fig.2 (c) shows.15  

In addition, Fig.18 and Fig.2 depict the opening of the bandgap for the Schrodinger fermions, on the 

edge of every Brillouin zone. For graphene, the massless Dirac fermions possess a gapless Dirac point 

instead. In a pristine graphene lattice, the period 2π/a is too big, and therefore, is not accessible by 

the gate in our transport measurement. The superlattice period caused by moiré-induced periodic 

potentials is adequate enough to impose a small reciprocal period within the gate modulation range. 

Resultantly, this interesting phenomenon around the edge of the first Brillouin zone can be explored.5  

In this thesis, the graphene–hBN superlattice is the primary focus. The secondary Dirac point 

appearing on the superlattice Brillouin zone edge was first discovered during scanning tunnelling 

microscopy (STM) characterisation at the Fermi energy of 0.3 eV, relative to the MDP.5,62 The zero 

angle alignment between graphene and hBN allows a superlattice period of 14 nm due to the 1.8% 

lattice mismatch; this corresponds to the secondary Dirac point at 0.2 eV and can be easily achieved 

by gating. Due to replication of the MDP, the Rxx peak and Rxy charge reversal appear on the second 

Dirac point, as shown in Fig.20 (a) and (b). Specifically, at the charge neutrality point of Fig. (a), the 

zero carrier density produces a sharp resistivity peak. At larger carrier concentrations, satellite peaks 

appear on the hole and electron side at equal distances from the MDP when the Fermi level tuned 

by the gate reaches the superlattice zone edge. Hall resistance reflects the type of charge carriers,  

and in Fig. (b), the sign reversal is also on the same secondary Dirac points. An additional sign reversal 

occurring before the secondary Dirac point is Van Hove singularity64  
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Fig.19 The transport properties of the graphene-hBN superlattice. a and b: The longitudinal resistivity ρxx and hall 

resistivity ρxy as a function of carrier concentration n. The secondary Dirac points on the hole side and electron side 

appears at the edge of the superlattice Brillouin zone depicted by the inset of a. c: Longitudinal resistivity, ρxx(n, B) at 

20K. d: Longitudinal conductivity, σxx(n,B)= ρxx/(ρxx2 + ρxy2). The dashed lines indicate the indexes of Brown-Zak 

oscillations. Adapted from [6] 

In magnetic fields, a characteristic length governs the quantum phenomena in a magnetic field; this 

is called the magnetic length 𝑙𝑙𝐵𝐵 = �ħ
𝑒𝑒𝐵𝐵

= 26
√𝐵𝐵

 nm. When other periods approach the magnetic length, 

certain interesting phenomena are likely to occur due to the interplay.  

In Section 1.4, regarding SdH oscillation, the discrete Landau levels are discussed. At each Landau 

level, as many electrons as possible are accommodated. The degeneracy is calculated by 𝑁𝑁 =  Φ/Φ0, 

where Φ is magnetic flux piercing the unit cell of materials, and Φ0 is the constant flux quantum. 

Originating from this, Zak proposed the notion of magnetic translation63. The general principle was 

that when the magnetic field reaches certain values, such as the area enclosed by cyclotron motion 
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commensurate with the unit cell of lattice, translation symmetry in fields is achieved. As a result, the 

electrons move as if there is no magnetic field influence. These specific states occur at the magnetic 

fields that satisfy the condition of Φ
Φ0

= 𝑝𝑝
𝑞𝑞
 , where p and q are both integers. Intuitively, this equation 

can be perceived as the magnetic flux of q unit cells piercing the flux quantum p times.  

Following Zak’s work, the theory of a self-similar fractal pattern called the Hofstadter butterfly was 

later developed. 64 This is a beautiful pattern that indicates interplay between magnetic length and 

lattice periods. Experimental progress on graphene-hBN superlattices has verified this theoretical 

prediction in recent years 10,9,7,8,6 The Landau fan in Fig.19 (c) and the dashed horizontal lines in Fig.18 

(d) clearly show the Hofstadter butterfly and the BZ oscillations. 

These exotic electronic properties predicted and observed on graphene superlattices are all based 

on the periodic potential that is significantly greater than the graphene lattice, as caused by the moiré 

pattern. Many single aligned hBN- graphene-hBN heterostructures have been measured in our 

research group, as depicted in the published article in Nature Physics: Excess resistivity in graphene 

superlattices caused by umklapp electron-electron scattering. This paper discussed the umklapp 

electron-electron (UEE) scattering in the graphene-hBN superlattice, whereby UEE scattering occurs 

easily between neighbouring superlattice Brillouin zones, which transfers electron momentum to the 

crystal lattice. This results in finite resistance. This regime was initially theoretically predicted and 

was then verified through temperature dependence experiments. This paper is significant as at room 

temperature, the UEE scattering becomes the dominant factor affecting mobility, which may 

contribute to the engineering of graphene-based devices in the future. 
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Paper 1 (published in Nature Physics, co-author) 

My contribution: Most experimental figures were summarized from my measurements. The second 

author mentored me. We analyzed the transport results together. 
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3.3 hBN-graphene-hBN double aligned heterostructure 

When the single aligned hBN-graphene-hBN heterostructure is fabricated, one side of hBN is 

intentionally misaligned by 15 degrees. This study attempted to align both sides of hBN to graphene 

to create double aligned samples, as this would result in one more degree of freedom. This 

structure initiated the progress of three layer-aligned heterostructures. In the below paper, the 

band structure showed the double moiré pattern phenomena, as well as the signatures of a 

differential supermoiré resulting from the interaction between two moiré patterns. The signatures 

include multiple Rxx peaks, Rxy sign reversals, sets of Landau fan, and multiple fundamental 

frequencies corresponding to BZ oscillations. In terms of atomic force microscopy (AFM) and Raman 

spectroscopy, a double hexagonal pattern in the Fourier transform of AFM and broadened full 

width at half maximum were observed.  
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Paper 2 (published in Science Advance, first author) 
 
My contribution: The main person who performed all transport measurements, analyzed and 

understood the data, cooperated with the theorists, participated in the manuscript writing and 

replied to the editor’s review. 

 

Composite super-moiré lattices in double aligned graphene 

heterostructures 
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Abstract: When two-dimensional atomic crystals are brought into a close proximity to form a van der 

Waals heterostructure, neighbouring crystals can start influencing each other’s electronic properties. 

Of particular interest is the situation when the periodicity of the two crystals closely match and a 

moiré pattern forms, which results in specific electron scattering, reconstruction of electronic and 
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excitonic spectra, crystal reconstruction, and many other effects. Thus, formation of moiré patterns 

is a viable tool of controlling the electronic properties of 2D materials. At the same time, the 

difference in the interatomic distances for the two crystals combined, determines the range in which 

the electronic spectrum is reconstructed, and thus is a barrier to the low energy regime. Here we 

present a way which allows spectrum reconstruction at arbitrary energies. By using graphene which 

is aligned simultaneously to two hexagonal boron nitride layers, one can make electrons scatter in 

the differential moiré pattern, which can have arbitrarily large wavevector and, thus results in 

spectrum reconstruction at arbitrary low energies. We demonstrate that the strength of such a 

potential relies crucially on the atomic reconstruction of graphene within the differential moiré 

super-cell. Such structures offer further opportunity in tuning the electronic spectra of two-

dimensional materials. 

 

 

 

Main Text:  

Van der Waals heterostructures allow combining different two-dimensional (2D) materials into 

functional stacks(1, 2), which has already produced a range of interesting electronic(3, 4) and 

optoelectronic(5-8) devices and resulted in the observation of exciting physical phenomena. The 

large variety of the heterostructures is mainly due to the large selection of 2D materials. However, 

the assembly of van der Walls heterostructures allow one extra degree of freedom: apart from the 

selection of the sequence of the 2D crystals – the individual crystals can be differently oriented with 

respect to each other. Previously such control over the rotational alignment between crystals 

resulted in the observation of the resonant tunnelling(9-11), a renormalisation of exciton binding 

energy(12) insulating(13) and superconducting(14) states. 

Probably one of the most spectacular results of the rotational alignment between different 2D 

crystals is the observation of the band-reconstruction due to electron scattering on the moiré pattern 

in graphene aligned with hexagonal boron nitride (hBN). Because the lattice constants of graphene 

and hBN are relatively close to each other, the alignment between the two crystals leads to the 

formation of a moiré pattern(15, 16) with relatively small wavevector, which results in the 

appearance of the secondary Dirac points(17-19) in the electronic spectrum. Furthermore, the strong 

van der Waals interaction also leads to the atomic reconstruction of the graphene lattice(20-23). 

Unfortunately the characteristic energies at which the electronic spectrum can be reconstructed are 
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given by the difference between the lattice constants of graphene and hBN, which doesn’t allow 

changes to be made to the low energy part of the spectrum. 

Here, we demonstrate how we can gain further control over the band reconstruction of graphene by 

utilising the differential between two moiré patterns (super-moiré) created by top and bottom hBN 

in hBN/graphene/hBN heterostructures. Such super-moiré patterns are not related to the difference 

in the lattice constants between the two crystals and thus can be of any arbitrary wavenumber, which 

makes it possible to arrange the spectrum reconstruction at arbitrary low energies. 

To this end we created encapsulated graphene devices where the graphene layer was aligned to both 

bottom and top hBN layers (alignment angles 𝜃𝜃𝛼𝛼 and 𝜃𝜃𝛽𝛽). The fabrication and transfer procedures 

have been previously described in (24) with the exception that not only the bottom but also the top 

hBN is now crystallographically aligned to the graphene. In brief, we started by identifying the top-

hBN layer on SiO2. We then use a thin film of PPC on PDMS to lift the hBN from its substrate. This film 

then facilitates bringing the top-hBN into contact with a graphene crystal, Fig. 1a,b. We use very long 

and straight edges of the crystals to identify crystallographic axes and align them using a 

commercially available transfer rig(25). The graphene can then be lifted away from its substrate, Fig. 

1b. At this point, we perform atomic force microscopy(15, 16, 20) and Raman spectroscopy(26) 

experiments on the hBN/graphene bilayer to confirm the alignment. One such AFM image is 

presented in Fig. 1e, clearly showing the characteristic hexagonal pattern (the Fourier transformation 

is shown in Fig. 1h). The crystals are then aligned and brought into contact with a second thin hBN-

layer (typically less than 1.5 nm or 5 atomic layers thick), Fig. 1b. This layer is also lifted away from its 

substrate leaving a triple layer on the thin polymer film, Fig. 1c. We then perform AFM and Raman 

characterisation again. Fig. 1f and Fig. 1i are an example of one of our double-aligned moiré AFM 

images and its Fourier transformation for the case of the second hBN layer being 1 atomic layer thick, 

which allows one to see both moiré patterns simultaneously. Although not immediately clear in the 

real-space image, the Fourier transformation clearly shows two sets of peaks corresponding to two 

hexagonal patterns (red and green dashed hexagons), as also schematically shown on Fig. 1d. The 

triple layer is then misaligned (~15°) and placed on top of a thick substrate-hBN (Fig. 1c). Finally, we 

use standard lithographic techniques to create the hall-bar geometry. 
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Fig. 1: Device fabrication and characterisation. a Step (1) A thick hBN layer is aligned and used 

to pick up graphene. b Step (2) a thin-hBN layer is aligned and picked up forming a triple layer. 

c Step (3) The heterostructure is placed on top of a thick-hBN layer at 15° rotation angle (The 

substrate). d Illustration of the two individual moiré patterns and super-moiré pattern for three 

overlapping hexagonal lattices. e AFM image of the moiré pattern after the graphene is picked 

up. This shows only one moiré periodicity. f AFM image of the moiré patterns after the second 

thin-hBN is picked up. Here periodicities due to both hBN layers are visible. g Reciprocal space 

image of graphene’s first Brillouin zone. G1 (blue), 𝑔𝑔1𝛼𝛼(grey), and 𝑔𝑔1
𝛽𝛽 (purple) are the reciprocal 

lattice vectors for graphene and the α and β hBN layers, respectively. α and β are at angles 𝜃𝜃𝛼𝛼 

and 𝜃𝜃𝛽𝛽  relative to graphene. 𝑏𝑏1
𝛽𝛽  (green) is the moiré between graphene and the β hBN. 𝑏𝑏1𝛼𝛼 

(red) is the moiré between graphene and the α hBN. h Fourier transformation of the image in 

e, displaying only one hexagonal periodic pattern (red dashed hexagon). i Fourier 

transformation of the image in f, showing two sets of distinct hexagonal patterns (red and 

green dashed hexagons). The scale bar in e is 100nm (f shares this scale). The scale bar in h is 

0.2nm-1 (i shares this scale). 
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The longitudinal resistance (Rxx) as a function of carrier concentration is presented on Fig. 2a. Here, 

apart from the resistance peak associated with the main Dirac point(27), several additional peaks can 

be seen. Most of such peaks correspond to the change of sign of the transversal (Hall) resistance (Rxy) 

measured in non-quantised magnetic field, Fig. 2b. Typically, if graphene is aligned with only one 

hBN, a single moiré pattern is produced, and only one secondary Dirac point for electrons and one 

for holes can be seen at concentrations which correspond to the wavevector determined by the 

periodicity of the moiré pattern(15-19). Aligning graphene to both the top and the bottom hBN will 

produce two moiré patterns (if 𝜃𝜃𝛼𝛼and 𝜃𝜃𝛽𝛽 are not equivalent), which should result in two secondary 

Dirac points for electrons and two for holes. However, if electrons can feel potential from both moiré 

patterns simultaneously, then second order processes can be allowed, which would result in the 

reconstruction of the electronic spectrum at many other wavevectors. 

 
Fig. 2: Transport properties of doubly-aligned hBN/graphene/hBN device. a Rxx as a function of n 

for one of our devices with b ≈ 15.3nm (φ1 = 00), b’ ≈ 14.0nm (φ2 = 0.40). Lattice mismatch, δ, is 

taken as 1.64%. The moiré and super-moiré peaks are marked by arrows and also labelled with 
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their periods on hole side in the unit of nanometres. The position of the peaks is symmetric w.r.t 

holes and electrons. The top axis mark is labelled in the size of the moiré pattern which 

corresponds to the particular carrier concentration. Dashed lines correspond to the arrows and 

can be traced to those in (b). b. Rxy for the same device measured at B=0.2T. The dashed lines can 

be traced to the arrows in (a) and correspond to the particular peaks in Rxx.  c Fan diagram σxx(n, 

B) for the same device. All measurements are done at T=1.7K 

In quantized magnetic fields, Landau fans can be seen to originate from these peaks, Fig. 2c. The 

Landau fans for most peaks exhibit both positive and negative indexes (positive and negative slopes 

in Fig. 2c), which suggests that those are indeed originating from the additional Dirac points and not 

from the higher order zone edges(28). 

To interpret these additional peaks we recall that the perfectly aligned graphene on hBN should 

produce moiré pattern with approximately 14nm periodicity, which corresponds to carrier 

concentration n≈2.3×1012 cm-2. Thus, for our double-aligned graphene we interpret the most 

pronounced peaks at ±1.98×1012 cm-2 and ±2.34×1012 cm-2 as coming from the moiré patterns from 

the top and bottom hBN layers. 

The periodicity of a moiré pattern, 𝐿𝐿, can be related to the carrier concentration required to reach 

edge of its first Brillouin zone by,  𝑛𝑛𝑆𝑆𝐷𝐷𝑆𝑆 = 8
√3𝐿𝐿2

. Utilising this, we get periodicities of 15.3nm and 14.0 

nm respectively for the two most prominent features. The moiré periodicities are dependent upon 

both the lattice constant mismatch and the alignment angle, as given by 𝑏𝑏𝛼𝛼,𝛽𝛽 = �𝒃𝒃𝑛𝑛
𝛼𝛼,𝛽𝛽� =

4𝜋𝜋
√3𝑎𝑎

�𝛿𝛿2 + 𝜃𝜃𝛼𝛼,𝛽𝛽2, where 𝒃𝒃𝑛𝑛
𝛼𝛼,𝛽𝛽 = 𝑮𝑮𝑛𝑛 − 𝑮𝑮𝑛𝑛

𝛼𝛼,𝛽𝛽 (n=0,..,5) are the moiré reciprocal lattice vector between 

the α or β hBN layer (with reciprocal lattice vectors 𝑮𝑮𝑛𝑛
𝛼𝛼,𝛽𝛽 ) and graphene (with reciprocal lattice 

vectors  𝑮𝑮𝑛𝑛 ), 𝛿𝛿 is graphene-hBN lattice constant mismatch, 𝜃𝜃𝛼𝛼,𝛽𝛽 is the misalignment angle for α or 

β, and 𝑎𝑎 is graphene’s lattice constant.  Interestingly, one of the observed periods is larger than that 

could be expected for graphene aligned with hBN (~15.3nm, see(15-20) ). We attribute this slightly 

larger moiré period to stretching of graphene as it interacts more strongly with the two aligned hBN 

layers. Since the angle is zero, or sufficiently close to zero (𝛿𝛿 ≫ 𝜃𝜃), we may calculate a new 𝛿𝛿. In this 

case, the lattice mismatch to achieve the periodicity of 15.3nm should be ~1.64%. This corresponds 

to ~ 0.15% strain in the graphene crystal. 

Then we would like to notice the small peaks at ±0.35×1012 cm-2 which corresponds to the largest 

differential moiré pattern. From the carrier concentration we can infer a periodicity of 35 nm. Further 
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still, there is a pronounced peak at approximately ±0.90x1012 cm-2, which would yield a period of 

22.7nm. These features represent previously impossible periodicities for the graphene/hBN moiré 

pattern. 

 
Fig. 4: Brown-Zak oscillations in one of our doubly-aligned hBN/graphene/hBN devices. a Map 

of  σxx(n, B). b Zoom in into the low field part of the map, marked by yellow rectangle in (a). The 

Brown-Zak oscillations correspond to a moiré structure with periodicity of 22.7nm and the 

fundamental field is 9.3T.  c Zoom in into the high field part of the map, marked by white rectangle 

in (a). The Brown-Zak oscillations correspond to a moiré structures of different periodicities are 

 
Fig. 3: Super-moiré geometry. a Reciprocal-space image of the area around graphene’s K-

point. 𝑏𝑏𝑚𝑚𝛼𝛼  (green) and 𝑏𝑏𝑚𝑚
𝛽𝛽  (red) for m=1,2..6 are the graphene-hBN moiré reciprocal lattice 

vectors. 𝑏𝑏1𝛼𝛼 − 𝑏𝑏𝑚𝑚
𝛽𝛽  (blue) are the six super-moiré reciprocal lattice vectors. The blue hexagonal 

area indicates the 𝑏𝑏1𝛼𝛼 − 𝑏𝑏1
𝛽𝛽 first Brillouin zone. b Carrier concentration of the first Brillouin 

zone edge for the two moiré and four lowest-energy super-moiré features as a function of 

𝜃𝜃𝛽𝛽(𝛿𝛿=1.64%, 𝜃𝜃𝛼𝛼=0°). c Rxx peak positions in carrier concentration. Dashed lines connect values 

of carrier concentration for 𝜃𝜃𝛽𝛽=0.4 in b to the position in c. Each line matches a peak. d carrier 

concentration of the 𝑏𝑏1𝛼𝛼 − 𝑏𝑏1
𝛽𝛽 super-moiré feature vs �𝜃𝜃𝛼𝛼 − 𝜃𝜃𝛽𝛽 � for four of ours samples (blue 

circles) andby calculation (red line). 
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marked by dashed lines of different colours. Black - 15.3nm (BF=20.5T), green 14.0nm (BF=24.2T) 

and brown – 11.2nm (BF=38T). All measurements are done at T=70K. 

In Fig. 3a, we schematically describe the geometric origin of the super-moiré features. 𝒃𝒃𝑚𝑚𝛼𝛼  and 𝒃𝒃𝑘𝑘
𝛽𝛽 

(red and green vectors, m=1,2,..6, k=1,2,..6) are the α and β moiré patterns. Their combination 

produces six new super-moiré patterns by the combinations of the vectors. In Fig. 3a we highlight the 

𝒃𝒃1𝛼𝛼 − 𝒃𝒃𝑘𝑘
𝛽𝛽 vectors (blue). In Fig. 3b we present the position of the moiré and super-moiré zone edges 

in carrier concentration as a function of the angle between the second hBN layer (𝜃𝜃𝛽𝛽) and graphene 

for the case when the first hBN layer is held at zero angle mismatch (𝜃𝜃𝛼𝛼 = 0), and 𝛿𝛿 = 1.64%, as 

calculated. For 𝜃𝜃𝛽𝛽=0.4°, the features correspond exactly to the observed peaks in 𝑅𝑅𝑥𝑥𝑥𝑥 (as shown by 

the dotted lines connecting Fig. 3b and Fig. 3c), and sign reversal of 𝑅𝑅𝑥𝑥𝑦𝑦, thus revealing the presence 

of new secondary Dirac points in the low energy electronic spectrum. Such low energy peaks originate 

from the differential super-moirés, 𝑏𝑏1𝛼𝛼 − 𝑏𝑏1
𝛽𝛽, 𝑏𝑏1𝛼𝛼 − 𝑏𝑏6

𝛽𝛽, and 𝑏𝑏1𝛼𝛼 − 𝑏𝑏2
𝛽𝛽. Further, in Fig. 3d, we show the 

position of the Rxx peak in carrier concentration for the 𝑏𝑏1𝛼𝛼 − 𝑏𝑏1
𝛽𝛽super-moiré, against the calculated 

angle between the two hBNs (�𝜃𝜃𝛼𝛼 − 𝜃𝜃𝛽𝛽 �). This peak is unique because its period is independent of 

the graphene sheet as it is geometrically identical to moiré pattern between the two hBN layers. 

As expected, Fig. 3d shows the peak position for four of our samples (blue circles) follows exactly 

expectation (red line). 

To check that all these peaks indeed originate from the spectrum reconstruction because of 

scattering on the additional periodic potential we measured the Brown-Zak oscillations at elevated 

temperatures (T) where cyclotron oscillations are suppressed, Fig. 4. At T>70K oscillations 

independent of the carrier concentration can be clearly seen. At low fields B<2.5T (Fig. 4b) the 

oscillations are clearly periodic in 1/B with the fundamental field Bf=9.3T. Assuming a hexagonal unit 

cell, such fundamental field can be calculated to correspond to moiré periodicity of 22.7nm, which 

corresponds to the peak in Rxx at n=±0.90x1012 cm-2, Fig. 2a. 

The behaviour at high fields is more complex, as several Brown-Zak oscillations which originate from 

different periodicities overlap. However, by taking the periodicities which correspond to the most 

prominent peaks in Rxx at B=0 (15.3nm, 14nm and 11.2nm, see Fig. 2a) we could identify most 

oscillations in terms of fractions of the flux quantum per the corresponding plaquette, labelled in Fig. 

4c. Thus, the graphene-hBN moiré periods (14.0 and 15.3 nm) and super-moiré periods (11.2 nm, 

22.7 nm, and 36.3 nm) each give features attributable to secondary Dirac points at well understood 

values of carrier concentration. Also they produce clear Brown-Zak oscillations for unitary flux 
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through moiré unit cells for the 11.2 nm, 14.0 nm, 15.3 nm, and 22.7 nm periods. 

Further to our previous observations, we would like to note that there are several unexplained 

features in Rxx (Fig. 2a) and Rxy (Fig. 2b), most pronounced at ne ≈ ±  3.2x1012cm-2 and ne ≈  ± 

4.1x1012cm-2. One possible explanation for these features is higher order moiré periodicities, that is, 

moiré patterns between super-moiré periods. However, the probability of such multiple scattering 

events diminishes strongly. Likewise, there could exist features due to super-moiré patterns between 

further zone edges (2nd, 3rd,… Brillouin zone edges of the graphene/hBN moirés) or a more exotic 

superlattice phenomenon. 

Theoretically (29), moiré effects on graphene can be described in terms of a periodic superlattice (SL) 

potential applied to Dirac electrons produced by incommensurable lattices of two (top and bottom) 

hBN flakes, 

Ĥ = 𝑣𝑣𝒑𝒑 • 𝝈𝝈 + ∑ ∑ �𝑈𝑈0
𝑗𝑗 + (−1)𝑛𝑛 �𝑠𝑠𝑈𝑈3

𝑗𝑗𝜎𝜎3 + 𝑈𝑈1
𝑗𝑗 𝒂𝒂𝑛𝑛•𝝈𝝈

𝑎𝑎
�� 𝑒𝑒𝑖𝑖𝒃𝒃𝒏𝒏

𝒋𝒋 •(𝒓𝒓+𝑗𝑗𝑹𝑹2)
𝑛𝑛=0…5𝑗𝑗=± 𝑒𝑒𝑖𝑖𝑮𝑮𝒏𝒏•𝒖𝒖(𝑎𝑎,𝑹𝑹).  (1) 

Here, 𝜎𝜎3 and 𝝈𝝈 = (𝜎𝜎1,𝜎𝜎2) are Pauli matrices acting in the sublattice space of graphene’s Bloch states;  

j=± identifies layers α (+) and β (-); 𝑈𝑈0
𝑗𝑗, 𝑈𝑈1

𝑗𝑗, and 𝑈𝑈3
𝑗𝑗 parameterise a smoothly varying moiré potential, 

the asymmetric sublattice on-site energies, and hopping between A and B sublattices, respectively 

(based on the earlier studies(30-32), 𝑈𝑈0
𝑗𝑗 ≈ 8.5 meV, 𝑈𝑈1

𝑗𝑗 ≈ − 17 meV ,   𝑈𝑈3
𝑗𝑗 ≈ − 15 meV  for 𝜃𝜃𝑗𝑗 ≪

𝛿𝛿). Vector 𝑹𝑹 describes the phase shift between moiré produced by hBN flakes α and β.  

From this, the super-moiré periods for the individual moiré SLs (α, β) in graphene originate in two 

ways. One is due to the quantum mechanical interference, which appears in the second order 

perturbation theory. In this case, Eq. (1) allows for the electron scattering from the combined j=± 

superlattices with the Bragg vectors  𝒃𝒃𝑛𝑛𝛼𝛼 − 𝒃𝒃𝑚𝑚
𝛽𝛽 . These comprise of different moiré SL reciprocal 

vectors, leading effectively to the SLs with Fourier components described in Fig. 1g and 3a. The 

second possibility is the reconstruction of graphene, which leads to a displacement field, 𝒖𝒖(𝑟𝑟,𝑹𝑹), 

generating mixing of the moiré SL’s reciprocal vectors. When this is considered, the longest period 

super-moiré SL (𝑚𝑚 = 1,𝑘𝑘 = 1) that determines the low-energy part of graphene spectrum can be 

described by following SL potential, 

Ĥ1,1
𝑆𝑆  ≈ −12𝑈𝑈3𝜔𝜔𝑎𝑎𝑠𝑠𝜎𝜎3 − ∑ �2𝑈𝑈3𝜔𝜔𝑎𝑎𝑠𝑠𝜎𝜎3 + 4𝑈𝑈3𝑈𝑈1

𝑣𝑣𝑏𝑏
+ 𝑠𝑠 2𝑈𝑈1

2

𝑣𝑣𝑏𝑏
𝒃𝒃𝑛𝑛•𝝈𝝈
𝑏𝑏
� 𝑒𝑒𝑖𝑖𝒃𝒃𝑚𝑚𝛼𝛼 •𝑹𝑹𝑒𝑒𝑖𝑖( 𝒃𝒃𝑚𝑚𝛼𝛼 −𝒃𝒃𝑚𝑚

𝛽𝛽 )•𝒓𝒓
𝑚𝑚   

Ĥ1,1
𝐴𝐴𝑆𝑆  ≈ ∑ �𝑠𝑠(−1)𝑚𝑚2𝑈𝑈0𝜔𝜔𝑎𝑎𝑠𝑠 −

4𝑈𝑈3𝑈𝑈1
𝑣𝑣𝑏𝑏

+ 𝑠𝑠 2𝑈𝑈1
2

𝑣𝑣𝑏𝑏
𝒃𝒃𝑛𝑛•𝝈𝝈
𝑏𝑏
� 𝑒𝑒𝑖𝑖𝒃𝒃𝑚𝑚𝛼𝛼 •𝑹𝑹𝑒𝑒𝑖𝑖( 𝒃𝒃𝑚𝑚𝛼𝛼 −𝒃𝒃𝑚𝑚

𝛽𝛽 )•𝒓𝒓
𝑚𝑚  (2) 
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Fig. 5: Strain distribution in the aligned graphene-hBN heterostructures. Raman spectra (2D-peak 

region) for an unaligned sample (grey), single-aligned sample (blue), and double-aligned sample (red). 

(a) Experimental results. (b) Molecular dynamics relaxation simulations. 

This expression was derived for 𝜃𝜃𝛽𝛽 ≪ 𝛿𝛿 for both parallel (P) and antiparallel (AP) mutual orientations 

of the two hBN crystals (hence, approximately, 𝒃𝒃𝑚𝑚𝛼𝛼 − 𝒃𝒃𝑚𝑚
𝛽𝛽 ⊥  𝒃𝒃𝑚𝑚

𝛼𝛼,𝛽𝛽), and, here, 𝜔𝜔𝑎𝑎𝑠𝑠 parameterises the 

amplitude of inversion asymmetric component of strain.  

Vital to this description is the understanding that the displacement field 𝒖𝒖(𝑟𝑟,𝑹𝑹) develops due to the 

competition between stacking-dependent van der Waals adhesion, of graphene and hBN, and 

elasticity of graphene. Previous work (20, 21) has identified that the crystals form a 2D fixed-density 

commensurate state when graphene and hBN are close to perfect alignment. The effect relies upon 

strain, and thus 𝒖𝒖(𝑟𝑟,𝑹𝑹), modulating with a period matching that of the moiré pattern to minimise 

adhesive and elastic energy. The commensurate state is characterised by hexagonal domains with 

increasingly sharp domain walls near θ=0, observed in PeakForce atomic force microscopy (33), and 

broadening of the 2D-peak in the Raman spectrum (20, 26). 

To evaluate the degree of strain within our super-moiré samples we have employed Raman 

spectroscopy. In Fig.5a we show the 2D-peak and its full-width half-maximum (FWHM) for a typical 

unaligned sample (black circles), a sample aligned to one hBN (blue triangles), and one of our doubly 

aligned samples (red squares). In the case that the two hBN layers may be treated entirely 
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independently, the signature in the Raman spectrum would remain unchanged from the singly-

aligned case (FWHM (2D) ~36 cm-1). However, it is clear that when a second aligned hBN layer is 

added, the width of the 2D-peak increases by a factor of ~ 2, Fig 5a. We attribute this to restructuring 

of strain within the super-moiré unit cells. This observation supports the proposed model of the two 

moiré patterns mixing through strain fields. Therefore, 𝒖𝒖(𝑟𝑟,𝑹𝑹) should have periodicities described 

by  𝑏𝑏𝑚𝑚𝛼𝛼  (α-moiré), 𝑏𝑏𝑘𝑘
𝛽𝛽  (β-moiré), and 𝑏𝑏𝑚𝑚𝛼𝛼 − 𝑏𝑏𝑘𝑘

𝛽𝛽  (super-moirés). This is also supported by molecular 

dynamics simulations of the relaxation in the doubly aligned systems, as shown in Fig. 5b, where the 

Raman spectra of simulated relaxed configurations is presented (see Supplementary Materials). 

To conclude, graphene’s electronic spectrum is significantly altered by scattering from super-moiré 

structures described by the pre-existing moiré between graphene and its substrate and encapsulating 

hBN layers. These alterations may be considered in two ways; as double scattering events from both 

graphene-hBN moiré patterns, or as single scattering events from a reconstructed graphene layer. 

Such super-moiré potential can be of arbitrarily small wavevector (unlike moiré potential from single 

hBN aligned with graphene), which allows modification of the graphene band structure at arbitrarily 

low energies.  
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Supplementary Information 

 

Composite super-moiré lattices in double aligned 

graphene heterostructures 

Contents: 

Additional experimental materials 

Additional fabrication details 

Details of super-moiré Analysis 

Details of Tight-Binding model used 

Details of Raman spectroscopy simulations 

 

 

More examples of double alignment 

Following from our analysis in the main text, we can extend the comparison between the 

calculated periodicities to the electronic transport characteristics of three more devices. Fig. S1 

shows longitudinal resistance Rxx, hall resistance Rxy and their corresponding theoretical fittings 

of four samples; the device of the main text (Fig. S1a), and three others (Fig. S1b-d). All of these 

samples are encapsulated graphene heterostructures with perfect alignment in one side 

graphene-hBN contact surface. From the perfectly aligned moiré period, we can fit δ. The fitted 

parameters are shown in Supp. Table 1.  

We compare Rxx and Rxy data to confirm the presence of secondary Dirac points, whose signature 

has both a peak in the Rxx data and a reversal of sign in Rxy. The coexistence of these features 

rules out other features in the moiré minibands (5). 
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Many Rxx peaks are observable with good agreement with the calculated periods. The amplitudes 

of the Rxx peaks for super-moiré are typically smaller than those of the moiré Dirac points. This is 

particularly pronounced on the hole side where the amplitude ratios, shown in Fig S4, result in a 

big difference between peaks of moiré and super-moiré. The Rxx features match with features in 

Rxy, indicating the presence of a new Dirac point. Many of the super-moiré features in Rxy do not 

reverse the sign entirely – however this may be explained as a result of the weakened amplitude 

of the super-moiré scattering process.  

 Figure 
label 

Lattice 
mismatc
h 

Second twist 
angle 

Sample 1 a 1.64% 0.40 

Sample 2 b 1.66% 0.440 
Sample 3 c 1.69% 1.250 
Sample 4 d 1.71% 0.250 

 
Supplementary Table 1: δ  and 𝜽𝜽𝜷𝜷 for each device. Lattice mismatch, δ, and 
angle of the second hBN, 𝜃𝜃𝛽𝛽, for each device in Fig. S1. 
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Different fundamental frequencies of Brown-Zak oscillations 

Previous literature reported the Brown-Zak oscillations (BZO) as a robust method to study the 

periodic potential applied on the graphene, for which maxima in σxx  occurs following 𝐵𝐵
𝐵𝐵𝐹𝐹

=  𝑝𝑝
𝑞𝑞
 

where fundamental frequency 𝐵𝐵𝐹𝐹 =  𝜙𝜙0
𝑆𝑆

,𝑝𝑝 , 𝑞𝑞 are integers, S is the area of unit cell (6, 7).  Here 

we employ BZO to probe the unit cell resulting from moiré and super-moiré periodicities. The key 

point is to extract the different frequencies corresponding to different unit cells, and then 

calculate the periodicity by assuming it corresponds to a hexagonal area. 

As reported in (7), with 𝑝𝑝, 𝑞𝑞 increasing, the amplitude of BZO decays exponentially due to the 

smaller group velocity and larger super unit cell. Usually p = 1 is much more prominent than p = 

2, 3... It is experimentally difficult to realise observations of the p=1, q=1, oscillations in singly-

aligned graphene on hBN since the fundamental frequency is ~24T. Further, the BZO would be 

 
 

Supplementary Figure 
1: Transport 
properties of doubly-
aligned encapsulated 
graphene devices. a 
shows the calculated 
dependence on 𝜃𝜃𝛽𝛽  of 
the moiré and super-
moiré periodicities. 
Dashed lines are a 
guide for the eye linking 
intersections with 𝜃𝜃𝛽𝛽 =
0.4  to the Rxx and Rxy 
data.  This is a 
reproduction of Fig. 3b 
and 3c from the main 
text. b Same as a for 
device two, 𝜃𝜃𝛽𝛽 = 0.44 .  
c same as a for device 
three, 𝜃𝜃𝛽𝛽 = 1.25 . d 
same as a for device 4, 
𝜃𝜃𝛽𝛽 = 0.25. 
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more visible at high carrier densities, high T (up to 150K), and in an electron doped graphene. 

The increased observation of the BZO at high temperature is due to the smearing of the electronic 

energy distribution which removes the influence of quantum phenomenon (Landau 

quantization). The BZO survive because they transport oscillations, rather than a quantum 

oscillation. 

In our BZO maps (Fig. S2), the oscillation corresponding to an aligned graphene-hBN moiré is 

clearest. It is unobservable at carrier densities around Main Dirac points (MDP). However, other 

frequencies start to appear around the carrier densities of their corresponding Rxx peaks. Also, 

many BZO may be distinguished more clearly at high densities on electron-doped side of the main 

Dirac point (n>4.5e12 cm-2) where the landau fan from the various Dirac point is unobservable. 

In Fig. S2b, the oscillations of the second largest super-moiré start to appear around its RXX peak 

0.9e12cm-2 (Fig.S1.a). In this range, only one frequency occurs at small magnetic fields, so it can 

be easily extracted. Then, around n = 2.0e12 cm-2, shown in Fig.S2.c, the frequency of perfectly 

aligned graphene-hBN moiré pattern becomes dominant. To distinguish other frequencies, 

higher n and higher B are both required. In Fig.S2.d, we neglect the two frequencies that have 

already been extracted in the small n. Another two frequencies are observed. In total four distinct 

periodicities are observable; 2 moirés, and 2 super-moirés. 

 
Fig.S2 Brown-Zak Oscillations in sample 1. This sample is the Same the main text. a σxx as a 

function of carrier concentration and magnetic field (Scale: blue to red 0.5 e2/h to 70 e2/h). b, c 

and d are zoom-in of the region marked by the yellow, white, and grey dashed lines, respectively 

(scales: blue to red,  7 e2/h to 37 e2/h.) e Two magnetic field sweepings at carrier densities 
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3.5e12cm-2 and 5.0e12cm-2, with dotted lines connecting the peaks of two sweepings to the 

maxima in the map. f The FFT of the two carrier densities in e. Grey bars mark our fundamental 

frequencies 9.3T, 20.5T, 24.2T and 38T. 

 
Fig.S3 Brown-Zak oscillations for sample 4. a σxx map of carrier concentration and B-field of 

sample (scale: blue to red, 4 e2/h to 150 e2/h). b and c are zoom-in of the a, marked by the yellow 

and grey rectangles, respectively. (b scale: blue to red, 2.4 e2/h to 30 e2/h) (c scale: blue to red, 

3.5 e2/h to 50 e2/h).  d shows two magnetic field sweepings at carrier densities 6.0e12cm-2 and 

8.5e12cm-2 with the same scale as c, dotted lines connecting the peaks of two sweepings to the 

maxima in the map. The Brown-Zak oscillations correspond to a moiré structures of different 

periodicities are marked by dotted lines of different colours. Black – 14.6nm (BF=22.5T), violet – 

14.2nm (BF=23.8T), light pink – 8.9nm (BF =60.5T), green – 11.9nm (BF=33.5T), red – 18.4nm 

(BF=14.1T). The periods are similar with those derived by Rxx and Rxy. All measurements are done 

at 35K. 
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Fig.S4 electron-hole symmetry in super-moiré features. a, b and c, scatter plots represent the 

ratios between hole-side peak amplitudes and their electron-side counterparts with dashed lines 

connecting their corresponding peaks (red – hole-side, blue – electron-side). Different shapes 

point to different samples, a (square) – sample 1, b (circle) – sample 2 and c (triangle) – sample 

3, same as Main text Fig.4. Different colours point to different moiré vectors and super-moiré 

vectors, shown clearly in d. 
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Atomic force microscopy of other double aligned samples  

We have made and measured many doubly-aligned samples. Each sample shows a double moiré 

pattern in the AFM images (Fig. S5 a-d), principally confirmed by the presence of two sets of 

independent spots in the Fourier transformation (Fig. S5 e-h). In each case the encapsulation hBN 

layer is thin (<5 layers). We do not observe the moiré pattern when the hBN is thick (10s of nm). 

The double alignment is further confirmed by electronic transport data – yielding several moiré 

and super-moiré features. 

 
Supplementary figure 5: Examples of double aligned samples. a, b, c, and d AFM Young’s 

Modulus images of super-moiré samples. In some cases, contamination is visible in the image. e, 

f, g, and h Fourier transformations of the images in a, b, c, and d, respectively. Each image shows 

two sets of hexagonal spots corresponding to distinct moiré periods. 

 

Sample Fabrication 

Further to the sample preparation described in the main text, in Fig S6, the general process is 

shown step-by-step. We use PPC (sometimes PMMA) spun on a thick PDMS membrane to 

facilitate moving and orientating the flake. This membrane is used to pick up the first hBN layer. 

The crystal may then be positioned and aligned to graphene (Fig. S6a) before the two are brought 

into contact (Fig. S6b). Removing the membrane in a precise way then lifts the graphene off from 

its substrate (Fig. S6c). Further, we can invert the membrane and perform various 

characterisation techniques on the half-assembled heterostructure (Fig S6d). The previous steps 

(Fig S6a-d) may be repeated multiple times to produce increasingly complex heterostructures. 

Finally, the stack of crystals is positioned (Fig S6e) and brought into contact with a final ‘substrate’ 

hBN (Fig S6f). The membrane is removed (Fig S6g) and all the crystals are left on a SiO2 wafer (Fig 

S6h). 
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Supplementary Figure 6: illustration of a typical heterostructure fabrication process. a A thin 

top-hBN (red) is aligned over a graphene flake (black). b The crystals are brought into contact. c 

The graphene and hBN are lifted away from the substrate. d The membrane is inverted and may 

be characterised by AFM and Raman spectroscopy. e once all the crystals are assembled on the 

membrane, the stack is aligned over a final substrate hBN layer (green). f The crystal are brought 

into contact. g The membrane is removed slowly. h All the crystals are left on the SiO2/hBN 

substrate. The PPC/PDMS membrane is yellow, the Silicon is blue, and Silicon dioxide is purple. 

Analysis of super-moiré peaks 

The analysis of moiré patterns in hBN-GR-hBN was done following an approach described in Ref. (8). 

The methodology is based on the Fourier analysis of moiré patterns appearing when two hexagonal 

lattices are combined. A hexagonal lattice can be described using the function 

𝑑𝑑(𝑟𝑟) = 1
9

+ 8
9

co s �1
2
𝑘𝑘�⃗ 1𝑟𝑟� co s �1

2
𝑘𝑘�⃗ 2𝑟𝑟� co s �1

2
𝑘𝑘�⃗ 3𝑟𝑟�   (25)                     

where 𝑘𝑘�⃗ 1 = 𝑘𝑘[1,0], 𝑘𝑘�⃗ 2 = 𝑘𝑘[−1,1], 𝑘𝑘�⃗ 3 = 𝑘𝑘[0,−1], with 𝑘𝑘 = 4 4𝜋𝜋
𝑎𝑎 √3

, and 𝑎𝑎 is the lattice constant. This 

function contains spatial frequencies at 0 (zero order), and 𝑘𝑘�⃗ 1 , 𝑘𝑘�⃗ 2 , 𝑘𝑘�⃗ 3  (first order). Higher order 

frequencies can be obtained when considering functions 𝑑𝑑2 (second order) and 𝑑𝑑3 (third order), or 

even 𝑑𝑑𝑛𝑛 (n-th order). It is important to note that a perfect lattice would contain harmonics of infinite 

order with an amplitude in the Fourier transform that's inversely proportional to the order of the 

harmonic. Using the description of a lattice from Eq. (25), the moiré pattern defined by combining 

two of such lattices can be expressed as a product between functions 𝑑𝑑1  and 𝑑𝑑2 . The Fourier 
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transform of this product would reveal which spatial frequencies appear, and subsequently which 

are the possible moiré patterns.  

We approach the problem of the trilayer heterostructures by considering two moiré patterns (one 

made by graphene and top hBN and the second one made by graphene and the bottom hBN) as the 

two lattices and following the approach explained above. Let’s define the moiré reciprocal vectors,  

𝑚𝑚��⃗ 1,2   and  𝑛𝑛�⃗ 1,2  corresponding to graphene and hBN layers rotated by an angle 𝜃𝜃1  and 𝜃𝜃2 , 

respectively, 

𝑚𝑚��⃗ 𝑖𝑖  =  �⃗�𝑔𝑖𝑖 �
𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃1 −𝑠𝑠𝑠𝑠𝑛𝑛 𝜃𝜃1
𝑠𝑠𝑠𝑠𝑛𝑛 𝜃𝜃1 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃1

�  𝑔𝑔�⃗ 𝑖𝑖
(1 + 𝛿𝛿1)

         (26) 

and 

                        𝑛𝑛�⃗ 𝑖𝑖  =  �⃗�𝑔𝑖𝑖 �
𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃2 −𝑠𝑠𝑠𝑠𝑛𝑛 𝜃𝜃2
𝑠𝑠𝑠𝑠𝑛𝑛 𝜃𝜃2 𝑐𝑐𝑐𝑐𝑠𝑠 𝜃𝜃2

�  𝑔𝑔�⃗ 𝑖𝑖
(1 + 𝛿𝛿2)

 ,        (27)                                        

 

where  𝑠𝑠 = 1,2,  �⃗�𝑔𝑖𝑖 are the reciprocal vectors of the graphene lattice, and  𝛿𝛿𝑖𝑖  are the relative ratios 

of unit cell lengths between graphene and the two hBN lattices. The super-moiré reciprocal vectors 

that correspond to different spatial periodicities can be defined as a difference between harmonics 

of different order (any two combinations of the underlying moiré vectors 𝑚𝑚��⃗ 𝑖𝑖  and 𝑛𝑛�⃗ 𝑖𝑖 ). Unlike the 

moiré pattern between graphene and hBN, the three layer problem (hBN-GR-hBN) (within a certain 

range of small rotation angles) results in higher order beating frequencies in the low frequency range, 

suggesting the emergence of structures with larger periodicity than the main pattern defined by the 

difference 𝑚𝑚��⃗ 1  - 𝑛𝑛�⃗ 1 (or 𝑚𝑚��⃗ 2 - 𝑛𝑛�⃗ 2). Fig. 7 shows an example of frequency spectra obtained for  𝜃𝜃1  =

 0⁰and  𝜃𝜃2  =  0.8⁰. 
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Supplementary Figure. 7: Frequency analysis of different harmonics of hBN-gr-hBN structure. The 

reciprocal vectors of moiré patterns are marked with 𝑚𝑚1,2 using  𝜃𝜃1  =  0⁰ (diamonds) and 𝑛𝑛1,2using 

 𝜃𝜃2  =  0.8⁰ (stars) while the super-moiré harmonics are labelled as a difference between relative 

coordinates [p, q]−[r, s]. 

Dominant super-moiré harmonics that fit the experimentally observed features are labelled in Fig. 8. 

They emerge as the difference between the moiré harmonics of different orders, as shown in the 

previous plot. Here, we show the super-moiré periods calculated using the following relation λ =
4π

√3�kı���⃗ �
,    (4) 

where 𝑘𝑘�⃗ 𝑖𝑖 = (𝑝𝑝𝑚𝑚��⃗ 1 + 𝑞𝑞𝑚𝑚��⃗ 2) − (𝑟𝑟𝑛𝑛�⃗ 1 + 𝑠𝑠𝑛𝑛�⃗ 2), where 𝑝𝑝, 𝑞𝑞, 𝑟𝑟, 𝑠𝑠 are integers. 
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Supplementary Figure 8. Super-moiré periods corresponding to different harmonics obtained using 

different combination of [p, q]−[r, s] shown in the inset. 

Tight-binding model 

Tight-binding calculations are performed using standard tight-binding Hamiltonian given by 

𝐻𝐻 = −∑ 𝑑𝑑�𝑟𝑟𝑖𝑖, 𝑟𝑟𝑗𝑗�𝑐𝑐𝑖𝑖
†

𝑖𝑖,𝑗𝑗 𝑐𝑐𝑗𝑗,           (28) 

with 

𝑑𝑑�𝑟𝑟𝑖𝑖, 𝑟𝑟𝑗𝑗� = 𝑉𝑉π �1 − ��⃗�𝑑𝑒𝑒𝑧𝑧
𝑑𝑑
�
2
� + 𝑉𝑉σ �

�⃗�𝑑𝑒𝑒𝑧𝑧
𝑑𝑑
�
2
,      (29) 

using   

𝑉𝑉π = 𝑉𝑉π0𝑒𝑒
−𝑑𝑑−𝑎𝑎0δ  

𝑉𝑉σ = 𝑉𝑉σ0𝑒𝑒
−𝑑𝑑−𝑑𝑑0δ  

where 𝑉𝑉π0 = −2.7 eV, 𝑉𝑉σ0 = 0.48 eV are the intralayer and interlayer hopping integrals, respectively. 

𝑑𝑑 is the bond vector between sites 𝑠𝑠, 𝑗𝑗,  a0  is the equilibrium bond length of each material, and δ =

0.3187a0 is chosen to fit the next-nearest intralayer hopping value. Hoppings within the layer are 

considered up to the second nearest neighbour while the interlayer hoppings are considered within 

the radius of 1.5d0 , where d0  is the equilibrium interlayer distance. This radius is chosen due to the 

fact that hoppings outside this radius contribute only to a small energy shifts of the spectra, without 

modifying it significantly. However, neglecting the above mentioned hoppings results in a 

considerable gain in calculation time due to a reduced number of non-zero elements in the 

Hamiltonian. 

 

Molecular dynamics simulations and Raman shift calculations 

Molecular dynamics simulations are performed for the singly-aligned hBN/graphene and the double-

aligned hBN/graphene/hBN by allowing the relaxations of both hBN and graphene layers. We used 
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the bond-order Brenner potentials for the graphene layer, Tersoff potentials for the B-N interaction 

in the hBN layers and the Morse potential developed in Ref. (9) for the inter-layer interactions. The 

simulations are performed within the “large-scale atomic/molecular massively parallel simulator” 

(LAMMPS) (10, 11) by considering a disk of radius 120nm. We fix the atoms in a boundary region of 

2nm but allow the relaxation of all other atoms. The total energy is minimized until the forces are 

below 10-6 eV/Å. Results of simulations are shown in Fig. 9 where we plotted bond lengths of the 

relaxed graphene layer in the case of single and double aligned system. 

 

 
Supplementary Figure 9. Bond lengths in (a) single (𝜃𝜃 =  0.4°) and (b) double (𝜃𝜃1  =  0 and 𝜃𝜃2  =

 0.4°) aligned hBN/graphene/hBN system. 

Using the relaxed structures, we calculate the shift of the 2D peak. Calculations are performed using 

the prescriptions given in Ref. (12-14). First, we obtain the strain tensor 𝜀𝜀(𝒓𝒓) which is employed to 

extract the shift of the 2D peak as 

Δω2𝐷𝐷 = −ω2𝐷𝐷
0 γ2𝐷𝐷εℎ,       (30) 

where  ω2𝐷𝐷
0  is the 2D frequency of the unstrained graphene, γ2𝐷𝐷  =  3.55 [5] , and εℎ = ε𝑥𝑥𝑥𝑥 + ε𝑦𝑦𝑦𝑦 is 

the hydrostatic component of the strain tensor. This method has been applied to three different 

systems: graphene aligned with both hBN layers, graphene aligned with top hBN layer, and non-

aligned system (Fig. 5b red, blue, and black curve, respectively).  A histogram of the shifts has been 

produced and the Lorentzian fitting to the obtained data was performed.  
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3.4 Alignment of twisted NbSe2 

Additional twisted heterostructures were studied during my PhD, including twisted CrI3, MoS2-MoSe2, 

and NbSe2. This paper reported a new general method for the scalable synthesis of high-quality 

monolayer transition metal dichalcogenide (TMD) superconductors. To determine the quality of this 

novel printed NbSe2, my research team measured the twisted printed NbSe2 devices in comparison 

to exfoliated NbSe2 counterpart. Unlike the period of Δ(1/B) in the graphene superlattice, the 

observed oscillation extracted from the Ic - B mapping was reported to be the period ΔB. 

 

 

Paper 3 (published in Nature material, co-author) 
 
My contribution: Performed the transport measurement for the exfoliated twisted NbSe2 samples 

and analyzed these data. 
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Two-dimensional superconductivity (2DSC) is one of the most fascinating fields in condensed 

matter research due to extreme importance of quantum fluctuations and the complex nature of 

the collective electronic behavior. In particular, 2D non-centrosymmetric superconductors 

such as monolayer transition metal dichalcogenides (TMDs) exhibit unconventional pairing 

symmetries and anomalous magnetic response, and thus are irreplaceable when creating van 

der Waals heterostructures with untrivial quantum properties. However, they are often 

susceptible to structural disorder and environmental oxidation that destroy electronic 

coherence and provide technical challenges in the creation of the complex van der Waals 

heterostructures for devices. Furthermore, large-scale synthesis of highly crystalline atomic 

layers is another difficulty that hinders the exploitation of those materials in scientific and 

industrial applications. Herein we report a general approach for a scalable synthesis of highly 

uniform and crystalline superconducting TMD monolayers via a mild electrochemical 

exfoliation method using bulky organic ammonium cations solvated with neutral solvent 

molecules as co-intercalants. Using NbSe2 as a model system, we achieved a high monolayer 

yield (>70%) of large-sized single crystal flakes of up to 300 µm under optimized exfoliation 

conditions. In order to demonstrate the versatility of our process, we fabricated twisted NbSe2 

van der Waals heterostructures, which demonstrate high stability, good interfacial properties 

and a critical current that is modulated by magnetic field when one flux quantum fits to an 
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integer number of moiré cells. Finally, 2DSC atomic layers can be formulated into high quality 

inks for patterning wafer-scale 2D superconducting wire arrays and creating 3D 

superconducting composites with desirable morphologies using 2D and 3D printing 

technologies, respectively. Our work presents a versatile and scalable route for the production 

of a variety of solution-processable and highly crystalline 2DSCs in monolayer limit towards 

the fabrication of large-area superconducting junctions and device arrays.   

 

     2D TMD superconductors provide a new platform for the investigation of new quantum physics 

and exotic superconductivity owing to their confined geometry, broken spatial inversion symmetry 

combined, in many cases, with a strong spin-orbit coupling.1-5 Van der Waals heterostructures 

(vdWHs) based on such crystals allow creation of artificial, strongly correlated, materials with full 

control over the symmetry and the dimensionality of the resulting structures6, 7. The exploration of 

these systems may lead to the discovery of new atomically-thin superconductors with exotic states 

and novel superconducting mechanisms.8-12 However, while the figure-of-merits of highly crystalline 

2DSCs set them apart from the conventional 2DSCs with granular and amorphous structures,13-15 the 

bottleneck of this field has been the lack of a general and facile approach for the production of high 

quality atomic layers of 2DSCs in large amount for practical applications.1 Recently, advances in 

thin film synthesis technologies have enabled the preparation of 2DSC TMD monolayers via 

different fabrication approaches including mechanical exfoliation10, molecular beam epitaxy (MBE)8, 

11, chemical vapor deposition (CVD)16-18 and chemical intercalation19-23. Unfortunately, none of these 

approaches offers simultaneous excellent crystallinity, high production yield, scalability of as-

prepared flakes and ease of incorporation into the final devices, which severely hampers further 

advancement in this field. These constrains have motivated us to devise a general and versatile 

approach for the production of high quality atomic layers of 2DSCs in large amount for the 

fabrication of basic vdWHs and for the potential use in quantum devices. 
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   Here, we demonstrate a universal method of electrochemical exfoliation of bulk TMDs using 

quaternary ammonium cations as a cathodic intercalant towards the production of a wide range of 

high quality monolayer 2DSCs including Nb(Se/Te)2, Ta(S/Se)2, Ti(S/Se)2, and MoTe2
4, 10, 24, 25 and 

their one-step incorporation into basic vdWHs. 

The entire exfoliation process in solution-phase can efficiently prevent the degradation of air-

sensitive metallic TMDs, thus can yield monolayer and few-layer flakes.26-28 Electrochemical 

exfoliation involving the use of charged ions (eg, alkali and tetraheptylammonium cations) has been 

utilized to exfoliate graphite, semiconducting and other types of TMDs into thin flakes19, 20. 

However, the intercalation of TMDs with a large amount of charged species often leads to 

undesirable outcomes such as phase transition and degradation of crystal quality with a low 

monolayer yield23. In this regard, the key advance of our approach lies in the maximization of the 

efficient intercalation of neutral polar solvent molecules (eg, propylene carbonate, PC) in TMDs 

carried by an ultra-low concentration of organic ammonium cation (eg, tetrapropylammonium, TPA). 

(Supplementary Fig S10-13) This strategy not only allows for sufficient intercalation but also 

significantly reduces the excessive charging and structural damage of the TMD hosts arising from 

charged intercalants21, 22, which is crucial for the exfoliation of high-quality and large-size 2DSC 

sheets with a high monolayer yield (Fig. 2b). Protective properties of intercalants and the high 

quality of the resulting flakes allow natural protection of basic vdWHs–twisted NbSe2 crystals, 

which demonstrate excellent interfacial properties and where the critical supercurrent is an 

oscillatory function of the external magnetic field. We attribute such behaviour to the formation of 

the Moiré pattern at the interface between the two crystals. The oscillations are observed to be an 

integer number of flux quanta that fits to the integer number of Moiré cells at any point of time.  

 Fig. 1 illustrates the cathodic exfoliation of layered bulk TMDs into monolayer and few-layer 

2DSCs using quaternary ammonium cations. Tetrabutyl ammonium (TBA) dissolved in PC (0.05 M) 



87 
 

was used for a demonstration of cathodic exfoliation of more than 7 types of bulk TMD materials. 

Upon applying a voltage of -5 V, these layered materials show a rapid volumetric expansion and 

exfoliation into thin flakes (Fig. 1a). To better understand the crystallinity of intercalated materials, 

we performed scanning tunnelling microscopy (STM) imaging of the TBA-intercalated 2DSCs drop-

cast onto the SiO2/Si substrate with the pre-patterned Au electrodes (Supplementary Fig. 2). Large-

scale STM image (Fig. 1b) reveals bright protrusions randomly scattered over the whole surface. At 

a low sample bias, we managed to resolve the intact atomic lattice in both flat and protrusion regions 

(Supplementary Fig 2b). This suggests that bright features are presumably associated with uniformly 

intercalated molecules buried under NbSe2 surface layer, which can be rinsed off with solvent under 

sonication. Seven prototypical 2DSCs materials, including Nb(Se/Te)2, Ta(S/Se)2, Ti(S/Se)2, and 

MoTe2 were cathodically exfoliated, which demonstrates a generality of this method towards the 

synthesis of 2DSCs. 

  The thickness and crystallinity of as-exfoliated flakes were analysed to further evaluate the 

exfoliation efficiency of 2DSCs in Supplementary Fig. 3-9. Fig. 1c-h show the AFM images and 

line-profiles of as-exfoliated 2DSC monolayers. We note that all the layered TMD materials show a 

fast expansion and exfoliation behaviours but with a slightly different statistical thickness 

distribution, presumably attributed to the different interlayer bonding strength among all these 

TMDs. Due to the excellent conductivity of SC bulk materials as compared to semiconducting 

TMDs, we achieved a remarkable intercalation efficiency with a high yield (>80%) of 1-5 layers of 

2DSC thin films as evidenced by a statistical analysis of multiple AFM images (Supplementary Fig 

3-9). STEM imaging was then conducted to assess the density of atomic defects of as-exfoliated 

flakes. Large-view STEM images of monolayer TaS2 (Fig. 1i) and TiSe2 (Fig. 1j) flakes reveal nearly 

perfect atomic lattice with a very low defect density. The high crystallinity of all the other 2DSC 

monolayers are also confirmed by STEM images as shown in Supplementary Fig. 3-9. Our STEM 
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results reveal that the crystallinity of exfoliated 2DSC monolayers is superior to the monolayer flakes 

grown by MBE8 and CVD17 methods.  

    We now focus on NbSe2,8, 10, 29 a prototypical 2D superconductor as a model system to carry out a 

systematic investigation of the exfoliation efficiency and crystallinity of thin flakes as well as their 

superconducting properties. Under the optimized exfoliation condition (tetrapropyl ammonium 

(TPA) of 150 ppm, at -4 V), (Supplementary Fig. 14-17) a small portion of large-sized single crystal 

monolayer NbSe2 (~300 µm) can be acquired via a direct detachment from the cathode. Note, that 

this is larger than the monolayer NbSe2 flake obtained by CVD and mechanical exfoliation.17 TPA-

intercalated NbSe2 laminates (Supplementary Fig. 17) can be readily exfoliated into monolayer3 

(>75% yield) and few-layer flakes dispersed in a wide range of solvents via a mild sonication for 30 

seconds (Supplementary Fig. 18-19). These large-sized monolayer flakes were further deposited onto 

a carbon grid for TEM and STEM characterization (Supplementary Fig. 20). Large-view STEM-

ADF image (Fig. 2d) of NbSe2 flake reveals a long-range periodic bright (Se2) and dim (Nb) dots 

arranged in the honeycomb lattice with the atomic defect density lower than that of monolayer grown 

by CVD growth (Supplementary Fig S21).17 Selective area electron diffraction (SAED) was 

performed to probe the crystallinity of exfoliated flakes (Fig. 2e). Grain boundaries or disorders are 

absent in all the flakes studied, as verified by the observation of the same diffraction pattern with 

nearly identical orientation (±1.0o) for several randomly-chosen regions (Fig. 2c), which further 

confirms the exfoliated monolayer is a single crystalline flake.  

As-exfoliated NbSe2 flakes were patterned into a Hall-bar geometry with Cr/Au electrodes using e-

beam lithography for low-temperature transport measurements. Fig. 2f shows the temperature 

dependence of the longitudinal resistance (Rxx) for a representative monolayer NbSe2 flake at zero 

magnetic field. The residual resistance ratio (RRR), defined as the ratio between resistance at 300 K 

(R300K) and resistance at the normal state resistance right above the transition temperature (R7K in this 
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case), is an indicator of crystal quality.17 Strong scattering from impurities and defects leads to a 

large residual resistance and thus a small RRR.1 As-exfoliated NbSe2 monolayer reveals a RRR of 

3.5, smaller than that of mechanically-exfoliated NbSe2 (~10)10 but larger than the CVD-grown 

NbSe2 (< 2)17, suggesting a low density of defect/disorder in the exfoliated NbSe2 monolayer. A 

negligible defect/disorder in NbSe2 monolayer also results in a low resistance (~ 200 Ω/sq) at 7 K, 

well below h/4𝑒𝑒2 ≈  6450 Ω that associated with the disorder-induced superconductor-insulator 

transition.14, 30  

 The superconducting transition temperature (Tc) of exfoliated NbSe2 monolayer is determined to 

be ~3.2 K. Note that Tc was defined as the temperature where resistance drops to the half of normal 

state resistance (R7K). Similarly, the upper critical field (Hc2) at finite temperature is defined as the 

field corresponding to half of R7K. Fig. 2g and Supplementary Fig. 23 shows the temperature 

dependent Rxx under out-of-plane (H⊥) and in-plane (H//) magnetic field, respectively. The monolayer 

NbSe2 exhibits a strong anisotropy in the superconductivity under the parallel (H//) and perpendicular 

(H⊥) magnetic fields.  Fig. 2h shows the Hc2-Tc phase diagram for both H⊥ and H//. A linear 

correlation between temperature and 𝐻𝐻𝑐𝑐2⊥ , can be modelled by the 2D Ginzburg–Landau (GL) 

theory:10, 29 

𝐻𝐻𝐶𝐶2(𝑘𝑘) =  ∅0
2𝜋𝜋𝜉𝜉𝐺𝐺𝐺𝐺

2 (0) 
 �1 − 𝑘𝑘

𝑘𝑘𝑐𝑐
�                     (1) 

where ξGL(0) is the zero-temperature GL in-plane coherence length and ϕ0 is the magnetic flux 

quantum. A fitting of experimental data (𝐻𝐻𝑐𝑐2⊥ - Tc) to equation (1) yields an in-plane coherence length 

of ξGL(0) = 16 nm, larger than the sample thickness (~1 nm) by a factor of 16. Such a long coherence 

length indicates a strongly suppressed depairing effect of orbital magnetic effect associated with H// 

in line with the characteristics of 2D superconductivity.10 It is noted that 𝐻𝐻𝑐𝑐2
// is greatly enhanced 

which goes beyond the Pauli paramagnetic limit (Hp ~ 1.84 Tc), consistent with the Ising 
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superconductivity protected by Ising spin-orbit coupling.10, 31 Current excitation measurements (Fig. 

2i) shows that the V-I curve evolves from a linear to a power-law dependence (V ∝ Iα), in good 

agreement with Berezinskii-Kosterlitz-Thouless (BKT) model for 2D superconductors. The BKT 

transition temperature (TBKT) is determined to be 2.9 K at α=3 (Supplementary Fig. 24). All the 

transport data confirm that large-sized as-exfoliated monolayer NbSe2 behaves as 2D Ising 

superconductor with a high crystallinity comparable with mechanically exfoliated flakes.10  

The majority of monolayer TMDs superconductors are intrinsically air-sensitive, posing a 

formidable challenge towards their real applications1, 6, 32. Typically, a protection layer33, 34 or sample 

preparation in the inert environment10 is required for the device fabrication and characterisation of 

monolayer 2DSCs. In contrast, 2DSC monolayer suspensions show a significantly enhanced stability 

and processibility, which permits sample processing in ways that would otherwise be difficult or 

impossible (Supplementary Fig. 25). In our case, excellent solvent protection prevents the air-

degradation of vulnerable 2DSC monolayers in the solution phase, which allows for the synthesis 

and sample processing in ambient condition. 

This property also helps enormously in the fabrication of vdWHs and their devices. Generally, 

fabrication of 3D stacks of air-sensitive 2D crystals is a very challenging task, which has to be 

undertaken in glove-boxes or vacuum chambers within a short period of time6, 35. In contrast, 

protective properties of the solvent significantly enhance the lifetime of the flakes in ambient 

conditions26, 28. At the same time, the self-cleaning properties of the 2D crystals36 efficiently remove 

the residual solvent, leaving the interface to be very clean. In order to demonstrate these advantages 

of our preparation method, we created twisted flakes of NbSe2 and studied their transport properties. 

The device was first prepared by drop-casting the TPA-exfoliated NbSe2 flakes on the surface of 

Si/SiO2 (300 nm of oxide). We then selected the overlapping flakes and deposited Ti/Au (3 nm/80 nm) 

contacts on various parts of the sample using the standard lithography procedure. All manipulations of 
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the sample were conducted under the ambient conditions. The transport properties of one of our devices 

are presented in Fig 3. The device consists of the two overlapping flakes–the top flake (outlined with 

orange, two-layer thick) and middle one (outlined with cyan, three-layer thick). The magnetic 

dependence of the differential resistance (dV/dI) and the temperature dependence of the resistance for 

a single flake resistance are presented in Fig 3b,f. Note that the magnetic field dependence of the 

critical current for both flakes is very weak in the field range presented. 

Fig 3c,d presents the magnetic field dependence of the junction, where the current is directed from 

one flake to another. The critical current associated with the superconducting to normal transition for 

each flake can be seen. On the overlapping flakes the superconducting to normal transition has a strong 

oscillatory behaviour as a function of magnetic field. We attribute this transition to the 

superconducting/normal transition at the interface between the two flakes. Different junctions have 

different periods of the oscillations. Thus, oscillations coming from junction 2 have a period of B=8mT, 

which can be converted to a specific area A as A= Φ0/B, where Φ0 = h/(2e) is the superconducting 

magnetic flux quantum (Φ0 ~ 2 mT·μm2) resulting in  A=0.25 μm2. We associate this specific area with 

the formation of the moiré pattern at the interface between the two closely-aligned flakes (Fig 3e). 

The observed behaviour of the critical current in the presence of the applied magnetic field is 

reminiscent of the effect of a magnetic field on a frustrated superconducting Josephson junction array 

with triangular symmetry37. The controlling parameter in this case is the so-called frustration fraction 

that is defined as f = B A/ Φ0, where A is the area of the moiré unit cell. For such arrays the critical 

current is periodic in Φ0 (which we associate to the two large peaks in Fig. 3h at B ~ ± 8 mT) and has 

extra peaks at special frustration factors due to the formation of crystal vortex lattices38. For the 

triangular lattice the strongest secondary peak occurs at f = ½39. As shown in Fig. 3h, we possibly 

observe peaks at B ~ -5 mT, -12mT, 12mT corresponding to f ~ -0.5, -1.5, 1.5 as expected. Hence, our 

results are consistent with the proposed picture that the Moiré pattern between two slightly-twisted 

crystals act as a periodic Josephson junction array with the period of the moiré lattice (Fig. 3e). We 
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estimate from the area of the total overlapping interface (~ 10 μm2), we estimate that there are hundreds 

of Moiré-Josephson junctions formed between crystals that are described in terms of a frustrated 

classical 2D X-Y model with triangular symmetry.  

Both individual thin flakes and the junction demonstrate the same transition temperature as bulk 

NbSe2, suggesting that the protective properties of TPA and self-cleaning mechanism at the interface 

enables the survival of these flakes during the lengthy fabrication process without encapsulation 

support. This will open a new avenue of simplified fabrication of NbSe2 devices, which will definitely 

lead to new and exciting physics observed in such materials.  

Moreover, the dispersion of monolayer NbSe2 superconductors in solvents allows them to be in 

excellent compatibility with current thin film fabrication and printing technologies.40, 41 As shown in 

Fig. 4a, TPA-intercalated NbSe2 samples can be readily dispersed in various solvents with just a mild 

sonication (Supplementary Table 1). The prepared materials can then be used in ink formulation for 

both 2D inkjet and 3D printing technologies (Supplementary Fig S27-29). Fig. 4b-d demonstrate that 

a wafer-scale NbSe2 superconducting wires can be patterned on a 4-inch SiO2 substrate using inkjet 

printing. AFM image reveals a continuous film with relatively uniform in-plane stacking for the 

printed NbSe2 flakes. Subsequently, an array of electrodes was deposited onto these printed atomic 

layers to evaluate their superconducting properties. Similar to NbSe2 bulk10, printed NbSe2 film 

(~100 nm in thickness) shows an upper critical field 𝐻𝐻𝑐𝑐2⊥ ~4.4 T (Fig 4f) and a linear 𝐻𝐻𝑐𝑐2⊥ -TC 

dependence. However, the in-plane magnetic response of printed NbSe2 film resembles that of the 

NbSe2 monolayer with an upper critical field 𝐻𝐻𝑐𝑐2
// far exceeding its BCS Pauli paramagnetic limit 

(HP) (Fig 4g), suggesting the 2D superconductivity nature of the printed NbSe2 film10. The printed 

NbSe2 film also exhibits a high transition temperature (TC~6.8 K) and high upper critical field 

( 𝐻𝐻𝑐𝑐2⊥ ~4.4 T, 𝐻𝐻𝑐𝑐20
// ~29 T). In addition, individual re-stacked few-layer NbSe2 flakes also reveal the 

co-existence of bulk-like transition temperature (TC~6.5 K) and monolayer-like upper critical field 

(𝐻𝐻𝑐𝑐20
// ~30 T) (Supplementary Fig S31), presumably attributed to the formation of interlayer 
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Josephson junctions with contribution from Pauli paramagnetism and spin-orbit scattering in 2D 

TMD superconductors42.  

 

CONCLUSION 

In summary, we have successfully developed a universal and mild electrochemical exfoliation 

approach for the scalable production of a library of highly crystalline 2D superconducting 

monolayers in solution phase. The single crystal domain size and crystallinity of as-exfoliated 2DSC 

monolayers are comparable to (in some cases, even superior to) the monolayer flakes obtained by 

other method including CVD and MBE growth. Moreover, 2DSC monolayer suspension shows a 

remarkably enhanced environmental stability and solution processability. These materials can be 

readily integrated with the current 2D and 3D printing technologies for the fabrication of wafer-scale 

superconducting device arrays, which offers a huge technological potential beyond the reach of the 

existing materials. 

 

 

Methods 

Cathodic intercalation of layered materials with quaternary ammonium cations (QUATs): 

cathodic intercalation of layered TMDs in the QUAT-based electrolyte was carried out in a two-

electrode system using an electrochemical workstation (CHI 760E).26 Typically, a bulk TMD crystal 

with the size of ~ 2×2×1 (length × width × thickness) mm3 was fixed on a Pt clip as cathode and a Pt 

wire served as anode. For a general exfoliation of 2DSCs, tetrabutyl ammonium tetrafluroborate 

(TBABF4) dissolved in propylene carbonate (PC) with a concentration of 0.05 M was used as 

electrolyte. To exfoliate 2DSCs, a voltage of -5 V Vs Pt wire was applied on cathode for 30 min. 
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Subsequently, the delaminated flakes from electrode will be subjected to bath sonication at 100 W 

for 30 seconds for a further exfoliation. All the solvents and ammonium ions were purchased from 

Sigma Aldrich (>99% of purity) and used as received. The layered materials were bought from HQ 

graphene and used as received.  

 

NbSe2 Ink formulation for 2D ink-jet printing. TPA-intercalated NbSe2 flakes were sonicated 

and rinsed in acetone followed by a centrifugation at 12000 rpm for 20 min to remove all the residual 

intercalant and solvent. Subsequently, NbSe2 flakes were re-dispersed in N,N-Dimethylformamide 

(DMF) under a sonication for 5 min. NbSe2 dispersion was then filtrated through a filter membrane 

to remove the large-sized (>2 µm) flakes. Fujifilm Dimatix Materials Printer (DMP-2850) equipped 

with a 10 picoliter nozzle cartridge is used to print and pattern as-obtained NbSe2 ink into 

superconducting wires. An electrode array (Cr/Au (3/80 nm) was patterned on printed NbSe2 wires 

using laser lithography (Microtech Laser Writer LW405B).  

 

NbSe2 Ink formulation for 3D printing. TPA-exfoliated NbSe2 flakes were mixed with commercial 

Genesis resin (Tethon 3D) for ink formulation (1 wt% of NbSe2). Digital light projector (DLP) 

technology was used for printing of 3D superconducting objects with the setting parameters as 

follows: light intensity (33.4 mW/cm2); slice thickness (0.05 mm) and exposure time (5 s) in each 

slice.  

 

Characterization: The morphology of exfoliated 2DSC flakes is characterized by SEM (FEI Verios 

460 operated at 2 kV and 100 pA), AFM (Bruker Multimode 8 in Ar glove-box and DIMENSION 

FastScan in air) and HRTEM (FEI Titan 80-300 S/TEM operated at 200 kV). Raman spectroscopic 

measurements (WITec Alpha 300R) were performed at room temperature with a laser excitation at 

532 nm and power of <300 µW. Scanning transmission electron microscopy-annual dark field 
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(STEM-ADF) was performed using  an aberration-corrected JEOL-ARM200F, equipped with a cold 

field emission gun, operated at 60 kV. The convergence semiangle of the probe was ≈30 mrad. 

STEM-ADF images of metal diselenide, and metal disulfide were collected using a half-angle range 

from ≈85 to 280 mrad, and ≈30 to 110 mrad, respectively. XPS was carried out with SPECS XR-

50 X-ray Mg Kα (1253.7 eV) source. Hall-bar devices were fabricated with a standard electron-beam 

lithography procedure combined with thermal evaporation for the patterning metal electrodes 

consisting of Cr/Au of 3/80 nm. Temperature dependent resistance of Hall-bar device was measured 

in an Oxford Teslatron PT 12 cryostat. The magnetization of NbSe2 power or 3D printing structures 

were characterized using a SQUID (quantum design MPMS 3) magnetometer with a temperature 

range of 2-300 K and an applied field range of -5,000 to 5000 Oe.  
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Fig. 1 A general synthesis of 2D superconducting monolayers via cathodic exfoliation. a, 

Photographs of a series of exfoliated 2DSCs dispersed in PC solvent. b, large-area (left image) and 

magnified-view (from the area labelled with red square) STM imaging of TBA-intercalated NbSe2. 

Atomic lattice of NbSe2 in green square can be seen in Supplementary Fig 2. Tunnelling parameter: -

2.2 V, 10 pA (large-area image); -0.15 V, 80 pA (magnified-view image). c-h, AFM images and 

height profiles of various exfoliated 2DSC monolayers using TBA cations as electrochemical 

intercalant. Atomic-resolution STEM-ADF images of as-exfoliated (i) 2H-TaS2 and (j) 1T-TiSe2 

monolayer. Close-up STEM-ADF image with the corresponding atomic model is presented in the 

right panel. Scale bars, 5 nm (b, left image), 1 nm (b, left image), 1 µm (c-h, AFM images) and 2 nm 

(i-j, STEM images). 
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Fig. 2 Structural and superconductivity characterization of highly crystalline NbSe2 monolayer 
a, Optical microscopic image of a representative large-sized NbSe2 monolayer (~300 µm). Right 
inset: exfoliated NbSe2 flakes in PC. b, Histogram of the thickness distribution of as-exfoliated 
NbSe2 flakes. c, SEM image of as-exfoliated NbSe2 flake (highlighted in false colour) drop-cast onto 
a TEM grid. Zoom-in SEM image in Supplementary Fig 20.d, Atomically-resolved STEM-ADF 
image shows the intact lattice of monolayer NbSe2. e, The corresponding SAED patterns are 
acquired from various regions marked in panel (c). The angle between [011�0] direction and 
horizontal axis is indicated in each panel. f, T-dependent longitudinal resistance (Rxx) for a 
monolayer NbSe2 device. Upper inset: optical microscopic image of a typical monolayer NbSe2 Hall-
bar device. Lower inset: Resistance detail from 1.5 to 7 K. g, T-dependent Rxx of a monolayer NbSe2 
device under different perpendicular magnetic field ranging from 0 to 1.4 T. h, T-dependent upper 
critical field Hc2 under out-of-plane (H⊥) and in-plane (H//) magnetic fields. The solid lines: the 
fitting based on Ginzburg-Landau theory. i, Voltage-current (V-I) characteristics at different 
temperatures on a logarithmic scale. Dashed line indicates the expected V∝I3 behaviour at the 
Berezinskii-Kosterlitz-Thouless (BKT) transition. Scale bars, 100 µm (a), 10 µm (c), 2 nm (d) and 
20 µm (f). 
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Fig. 3 Josephson junction arrays in van der Waals heterostructures based on twisted NbSe2. a, 
Optical microscopic image of one twisted NbSe2 device. The cyan border line marks a three-layer 
thick NbSe2 flake and orange border line marks a two-layer thick NbSe2  flake. The overlapping 
regions of the two flakes form two Josephson junctions arrays. Gold contacts were deposited on 
NbSe2 flake and then this device was covered with hBN (green region). b, Differential resistance of 
middle flake (marked by cyan in a) versus current and magnetic field. Superconductivity transition is 
conspicuous here and the critical current has linear dependence on magnetic field. Colour scale from 
purple to yellow: 0 Ω - 3 kΩ. c, Differential resistance measured when current is sent from the top 
flake (marked by orange in a)   to the middle flake (marked by cyan in a) versus current and 
magnetic field. Superconductivity transition associated with junction 1 and 2 are visible here and 
have oscillatory dependence on magnetic field. Colour scale from purple to yellow: 0 - 600 Ω. d, 
Same as c just for a different configuration of the contacts. e, Schematics of the vortex configuration 
for the case of half flux quanta per moire unit cell. The arrow indicates direction of supercurrent 
flow. Current flow will form a closed loop in one triangular with the adjacent triangular having the 
opposite vortex. f, Resistance across two flakes and two junctions are measured with temperature 
going down. Superconducting transition appears in all the four parts. g, Dependence of the critical 
current of junction 1 as a function of magnetic field. Extracted from c. h, Dependence of the critical 
current of junction 2 as a function of magnetic field for different contacts configurations (purple 
curved is extracted from c and green curve -from d).   For clarity, parabolic background was 
subtracted from the green curve, resulting in the red curve. Grey lines are equidistant and mark 
position of the peaks. Green arrows mark peaks observed at half-integer values of frustration 
fraction. Measurements in b,c,d,g,h are done at 1.3 K. 
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Fig. 4 Printing the exfoliated NbSe2 flakes. a, Dispersion of exfoliated NbSe2 flakes in a diversity 

of solvents. Note: the full name for these solvent are provided in Supplementary Table 1. b, 

Schematic illustration, (c) digital photograph, (d) optical microscopic image and (e) AFM 

morphology of a printed large-area superconducting NbSe2 wire on a 4-inch SiO2/Si wafer. (f-i) 2D 

superconductivity of printed NbSe2 film. f-g,  T-dependent longitudinal resistance (Rxx) of a printed 

NbSe2 film under different (f) out-of-plane (H⊥) and (g) in-plane (H//) magnetic field. h, The critical 

field Hc2/Hp as a function of transition temperature Tc/Tc0 for printed NbSe2 film under out-of-plane 

(H⊥) and in-plane (H//) magnetic fields. The critical field Hc2 and the critical temperature Tc are 

normalized by the BCS Pauli paramagnetic limit Hp and Tc0 respectively for comparison. i, Voltage-

current (V-I) characteristics at different temperatures on a logarithmic scale. Dashed line indicates 

the expected V∝I3 behaviour at the Berezinskii-Kosterlitz-Thouless (BKT) transition 
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1. PC solvent for intercalation. 

 

Fig. S1 SEM images of PC-intercalated SC bulks. 

In this work, we tried to maximize the solvent intercalation of 2D materials, different from the previous 

intercalation strategies1, 2. The surface tension of propylene carbonate (PC) is 41.9 mJ/m2, close to the surface 

energy of TMD crystals3, which allows for an excellent dispersion of TMD sheets inside PC solvent. This is 

further supported by additional experimental observation that bulk NbSe2 and TaS2 crystals gradually swell and 

expand upon soaking in PC solvent, as shown in Fig. S1 (note the edge of bulk TMD crystal will open up in 

polar solvent, and thick flake can be obtained).  
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2. TBA-intercalated NbSe2 for STM imaging. 

 

Fig. S2 TBA-intercalated NbSe2 for STM imaging. a, Optical microscopic image of TBA-intercalated NbSe2 

flakes drop-cast onto a SiO2 substrate with pre-patterned Au electrodes (80 nm thickness). The Au electrode is 

marked by dashed cyan line. b, STM imaging of TBA-intercalated NbSe2 corresponds to the flat region marked 

by the green squares in Fig. 1b. Tunnelling parameter: -0.01 V, 260 pA (b).  
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3. Structure characterization of TBA-exfoliated 2DSCs. 

3.1 NbSe2. 

 

Fig. S3 Structure characterization of TBA-exfoliated NbSe2 flakes. a-b, large-area TEM (a) and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated NbSe2 monolayer. The corresponding atomic model of 

NbSe2 monolayer is overlaid in the bottom of panel (b). c, Optical microscopic image of TBA-exfoliated NbSe2 

flakes drop-cast onto a SiO2/Si substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the 

regions indicated by dashed-box in panel (c). Inset of panel (d) shows the A1g Raman-active vibrational mode 

of NbSe2.4 Inset of panel (e) shows the cross-sectional height profile along the dashed line. f-g, The thickness 

distribution (f) and Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-exfoliated NbSe2 

flakes.  
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3.2 NbTe2. 

 

Fig. S4 Structure characterization of TBA-exfoliated NbTe2 flakes. a-b, large-area TEM (a) and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated NbTe2. The corresponding atomic model of NbSe2 is 

overlaid in the bottom of panel (b). c, Optical microscopic image of TBA-exfoliated NbTe2 flakes drop-cast 

onto a SiO2/Si substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the regions indicated 

by dashed-box in panel (c). Inset of panel (e) shows the cross-sectional height profile along the dashed line. f-

g, The thickness distribution (f) and Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-

exfoliated NbTe2 flakes.5  
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3.3 TaS2. 

 

Fig. S5 Structure characterization of TBA-exfoliated TaS2 flakes. a-b, large-area TEM (a) and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated TaS2 monolayer. The corresponding atomic model of TaS2 

monolayer is overlaid in the bottom of panel (b). c, Optical microscopic image of TBA-exfoliated TaS2 flakes 

drop-cast onto a SiO2/Si substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the regions 

indicated by dashed-box in panel (c). Inset of panel (d) shows the A1g Raman-active vibrational modes of TaS2.6 

Inset of panel (e) shows the cross-sectional height profile along the dashed line. f-g, The thickness distribution 

(f) and Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-exfoliated TaS2 flakes.  
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3.4 TaSe2. 

 

Fig. S6 Structure characterization of TBA-exfoliated TaSe2 flakes. a-b, large-area TEM (a) and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated TaSe2 flakes. The corresponding atomic model of TaSe2 is 

overlaid in the bottom of panel (b). c, Optical microscopic image of TBA-exfoliated TaSe2 flakes drop-cast onto 

a SiO2/Si substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the regions indicated by 

dashed-box in panel (c). Inset of panel (d) shows the A1g Raman-active vibrational modes of TaSe2.7 Inset of 

panel (e) shows the cross-sectional height profile along the dashed line. f-g, The thickness distribution (f) and 

Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-exfoliated TaSe2 flakes.  
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3.5 TiS2. 

 

Fig. S7 Structure characterization of TBA-exfoliated TiS2 flakes. a-b, large-area TEM (a), and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated TiS2 flakes. The corresponding atomic model of TiS2 is 

overlaid in the bottom of panel (b). c, Optical microscopic image of TBA-exfoliated TiS2 flakes drop-cast onto 

a SiO2/Si substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the regions indicated by 

dashed-box in panel (c). Inset of panel (d) shows the A1g Raman-active vibrational modes of TiS2.8 Inset of 

panel (e) shows the cross-sectional height profile along the dashed line. f-g, The thickness distribution (f) and 

Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-exfoliated TiS2 flakes.  
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3.6 TiSe2. 

 

Fig. S8 Structure characterization of TBA-exfoliated TiSe2 flakes. a-b, large-area TEM (a) and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated TiSe2 monolayer. The corresponding atomic model of 

TiSe2 monolayer is overlaid in the bottom of panel (b). c, Optical microscopic image of TBA-exfoliated TiSe2 

flakes drop-cast onto a SiO2 substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the 

regions indicated by dashed-box in panel (c). Inset of panel (d) shows the A1g Raman-active vibrational modes 

of TiSe2.9 Inset of panel (e) shows the cross-sectional height profile along the dashed line. f-g, The thickness 

distribution (f) and Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-exfoliated TiSe2 

flakes.   
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3.7 MoTe2. 

 

Fig. S9 Structure characterization of TBA-exfoliated MoTe2 flakes. a-b, large-area TEM (a) and atomically-

resolved STEM-ADF (b) images of TBA-exfoliated MoTe2 flake. The corresponding atomic model of MoTe2 

is overlaid in the bottom panel of (b).10 c, Optical microscopic image of TBA-exfoliated MoTe2 flakes drop-

cast onto a SiO2/Si substrate. d-e, The Raman mapping (d) and AFM topographic (e) images of the regions 

indicated by dashed-box in panel (c). Inset of panel (d) shows the A8
g Raman-active vibrational modes of 

MoTe2.
11

 Inset of panel (e) shows the cross-sectional height profile along the dashed line. f-g, The thickness 

distribution (f) and Raman spectrum (g) (in the area marked by dashed spot in panel (e)) of as-exfoliated MoTe2 

flakes. 
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3.8 UV-vis spectra of exfoliated 2DSC sheets. 

 

Fig. S10 UV-vis absorption spectra of as-exfoliated 2DSC flakes dispersed in PC solvent. 

Metallic SC flakes often reveal a broad absorption spectrum ranging from 300 to 1500 nm. The prominent 

feature located between 400 to 800 nm can be assigned to the interband transitions from the p states in 

chalcogens and d states in transition metals12, 13, 14, 15.   
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4. Intercalated NbSe2 crystals as a function of the concentration of TPA. 

 

Fig. S11 XRD patterns of electrochemically-intercalated NbSe2 sheets using a series of electrolytes with 

different concentrations of TPA in PC solvent. (00l) peaks associated with the original out-of-plane stacking 

in NbSe2 are labelled in black, and intercalation induced new features are labelled in red. 

To better understand the intercalation mechanism, we first used X-ray diffraction (XRD) to systematically 

investigate the structure of SC TMD crystals intercalated by a series of electrolytes with different concentrations 

of TPA in PC solvent (Fig. S11). The intensity of (00l) peaks (black label in Fig. S11) corresponding to the 

original out-of-plane stacking in bulk NbSe2 crystals drops as a decrease of the concentration of TPA in 

electrolyte, suggesting that a diluted TPA-PC electrolyte favors a sufficient intercalation and thus leads to the 

exfoliation of thinner flakes. When the electrolyte with a concentration of 1.5×10-4 mol/L is used, the original 
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(00l) peaks disappears, indicating a complete intercalation of NbSe2 bulk crystal. The interlayer distance is 

increased to ~2.4 nm (002 peak is located at 3.6 degree), providing a strong evidence for the successful 

delamination of each layer after electrochemical intercalation. Note a gentle sonication is not necessarily 

required to further delaminate these fully-intercalated TMDs but it can enable a fast separation of these weakly 

coupled 2D sheets for their dispersion in solvent. 

 

Fig. S12 Morphology evolution of bulk NbSe2 under different cathodic voltages. a, Linear sweep 

voltammogram (scan rate: 0.1 V/s) of bulk NbSe2 in PC electrolyte (1.5×10-4 mon/L TPABF4), a intercalation 

potential of -1.8 V Vs Pt indicates the low intercalation barrier of solvated TPA into NbSe2 galleries. b-c, SEM 

images of the edge of bulk NbSe2 before (b) and after (c) the cathodic scan from 0 to -3 V. d, SEM image of 

the edge of bulk NbSe2 after charging at -4 V for 30 min. e-f, SEM images of as-exfoliated NbSe2 flakes. 
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Fig. S13 The size/thickness distribution of as-exfoliated NbSe2 flake as a function of the concentration of 

TPA in PC. a, 1H NMR spectrum of intercalated species (PC and TPA) in the interlayer galleries NbSe2 (1.5×10-

4 mon/L TPA-PC is used for intercalation). The relationship between the (b) thickness and (c) size of exfoliated 

NbSe2 sheets as a function of the concentration of TPA in PC. The error bars show the standard error. 

To gain deep insight into the intercalation mechanism, we performed 1H NMR test to measure the composition 

of intercalated species between the interlayer galleries of NbSe2 (Fig. S13). The electrochemically-exfoliated 

NbSe2 sheets were collected by filtration and then washed with acetone for three times to remove the electrolyte 

adsorbed on surface. A vacuum drying of these exfoliated NbSe2 sheets at 30 °C for 1 h to remove the residual 

acetone solvent, followed by the sonication in DMSO-D6 to release the intercalants for the subsequent 

measurement of 1H NMR spectra. As shown in Fig. S13b, a decrease of the concentration of TPA in PC results 
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in a monotonical increase of the ratio of intercalated PC:TPA. A diluted concentration of TPA in PC ranging 

from 1.5 to 20×10-4 mon/L enables a high intercalation degree of NbSe2 crystal, and the resultant exfoliated 2D 

flakes show an average thickness below 2 nm (corresponding to 1-3 layers). A further dilution of the electrolyte 

(<1.5×10-4 mol/L) slows down the intercalation rate significantly and results in an insufficient intercalation and 

exfoliation (thick flakes produced). The correlation between the sizes of exfoliated NbSe2 sheets and the ratio 

of intercalated PC:TPA confirms that the intercalation of a large amount of neutral PC solvent favors the 

production of the large-sized high-quality of monolayer 2D sheets. 
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5. The proposed intercalation mechanism of NbSe2 in ultra-diluted TPA-PC electrolyte. 

Fig. S14 

Proposed intercalation mechanism of NbSe2 in ultra-diluted TPA-PC electrolyte. 

The maximization of the efficient intercalation of neutral solvent molecules into the interlayer space of 

superconducting TMD bulk crystals can weaken or avoid the excessive charging and structural damaging of 

TMD materials arising from charged intercalants1, 2. This is crucial for the electrochemical exfoliation of high-

quality and large-size 2DSC sheets1, 2, 16. The production of high-quality and large-sized 2D TMD-based 

superconducting monolayers can be achieved via the using an ultra-diluted concentration (<20×10-4 mol/L) of 

tetrapropylammonium cations (TPA) in a polar solvent. In this case, solvation of TPA cations by a large number 

of neutral solvent molecules as co-intercalants for the electrochemical exfoliation of TMD SC bulks (Fig. S13). 

 

6. Large-sized 2DSC monolayers exfoliated in ultra-diluted TPA-PC electrolyte. 
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Fig. S15 Large-sized 2DSC monolayer exfoliated in ultra-diluted TPA-PC electrolyte. Optical microscopic 

(left panel) and AFM (right panel) images of several representative large-sized 2DSC exfoliated in TPA-PC 

electrolyte with the concentration ~2×10-4 mon/L. 

7.TPA-intercalated NbSe2 for STM imaging. 
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STM imaging provides a real-space distribution of the intercalated species. A closer examination reveals flat 

region (un-intercalated or re-stacked NbSe2 during ultra-high vacuum pumping) and the bright feature with an 

apparent height of ~0.18 nm, (Fig. S16) ascribed to NbSe2 intercalated by TPA-PC molecules.  

 

Fig. S16. (a) Large-scale STM image (tunneling parameter: -2.3 V, 10 pA) and (b) height histogram of TPA-

PC intercalated NbSe2 sample. 
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7. Quasi-monolayer structure of TPA-intercalated NbSe2. 

 

Fig. S17 Cross-sectional HRTEM image of TPA-intercalated NbSe2. 

 

 

8. Dispersion of TPA-intercalated NbSe2 in PC solvent. 

 

Fig. S18 Digital photographs of TPA-intercalated NbSe2 before and after a sonication for 30 seconds. 
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9. Structure characterization of TPA-exfoliated NbSe2. 

 

Fig. S19 a, Optical microscopic image of as-exfoliated NbSe2 flakes drop-cast onto a SiO2/Si substrate. b, AFM 
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topographic of the regions marked by red in panel (a). The height profile along the dashed line is superimposed 

in panel (b). c-d, Height histogram of (c) exfoliated NbSe2 monolayer and (d) blank SiO2 substrate. e, Raman 

spectra of NbSe2 bulk and as-exfoliated flakes. The absence of the peak ~27 cm-1 (associated with the ωs shear 

mode in multilayer stacked NbSe2)4 demonstrates a monolayer nature of as-exfoliated NbSe2 flake. f, Raman 

mapping images (A1g peak intensity) of the regions marked by green in panel (a).  

 

We performed the statistics analysis for the surface roughness of as-exfoliated NbSe2 monolayers and blank 

SiO2 substrate using AFM (Fig. S19). The surface roughness of SiO2 substrate and NbSe2 monolayer is 

measured to be 0.270 nm (standard deviation σ~382 pm) and 0.302 nm (standard deviation σ~374 pm) 

respectively. This suggests that the morphology of as exfoliated NbSe2 monolayers follows that of bottom SiO2 

substrate17. Additionally, we have checked the TPA-PC exfoliated NbSe2 flakes by STM imaging. As shown in 

Fig. S20, the intercalated TPA and PC molecules can be removed after rinsing with PC or acetone solvents 

under a mild sonication (100 W) for 30 seconds. STM images reveal that the majority of surface of as-exfoliated 

NbSe2 monolayer is clean, without the electrolyte residuals.  
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Fig. S20 STM imaging of the TPA-PC exfoliated NbSe2 flakes. (a) Optical microscopic and (b-d) STM 

images of exfoliated NbSe2 flakes drop-cast onto a h-BN flake. Tunneling parameter: -3 V, 10 pA (b), -0.05 V, 

80 pA (c) and -2.5 V, 30 pA (d). 
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10. SEM imaging of the as-exfoliated NbSe2 flake for SAED characterization. 

 

Fig. S21 Zoom-in SEM image of the as-exfoliated NbSe2 flake for SAED characterization. 
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11. Defects density in as-exfoliated 2DSC monolayers. 

Fig. S22 

Representative STEM images (a, c) of exfoliated NbSe2 and TaS2 sheets with the corresponding (b, d) 

structural simulation by Python. The labels for the structure model, blue: metal, orange: dichalcogen (Se2 or 

S2), yellow: single vacancy (VSe or VS) and cyan: double vacancy (VS2 or VSe2). The defect density for as 

exfoliated NbSe2 is Se2 : VSe : VSe2=1:0.0331:0.005729, and defect density for as-exfoliated TaS2 is S2 : VS : 

VS2=1: 0.0139: 0.00347. 

To further evaluate the quality of as-exfoliated flakes, we have carried out a statistic analysis of multiple STEM 

images of exfoliated NbSe2 and TaS2 sheets to make a quantitative analysis of the defect density in our samples. 

Fig. S22 shows representative STEM images of exfoliated NbSe2 and TaS2 sheets with the corresponding atomic 
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model. The structural simulation via Python allows for the estimation of the chemical stoichiometry of 

exfoliated flakes (NbSe1.96 and TaS1.98 for exfoliated NbSe2 and TaS2 sheets, respectively).  

 

 

 

12. XPS spectrum of as-exfoliated NbSe2. 

  

Fig. S23 XPS spectrum (Nb 3d) of freshly-exfoliated NbSe2. 

Fig. S23 shows the Nb 3d core-level XPS spectrum of as-exfoliated NbSe2 flakes. The doublet features peaked 

at 203.1 and 205.8 eV can be ascribed to the characteristic Nb4+ 3d5/2 and 3d3/2 core-level spectrum of NbSe2, 

respectively. The absence of sub-peaks at 207.2 (3d5/2) and 209.6 (3d3/2) eV associated with oxidation states of 

Nb5+ demonstrates a negligible oxidation of as-exfoliated NbSe2 flakes. 
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13. Resistance of NbSe2 monolayer as a function of out-of-plane (H⊥) and in-plane (H//) magnetic field. 

 

Fig. S24 a, Resistance (Rxx) of monolayer NbSe2 device as a function of out-of-plane (H⊥) magnetic field at 

different temperatures from 1.5 to 3.8 K. b, T-dependent Rxx of monolayer NbSe2 device under different in-

plane (H//) magnetic fields ranging from 0 to 12 T. 
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14. Berezinskii-Kosterlitz-Thouless (BKT) model fitting of NbSe2 monolayer.  

 

Fig. S25 Temperature-dependent exponent deduced from the V-I curve in Fig. 2i. The exponent α can be 

extracted from the slope of the V-I curves in Fig. 2i, and the BKT transition temperature TBKT is estimated to 

be 2.9 K at α=3. 
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15. Degradation of NbSe2 monolayer in air. 

 

Fig. S26 Probing the degradation of NbSe2 monolayer in air. (25 °C, 60% humidity) a-b, Time dependent 

AFM morphology (a) and corresponding height profiles (b) of exfoliated NbSe2 monolayer exposed to air (note 

that as-examined flake has been thoroughly washed with acetone to remove solvent protection). c, XPS spectrum 

of as-exfoliated NbSe2 flakes after exposure to air for 30 mins. d, STEM-ADF images of monolayer NbSe2 after 

an exposure to air for 5 mins. e, STEM-ADF image of intact and defective area of NbSe2 monolayer. Right 

panel displays the corresponding intensity profiles along marked lines in the STEM-ADF image (e).  
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16. Moiré patterns at the heterojunction of restacked NbSe2 flakes. 

Periodic moiré patterns in re-stacked NbSe2 heterostructures can be observed via both STEM and STM imaging 

(Fig. S27-28), which indicates that large-scale clean interface with moiré pattern can be obtained in restacked 

NbSe2 flakes.  

 

Fig. S27 STEM imaging of moiré patterns at the heterojunction of restacked NbSe2 flakes. a, STEM image 

of the NbSe2 junction structure formed by two TPA-PC exfoliated NbSe2 flakes (highlighted in false colour of 

red and blue for each flake) drop-cast onto a TEM grid. (b) Large-scale and (c) zoom-in STEM images of a 

stacked moiré junction structure of NbSe2 flakes with a twisted angle of 10.4° (d). 
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Fig. S28 STM imaging of moiré pattern of the restacked NbSe2 flakes. a, Optical microscopic image of 

NbSe2 moiré pattern at a twist angle of 12.3° (b) formed by two TPA-PC exfoliated NbSe2 flakes (highlighted 

in false colour of blue and orange for each flake) drop-cast onto a h-BN flake. (c) STM and (d) dI/dV mapping 

images of the moiré pattern of the stacked NbSe2 flakes at a twist angle of 12.3° (d). 
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17. Origin of the superconducting transition peaks in twisted NbSe2.  

 

Fig. S29 a, Optical microscopic image of stacked NbSe2 flakes, contacted with Ti/Au electrodes. Current is 

applied between the two flakes and voltage drop is recorded. The scale bar is 20 µm. b, Simple resistor model 

used to assign the transition peaks to the respective junctions. Since the two junctions are always connected in 

parallel, when current is applied across a junction, the current path and the magnitude of the detected signal are 

determined by the contact configuration and the difference in flake resistance. c, Two transition peaks in the 
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dV/dI Vs current and magnetic field are recorded with current contacts 5-1 and voltage contacts 7-8. d, The 

lower transition peak disappears when the voltage signal is recorded with the contact pair 6-7 instead, indicating 

it originates from Junction 2. e-f, Similarly, when current is applied via 5-1 and voltage is recorded with 4-2, 

across Junction 1, two transitions are visible, whereas moving the voltage probes to 5-4, results in significant 

decrease of the higher-current transition peak, thus corroborating its origin from Junction 1.  

 

18. Josephson junction arrays in van der Waals heterostructures based on mechanically exfoliated and 

twisted NbSe2 flakes. 

To support our data on the commensurate flux penetration and the formation of a network of Josephson junction 

arrays in twisted NbSe2 flakes, we fabricated such twisted devices from mechanically exfoliated NbSe2. Unlike 

the printed devices – the whole fabrication had to be done in glove box and the final device had to be 

encapsulated to avoid oxidation. 

Twisted NbSe2 devices (Fig. S30a-b) were assembled by the standard dry-transfer and tear-and-stack techniques, 

as reported previously18, 19. The preparation of the devices was carried out in an inert atmosphere provided by a 

glovebox. In brief, thin NbSe2 flakes were first exfoliated onto oxidized silicon substrates (90 nm thickness of 

SiO2). The thicknesses of NbSe2 flakes were identified and selected via optical contrast. Then we used a double-

layer polymer film of polypropylene carbonate (PPC) on polydimethylsiloxane (PDMS) to lift a flake of 

hexagonal boron nitride (h-BN), which was then used to lift the monolayer graphene crystal away from its 

substrate. Subsequently, we used a precision micromanipulator with a remote control to place the stacks (h-

BN/Graphene) on top of the chosen few-layer NbSe2 flake and make sure that the graphene covers only partial 

area of the NbSe2. Then we quickly pealed the stack off the oxidized silicon substrate to tear the NbSe2 flakes 

into two sections. The section without coverage of graphene remained on the substrate, which was rotated by 

0.1° to 0.5° and then picked up by the stacks (h-BN/Graphene/NbSe2). The resulting stack (h-

BN/Graphene/twisted NbSe2) was subsequently placed onto a larger h-BN crystal residing on the oxidized 

silicon substrate to achieve the full encapsulation. The assembled h-BN/Gr/twisted NbSe2/h-BN 

heterostructures were removed out from the glovebox for device fabrication. Finally, the electron beam 

lithography was used to define the pattern in a shape of multiterminal Hall bars and the reactive ion etching was 
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used to selectively etch the h-BN on top of the monolayer graphene. As for metallic contacts, we deposited 3 

nm Cr followed by 50 nm Au on top of the monolayer graphene (Fig. S30b).  

The device was measured at T<0.3 K in a helium-3 system. The differential resistance (dV/dI) measurement 

shown in Figure R3d-e was conducted by sweeping DC current bias with 15 nA AC excitation mixed, while the 

4-probe AC voltages on twisted and individual regions of NbSe2 (Fig. S30b) were measured by lock-in, 

respectively. Fig. S30d presents the measurements on an individual NbSe2 flake of three layers. One can see 

that the superconducting region at this temperature is limited only to the region of very small magnetic field and 

small critical currents. However, the twisted area demonstrates significantly larger critical current, which is able 

to survive in much larger fields. This can be understood as the critical temperature and critical current can be 

enhanced significantly in NbSe2 flakes with an augment of the thickness20 At the same time, the critical current 

as a function of magnetic field demonstrates oscillatory dependence. The period of the oscillation is ∆B≈0.22 

T. Assuming that the oscillations are caused by the specific distribution of the supercurrent in the arrays of the 

Josephson junction formed by moiré lattice, we can estimate the periodicity of the moiré pattern as 

L=(Φ0/∆B)1/2≈100 nm, corresponding to a small twisted angle of ~0.2°. (here Φ0 = h/(2e) is the superconducting 

magnetic flux quantum, Φ0~2 mT·μm2) 
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Fig. S30 Josephson junction arrays in van der Waals heterostructures based on mechanically exfoliated 

and twisted NbSe2 flakes. (a) Illustration of the fabrication scheme and (b) optical microscopic image of the 

twisted NbSe2 device. The black and red dashed curves in (b) outline the individual and twisted regions of 

mechanically exfoliated NbSe2 flakes. Lower inset in (b) shows the schematic of twisted device. Scale bar, 2 

µm. c, Schematic of the moiré pattern in the twisted NbSe2 flake with a rotation angle of 0.2°. The differential 



137 
 

resistance (dV/dI) as a function of the current and magnetic field for the (d) individual and (e) twisted NbSe2 

flakes. The contours indicate the critical current, and the colour scales are the same in (d) and (e). f, The position 

of the maxima (integer indices) and minima (half-integer indices) as a function of the magnetic field. 

 

 

 

19. Probing the stability of as-exfoliated NbSe2 flakes dispersed in PC solvent. 

 

Fig. S31 UV-vis spectra of as-prepared NbSe2 dispersed in PC solvent before (cyan line) and after (red line) a 

storage time of 5 months in air. UV-vis measurement demonstrates that ~60% of NbSe2 flakes dispersed in PC 

can survive after a storage duration of 5 months in ambient conditions. 
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20. Dispersion of exfoliated NbSe2 in a diversity of solvents.  

Abbreviation Full name  Polarity Index21 

TOL Toluene 2.4 

DCM Dichloromethane 3.1 

IPA Isopropyl Alcohol  4.0 

THF Tetrahydrofuran 4.0 

ETAC Ethyl Acetate 4.4 

DIOX 1,4-Dioxane  4.8 

ACE Acetone 5.1 

ACN Acetonitrile 5.8 

FA Formic Acid  6.0 

AA Acetic Acid  6.0 

DMF N,N-Dimethyl Formamide 6.4 

DMSO Dimethyl Sulfoxide  7.2 

 
Table 1 A list of solvents used for the dispersion of NbSe2 in various solvents as shown in Fig. 4a. 
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21. Processibility of as-exfoliated NbSe2 flakes in solution phase.  

 

Fig. S32 The dispersion of exfoliated NbSe2 sheets in different solvents and their solution processibility. 

a, UV-vis spectra of as-exfoliated NbSe2 sheets (~0.1 mg) re-dispersed in a variety of solvents (10 mL). b, 
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Time-dependence of UV-vis absorbance (at 508 nm, normalized to the initial absorbance A0) after the storage 

in air. (c) TEM and (d) AFM images of NbSe2 sheets stored in acetone for 3 days in air. (e) SEM and (f) AFM 

images of NbSe2 film deposited on SiO2 substrate via drop-casting (NbSe2 dispersion in acetone).  

We have provided the UV-vis spectra of exfoliated NbSe2 sheets dispersed in a variety of solvents (Fig. S32a). 

The absorption feature peaked around 500 nm is originated from NbSe2 thin flake dispersed in the solution22. 

The intensity variation of absorption feature around 500 nm can be used to track the stability of NbSe2 sheets 

in solution medium. Therefore, we monitored the stability of NbSe2 flakes dispersed in four representative 

solvent (acetone, acetonitrile, formic acid and toluene) using time-dependent UV-vis spectroscopy (Fig. S32b). 

We note that some portion of NbSe2 sheets precipitate in the first 0.5 h in different solvents, presumably due to 

the over-saturation (the total amount of NbSe2 exceeds the saturation concentration). After this, the maximal 

absorbance around 500 nm (normalized to its initial absorbance) exhibits excellent stability in air even up to 

fourteen days (decay < 1% per day), suggesting a great improvement in stability compared with the sheets 

directly exposed to air (degraded in mins, Fig. S26).  
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22. NbSe2 ink for 3D printing. 

 

Fig. S33 3D printing of as-exfoliated NbSe2 flakes. a-c, Digital photographs of a NbSe2 atomic model and a 

Merlion statue by 3D printing. d-e, Optical microscopic images of 3D printed structures. f, Raman spectra of 

3D printed structures with/without NbSe2 sheets, the presence of the characteristic A1g peak demonstrates the 

existence of NbSe2 flakes in 3D printed matrix. g, Raman mapping acquired at the A1g characteristic peak of 

NbSe2. Uniform signal intensity indicates a good dispersion of NbSe2 flakes in the printed structure. h, T-

dependent magnetization of the NbSe2 dispersed in 3D printed structure and bulk NbSe2 sample under a 

magnetic field of 200 Oe. 
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23. The size distribution of exfoliated NbSe2 flakes in the printable ink for inkjet printing. 

 

Fig. S34 The size distribution of exfoliated NbSe2 flakes in the printable inks. a, Representative optical 

microscopic image and (b-c) AFM morphology of NbSe2 flakes (corresponding to the area denoted with box in 

(a) via drop-casting as-prepared printable ink onto a SiO2/Si substrate). d, The statistical distribution of vertical 

thickness and lateral size of NbSe2 flakes in the printable inks. 
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24. T-dependent Rxx of patterned NbSe2 film using inkjet printing. 

 

Fig. S35 T-dependent longitudinal resistance (Rxx) of patterned NbSe2 film using inkjet printing. 
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25. 2D superconductivity of re-stacked NbSe2 monolayers. 

 

Fig. S36 2D superconductivity of re-stacked NbSe2 sheets. (a) Optical and (b) AFM height profile of re-
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stacked NbSe2 monolayers. T-dependent longitudinal resistance (Rxx) of re-stacked NbSe2 sheets under different 

in-plane (H//) (c) and out-of-plane (H⊥) (d) magnetic field. Inset shows the Rxx from 10 to 300 K. e, The critical 

field Hc2/Hp as a function of transition temperature Tc/Tc0 for restacked NbSe2 film under out-of-plane (H⊥) and 

in-plane (H//) magnetic fields. The dashed red and blue lines correspond to the fitting of monolayer NbSe2 based 

on Ginzburg-Landau theory. The dashed grey line corresponds to the Pauli paramagnetic limit. f, Voltage-

current (V-I) characteristics at different temperatures on a logarithmic scale. Dashed line indicates the expected 

V∝I3 behaviour at the Berezinskii-Kosterlitz-Thouless transition 
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3.5 CVD graphene and its twisted heterostructures  
 
The improvement of CVD graphene fabrication has laid the foundation for the large-scale manufacture 

of graphene devices in industrial applications. Currently, the twisted heterostructures created directly 

by CVD have gained much attention. Our experimental studies found that growing twisted devices 

directly by CVD avoids the contingency of twisted angle caused by transfer and improves the efficiency 

of device fabrication. However, until now, this technique has remained at an immature stage. The quality 

of CVD graphene and the control of twisted angles still require further development to be suitable for 

practical applications. Paper 4 attempted to overcome the issue of surface contamination by a post-

growth method that exploited the adhesive force of an activated-carbon-based lint roller on the 

graphene surface. Significant elimination of the polymer residue was identified, and thus, the transport 

properties of such graphene transistors have improved dramatically. Paper 5 reported an ex situ 

nucleation strategy to control the second layer nucleation, relative to the first layer, in the fabrication of 

twisted bilayer graphene. The results found that the control of the twisted angle was superior to those 

reported previously, whilst the quality of the twisted graphene was maintained well, with mobility up to 

68,000 cm2 V−1 s−1 at room temperature. 

 

 
 
Paper 4 (Published in Advanced Material, Contributed equally)  

My contribution: Performed the transport measurement for the CVD graphene and gave feedback to the 

fabrication side for any quality improvement. 
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Contamination is of concern when dealing with surface and interface technologies. Given that 

graphene is a two-dimensional (2D) monolayer material with an extremely large surface area, surface 

contamination may seriously degrade its intrinsic properties and strongly hindering the applications 

of graphene in surface and interfacial regions. However, large-scale and facile treatment methods for 

producing clean graphene film that preserve its excellent properties has been still unachieved. Herein, 

we report an efficient post-growth treatment method for selectively removing surface contamination 

to achieve a large-area super-clean graphene surface, enabled by a strong adhesive force of an 

activated-carbon-based lint roller upon graphene contaminations. The as-fabricated super-clean 

graphene, with a surface cleanness exceeding 90%, can be transferred to dielectric substrates with 

significantly reduced polymer residue, leading to superior optical and electrical properties. 

 

Progress of modern semiconductor industry has its foundation on effective surface-cleaning 

techniques1. The rising applications of graphene and other 2D materials relies highly on the availability 

of super-clean surfaces, because surface cleanness has significant impacts on their properties and 

performances, especially in consideration of the 2D nature2-7. Although CVD-derived graphene film on 

metal foil exhibits promising properties8,9, it still faces the serious issue of surface contamination, which 

strongly degraded the graphene properties3,5,6.  

Surface contamination of CVD-derived graphene films has three main origins: intrinsic 
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contamination that occurs during the CVD growth process (Supplementary Note 1), polymer residues 

introduced by transferring process from growth substrate to target substrate10, and airborne 

contamination5. Many attempts have been made to remove the surface contamination of graphene, 

involving the Joule heating11, annealing10,12, plasma treatment13,14. However, only emphasizing the 

elimination of transfer-related contamination, these post-growth routines cannot thoroughly solve the 

issue of surface contamination, and to obtain super-clean graphene film on a large scale becomes a 

major hurdle in graphene research (Supplementary Table 1). In this paper, we obtain a meter-sized 

super-clean graphene film, relying on the direct effective cleaning of graphene on Cu foil to eliminate 

the intrinsic surface contamination, i.e., amorphous carbon15, immediately following CVD growth. In this 

case, amorphous carbon can be successfully removed using an activated carbon-coating lint roller 

featured by a strong adhesive interaction with amorphous carbon. The successful removal of amorphous 

carbon would contribute to reducing the polymer residues on graphene during the transferring process, 

along with enhanced optical and electrical properties.  

During the high-temperature CVD growth, the graphene surface would be contaminated with 

defective amorphous carbon with a thickness of around few nanometers (Supplementary Note 1 and 

Supplementary Fig. 1). Fortunately, the absence of relatively strong interaction between amorphous 

carbon and graphene surface promise a possibility of detaching them for obtaining a clean surface of 

graphene, as evident in the movement of amorphous carbon on graphene surface driven by the electron-

beam (Supplementary Fig. 2 and Supplementary Video).  

The lint roller, commonly used to remove the dust on clothes in daily life, is composed of one-sided 

adhesive paper with a strong interaction upon targeting contaminations. Inspired by this, an activated 

carbon-coating lint roller is fabricated to treat the graphene/Cu foil to obtain a clean graphene surface, 

relying on the strong interaction between activated carbon and amorphous carbon on graphene. In 

detail, activated carbon powder was coated on micron sized pores of commercially available Cu foam to 

achieve a high mass loading of activated carbon, where a binder is used to form a strong connection 

between Cu foam and activated carbon. The cleaning process of as-received large area of graphene on 

Cu foil was conducted by slowly rolling the foil directly under the activated carbon-coating lint roller at 

a temperature of 170 °C (Fig. 1a and Supplementary Fig. 3). A close contact between activated carbon 
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and contaminations on graphene is key for the successful removal of contaminations, due to their dense 

distribution on graphene surface. The close contact between amorphous carbon contamination of 

graphene and activated carbon of lint roller were indicated by the studies of cross-sectional transmission 

electron microscopy (TEM) and elementary dispersive spectrum (EDS) mapping, which lead to a strong 

interfacial adhesion force (Fig. 1b and Supplementary Fig. 4).  

The removal of amorphous carbon contamination of graphene after lint rolling process can be revealed 

by atomic force microscopy (AFM). As shown in Fig. 1c, typical AFM image of common CVD graphene 

samples before the cleaning process indicates that amorphous carbon is universally distributed over the 

entire graphene surface at an average height of ~1.2 nm. In contrast, after post-treatment of lint rolling, 

a highly improved cleanness of graphene with reduced surface contamination can be confirmed by 

greatly improved surface flatness and the much narrower height distribution in AFM image (Fig. 1d and 

Supplementary Fig. 5).  

We believe that the interfacial-force-engineered lint rolling process is key to for removing the 

amorphous carbon contamination and achieving the super-clean graphene surface. As well known, 

activated carbon has porous structure and functional groups (Supplementary Note 2 and Supplementary 

Fig. 6), enabling a stronger interaction with amorphous carbon than that between amorphous carbon 

and graphene surface16, which ensure the success of detaching the amorphous carbon from graphene 

basal plane. To further confirm this, adhesion forces between activated carbon and amorphous carbon 

(F-Cactivated-Camorphous), and adhesion forces between amorphous carbon and graphene (F-Cactivated-Gr) 

were measured, respectively (see Methods and Supplementary Note 2). As shown in Fig. 1e, we 

measured typical adhesive forces through the gradual approach of an amorphous-carbon-coated AFM 

tip towards the as-fabricated clean graphene or the activated carbon, respectively. As a result, F-Cactivated-

Gr with average value of 93.1 ± 10.9 nN is clearly smaller than F-Cactivated-Camorphous (373.2 ± 158.0 nN) 

(Supplementary Fig. 7).  

The efficient force-engineered lint rolling post-treatment allow for the fabrication of a large-area 

super-clean graphene surface. As shown in Fig. 1f, meter-scale super-clean graphene was obtained, and 

the cleanness was evaluated through the visualization of surface contamination using the TiO2-

deposition method17,18 (Supplementary note 3, Fig. 1g and Supplementary Fig. 8). After transferring as-
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received graphene onto the TEM grid, the high degree of surface cleanness of graphene film (can reach 

99%) was further confirmed using high-resolution TEM (HR-TEM) (Fig. 1h and Supplementary Fig. 9). To 

test the recoverability of the activated carbon-coating lint-roller, a series of experiment were conducted 

and the cleanness of as-treated graphene could be maintained after at least 10 rounds. (Supplementary 

Fig.10). 

The availability of super-clean graphene on Cu would enable the suppression of another 

contamination-polymer residues in the following transfer step for further applications. Normally,  a 

transferring process of graphene from growth substrate to a dielectric substrate is required for further 

device fabrication and integration 19,20, in which a polymer medium such as poly(methyl methacrylate) 

(PMMA) is inevitably used to support the graphene film. This unfortunately results in a large amount of 

the PMMA residues on the as-transferred graphene surface6, as evident in the AFM image of unclean 

graphene transferred onto atomically flat mica, where the polymer residue is clearly visible (Fig. 2a). The 

height distribution (Fig. 2b) was fitted with 3 Gaussian peaks, which can be assigned to graphene, 

amorphous carbon and PMMA residues, respectively. In contrast, almost no PMMA residues and 

amorphous carbon were found on the surface of the as-fabricated super-clean graphene after the 

transfer (Fig. 2c), as indicated by the similar height distribution of the as-transferred super-clean 

graphene with that of mica (Fig. 2d). Clearly, a removal of amorphous carbon before transfer ensure a 

reduction of transfer-related polymer residues. Figure 2e displays a photographic image of a super-clean-

graphene film transferred onto a large-area (4 cm × 8 cm) mica substrate. The corresponding AFM 

images and the statistical data reveal a cleanness of 99% after the transfer (see Supplementary Fig. 11, 

and Fig. 2f, respectively). Furthermore, the PMMA residues on common as-transferred graphene 

samples can be still removed by the activated carbon-coating lint roller efficiently (Supplementary Fig. 

12), showing the universality of our method.  

The availability of a clean surface on a large scale would ensure enhanced electrical properties of 

graphene films. To characterize the quality of as-received graphene, firstly, no defect-related D peak 

were observed in Raman results, along with a large 2D/G ratio, confirming the high quality and  

monolayer nature of the obtained clean graphene film after the treatment21 (Fig. 3a and Supplementary 

Fig. 13).   
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Contact issue and carrier mobility is two parameters, that dominate the electrical performance of 

graphene devices in applications of high-speed electronics22. In this regard, a graphene transistor array 

(inset of Fig. 3b) was fabricated for measuring the contact resistance. By using transfer length method 

(TLM)23, we can extract the contact resistance at different gate bias (VG - VDirac, VDirac = 15V) at room 

temperature (Fig. 3b and Supplementary Fig. 14), where the minimum contact resistance between clean 

graphene and metal (Pd/Au) reach 117.6 ± 32.5 Ω μm at VG= VDirac – 37 V, which is comparable with the 

value of exfoliated graphene. The field-effect mobility of the as-received super-clean graphene on SiO2/Si 

substrate is around 17,100 cm2 V-1 s-1 at 1.9 K, which indicate the contribution of low level of 

contamination to improved electrical quality24,25 (Supplementary Fig. 15). To further confirm the intrinsic 

mobility of super-clean graphene, the hBN-encapsulated graphene Hall bar devices with one-

dimensional edge contact (inset of Fig. 3c) were fabricated using hot “pick-up” technique26,27 (see 

Methods). By plotting the four-terminal resistance as a function of charge carrier density n, the extracted 

field effect mobility exceeds 400,000 cm2 V-1 s-1 at 1.7 K (Fig. 3c), while the corresponding Hall mobility 

can be as high as 500,000 cm2 V-1 s-1 (Supplementary Fig. 16). By performing magnetotransport 

measurements on the hBN-encapsulated graphene Hall bar device, the Landau fan and broken Landau 

level degeneracy can be well resolved (Fig. 3d), indicating the high quality of as-received super-clean 

graphene.  

The reduced contamination also brings benefits on sheet resistance and optical transmittance, 

which are two important technological parameters in the application of transparent conductive film. The 

as-fabricated super-clean graphene film exhibits a lower sheet resistance (618.0 ± 19.6 Ω/□) than that 

of unclean graphene film (879.8.0 ± 173.7 Ω/□) (Fig. 3e), which is probably ascribable to an increase in 

carrier mobility and a better contact. As for the optical transmittance, the super-clean graphene 

transferred on quartz glass exhibited a average transmittance of 97.4 % at a wavelength of 550 nm, 

which is very close to ideal value of monolayer graphene28 (Fig. 3f). By stacking three layers of graphene 

on polyethylene terephthalate (PET) substrate by layer-by-layer transfer techniques, the difference in 

transmittance between unclean and super-clean graphene can be clearly observable by naked eyes 

(Supplementary Fig. 17).  

In summary, we developed and demonstrated an activated carbon-coating lint roller with a strong 
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adhesive force to successfully remove surface contamination on graphene surface. The as-treated 

graphene surface exhibited a high cleanness of 90% with low degree of polymer residue after 

transferring onto a functional substrate. The super-clean signature of the graphene film ensures 

considerably enhanced optical and electrical properties, providing a new material platform for various 

applications of graphene. 

Methods 

Graphene-film growth. Graphene films were grown on Cu foil using a low-pressure CVD system, as 

reported previously. Typically, 25-μm-thick Cu foil (99.8% purity, Alfa-Aesar #46365) was placed in a 

quartz tube furnace and heated to 1020 °C under a 500-sccm flow of Ar. The sample was then annealed 

for 30 min under a 500-sccm flow of H2. Graphene was then grown for 20 min under a 100-sccm flow of 

H2 and 1 sccm-flow of CH4. 

Graphene-film cleaning using the activated carbon-coating lint roller. An activated carbon-coating lint-

roller was fabricated by binding activated carbon powder to porous Cu foam with poly(vinylidene 

fluoride) (PVDF, 1000 K). The mass ratio of activated carbon to PVDF was 6:1, and the binder solvent was 

N-methylpyrrolidone (NMP). Normal graphene on Cu foil was placed in a vacuum system and rolled by 

the as-fabricated activated-carbon lint roller at a temperature of 170 °C. The graphene surfaces were 

usually cleaned four times by this procedure. 

Graphene transfer. The graphene film was transferred onto mica and SiO2 with the assistance of PMMA. 

The graphene/Cu was spin-coated with PMMA at 2000 rpm and then baked at 170 °C for 5 min. After 

etching away the Cu foil with 1 M Na2S2O8 solution and washing with deionised water, the 

PMMA/graphene was subsequently placed onto target substrates and the PMMA was dissolved using 

acetone. A “dry” transfer method was used to fabricate hBN-encapsulated graphene devices, including 

the native oxidation of Cu, “pick-up” graphene by hBN and drop down steps26,27 (Supplementary Note 

4). The graphene was transferred onto a TEM grid using a non-polymer-assisted method, as reported 

previously. Large-scale graphene films were transferred onto PET substrates with the assistance of 

thermal release tape. 

Adhesion-force measurements. Adhesion force was measured in air on an MFP-3D atomic-force 
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microscope (Asylum Research) fitted with a graphene-coated microsphere probe. Graphene was first 

grown on copper microspheres under the same CVD growth conditions as used for graphene growth on 

copper foil. In order to fabricate the graphene-coated microsphere probe, a graphene-coated 

microsphere was then glued to an AFM cantilever (Nanosensor TL-FM), as previously reported29. The 

normal force constant (k = 2.82 N/m) was calibrated using the thermal-noise method30. 

Preparation of cross-sectional specimens for TEM. A dual-beam TEM instrument (FEI Strata DB 235), 

which combines a focused-ion beam (FIB) and a SEM column, was used to fabricate cross-sectional 

specimens of activated carbon/graphene/Cu foil. For initial surface protection during FIB scanning, the 

activated carbon/graphene/Cu sample was coated with a 30-nm-thick Cr layer by thermal evaporation. 

A 1-μm-Pt layer was then deposited at the selected region of the Cr/activated carbon/graphene/Cu 

structure as a protection layer as the sample was finally milled at thicknesses below 30 nm.  

SEM and TEM measurements: SEM images were acquired on a scanning-electron microscope (Hitachi 

S-4800, accelerator voltage: 1–10 kV). The cross-sectional analysis of contact between activated carbon 

and amorphous carbon on graphene were conducted using aberration-corrected TEM (FEI Titan Cubed 

Themis G2 300) under 300 kV. The bright-field (BF) and high-angle annular dark-field (HAADF) images 

of graphene were acquired in the same aberration-corrected TEM under 80 kV.  

Device Fabrication and Transport Measurements. To evaluate the electrical properties of our graphene 

sample, Hall bar devices were fabricated on the graphene crystal transferred onto 300-nm-thick silicon 

oxide with alignments marks. The flatness of each sample was verified by AFM. Electron-beam 

lithography (EBL) (Raith 150 2nd) and reactive ion etching (RIE) with O2 (Trion Technology Minilock III) 

were employed to pattern graphene into a Hall bar geometry. After a PMMA mask (PMMA 950K A4 @ 

4000 rpm) was patterned by EBL, Ti/Au (5/90 nm) electrodes were deposited by electron-beam 

evaporation (Kurte J. Lesker AXXIS). Electrical transport at room temperature was determined using a 

vacuum-probe station (Lake Shore TTP-4) with a Keithley semiconductor characterisation system (Model 

4200-SCS). Electrical and magnetotransport data at low temperatures were acquired using a physical 

property measurement system (PPMS, Quantum Design DynaCool). Device resistance was measured 

using a lock-in amplifier (Stanford Research 830) with an ac driving current of 50–100 nA. 

Figure Captions: 
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Figure 1 | Super-clean graphene treated by the activated carbon-coating lint roller. a, Schematic 

illustration of the activated carbon-coating lint roller designed for the roll-to-roll treatment of a 

graphene film on Cu foil (left). Note that, the contamination on common graphene sample (grey) can be 

peeled off by lint-roller (Left). Schematic illustration of contact model depicting activated carbon and 

unclean graphene on Cu foil (right). b, Cross-sectional EDS map of a contact area between activated 

carbon and graphene. c,d, AFM images of  unclean (c) and super-clean graphene (d) on Cu foil. e, Typical 

measured adhesive forces of F-Cactivated-Camorphous (red curve) and F-Camorphous-Gr (blue curve). f,g, Large 

area visualisation of as-fabricated super-clean graphene through the selective deposition of TiO2 

particles (white dots in g); scale bar: 50 μm. h, HR-TEM image showing the atomically clean surface. 

Inset: lattice image of super-clean graphene with atomic resolution; scale bar: 2 nm. 

Figure 2 | Suppression of polymer residue after graphene transfer. a,b, AFM images of unclean (a) and 

super-clean graphene (b) on mica. c, An as-obtained large-area super-clean graphene film transferred 

onto a 4-inch-sized mica substrate. d, Height Histogram of the  the unclean graphene in (a) with multi-

peak fits. e, Height distribution of the super-clean graphene in (b) and the bare mica substrate. f, 

Statistics of corresponding cleanness in c. 

Figure 3 | Quality evaluation of as-fabricated super-clean graphene. a, Raman spectra taken from 

different position on the transferred super-clean graphene film. b, The contact resistance as a function 

of gate bias. Inset: SEM image of the TLM-measured graphene transistor array, where the channel 

lengths vary from 2 to 6 μm; scale bar: 2 μm. c, Resistivity of super-clean graphene encapsulated by hBN 

as a function of charge carrier density (n) at T = 1.7 K. Inset: schematic of Hall bar device of encapsulated 

graphene with one-dimensional contact. d, Derivative of the Hall resistivity Rxy with respect to n as a 

function of magnetic field B and n for the device in (c). The dash black lines clearly show Landau levels 

at filling factors ν = …, -10, -6, -2, 0, 2, 6, 10,…. e, Sheet resistances of unclean and super-clean graphene 

films transferred onto SiO2/Si wafers; scale bar: 1 cm. f, UV-vis spectra of super-clean graphene films 

transferred onto quartz substrates. Inset: statistics of transmittance of graphene at wavelength of 550 

nm.  
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Supplementary Note 1: Intrinsic contamination during CVD growth process. 

CVD growth of graphene on Cu foil follows the surface mediated and self-limiting growth model which 

can be divided into elementary steps as follow: 1) adsorption of carbon precursor (such as CH4) on Cu 

surface; 2) Gradually dehydrogenation of carbon precursor into C species (CH3, CH2, CH and C); 3) 
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surface diffusion and desorption of C species; 4) Nucleation on the active sites of Cu. 5) growth of 

graphene by adsorption of C species on the edges of graphene islands; 6) coalescence of graphene 

domains into continuous film1. As the graphene domains enlarge and merge into continuous film, the 

active Cu area gradually decreases, thus limiting the catalytic ability for the decomposition of carbon 

source and for the attachment of active carbon species onto graphene edges. Hence, the active carbon 

species in boundary layer would lead to the formation of amorphous carbon because the catalytic 

capability declines.  

To further confirm the intrinsic contamination of CVD process and characterize the structure of the 

amorphous carbon, the normal CVD graphene sample was transferred onto TEM grid without any 

polymer assistance2. Subsequently, the normal CVD graphene sample covered by the amorphous 

carbon on graphene was characterized by high-resolution bright-field (BF) TEM images and high-

annular dark-field (HAADF) images that acquired in a scanning transmission electron microscope 

(STEM) (Supplementary Fig. 1). Supplementary Fig. 1a shows the BF image of normal graphene with 

about 30%~50% clean area. The distribution shape of amorphous carbon on graphene is like a 

continuous net, but also exist some scattered amorphous carbon islands. In the HAADF image 

(Supplementary Fig. 1b and c), we can easily find the broken holes (because of electron irradiation) 

around the amorphous carbon. The change of  image contrast at the broken holes, monolayer 

graphene and amorphous carbon can help us estimate the thickness of amorphous carbon 

contamination3. By analyzing the line profile of HADDF image (Supplementary Fig. 1 c and d), we can 

conclude that the contrast between amorphous carbon and the monolayer graphene is about 4 times 

of that between monolayer graphene and background. Since the graphene layers is roughly 

proportional to the relative intensity of HADDF contrast3, the thickness of amorphous carbon is about 4 

layers. 

In the TEM mode, we also find that the amorphous carbon can move around at acceleration voltage of 

80 kV and beam current of 3 nA (Supplementary Fig. 2 and Supplementary Video 1), which indicate 

that the bonding between amorphous carbon and graphene surface is weak enough to be removed 

(Supplementary Fig. 3). 

Supplementary Note 2: Adhesion removal mechanism of activated carbon-coating lint roller. 
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Activated carbon is porous with low degree of graphitization. According to our BET measurement, the 

specific surface area is about 797.5510 m2/g, and the average pore width is about 28.4064 Å. Raman 

spectroscopy characterization in Supplementary Fig. 3a shows obvious D peak and G peak, but no clear 

2D peak, which indicate its low degree graphitization. The disturbances in the microcrystalline 

structure plays important role on the arrangement of electron clouds and this influences the 

adsorption properties of activated carbon. In addition, surface functional groups modify the surface 

properties of activated carbon and influence the surface characteristics. X-ray photoelectron 

spectroscopy (XPS) has been employed to examine the surface structures of activated carbon 

(Supplementary Fig. 3b). Semi-quantitative analysis of XPS data4,5 indicate that the main form of 

carbon is sp2 bonded (~42.5%) and sp3 bonded (~27.9%), and there are some oxygen function groups 

such as hydroxyl group (-OH, ~2.9%), Carbonyl group (C=O, ~12.1%), and carboxyl group (COOH, 

~14.6%). 

Owing to the surface structures of activated carbon and defective amorphous carbon, the interaction 

between activated carbon and amorphous carbon is stronger than that between amorphous carbon 

and perfect graphene. To verify the hypothesis, adhesion force measurement was conducted by atomic 

force microscopy. Dirty graphene was grown on copper microspheres under the same CVD system, and 

then glued to an AFM cantilever. The adhesion force between amorphous carbon and graphene is 

measured as 93.1 ± 10.9 nN, which is about a quarter of adhesion force between activated carbon and 

amorphous carbon (Supplementary Fig. 6). Note that, the distribution of adhesion force between 

activated carbon and amorphous carbon is wide due to the surface morphology of activated carbon 

compound. 

Supplementary Note 3: Visualizing the cleanness of graphene via TiO2 selectively deposition on the 

contamination. 

To visualize the amorphous carbon on graphene by optical microscopy and naked eyes, graphene 

samples on Cu foil were brought into the TiCl4 vapor. Due to the reaction (1), TiO2 particles were 

formed and deposited on the amorphous carbon preferentially in humid air.  

TiCl4 + 2H2O = TiO2 + 4HCl                     (1) 
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Photographs of graphene/Cu foil by TiO2 visualized are shown in Supplementary Fig. 7a-c, where the 

unclean regions exhibit multi-colored and the as-treated super-clean regions exhibit uniform color. In 

dark-field optical microscopy, the contaminated region and super-clean region display the different 

ability of absorbing TiO2 particles (Supplementary Fig. 7d and e). TEM image (Supplementary Fig. 7f) 

and corresponding HAADF image with EDS maps (Supplementary Fig.7 g-k) were conducted to confirm 

the TiO2 selectively absorption on amorphous carbon. The Ti and O element distribution is very similar 

to the amorphous carbon. 

Supplementary Note 4: Dry transferring graphene and fabricating hBN-encapsulated heterostructure 

using hot pick-up method. 

The as prepared clean graphene was assembled into hBN-encapsulated heterostructure via hot pick-up 

transfer technique according to the literature. The polypropylene carbonate 

(PPC)/polydimethylsiloxane (PDMS) stack on a glass slide attached to a micromanipulator was used to 

pick up hBN flake at 110 oC. Then the graphene was picked up from the native oxidized copper 

substrate onto the PDMS/PPC/hBN stack at 110 oC due to the relatively strong Van der Waals forces 

between hBN and graphene. The stack was brought into contact with another flake of hBN on the 

SiO2/Si substrate and then release the the hBN/graphene under 40 oC, resulting in hBN/graphene/hBN 

heterostructure. 

Supplementary Table 1. Post growth treatments to remove the surface contamination on graphene. 

Group Method Size challenges Ref 

Adrian Bachtold 

et. al. 

Current Joule 

heating 

1 μm Danger of 

burning devices 

6 

Po-Wen Chiu et, 

al. 

Thermal 

annealing in air 

and Ar/H2 

- Unavoidable to 

introducing 

defects 

7 

Georg S. 

Duesberg et, al. 

Plasma 

treatment 

- Unavoidable to 

introducing 

8 
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defects 

Hans-Werner 

Fink et, al. 

Platinum-metal 

catalysis 

10 mm complicated 

process 

9 

Jeong-O Lee et, 

al. 

Electrostatic 

force cleaning 

10 mm Unavoidable 

broken 

10 

 

Chia-Seng Chang 

et, al. 

Thermal 

annealing in H2 

3 mm Ultra high 

vacuum and high 

temperature 

treatment 

11 

O. Renault et, al. H2 and H2-N2 

plasma 

treatment 

- Unavoidable to 

introducing 

defects 

12 

Toma Susi Radiative heating 

treatment 

3 mm Ultra high 

vacuum 

complicated 

process 

13 

Supplementary Figures 
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Supplementary Figure 1: structure of the amorphous carbon on graphene surface. a, TEM image of 

unclean graphene with amorphous carbon. b, HAADF image of unclean graphene corresponding to the 

same region of (a). c, magnification of the box in (b). d, line profile along the dashed blue line across 

the monolayer graphene, amorphous carbon and a broken hole. Form the line profile of HAADF 

intensity, the layer thickness of amorphous carbon could be roughly identified. 

 
Supplementary Figure 2: weak bonding between amorphous carbon and graphene. The amorphous 

carbon is moving around on graphene surface under accelerated voltage  of 80 kV and beam current of 

3 nA. 

 

Supplementary Figure 3: Fabrication of activated-carbon-containing lint roller. a, schematic of the 

fabricating process of activated-carbon-containing lint roller by loading the powder of Cactivated on the 

Cu foam using binder. b, photographs of the roller which made of Cu foam and activated-carbon-

containing lint roller c, The equipment where large area of graphene on Cu foil could be treated by 

activated-carbon-containing lint roller at vacuum and 170 °C. 
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Supplementary Figure 4: microscopy of the contact between activated carbon and amorphous 

carbon/graphene surface. HAADF image (a,e) and energy-dispersive spectroscopy (EDS) mapping of 

contact area(b-d,f-h). 

 

Supplementary Figure 5: AFM image and analysis of surface morphology of unclean and super-clean 

graphene on Cu surface. a,b, unclean graphene and as-cleaned graphene on Cu foil. c, Line profile 

across the unclean (red line) and clean graphene (green line). The height of the contamination is about 

1.2 nm. d, Height distribution of unclean graphene and super-clean graphene corresponding to the 
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dashed box in (a) (red) and (b) (green). 

 

Supplementary Figure 6: Raman and XPS characterization of activated carbon. a, Raman spectrum of 

activated carbon, which shows strong D peak and G peak and very weak 2D peak. b, XPS peaks of 

activated carbon indicate that there is amount of functional groups on the surface of activated carbon. 

 

 

Supplementary Figure 7: Adhesion force measurement of Camorphous - Cactivated and Camorphous - 

Graphene. Micro-Cu ball was covered by amorphous carbon by growing dirty graphene, and then glued 

onto an AFM cantilever. Adhesion force of Camorphous - Cactivated and Camorphous - Graphene are shown with 

red dots and blue dots, respectively. 
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Supplementary Figure 8: Activated-carbon-containing lint roller cleaning the graphene surface on Cu 

foil and visualization of cleanness via TiO2 selectively deposition on contamination. a-c, 

Demonstration of different cleaning regions of graphene on Cu foil, visualized by TiO2 selectively 

deposition. The graphene on Cu foil Cleaning process by activated-carbon-containing lint roller  
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Supplementary Figure 9: TEM images of normal and super clean graphene. a, Normal graphene 

sample transferred onto TEM grid with cleanness of 30~50%. b-e, as cleaned graphene samples with 

high cleanness. f, lattice image taken from super-clean graphene. 

 

Supplementary Figure 10: Cleanness investigation for the as-cleaned graphene sample. Inset: TEM 

images of graphene under which the lint-roller has been used in cleaning graphene for different 

rounds. The comparable cleanness of graphene under 10 rounds with that under 1 round indicates the 

sustainable cleaning effects of lint-roller. 
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Supplementary Figure 11: AFM images of super-clean graphene transferred onto 4 inch sized mica. 

The cleanness statistics are carried out by calculating the percentage of pixels at clean region to the 

whole pixel number. Note that, the wrinkles region are deducted when calculate the cleanness. 

 

Supplementary figure 12. Clean graphene surface after transferred onto SiO2/Si substrate. a, AFM 

image of graphene surface with PMMA residues. b, AFM image of graphene surface after cleaned by 

activated carbon-coating lint roller. 
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Supplementary Figure 13: Raman spectroscopy measurement of super-clean graphene and unclean 

graphene. (a,c). Raman spectra carried out randomly at the super-clean graphene (a) and normal 

graphene (c) transferred on the SiO2/Si substrate. (b,d) ID/IG and ID/I2D statistics of super-clean 

graphene (b) and normal graphene (d) film according to our randomly sampling spectra. ID almost 

comes from the background noise of Raman instrument, and the Ratio of I2D/IG is larger than 2. 

 

Supplementary Figure 14: Contact resistance extracted by a graphene transistor array. (a). Source 

drain resistivity of as-received super-clean graphene as functions of gate bias (VG - VDirac, VDirac = 15V). 

Inset: SEM image of the TLM-measured graphene transistor array, where the channel lengths vary 

from 2 to 6 μm; scale bar: 2 μm. (b). Source drain resistance as functions of channel length at gate bias 

of VG=VDirac-37 V (green) and VG=VDirac + 40 V (red). 
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Supplementary Figure 15: Carrier mobility of super-clean graphene on SiO2 substrate. Resistivity of 

super-clean graphene as a function of back-gate voltage at T= 1.9 K, and the nonlinear fitting of 

mobility is 17,100 cm2V-1s-1.  

 

Supplementary Figure 16: Hall mobility extracted from hBN-encapsulated graphene Hall bar device 

with edge contact. (a). Schematic diagram of hBN-encapsulated graphene Hall bar, which was 

fabricated by using hot pick-up technique. (b). The Hall mobility as a function of back gate voltage (VG), 

where, the carrier mobility near the Dirac point can exceed 500,000 cm2 V-1 s-1. 
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Supplementary Figure 17: Large scale of unclean and super-clean graphene transferred onto PET 

substrate. There is almost no difference between unclean and super-clean monolayer graphene under 

naked eyes. By stacking graphene layers, the unclean graphene become darker than super-clean 

graphene. 
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Abstract 

Twisted bilayer graphene (tBLG) has recently attracted growing interest due to its unique twist-angle-

dependent electronic properties. Fundamental investigations and applications of tBLG rely heavily on 

the availability of large-area tBLG with a broad range of twist angles. However, current fabrication 

methods are hindered by the small twisted region size or the large portions of non-twisted bilayer 

graphene, i.e., AB-stacked bilayer graphene. Here, we demonstrate a chemical vapor deposition (CVD) 

approach for growing high-quality tBLG using an ex situ nucleation strategy, which enables the 

nucleation of the second layer at a different site from that of the first layer. The portion of tBLGs with 

twist angles ranging from 0° to 30° were found to be improved to 86%, which is significantly higher 

than those reported previously. The ex situ nucleation behavior was carefully investigated using an 

isotope-labelling technique. Furthermore, the clear Moiré patterns and ultrahigh room-temperature 

carrier mobility of 68,000 cm2 V−1 s−1 confirmed the high crystalline quality of our tBLG. Our study 

opens a new avenue for the controllable growth of tBLGs for both fundamental research and practical 

applications.  

 

Recently, twisted bilayer graphene (tBLG), which is composed of two graphene layers with an interlayer 

twist angle (𝜃𝜃 ),[1] has emerged as an exciting material for both fundamental studies and practical 

applications because of its unique 𝜃𝜃-dependent properties.[2, 3] Specifically, the presence of twist angle 

causes van Hove singularities (VHSs) to emerge in the electronic density of states, resulting in an 

enhanced optical absorption[4] and photocurrent generation at certain wavelengths.[5, 6] Furthermore, 

the realization of a correlated Mott-insulator and super-conductivity, at the magic angle (tBLG with 𝜃𝜃 of 

1.1°), has attracted worldwide interest.[7, 8] Consequently, an approach for producing large-area, high-
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quality tBLG, with a full range of 𝜃𝜃 from 0° to 30° would significantly improve the ability to investigate 

its unique physical properties and applications. To achieve this, SiC-epitaxial[9] and artificial-stacking[6, 10] 

methods have been reported, though these are hindered by tedious transfer processes and unavoidable 

contamination, respectively.  

Direct growth of tBLG on transition metal substrates such as Cu[11-19] or Cu-Ni alloy[20, 21] via chemical 

vapor deposition (CVD) is currently considered one of the most promising methods, due to the high 

scalability and the excellent quality of CVD graphene.[22, 23] However, during the high-temperature CVD 

growth, the energetically favorable bilayer graphene structure is the non-twisted one, i.e., AB-stacked 

bilayer graphene (AB-BLG), whereas any rotation between the two layers would need to overcome a 

high energy barrier.[24, 25] Thus, compared to AB-BLG, the proportions of tBLG were limited to less than 

50% in previous reports.[12, 15, 17, 26] Thus, an efficient approach for growing tBLGs, especially in high 

proportions of twisted graphene and with a full range of twist angles, is still highly desirable.  

In CVD approach, since the microscopic environment surrounding the nucleation site determines the 

orientation of graphene, two layers in bilayer graphene sharing the same nucleation center would 

preferentially grow with either the same orientation or solely with a twist angle of 30°. Therefore, in this 

study, an ex situ nucleation strategy, where the two graphene layers nucleate at different sites, is 

developed to significantly enhance the proportion of tBLGs to 86%, with the range of 𝜃𝜃 from 0° to 30°. 

As proven by using a carbon isotope labeling technique, the gas-flow turbulence was capable of 

controllably initiating this ex situ nucleation. The high crystalline quality of the as-grown tBLGs was 

confirmed by the clear Moiré patterns in high-resolution (HR)-transmission electron microscopy (TEM), 

and by the ultrahigh carrier mobility of 68,000 cm2 V−1 s−1 at room temperature. 

 

Without the introduction of the gas-flow turbulence, both graphene layers would share the same 

nucleation site and grow simultaneously.[14] In this case, the same surrounding microscopic environment, 

including Cu steps and particles, would results in the same crystalline orientation of the two layers, thus 

AB-BLG with no interlayer rotation is preferentially formed (Figure S1a, Supporting Information). In 

contrast, in our ex situ nucleation strategy, after nucleation of the first graphene layer, the subsequent 

nucleation of the second graphene layer is initiated by introducing a gas-flow turbulence to ensure that 

the nucleation of the second layer occurs at a distinct site, i.e., ex situ nucleation (Figure 1a). Therefore, 
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the new layer would have an orientation that is determined by a different local environment, enabling 

the presence of interlayer twist angle and the formation of tBLGs. Note that the sudden carbon source 

supply enhancement was used as gas-flow turbulence, which is previously reported  to be capable of 

initiating new nucleation (Figure S1b, Supporting Information).[27, 28] Optical microscopy (OM) was used 

to measure the resulting 𝜃𝜃 of the tBLG, based on the sharp edges of the hexagonal tBLG domains (Figure 

1b), which clearly indicates that tBLGs with a wide range of twist angles were grown successfully. Since 

the centers of hexagonal graphene domains are typically the original nucleation sites of the layers,[17] 

the nonconcentric structure of the tBLG domains observed in Figure 1b clearly confirm the ex situ 

nucleation behavior of the second layer graphene.  

 

Raman spectra were acquired to characterize their crystalline quality and interlayer coupling of the as-

grown tBLGs, which exhibit strong 𝜃𝜃-dependent vibrational modes (Figure 1c and Figure S2, Supporting 

Information). At a low twist angle (<10°), an R′ band is clearly observed, while the 2D band intensity is 

relatively weak compared to that of monolayer graphene (MLG), consistent with the reported results of 

tBLGs.[29] In addition, The G band is strongly enhanced at a twist angle of ~12°, because the incident laser 

energy (𝜆𝜆 = 532 nm, Eex = 2.33 eV) matches the energy between VHSs of the tBLG.[30]  

 

Carbon isotope labeling experiments in conjunction with Raman spectroscopy were performed to 

investigate the ex situ nucleation growth mechanism. Here, 12C-labeled and 13C-labeled methane 

(12CH4/13CH4) were sequentially introduced to the CVD chamber in alternating 5 min periods over a total 

of four cycles. To confirm its contribution to the ex situ nucleation behavior, the flow turbulence was 

introduced, by increasing the flow rates of H2 and CH4, after either 5 or 10 min (Figure 2a, b). The 

nucleation centers of each layer can be inferred from the hexagonal domain shapes observed in the OM 

images (Figure 2c, d). When flow turbulence was introduced at 5 min, a small shift in the nucleation 

center of the new layer, from the original, is observed (Figure 2c). This shift increases when turbulence 

was introduced after a longer duration of 10 min (Figure 2b, d). Furthermore, because the first and 

second layers both follow a surface-mediated growth mechanism, the spatial distribution of 12C and 13C 

in each layer can be visualized by Raman mapping, based on the different modes of 12C-graphene and 
13C-graphene (Figure S3, Supporting Information).[18, 31] In the Raman 2D13-intensity maps of the as-
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grown tBLGs, the nucleation center shifts in the second layer can be clearly visualized by the isotope 

distribution (Figure 2e,f and Figure S4, Supporting Information). In general, the first graphene layer 

displays four cycles of alternating 12CH4 and 13CH4, indicating the growth duration of 20 min. In contrast 

when turbulence was introduced at 5 or 10 min, the second graphene layer exhibits three or two cycles, 

confirming the growth duration for second layer is 15 min or 10 min, and their domain centers are 

located right at the 12C-13C boundary of the first layer. These results confirm that the second layer 

nucleation occurs at either 5 or 10 min, exactly when turbulence was introduced. In addition, plotting 

the time evolution of the two graphene layers (Figure 2g) can also reveal the nucleation time for the 

second layer, which can be obtained by the intersection of the fitted growth line and the time axis (Figure 

S4b, d, Supporting Information).[28]  Thus, we can safely conclude that the ex situ nucleation of the 

second layer was controllably induced by the introduction of turbulence. In addition, a nucleation time 

(t0) is required for the first layer, after dosing of 13CH4 or 12CH4, because it must overcome an energy 

barrier to form a stable nucleus.[28] Note that, the twist angles in Figure 2c,d are ~30° and ~9°, 

respectively, which are remarkably different from the 12C-13C-labeled AB-BLG grown without flow 

turbulence, confirming the importance of ex situ nucleation for growing tBLGs (Figure S5, Supporting 

Information). 

Generally, the turbulence would produce an over-saturated supply of active carbon species for initiating 

the new nucleation of the second layer. If the second layer shares the same nucleation center with first 

layer, the as-decomposed active carbon species need migrate across the growth frontier of the first layer 

and move underneath the first layer subsequently to fuel the nucleation of the second layer. Because 

the distance between the nucleation center and the growth frontier increases as the first layer grows, 

the active carbon species must move a longer distance, as time increases, to enable new nucleation. 

Therefore, when turbulence is introduced, the second layer preferentially nucleates near the growth 

frontier of the first layer, rather than at the original nucleation center. Thus, the nucleation site of the 

second layer can be controlled by the timing of the flow turbulence introduction, which agrees with the 

results in Figure 2g.  

 

To achieve ex situ nucleation for tBLG growth, three key conditions are required: 1) no second layer can 

form during the nucleation stage of the first layer; 2) the second ex situ nucleation must be triggered by 
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a turbulence; and 3) carbon source must be sufficient for the growth of second layer. A series of 

experiments were conducted to improve the growth controllability with respect to the three conditions. 

Figure 3a shows the ratio of MLG domains (second-layer-free domains) as functions of the H2 and CH4 

(carbon-source supply) flow rates. This reveals a clear gap between the parameter regions that are 

suitable for growing either second-layer-free or second-layer-rich bilayer domains with high ratio. 

Overall, H2 and CH4 flow rates below 400 sccm and 0.5 sccm, respectively (red region, Figure 3a) are 

suitable for growing second-layer-free graphene during the first nucleation step, while H2 and CH4 flow 

rates over 800 sccm and 0.8 sccm, respectively (blue region, Figure 3a) enable the formation of second 

layer (Figure S6a and b, Supporting Information).  

The ratios of bilayer graphene domains to all graphene domains as a function of the ratio of H2 flow in 

ex situ nucleation step to that in first nucleation step is displayed in Figure 3b. Clearly, an increased H2 

flow rate ratio in the flow turbulence is important for enhancing the bilayer graphene proportion. High 

H2 partial pressures enables H-termination of the graphene edge, which allows additional active carbon 

species to diffuse beneath the first layer of graphene to fuel the growth of the second layer graphene.[32] 

Considering that an excess partial pressure of H2 or CH4 (over 1200 and 1.5 sccm for H2 and CH4, 

respectively) would induce undesirable few-layer graphene (FLG) formation, the CH4 flow ratio must be 

carefully controlled in the ex situ nucleation step (Figure S6c, d, Supporting Information). Without ex situ 

nucleation, the twisted proportion in all the bilayer domains is only 16% (Figure 3c and Figure S7, 

Supporting Information), while it is 86% when ex situ nucleation was employed. This remarkable increase 

highlights the importance of our ex situ nucleation strategy for growing tBLG (Figure 3c and Figure S8, 

Supporting Information). Furthermore, a wide distribution of twist angles were observed, by measuring 

the sharp edges of the hexagonal tBLG domains in OM images, with a relatively higher proportions of 

bilayers with twist angles around 0° and 30° (Figure 3d).[15] 

 

The twist angles of the as-grown tBLGs were further characterized by TEM and selective-area electron 

diffraction (SAED). Note that, for a vivid evaluation, SAED was conducted on suspended graphene with 

more than 600 holes (Figure S9, Supporting Information). Figure 4a shows a representative tBLG SAED 

pattern, exhibiting two groups of hexagonal points with a relative rotation of 9°, which reflects the twist 

angle between the two layers. Because of the relatively weak interactions between the two layers, the 
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corresponding intensity ratio of the diffraction points (I2100/I1100), is lower than unity (Figure 4b), which 

is consistent with previous tBLG results.[15] The proportion of tBLG within all bilayer domains, and the 

corresponding distribution of twist angles, were obtained by analyzing all of the obtained diffraction 

patterns (Figure 4c, Figure S10, and S11, Supporting Information). Interestingly, the portion of tBLG was 

calculated to be as high as 88%, which represents a striking increase over the results obtained without 

the ex situ nucleation strategy.[15] Note that tBLG, with very small twist angles (less than 3°), is difficult 

to grow because of the relatively higher stability of AB-BLG. The portion of twist angles near 30° is 

significantly higher than the other tBLGs. 

Figure 4d-g shows HR-TEM images of representative tBLGs with twist angles of 2.8°, 9.4°, 18.3°, and 30°, 

respectively, all of which show clear tBLG super-lattices that confirm the high crystalline quality. In 

addition, the corresponding Moiré patterns, with a Moiré period of 4.8 nm, are clearly observed for the 

2.8° tBLG. The signature 12-fold rotational symmetry is also clearly visible in the as-grown 30° tBLG, 

indicating that a high-quality quasi-crystalline system was formed (Figure S12, Supporting Information).  

 

A hexagonal boron nitride (hBN)-encapsulated tBLG hall bar device, with a one-dimensional edge contact, 

was fabricated to investigate the electronic quality of as-grown tBLGs (Figure 5a). Notably, it is difficult 

to pick CVD-grown tBLG directly up from the Cu substrate,[33, 34] because of the relatively weak interlayer 

interactions. Thus, the as-grown tBLGs were first transferred onto a SiO2/Si substrate with the assistance 

of poly(methyl methacrylate) (PMMA). The selected tBLG domain was then picked up from the SiO2 using 

an hBN flake, denoted as top hBN or t-hBN, and subsequently dropped down onto another hBN flake, 

denoted as bottom hBN or b-hBN, on SiO2, to form an hBN/tBLG/hBN sandwich structure (Figure S13, 

Supporting Information).[38] Annealing was then conducted to help clean the interfaces in the 

hBN/tBLG/hBN structure, yielding blister-free regions for device fabrication (Figure S14, Supporting 

Information).[35, 36]  

 

Raman spectroscopy is sensitive to global environmental factors such as doping, strain, and flatness. For 

the tBLG sample on SiO2 (blue curve in Figure 5b), the G peak position (ωG) is ~1587 cm-1, with a full 

width at half-maximum (FWHM) of the G peak (ΓG) of 11 cm-1, while the 2D peak position (ω2D) is ~2700 

cm-1, with the FWHM (Γ2D) of 34 cm-1. The high IG/I2D peak ratio of ~20, together with the R peak at 1493 
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cm-1, indicate an interlayer twist angle of ~12°. For the tBLG encapsulated in hBN (red curve in Figure 

5b), the IG/I2D peak ratio decreased to ~7; the ωG and ω2D showed clear red shifts to ~1580 cm-1 and 

~2689 cm-1, respectively; and the Γ2D decreased to ~27 cm-1, all of which can be attributed to the fine 

encapsulation (Figure 5b,c).[36, 37] Electrical transport measurements were conducted to probe the 

quality of the tBLG with a twist angle of 12°. Figure 5d shows the resistivity as a function of gate voltage 

VG at room temperature. By plotting the conductivity as a function of the carrier density (n) and 

performing a linear fit near the charge neutrality point, we obtain the room-temperature carrier mobility 

of 67,000 and 68,000 cm2 V−1 s−1 for electrons and holes, respectively, which confirm the high quality of 

the as-grown tBLG (Figure S15b, Supporting Information).[38] 

 

Conclusion 

This work describes an ex situ nucleation strategy for successfully growing the tBLG with the proportion 

of tBLG higher than 86%, and a wide range of twist angle from 0° to 30°. The ex situ nucleation 

mechanism was investigated by isotope labeling in conjunction with micro-Raman spectroscopy, 

confirming that the nucleation of the second layer is controllable, simply by the introduction of flow 

turbulence. The high quality of the as-grown tBLG was corroborated by clear Moiré patterns in the HR-

TEM and carrier mobility exceeding 68,000 cm2 V−1 s−1 at room-temperature. Our work would certainly 

provide a new synthesis strategy for growing twisted graphene and other two-dimensional materials by 

the intentional design of nucleation sites. 

 

Experimental Section 

tBLG growth: tBLGs were grown on commercially available 50-μm-thick Cu foil (Kunshan Luzhifa Electron 

Technology Co., Ltd. China) in a low pressure CVD system. Cu-foil pieces were placed in a quartz-tube 

furnace and sequentially heated to 800 °C for 30 min (500 sccm Ar), annealed for 10 min at 800 °C (500 

sccm Ar), heated to 1020 °C for 10 min (500 sccm H2), and annealed for 30 min at 1020 °C (500 sccm H2). 

Graphene growth proceeded by introducing 12CH4 or 13CH4 (99% purity, Sigma-Aldrich) after the flow of 

H2 was stable at the appropriate value (parameters are shown in Figure 2 and Figure 3, as well as Figure 

S5 and S6, Supporting Information). Note that, the relationship between partial pressure (Pa) and flow 

rate (sccm) of H2 in our CVD system can be approximately described by the formula: 𝑃𝑃 = 0.91 𝑑𝑑, where 
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P is the partial pressure, and f  is the flow rate. 

Graphene transfer: tBLGs were transferred onto SiO2 with the assistance of PMMA. The tBLG/Cu sample 

was spin-coated with PMMA (2000 rpm) and baked at 170 °C (3 min), followed by the removal of the Cu 

foil by etching in 1 M Na2S2O8 solution. After being washed with deionized water, the PMMA/graphene 

was subsequently placed onto SiO2 and the PMMA was dissolved with acetone. The graphene was 

transferred onto a TEM grid using a non-polymer-assisted method, as reported previously. [38]  

Characterizing the tBLG samples: OM images of tBLGs on SiO2/Si substrates (SiO2 thickness: 90 nm or 

285 nm) were obtained by optical microscopy (Nikon LV100ND equipped with DS-Ri2 camera). Raman 

spectra and maps were obtained using a Horiba HR800 instrument with a 532-nm laser or a Witech Alpha 

RSA300+ instrument with a 488-nm laser. SAED patterns and Moiré pattern images were collected using 

an aberration-corrected transmission electron microscope (FEI Titan Cubed Themis G2 300; under 80 kV). 

SEM images were acquired on a Hitachi S-4800 (under 2 kV) instrument. 

hBN-encapsulated tBLG Device fabrication: An hBN flake was picked up at 55 °C by a PPC/ PDMS stack 

on a glass slide, which was attached to a micromanipulator. The as-formed hBN/PPC/PDMS stack was 

then used to pick up the tBLG from the SiO2/Si at 55 °C, because the van der Waals forces between hBN 

and the tBLG are relatively stronger than those between SiO2 and the tBLG. Consequently, the 

tBLG/hBN/PPC/PDMS stack was brought into contact with another hBN flake, after which the tBLG/hBN 

was released from the PPC at 70 °C, yielding an hBN/tBLG/hBN heterostructure. Annealing (350 °C in air) 

was necessary following the construction of hBN/tBLG/hBN, which helped to clean the interfaces 

between hBN and tBLG.[35, 36, 38] The Hall bar device was fabricated with alignments marks. To pattern 

graphene into a Hall bar geometry, e-beam lithography and reactive ion etching (RIE) were employed. 

Cr/Au (3/50 nm) electrodes were deposited by electron-beam evaporation. 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figures 

 

 
Figure 1. Ex situ nucleation strategy for growing tBLG. a) Schematic of the ex situ nucleation for growing 

tBLG on a Cu substrate, where the nucleation site of second layer graphene (red) is different from that 

of first layer (blue). Note that the nucleation behavior of graphene is usually determined by microscopic 

environment surrounding the nucleation site, such as Cu steps. b) OM images of as-grown tBLGs with 

twist angles of ~3°, ~6°, ~9°, ~12°, ~15°, ~18°, ~21°, ~24°, ~27°, and ~30°; scale bars: 10 μm. c) Raman 

spectra of corresponding tBLGs samples in panel (b). 
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Figure 2. Ex situ nucleation and the growth process of tBLGs visualized by isotopic labeling in conjunction 

with micro-Raman spectroscopy. a,b) Feedstock feeding process for growth of isotope-labeled tBLG 

using the ex situ nucleation strategy, where gas flow turbulence is introduced at (a) 5 min and (b) 10 min, 

respectively. c,d) Resulting OM images of transferred tBLGs. The dashed lines guide the eye to the 

nucleation sites of the first and second graphene layers, represented by the intersections of blue and 

red lines, respectively. e,f) Raman 2D13-intensity maps (integrated from 2560 cm−1 to 2620 cm−1) of areas 

corresponding to (c) and (d), respectively. g) Schematics of the isotopic distribution and corresponding 

growth processes of the tBLGs corresponding to (e, top) and (f, bottom). The blue and red rings represent 

the first and the second graphene layers, respectively. The time axis shows the nucleation times of the 

second layers, which can be controlled by the introduction of gas-flow turbulence. 
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Figure 3. Growth parameters for tBLGs. a) Ratio of second-layer-free domain to all graphene domains as 

a function of the gas flow of H2 and CH4, respectively. The red and blue blocks denote the second-layer-

free and second-layer-rich regions, respectively. The horizontal and vertical coordinates are logarithmic, 

while the color varies linearly with the ratio of second-layer-free domain to all graphene domains. b) 

Ratios of bilayer graphene domains as functions of the ratio of H2 flow in ex situ nucleation step to that 

in first nucleation step. c) Pie charts of stacking order (AB-BLG or tBLG) for graphene growth without 

(left) and with (right) ex situ nucleation, respectively. d) Distribution of the twist angles in as-grown tBLGs 

obtained by measuring the sharp edges of hexagonal graphene domains using the OM results. 
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Figure 4. TEM characterization of as-grown tBLG. a) Typical SAED pattern of tBLG with a twist angle of 

~9°. b) Intensity profiles, along the axes marked in (a) with red and blue dashed lines. c) Histogram of 

twist angles, determined from the SAED tBLG patterns. Inset: Pie charts of stacking order (AB stacking or 

non-AB stacking) based on all SAED patterns obtained from transferred samples. d-g) HR-TEM images of 

tBLG with clear Moiré patterns. Insets: Fast Fourier Transforms (FFTs) of the corresponding HR-TEM 

images; scale bars: 5 nm-1. 

 
Figure 5. Ultrahigh carrier mobility of as-grown tBLG. a) Schematic of the fabrication process of hBN-
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encapsulated Hall bar devices with edge-contact between tBLG and Cr/Au electrodes. b) Raman spectra 

of ~12° tBLG encapsulated in hBN (red curve), and on SiO2 (blue curve). Inset: enhanced OM image of 

~12° tBLG encapsulated in hBN. c) Correlation plot of 2D peak position (ω2D) as a function of G peak 

position (ωG). The circles and squares represent the data taken from tBLG encapsulated in hBN and on 

SiO2, respectively. The colors of all the data points represent the full width at half-maximum (FWHM) of 

the 2D peak, Γ2D, according to the color scale bar included in the figure. d) Four-terminal resistance as a 

function of gate voltage (VG) at room temperature (T = 300 K). Inset: OM image of the encapsulated tBLG 

Hall bar device, scale bar: 2 μm. 
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Supporting Information  

 

Ex-situ nucleation for growing twisted bilayer graphene with rich twist 

angles 
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Li Lin*, and Zhongfan Liu*  
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Supporting Information Note 1: Growth modes of bilayer graphene and the factors that influence 

stacking order 

The growth of bilayer graphene or few-layer graphene (FLG) follow one of two modes, namely the 

Stranski-Krastanov (SK) mode or the Volmer-Weber (VW) mode.[1] In SK mode, especially when carbon-

source supply is extremely high, the secondary-layer islands with an irregular morphology will be formed 

after the full coverage of the first layer. In VW mode, secondary-layer islands grow beneath the first layer, 

which is catalyzed by the Cu substrate. Since the as-recived graphene domains exhibits a regular 

hexagonal shape, VW mode is mainly discussed in this article, 

The twist angle is determined by the orientations of the two layers according to the VW mode. If the two 

graphene layers are formed simultaneously, they will prefer to choose the same orientation, as AB 

stacking without any interlayer rotation provides the most stable configuration. If the second layer is 

formed after the nucleation of first layer, the orientation of the second layer is mainly influenced by the 

underlying Cu substrate. Especially edge interactions between graphene and Cu atoms dominate the 

orientation of the graphene lattice at the nucleation stage,[2, 3] and interactions between the graphene 

edge and Cu atoms are more important than those between graphene layers.[4] Therefore, the 
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orientations of the second layers are determined mainly by the microscopic environment of Cu substrate 

near their nucleation sites in our ex situ nucleation strategy, which are clearly different from those of 

the first layer.  

Supporting Information Note 2: Raman spectra of tBLGs 

Raman spectra were acquired in tBLGs samples with the twist angles in the full range from 0° to 30°, 

confirming interlayer rotation in as-received tBLGs. An excitation wavelength of 532 nm (corresponding 

to an energy of 2.33 eV) was used, which can produce the rotation-related R’ peak for BLGs with small 

twist angles (<10°) due to intravalley double-resonance. R’ peak is nondispersive, whose maximum 

intensity occurs at the critical angle where the excited phonons match the laser energy.[5, 6] Figure S2a 

shows the R’ peaks of tBLG with twist angle of 3° (3°-tBLG), 6° (6°-tBLG), and 9° (9°-tBLG). The intensity 

of R’ peak of 6°-tBLG is higher than those of 3°-tBLG  and 9°-tBLG, which agrees well with the reported 

literature.[5-7] Figures 1c and S2a also show typical spectra of  12°-tBLG, in which the G band is strongly 

enhanced and a new twist-related R peak is clearly observed. The enhancement of G band is ascribed to 

the energy matching between the VHS and exciting laser (2.33 eV).[8] The G band intensity of as-grown 

12°-tBLG is around 45 times higher than that of monolayer graphene (MLG), and is 20 times higher than 

that of 2D peak of 12°-tBLG. The R peak, originating from the intervalley processes, is also nondispersive. 

The R peak of 12°-tBLG is centered at ~1500 cm-1, and the peak position decreases with increasing twist 

angle.[5] For large twist angles, a D-like peak (centered at ~1350 cm-1) and an R peak (centered in the 

1370–1400 cm-1 range) can be observed (Figures 1c and S2b, c). Note that the D-like peak of tBLG is 

caused by the rotated interlayer stacking of the two layers, where one of the graphene layers would 

weakly perturb the other, rather than caused by  in-plane disorder (point defects or grain boundaries).[5, 

9, 10] Nevertheless, to confirm this, Raman spectra were acquired in the monolayer region of the same 

domain of 27°-tBLG, which clearly shows the lack of the D band (Figure S2b).  

Supporting Information Note 3: Isotope-labelled growth of tBLGs for exploring the mechanism of ex 

situ nucleation 

To confirm the mechanism of our ex situ nucleation strategy and capability of flow turbulence to initiate 

the nucleation of second layer, the 12CH4 and 13CH4 were switched every 5 min during the experiments. 



199  

In detail, for the 30°-tBLG shown in Figures 2c, the ex situ nucleation began at the time point of 5 min by 

increasing  the flow rates of H2 (from 400 sccm to 1000 sccm) and CH4 (from 0.4 sccm for 12CH4 to 1.0 

sccm for 13CH4) (Figure 2a). For the ~9°-tBLG shown in Figures 2d, the second layer was initiated at the 

time point of 10 min, when the carbon source was changed from 13CH4 to 12CH4 (Figure 2b). In contrast, 

the isotope-labelled growth of bilayer graphene without flow turbulence was carried out according to 

the sequence shown in Figure S5, which resulted in AB-stacked BLG (AB-BLG). These experiments 

confirmed as follows: 1) the nucleation of second graphene layer can be initiated by increasing H2 and 

CH4, irrespective of the 12CH4 to 13CH4 or 13CH4 to 12CH4 switching; 2) the nucleation site of the second 

layer can be controlled by the gas flow, which further highlights the importance of the ex situ nucleation 

strategy. 

Supporting Information Note 4: Parameters for growing tBLGs  

To determine the appropriate parameters for growing second-layer-free graphene (for first nucleation 

of the first layer) and second-layer-rich graphene (for ex situ nucleation), gas flow windows (Figure 3a 

and Figure S6) were plotted by conducting series of growth experiments without turbulence. After 

annealing at 1020 °C under 500 sccm of H2 for 30 min, growth proceeded under a flow of H2 and CH4, as 

shown in Figures 3a and S6a,b. Clear gaps exists between the monolayer region and the bilayer region 

in Figures 3a and S6a, and a clear gap is observed between the bilayer region and the few-layer region 

in Figure S6b, which indicates that a higher partial pressure of H2 produces thicker graphene. Therefore, 

we selected flow rates of 400 sccm and 0.4 sccm for H2 and CH4, respectively, for 5 min during the first 

nucleation step, after which the flow rate of H2 was tuned from 400 sccm to 1500 sccm during the ex 

situ nucleation step. To increase the probability of secondary nucleation at the edges of the first-layer 

islands, and to increase the carbon source supply for bilayer growth, we also increased the flow rate of 

CH4 to 1.0 sccm and 1.6 sccm, respectively (0.4 sccm of CH4 in the second step is the control group). 

Figures 3b and S6c,d suggest that appropriate H2 flow ratio and CH4 flow ratio are important. In this 

regard, values of the gas-flow parameters, namely H2 : CH4 = 400 sccm : 0.4 sccm during the first 

nucleation step, H2 : CH4 = 1000 sccm : 1 sccm during the ex situ nucleation step, were selected for tBLG 

growth. Typical OM images of tBLGs are shown in Figures 1b. 

For calculating the proportions of tBLG domains to all as-formed bilayer graphene domains, OM images 
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and corresponding Raman maps are analyzed. From the OM images (Figure S7a and Figure S8a) and 

Raman G-intensity (IG) maps (Figure S7b and Figure S8b), the bilayer graphene can be easily observed, 

since IG increases as the number of layers. The intensity of the 2D band (I2D) and full width at half-

maximum (FWHM) of the 2D band (Γ2D) are used to check the stacking orders of the bilayer graphene. 

The bright regions in I2D maps (Figure S7c and Figure S8c) indicate the t-BLG domains, and AB-BLG 

domains show larger Γ2D (50-60 cm-1) (Figure S7d and Figure S8d). The I2D for tBLG with small twist angle 

(<10°) is weaker than that for MLG (Figure S8d). The R peak and R’ peak are also characteristics for 

identifying tBLG domains (Figure 8e).  

 

Supporting Information Note 5: Characterizing graphene by TEM 

Graphene samples were transferred onto commercially available TEM grids (Quantifoil) using a non-

polymer-assisted method.[11] The structure of the TEM grid is shown in Figure S9, which consists of metal 

mesh and porous carbon film. We collected the diffraction patterns over all of the intact graphene holes 

(suspended graphene on the carbon-film holes) for investigating the stacking order of BLG. We can 

obtain the proportions of tBLG and AB-BLG over all of the bilayer graphene by analyzing the SAED 

patterns. Figure S10 shows the representative SAED patterns of MLG and AB-BLG. The intensity ratio of 

the diffraction points, I2100/I1100 in AB-BLG is clearly higher than that in MLG, which help us to distinguish 

AB-BLG from MLG by using the SAED patterns, despite each showing single groups of hexagonal points.[7, 

12] Therefore, the proportion of tBLG within BLG domains can be obtained by counting the numbers of 

tBLG and AB-BLG. Figure S11 shows the library of SAED patterns of tBLG with the twist angle in the full 

range from 0° to 30°. 

Supplementary Figures: 
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Figure S1. Schematic diagrams of in situ nucleation and ex situ nucleation strategies for growing (a) 

AB-BLG and (b) tBLG.  
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Figure S2. Raman spectra of tBLG. a) Raman spectra of 3°-tBLG, 6°-tBLG, 9°-tBLG and 12°-tBLG in the 

frequency range from 1450 to 1750 cm-1.  b) Raman spectra of the monolayer graphene and 27°-tBLG 

regions in the same domain. Inset: OM image of 27°-tBLG; scale bar: 10 μm. c) Enlarged Raman spectra 

in panel (b) in the frequency range from 1275 to 1475 cm-1.  

 

 

Figure S3. Raman spectra of 12C monolayer graphene (12C-MLG, black), 13C monolayer graphene (13C-

MLG, red), 12C/13C twisted bilayer graphene (12C/13C-tBLG, blue), 12C twisted bilayer graphene (12C-tBLG, 

green), and 13C twisted bilayer graphene (13C-tBLG, purple). Note that the twist angle is about 30°.  
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Figure S4. Raman 2D12-intensity maps and corresponding schematic diagrams depicting the growth of 

isotope-labelled tBLGs. a,c) Raman 2D12-intensity maps (integrated from 2660 cm-1 to 2720 cm-1), which 

complement the 2D13-intensity maps (integrated from 2560 cm-1 to 2620 cm-1) shown in Figure 3e and 

3f of the main text. b,d) The grain sizes (diagonal) of the 1st-layer (blue) and the 2nd-layer (red) graphene 

as functions of growth time corresponding to (a) and (c), respectively. 
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Figure S5. Isotope-labelled growth of AB-BLG using the normal one-step method. a) Feedstock feeding 

process for AB-BLG-growth. b) OM image of as-grown AB-BLG on a SiO2/Si substrate. c) Raman spectra 

of 13C-AB-BLG (purple), 12C-AB-BLG (green), 12C/13C-AB-BLG (blue), 13C monolayer graphene (red), and 
12C monolayer graphene (black). d) Raman 2D12-intensity (integrated from 2660 cm-1 to 2720 cm-1) and 

2D13-intensity (integrated from 2560 cm-1 to 2620 cm-1) maps of the AB-BLG corresponding to panel (b). 

f) Schematic diagram of the AB-BLG growth process corresponding to panels (a-e). Scale bars: 10 μm. 
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Figure S6. Gas flow parameters for growing bilayer and few-layer graphene with and without using ex 

situ nucleation strategy. a,b) Ratios of (a) bilayer graphene and (b) few-layer graphene (FLG) domains 

as functions of H2 and CH4 flow rates. c,d) Ratio of (c) monolayer graphene (MLG) and (d) FLG  domains 

as functions of the ratio between the H2 flow rate during ex situ nucleation step and that during the first 

nucleation step. Black, red and blue curves indicate that the ratio between the flow rate of CH4 during 

ex situ nucleation step and that during the first nucleation step are 1.0, 2.5, and 4.0, respectively. 

  

Figure S7. Typical OM image and Raman mapping of bilayer graphene without ex situ nucleation. a) 

OM image of BLGs. The dashed lines help to confirm AB-BLGs (blue) and tBLGs (white). b-d) Raman 

mapping showing intensity of G band (b), intensity of 2D band (c), and width of 2D band (d), for the 

selected area in (a). 
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Figure S8. Typical OM image and Raman mapping of bilayer graphene with ex situ nucleation. a) Optical 

microscopy image of BLGs. b-d) Raman mapping showing intensity of G band (b), intensity of 2D band 

(c), and width of 2D band (d), for the selected area in (a). The dashed lines help to confirm BLG domains. 

e) Raman spectra of tBLGs corresponding to the samples marked in panel (b). 

 

Figure S9. Preparing a sample of as-grown tBLGs for TEM. a) Schematic of the TEM grid and the process 

for collecting SAED results . b) OM image of the TEM grid covered by the tBLG sample. c,d) SEM images 

of the as-transferred tBLG sample on the TEM grid. MLG and  tBLG are distinguishable by contrast. 
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Figure S10. Typical diffraction patterns of MLG and AB-BLG (a,c) and corresponding spot intensity 

profiles (b,d).  
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Figure S11. Library of SAED patterns in the full 0–30° range of interlayer twist angles.  
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Figure S12. HR-TEM image and crystal structure of 30°-tBLG quasicrystal. a) HR-TEM image of 30°-tBLG. 

Inset: enlarged lattice image with corresponding crystal structure; Scale bar: 0.2 nm. b) dodecagonal 

quasicrystal structure of 30°-tBLG. c) Structrue units of dodecagonal quasicrystal and corresponding HR-

TEM images.  

  

Figure S13. Schematic for the fabrication of the hBN-encapsulated tBLG Hall bar device with one-

dimensional edge contact. 
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Figure S14. a) Enhanced OM image of as-fabricated hBN/tBLG/hBN structure. b) AFM image 

corresponding to the region in the dashed white box in (a). The region enclosed in the dashed green 

rectangular was selected to fabricate the Hall bar device. 

 

Figure S15. Carrier mobility of as-grown tBLG. a) OM image of the Hall bar device of encapsulated tBLG. 

b) Linear fit of the conductivity σ (channel 7-8) as a function of the charge-carrier density n. 
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4.Closing remarks  
 
Van der Waals heterostructures, as vertical stacks assembled by different 2D crystals, are widely used to 

produce predetermined functionalities that are independent from their constituents. Apart from the 

selection and sequence of 2D crystals, controlling the twist angle between stacking layers enabled an 

additional degree of freedom.  Furthermore, alignment between two crystals with similar lattice 

mismatch results in a moiré pattern.   

 

Graphene was the first 2D material to be discovered, and subsequently gained a vast amount of attention 

compared with other 2D crystals. Due to their exceptional quality and mature fabrication process, 

graphene-based heterostructures have been the centre of attention for many years. As an ideal 

substrate for graphene devices, hBN also has a similar hexagonal lattice structure, with a  mismatch of 

only 1.8% to graphene. The single aligned hBn-graphene-hBn heterostructures have been researched for 

an extensive amount of time. The key feature of the graphene–hBN superlattice, in terms of electrical 

transport, is that its superlattice Brillouin zone is much smaller than the original Brillouin zone of a 

pristine graphene lattice. This is valuable because several interesting phenomena related to the Brillouin 

zone edge occur within the experimental range, such as secondary Dirac points and BZ oscillations. Since 

the magnetic length of the superlattice period is also within the range of our experimental fields, their 

commensuration results in the Hofstadter butterfly. Section 3.2 details the transport results of the 

temperature dependence of Rxx (n), proving the existence of UEE scattering. 

 

Unlike the single aligned heterostructures comprising one moiré pattern, Section 3.3 reported a doubly 

aligned structure whereby fully encapsulated graphene simultaneously aligned to the top and bottom of 

hBNs. As a result of the moiré pattern, two periodic potentials are applied to graphene concurrently, 

which can be evidenced by two secondary Dirac points in the transport measurement, as well as two 

sets of hexagonal patterns in the Fourier transformation of AFM images. Moreover, the differential 

creates another set of supermoirés; in this situation, the supermoiré with the largest period can be 

independent of the difference in the lattice constants between two crystals, and can subsequently 

overcome the restrictions of this lattice mismatch to achieve a period greater than the maximal 14 nm. 

This is significant as it would make it possible to design graphene band reconstruction at arbitrarily low 
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Fermi energies. The Brillouin zone in the reciprocal lattice can be controlled to be as large as possible.  

 

Regarding the superlattices of other 2D materials, there is an increasing number of papers being 

published focusing on TMD superconductors. Research concerning twisted NbSe2 layers has been 

explored in Section 3.4, which also includes moiré-related phenomena in magnetic field measurements. 

 

CVD is an important method to manufacture graphene in industrial applications. Section 3.5 discusses 

progression in the improvement of CVD graphene quality and highlights our attempts to create twisted 

bilayer graphene directly using the CVD method.  
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