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Synopsis

In this thesis we discuss how lateral superlattice modifies the properties of graphene.

Superlattice is known to modify bandstructure in semiconductors and helps one to

realize properties which are not inherent to the material itself. We experimentally

study the change in graphene’s properties when an artificial superlattice is imposed

on it. Moreover, by tuning the superlattice, we have a control over this modification

in properties of graphene.

Introduction

Graphene is a one atom thick, two-dimensional sheet of carbon atoms arranged in

a honeycomb lattice [1, 2, 3]. As the honeycomb lattice is not a Bravais lattice,

graphene can be thought to be composed of two triangular sublattices of atoms A

and B (Figure 1(a)). The reciprocal lattice (Figure 1(b)) is also honeycomb where

conduction and valence band meet at two distinct points called K and K’, also known

as Dirac points. For undoped graphene, the Fermi energy lies at the Dirac point.

Tight-binding calculation yields linear energy momentum relationship close to the

Dirac point (zoomed-in image of Figure 1(b)). In charge transport, we probe excita-

tions close to the Fermi energy, and therefore the quasiparticles in graphene obey the

massless Dirac equation in our study.

Quasiparticles in graphene are described by massless Dirac equation where the

speed of light is replaced with Fermi velocity (vF ) of 106 m/s. The physical spin

of electron in the Dirac equation is replaced with pseudospin which is related to

the sublattices A and B in graphene. As a result, the quasiparticles at K and K’



valley are chiral (the projection of the momentum along the pseudospin direction is

fixed) and that the two valleys have opposite chirality. This property gives rise to

Klein tunneling in graphene [4, 5, 6]. Unlike tunneling in semiconductors (where the

transmission probability of an electron decreases with increasing width and height

of potential barrier), in Klein tunneling, the transmission probability of an electron

incident normally on a potential barrier is unity irrespective of the height or width of

the barrier.

The Fermi energy in graphene can be tuned using a field effect transistor geometry

(Figure 1(c)). Similar to the charge induced in a parallel plate capacitor, by applying

voltage at the gate we induce charge carriers in graphene. By applying positive

(negative) gate voltage, electrons (holes) are induced, moving the Fermi energy to the

conduction (valence) band. As the Fermi energy moves inside the conduction or the

valence band, charge carriers are available for transport. Thus resistance is maximum

at the Dirac point where there is minimum number of charge carriers (Figure 1(d)).

To observe the one atom thick graphene using an optical microscope (Figure 1(e)),

it is exfoliated using scotch tape on 300 nm of silicon dioxide (SiO2) as shown in Fig-

ure 1(f). Similar to the principle of optical interference seen in multilayer thin films,

this thickness of SiO2 provides the maximum contrast in the visible wavelength [2].

Monolayer nature of exfoliated flakes can be confirmed by observing Hall conductance

in graphene in a magnetic field.

In the presence of a magnetic field, the density of states (DOS) in graphene splits

into Landau levels (LLs) and it shows an unusual integer quantum Hall effect [1, 2].

When the Fermi energy is in between two LLs, transport occurs via edge states. The

Hall conductance is quantized and for monolayer graphene, is given by 4(N+1/2)e2/h,

where N = 0, 1, 2 ..., e is the electronic charge and h is the Planck’s constant. This

property can be used to confirm that the observed flake is single layer graphene.

In this synopsis we discuss the effect of tunable superlattice (SL) on bandstructure

and quantum Hall in graphene. We start with the motivation behind creating a

tunable SL in graphene. In the next section, we show how the tunable SL is created

in our device. Then we present observations of the effect of SL in graphene in the

absence of magnetic field. Next, we discuss charge transport in graphene in crossed

electric field (created due to SL) and magnetic field. Lastly, other project including
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Figure 1: Properties of graphene. (a) Graphene atoms arranged in honeycomb
lattice with two triangular sublattices of atoms A and B. (b) Band structure in
graphene where energy momentum relationship is linear close to the Dirac point (Fig-
ure adapted from [3]). (c) Field effect transistor geometry to change Fermi energy in
graphene. (d) Resistance as a function of gate voltage showing maximum resistance
at the Dirac point. When gate voltage is positive, Fermi energy is in the conduction
band as illustrated in the schematic by the line in the Dirac cone. The transport
occurs via electrons. Similarly, when gate voltage is negative, Fermi energy is in the
valence band as shown in the schematic and holes take part in transport. (e) Optical
microscope image of graphene with the single layer graphene marked inside the box.
(f) Graphene is exfoliated on degenerately doped silicon substrate with 300 nm of
SiO2 on top. This thickness of SiO2 provides the contrast to observe graphene in the
visible wavelength using optical microscope.
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ongoing works is briefly discussed.

1 Tunable 1-D lateral SL structure

SL is a periodic structure with period much larger than atomic spacing. Esaki et al.

first proposed the use of a periodic SL potential barrier in semiconductors [3]. SL

gives rise to minibands and can be used to engineer band structure in semiconductors.

SL in semiconductors gives rise to phenomena like Bloch oscillations and negative

differential resistance [4]. Apart from transport, SL can be used to enhance carrier

confinement [10], detect infrared radiation [11], improve cleanliness of material during

growth [12].

Effect of SL on graphene has been extensively studied theoretically [5, 14, 6, 7,

17, 18, 19]. SL in graphene modifies its bandstructure creating extra Dirac points

whose number depends on the amplitude of SL potential. At these extra Dirac points

the velocities of the Dirac quasiparticles is anisotropically renormalized, that is, the

group velocity parallel to the SL barrier is reduced the most, while the one across the

SL barrier remains intact [5, 14, 20, 8]. This leads to the possibility of collimation of

electron beam [9].

Band structure modification has been experimentally observed in graphene when

it is placed on a substrate that induces a periodic potential [23, 24, 25, 10]. SL using

Moiré pattern [27] by laying graphene over hexagonal boron nitride substrates [23]

have been demonstrated, but the SL potential created in these cases is fixed after

graphene is placed on boron nitride. In our device, we have created a tunable SL

potential, that is, we have control over the extent of modification of bandstructure in

graphene [11].

2 Realization of a tunable SL in graphene

We use the field effect transistor geometry to induce charge carriers in graphene

similar to that of charge induced in a parallel plate capacitor. Combination of gate
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voltages at the back and top of graphene gives rise to SL whose amplitude can be

changed by changing the gate voltages.

Figure 2(a) shows the device geometry. Graphene is mechanically exfoliated onto

a 300 nm SiO2 with degenerately doped silicon substrate acting as the back-gate.

Cr/Au contacts are patterned on graphene using electron-beam lithography. 23 nm

of Al2O3 is then deposited on graphene which acts as top-gate dielectric. To pattern

finger top-gates using electron-beam lithography, we optimized the recipe to obtain an

array of very narrow (∼ 27 nm) lines (see false colored scanning electron microscope

image in Figure 2(b)). 25 nm of palladium is then deposited on this narrow comb

like structure which acts as top-gate electrode. The finite thickness of the top-gate

dielectric Al2O3 causes the spread of electric field and so the effective width of the

top-gate felt by the charge carriers is equivalent to 70 nm in graphene. The period

of top-gates is designed to be 150 nm resulting in equal width of region in graphene

with and without top-gate.

The graphene flake can be divided into a series of alternating regions - one with

only a back-gate (region denoted as BG) and the other that has both a top-gate (tg)

and a back-gate (bg) (region denoted as TG) (see Figure 2(c)). The charge density

in BG region is determined only by the applied back-gate voltage; while in the TG

region, it is determined by both the back-gate voltage Vbg and the top-gate voltage

Vtg; providing an independent control to set the charge carrier density and type in

the two regions. The amplitude of the SL potential (V0) created is the difference

in the charge neutrality point between the BG and the TG region [4] (illustrated in

Figure 2(c)). To the first approximation, we have assumed that the potential created

due to the top-gate is abrupt. The charge density induced by the back-gate is CbgVbg

and that by the top-gate is CtgVtg, where Cbg (Ctg) is the capacitance per unit area of

the back-gate (top-gate). The magnitude of the SL potential barrier V0 is then given

by

V0 =
√
π~vF

∣∣∣∣∣sgn(CbgVbg)

√
|CbgVbg|

e
− sgn(CtgVtg + CbgVbg)

√
|CtgVtg + CbgVbg|

e

∣∣∣∣∣ .
(1)

Thus V0 is a function of Vbg and Vtg and hence can be tuned.
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Figure 2: Realization of a tunable lateral graphene SL. (a) Schematic of the device
and the measurement circuit. (b) False colored scanning electron microscope (SEM)
image of a device in Hall bar geometry showing the device dimensions. The arrow
points to a magnified view of the fingers of the top-gate structure. (c) Schematic of
potential barriers created by difference in the local doping in alternate regions on a
planar graphene device; this is realized using a back-gate and a series of top-gates
pinned to the same potential. In the figure, the TG region is hole doped and BG
region is electron doped with the green plane showing the Fermi energy.
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3 Band structure modification in zero magnetic field

In our graphene devices, we have created a tunable SL barrier which modifies the band

structure and single particle density of states (DOS) depending on V0. This change in

DOS is reflected in our charge transport measurements. In the first section, we present

the charge transport properties measured in our device. The next section shows the

numerical calculation of the band structure and DOS in the range of SL amplitude

(V0) applied. The last section compares the observation with the calculation showing

evidence of bandstructure modification.

3.1 Increasing number of oscillations in measured resistance

with increasing amplitude of SL potential

The electrical properties of a monolayer graphene device are studied using a zero bias

measurement at 300 mK. The resistance of the device is measured as a function of Vtg

and Vbg. When both Vtg and Vbg are positive (negative), we have a series of n-n’ (p-p’ )

junctions as shown in the blue region in Figure 3(a). The purple region in Figure 3(a)

denotes region where we have series of p-n junctions. As observed in Figure 3(b),

resistance is low when charge carriers are of the same type in TG and BG region

(sgn(VbgVtg) = 1) (blue region in Figure 3(a)). However, when the type of charge

carriers in the two regions are different (purple region in Figure 3(a)), we observe

oscillations in resistance as a function of Vtg and Vbg (Figure 3(b)). A slice of the data

at the charge neutrality point shows a peak in the resistance at Vbg = -2 V suggesting

small unintentional doping (blue curve of Figure 3(c)). Fixing Vtg at 2.6 V, resistance

as a function of Vbg shows a distinct oscillatory pattern (as shown in green curve in

Figure 3(c)). These oscillations, as seen in Figure 3(b), fade in and out; their number

increases with increasing gate voltage. The number of resistance “ridges” increases

by one as the magnitude of Vtg and Vbg in these quadrants is gradually increased.

We note that increasing Vbg and Vtg in these quadrants amounts to increasing the SL

barrier V0 seen by the charge carrier and we discuss this aspect later in greater detail.
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Figure 3: Electron transport measurements to probe the properties of the SL struc-
ture. (a) Parameter space of Vtg and Vbg showing the different type of charge carriers
in adjacent regions. In the top-right and bottom-left we have same type of charge
carriers in adjacent regions and in the other two quadrants we have different type
of charge carriers in adjacent regions. (b) Resistance measured as a function of Vbg
and Vtg at 300 mK. The oscillations in the resistance are seen when charge carriers in
the TG and BG regions are of opposite sign (purple region in (a)). The splitting of
resistance peaks with increasing gate voltages in this region is clearly observed. (c)
Line plot of data shown in (b) at Vtg = -0.1 V (blue) showing small unintentional
doping and Vtg = 2.6 V (green) depicting oscillations.

3.2 Extra Dirac points

Having considered the experimental results, we now try to understand the effect of SL

potential created due to the combination of gates. Introduction of the SL potential

of period d introduces another energy scale ESL = ~vF
d

which controls the effect of

the SL on the system and we examine the experimental results in units of ESL.

Now we discuss how the SL modifies the graphene band structure, which leads

to the experimentally observed resistance oscillations. Several approaches have been

followed to study the effects of SL in monolayer and bilayer graphene [5, 14, 6, 7, 12].

Here, we will follow the theoretical approach of Barbier et al. [14], in which the band

dispersion of Dirac particles in a square SL potential (with periodic variation along

the x-direction and a constant profile along the y-direction) has been obtained using

a transfer matrix method (Figure 4(a)). We would like to note that, although we

use this specific method for ease of application, other approaches also provide very

similar predictions [5, 14, 6, 7, 12].
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Figure 4: Modeling the transport through the SL. (a) Modified band structure of
graphene in presence of superlattice for V0/ESL = 10π (Figure adapted from [14]).

Conduction and valence band meet at points other than k⃗ = 0. (b) Calculated
dispersion relation of the conduction band at kx = 0 (periodicity of SL is along x-
direction and y-direction is parallel to the SL barrier) for V0/ESL = 18π, 22π and
26π in the energy range seen in our device. As SL potential increases the band bends
increasing the number of Dirac points. The plots are offset for clarity. (c) Calculated
DOS as a function of EF for the same strengths of potential V0

ESL
as in (b). The plots

are offset for clarity. DOS shows oscillations with an increasing trend with EF and
the number of oscillations increases with increasing SL potential.

The numerically calculated band dispersion of the conduction band of the above

mentioned Kronig Penny model for Dirac fermions is plotted as a function of the

momentum in the y direction, ky, for kx = 0 in Figure 4(b). From top to bottom,

the three curves correspond to V0/ESL = 18π, 22π and 26π respectively. The most

dramatic modification of the graphene band structure brought about by the SL is

the appearance of additional Dirac points (other than the one at ky = 0), as seen in

this figure. For a square SL potential, additional Dirac points appear when V0/ESL

= 4πj, where j is an integer denoting additional Dirac points (e.g. V0/ESL at 18π,

22π and 26π corresponds to 4, 5 and 6 additional Dirac points respectively) [14].

The relation between appearance of the Dirac points and the resistance oscillations

can be understood by looking at the single particle DOS calculated from the band

dispersion, which is plotted in Figure 4(c). The DOS oscillates with the energy

(over and above a linearly increasing trend) with peaks corresponding to van Hove

singularities occurring between the Dirac points. The number of these peaks follows

the number of additional Dirac points in the spectrum and increases with increasing

V0.
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3.3 Evidence of band structure modification

Figure 5(a) shows a contour plot of V0 as a function of Vtg and Vbg for the range of

parameters used in our experiments, with contours at V0

ESL
= 4πj. To understand the

experimental results, we have taken slices of the experimental data along contours of

constant V0. Contour of constant V0 is overlaid on measured resistance as a function

of Vbg and Vtg (shown in Figure 5(b)), and resistance as a function of Fermi energy

for a given V0 is shown. For positive Fermi energy, electrons see barriers (red curves

in Figures 5(c-f)); and for negative Fermi energy, holes see wells (blue curves in

Figures 5(c-f) of the same amplitude of the SL potential. Figures 5(c-f) summarize

the main experimental observation showing that as V0

ESL
increases by ∼ 4π, that is,

as the number of extra Dirac points (j) increases by one, the number of oscillations

increases by one. A remarkable feature in the data seen in Figures 5(c-f) is that in the

region of j extra Dirac points, the number of oscillations is j; j being a positive integer.

The resistance oscillations we observe are thus a reflection of the oscillation of the

DOS with energy, with the number of oscillations tracking the number of additional

Dirac points produced in the spectrum by the SL. Thus with the artificial SL created

in our device, we can tune the bandstructure in graphene.

4 Modification of LLs with electric field

In this section, we discuss how the SL affects the quantum Hall effect in graphene.

The motivation was to study various competing length scales and energy scales be-

tween tunable SL potential and quantum Hall system. Magnetotransport across

one-dimensional SL had been studied in two-dimensional electron gases (2DEG)

[13, 14, 15, 16, 17], reporting dissipationless transport across high potential barriers

[13]. However, some regions of the parameter space were experimentally inaccessible

due to technological challenges; these are now accessible due to new platforms, like

graphene [3, 35, 36], where the energy scales of the Landau levels (large cyclotron

gap) and the ability to create abrupt (∼ 10 nm) tunable barriers allow new aspects

to be explored. Graphene placed on boron nitride results in a Moiré SL (of periodicity

d ∼ 10 nm) [23, 10] which led to the realization of a regime where magnetic length

lB ∼ d. This resulted in the observation of a quantum fractal spectrum popularly

ix
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Figure 5: Effect of periodic potential on the transport. (a) Calculated height of
potential barrier V0

ESL
as a function of Vtg and Vbg where V0 is given by Equation 6.8.

The plot shows contours of V0

ESL
in units of 4π. The contours are labeled with the

value of j. (b) Contours of constant V0 separated by 4πESL overlaid on measured
resistance as a function of Vbg and Vtg. Contours are calculated using the model of
square SL. (c-f) Extracted conductance along contour of constant V0 as a function of
Fermi energy such that j varies from 3 to 6. Red curve represents electrons seeing
barriers of constant height and blue curve represents holes seeing wells of constant
depth. We observe the number of oscillations to increases by one as we cross the
region of V0 where one more extra Dirac point is created. A remarkable feature is
that in the region of j extra Dirac points, the number of oscillations is j, j being a
positive integer.
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known as Hofstadter butterfly [24, 25, 18]. In addition, new physics, due to the role

of crossed electric and magnetic field, that cannot be seen in conventional 2DEG can

be studied in SL structures based on graphene.

We study magnetotransport in an electrostatically defined 1D lateral SL in graphene.

Changing the magnetic field allows us to vary lB relative to d; and changing the gate

voltage allows us to tune the SL potential strength relative to the LL spacing (~ωc,

where ωc is the cyclotron frequency). In our device we observe LL at magnetic fields

greater than 2 T giving us a maximum magnetic length (lB) of 18 nm (lB =
√

~
eB
).

Since in our devices, the SL has a period of 150 nm, lB is always one order less than

the period of SL. Apart from the length scales we also note the energy scales involved,

where the competition between V0 and LL spacing gives rise to three regimes. When

V0 >> ~ωc, SL effect dominates [17] giving rise to extra Dirac points as discussed in

the previous section. In the other extreme when V0 << ~ωc, quantum Hall effect in

pristine graphene is restored [17]. However, the situation is more complex and little

explored when V0 and ~ωc have comparable contribution, and we have experimentally

probed this regime in graphene [38].

In this regime the LLs are well resolved and we probe the edge state equilibration

and the role of strength of the modulation potential. It has been shown by Lukose et

al. [19] and later extended by Gu et al. [20] for the case of a top-gate geometry that

the LL spectrum and the wavefunctions in crossed magnetic and electric fields are

fundamentally modified in graphene, an aspect that is not observable in conventional

2DEG semiconductors. At high enough electric fields the collapse of LL structure

happens when E
vFB

= 1 [19]. In the semi-classical picture, the collapse corresponds to

the transformation of closed cyclotron orbit to open cyclotron orbit with increasing

electric field [20]. In our experiments as well, the electric field at the interfaces of the

two regions in the periodic SL affects the LL spectrum and the wavefunction of the

LLs.

The first section talks about charge transport in case of different filling factors in

adjacent region and how electric field can affect this transport. In the next section we

present our observation at a magnetic field of 14 T. In the last section, we calculate

the parameter space at which electric field cause collapse of LL and compare our data

in this range.
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4.1 Edge state transport and origin of electric field

We did zero-bias measurement of longitudinal resistance (Rxx) as function of gate volt-

ages at different magnetic field at a temperature of 2 K. The filling factor ν = nh/Be

(where n is the charge carrier density given by Vbg and Vtg and B is the magnetic

field) in BG and TG region gives rise to mixing of edge states at the boundary which

is reflected in the resistance. Depending on Vbg and Vtg at a given magnetic field, we

have three possibilities in our device (Figure 6(a)) : (1) series of p-p’ (or n-n’ ) region

and filling factor in TG region (νtg) is more than BG region (νbg), (2) series of p-p’

(or n-n’ ) region and νtg is less than νbg, and (3) series of p-n’ region. Rxx depends on

the filling factor in adjacent regions and for a four-probe p-n-p device with a single

gate, it is given by Equation 2, 3 or 4; [21, 22, 23, 24]

Rxx =


h
e2

|νtg |−|νbg |
|νtg ||νbg |

νtgνbg > 0 |νtg| > |νbg| (2)
h
e2

|νbg |−|νtg |
|νtg ||νbg |

νtgνbg > 0 |νbg| > |νtg| (3)
h
e2

|νtg |+|νbg |
|νtg ||νbg |

νtgνbg < 0 (4)

These resistance plateaus are only observed when the electric field (E) is low

enough not to cause collapse of LL. The electric field arises at the interface of the

junction between BG and TG region (shaded yellow in Figure 6(b)). Here, we present

the results of analysis based on a simplified potential profile where the potential varies

linearly over 23 nm (which is the thickness of top-gate dielectric) from the maximum

to the minimum in the periodic potential so that E ∝ V0. When the charge carriers

in BG and TG regions are of the same type, V0 is smaller compared to when we have

a series of p-n’ junctions. Large V0 leads to large E in the region between BG and TG

region which modifies the LLs locally and has a significant effect on the LL spectrum

and the wavefunctions.

4.2 Resistance plateaus due to edge states at low electric field

Figure 7(a) shows the colorscale plot of zero bias Rxx as a function of Vtg and Vbg

at 14 T. We observe diamond shaped regions in the parameter space that represent

integer filling factors in adjacent regions set by Vtg and Vbg. The filling factors in
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denotes the junction between TG and BG region where the SL potential varies and
thus electric field exists.
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plateau.

the two alternating regions are indicated as (νtg,νbg). At a fixed magnetic field, lines

of constant νbg is controlled by Vbg and corresponds to vertical lines in Figure 7(a);

whereas lines of constant νtg is controlled by Vbg and Vtg, corresponding to diagonal

lines in Figure 7(a). Figure 7(b,c) shows line plots of Rxx as function of νbg at νtg =

2, 6. In the line plots, the green curve is the experimental data with the black dashed

line marking the calculated plateau as mentioned in the previous section. The region

of agreement between experimental data and the calculated plateau is highlighted in

orange.

We find that in the unipolar regime, there is good agreement between measured

experimental data and expected plateau values as seen in Figure 7(b,c). In the bipolar

region when νtg = 2(-2) and νbg = -2(2) there is complete equilibration between edge

states, as seen in the agreement between the data shown in Figure 7(b). When

we have one edge state for both electrons and holes circulating in adjacent regions,

the resistance plateau is seen at h/e2 (25.8 kΩ) suggesting full equilibration in this

state in p-n’ region; this is also the result one expects for the case of single gate.

However, when neighboring regions have other edge states, that is, (νtg × νbg) < 0

and |νtg| or |νbg| is greater than 2, we find resistance significantly larger than h/e2

(for example, (νtg, νbg) corresponding to (2,-6) in Figure 7(b), (6,-2) in Figure 7(c));
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a feature not generally seen in single p-n’-p junction in the quantum Hall state. This

large resistance with maximum Rxx ∼ 200 kΩ at 14 T, is seen along the diagonal

direction in Figure 7(a); it is precisely in this diagonal direction of the parameter

space that V0 and hence electric field increases.

4.3 Collapse of LL at high electric field

We note that in the bipolar regime, the V0 created is larger than ~ωC . Increasing

electric field (E) modifies the gap between the LL leading to their collapse when

E/(vFB) = 1. The magnetic length is 7 nm at 14 T. The effective magnetic length

in the presence of an electric field [19] can be written as l′B = lB/(1− (E/vFB)2)1/4.

l′B increases with increasing E leading to quantum Hall collapse when it approaches

the width of TG or BG region (which is 75 nm). We calculated l′B as a function

of νbg as shown in Figure 8(a) and we see that around the region of formation of

the highly resistive state (see Figure 7(b)), E
vFB

approaches 1 and l′B rises rapidly.

We also calculated LL energy (E ′
n) as shown in Figure 8(b) which is modified as

E ′
n = sgn(n)

√
2|n|× (~vF/lB)× (1− (E/vFB)2)3/4, where n is the LL index [19]. We

observe that the gap between two LLs decreases as we approach the electric field at

which collapse occurs and the gap also depends on n (Figure 8(b)). Figure 8(c) shows

the contour of electric field around which the quantum Hall collapse would occur in

our device and agrees well with the region of highly resistive state of the SL. Thus

we can change from dissipationless transport to a highly resistive regime in graphene

by tuning the LL wavefunction with electric field created due to SL.

5 Other project

5.1 Deterministic dry transfer to fabricate heterostructures.

So far, we have probed the physics on exfoliated graphene on silicon dioxide substrates.

In those devices, the mobility in graphene is limited by charge traps and defects in

SiO2. To increase the mobility, graphene is placed between boron nitride which has

similar lattice constant as graphene and atomically smooth surface [25]. Another
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advantage of sandwiching graphene between boron nitride (schematic in Figure 9(a))

is that the surface of graphene is not exposed to chemicals during e-beam lithography

and thus remains clean.

We have used the dry transfer technique using polydimethylsiloxane (PDMS) to

deterministically transfer graphene between two boron nitride flakes [26]. Using

electron-beam lithography, source-drain contacts and a single top-gate is made as

shown in the Figure 9(b). The resistance as a function of Vtg and Vbg is shown in

Figure 9(c). Line plot at charge neutrality point of Vtg (Figure 9(d)) is used to calcu-

late the mobility in this device which is 78701 cm2/Vs. (Measurements of the device

on silicon dioxide substrates with top finger-gates presented earlier in this synopsis

had mobility of 5896 cm2/Vs.) The mobility increased by an order of magnitude on

placing graphene between boron nitride. However, as the graphene outside the top

boron nitride flake was not etched away, transport occurred via graphene outside top

boron nitride which is exposed to chemicals as well as the graphene protected by top

boron nitride. This resulted in a broad peak near the Dirac point. Top finger-gates

on boron nitride using the present recipe of device fabrication are not feasible because

of poor adhesion between metal and boron nitride. So our next step is to make finger

gates on silicon dioxide, and on it place the entire stack of boron nitride - graphene
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- boron nitride.

Similar heterostructures are also fabricated on transition metal dichalcogenides

(TMDC). Advantages of using TMDC is that it has a band gap unlike graphene and

has mobility higher than silicon. An interesting feature with TMDC is that the band

gap changes from indirect to direct on decreasing its thickness to a single layer [27].
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effect in a one-dimensional lateral superlattice: Nearly dissipationless transport

across high potential barriers. Physical Review B 51, 10236 (1995).

[31] M. Tornow, D. Weiss, A. Manolescu, R. Menne, K. v. Klitzing, and G. Weimann.

Even-odd filling-factor switching in one-dimensional lateral superlattices. Phys-

ical Review B 54, 16397 (1996).

[32] P. D. Ye, D. Weiss, R. R. Gerhardts, K. von Klitzing, K. Eberl, and H. Nickel.

Magnetotransport in periodic magnetic fields. Surface Science 361/362, 337

(1996).

[33] H. L. Stormer, L. N. Pfeiffer, K. W. Baldwin, K. W. West, and J. Spector.

Atomically precise superlattice potential imposed on a two-dimensional electron

gas. Applied Physics Letters 58, 726 (1991).

[34] A. Endo, M. Kawamura, S. Katsumoto, and Y. Iye. Magnetotransport of ν = 3/2

composite fermions under periodic effective magnetic-field modulation. Physical

Review B 63, 113310 (2001).

[35] S. Das Sarma, Shaffique Adam, E. H. Hwang, and Enrico Rossi. Electronic trans-

port in two-dimensional graphene. Reviews of Modern Physics 83, 407 (2011).

[36] M. O. Goerbig. Electronic properties of graphene in a strong magnetic field.

Reviews of Modern Physics 83, 1193 (2011).

[37] B. Hunt, J. D. Sanchez-Yamagishi, A. F. Young, M. Yankowitz, B. J. LeRoy,

K. Watanabe, T. Taniguchi, P. Moon, M. Koshino, P. Jarillo-Herrero, and R. C.

Ashoori. Massive Dirac fermions and Hofstadter butterfly in a van der Waals

heterostructure. Science 340, 1427 (2013).

[38] Sudipta Dubey and Mandar M. Deshmukh. Quantum Hall effect in tunable 1-D

lateral superlattice in graphene – role of crossed electric and magnetic fields.

Manuscript under peer review.

xxii



[39] Vinu Lukose, R. Shankar, and G. Baskaran. Novel electric field effects on Landau

levels in graphene. Physical Review Letters 98, 116802 (2007).

[40] Nan Gu, Mark Rudner, Andrea Young, Philip Kim, and Leonid Levitov. Collapse

of Landau levels in gated graphene structures. Physical Review Letters 106,

066601 (2011).

[41] D. A. Abanin and L. S. Levitov. Quantized transport in graphene p-n junctions

in a magnetic field. Science 317, 641 (2007).

[42] J. R. Williams, L. DiCarlo, and C. M. Marcus. Quantum Hall effect in a gate-

controlled p-n junction of graphene. Science 317, 638 (2007).
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Chapter 1

Introduction

The ever increasing demand for miniaturization of electronics has spurred further

study of mesoscopic physics. This field explores the intermediate regime between

macroscopic systems that can be described classically and the microscopic systems

that are governed by quantum mechanics. The scaling down of the dimensions of

transistors led to observations of deviations from classical transport and signatures of

quantum phenomena. This field is of interest not only in industry but also has rich

physics to be explored. Quantum transport of charge carriers in a mesoscopic system

can be used to probe its band structure and thus study its exciting properties.

Improvement in fabrication technique in 1980s led to the formation of two di-

mensional electron gas (2DEG) at the interface of two similar semiconductors (for

example, gallium arsenide and aluminum gallium arsenide heterostructure). In a

2DEG, the electrons are confined to move in a plane and their number density can

be controlled by applying an electric field. Owing to its large Fermi wavelength (∼
40 nm) and large mean free path (∼ 10 µm) [28], interesting phenomena like quantized

conductance, Aharonov-Bohm oscillations, were experimentally observed. Quantized

conductance through a 2DEG was reported by two group in 1988, where the conduc-

tance did not decrease linearly with decreasing width of the channel but decreased in

steps of 2e2/h [29, 30] (Figure 1.1(a)). This phenomenon is observed in the quantum

ballistic regime, where the phase of the electron is preserved and the length of the

conductor is less than the mean free path. If the device is in the quantum diffusive
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Chapter 1. Introduction

regime, where the phase of the electron is preserved but the length of the conductor

is more than the mean free path, Aharonov-Bohm oscillations are observed. These

oscillations demonstrate the quantum interference of electron waves in a circular loop

(Figure 1.1(b)) [31]. Thus charge transport studies shed light on various phenomena

associated with the transport of electrons through a mesoscopic system.

Charge transport can be used to probe the bandstructure (Figure 1.2) and thus

study the properties of materials. Here we will briefly mention the unique band-

structure of graphene (details presented in Chapter 2) and topological insulators.

Graphene is a single layer of carbon atoms arranged in a honeycomb lattice, and is the

building block of graphite. Owing to its two-dimensional nature, it was presumed not

to exist in nature. However experiments by Novoselov and Geim in 2005 showed free-

standing graphene can be experimentally probed [1]. The key to this observation was

to place graphene on top of silicon with a thickness of silicon-dioxide which enhanced

its optical contrast. (Details about visibility of graphene in section 2.1 of Chapter 2.)

Charge transport studies showed remarkable electronic properties in graphene, like

high mobility of charge carriers, where they are ballistic on sub-micrometer scale even

at room temperature [32]. Due to reduced scattering of the charge carriers, quantum

effects in graphene, like quantized Hall conductance (which can be used as resistance

standard), can be observed at room temperature [32]. (Unusual integer quantum Hall

effect in graphene is discussed in Chapter 6.) The physics of graphene is governed

by massless Dirac equation, and consequently, one of the predictions of quantum

electrodynamics like Klein tunneling (details in section 2.4 of Chapter 2) has been

experimentally demonstrated in graphene. However, electrons in graphene are not rel-

ativistic as the charge carriers move with a velocity of ≈ 106 cm/s (Figure 1.2(c)) [32].

Similar to graphene, topological insulators possess a unique bandstructure, where the

surface state is gapless and topologically protected, and the bulk is insulating [33, 34].

Due to high spin orbit interaction in topological insulators, there is coupling between

charge current and spin which leads to spin Hall effect and can be used to detect

spin polarized current [35]. Charge transport studies on layered materials like transi-

tion metal dichalcogenides have attracted greater interest recently because they have

a band gap, unlike graphene, and their mobility is higher than silicon. Few of the

recent efforts have been to study charge density waves [36], pressure induced super-

conductivity [37] in transition metal dichalcogenides, and to make heterostructures to

2
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Figure 1.1: Transport in different regimes. (a) Transport in quantum ballistic regime
shows conductance quantization in units of 2e2/h. Figure adapted from Refer-
ence [29]. (b) Aharonov-Bohm oscillations observed in quantum diffusive regime.
Magnetoresistance of the loop measured at 0.01 K showing oscillations. Figure
adapted from Reference [31].
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(a) (b) (c)

Figure 1.2: Understanding electronic properties of graphene. Figures adapted from
Reference [32]. (a) Parabolic dispersion in conventional semiconductors, like 2DEG,
described by Schrödinger equation. (b) Relativistic particle obeying Dirac equation
in the limit of zero mass. (c) Quasiparticles in graphene obeying massless Dirac
equation with the particles moving with a velocity 300 times smaller than the speed
of light.

tailor their properties. Studies using layered heterostructures of graphene on boron

nitride have also gained momentum in an effort to increase the mobility of charge

carriers. (Fabrication of heterostructures is discussed in Chapter 8.)

A new dimension in the transport studies was added when Esaki and Tsu in

1970s proposed the use of superlattice made of heterostructures to modify the band

structure in semiconductors [4]. Superlattice is used to engineer bandstructure and

helps one to realize properties that are not inherent to the material itself. Effect of

superlattice on semiconductors and graphene is discussed in Chapter 3. Superlattice

modifies band structure in graphene and can be used to collimate electron beams [9].

Thus electron focusing, which is observed with the help of a magnetic field in 2DEG

in classical ballistic regime of transport, can be achieved in graphene with the help

of a superlattice without any magnetic field.

In this thesis, we have experimentally studied the change in graphene’s properties

4



when an artificial lateral superlattice is imposed on it. In our devices, which are in the

quantum diffusive regime of transport, we have observed band structure modification

in graphene. Additionally, an important aspect of our superlattice is the tunability,

which allows us to control this modification in properties of graphene. Applying a

magnetic field leads to Landau levels and transport occurs via ballistic edge states.

We have studied the effect of crossed electric field (due to superlattice) and magnetic

field in graphene. Modification of Landau level wavefunction with electric field is

unique to graphene [19]. With increasing electric field, the gap between Landau

levels in graphene reduces and becomes zero at a certain electric field [19]. The state

after this collapse of Landau levels can be different from the two-dimensional Fermi

liquid and is yet to be explored.

This thesis consists of 9 chapters. Chapter 2 introduces graphene and its properties

relevant to the study of charge transport. In Chapter 3, we talk about the advan-

tages and uses of superlattice in general, and then we discuss its effect on graphene.

Chapter 4 describes the lithography steps followed and the fabrication recipe opti-

mized to realize our device geometry. Formation of superlattice and its tunability is

discussed in this chapter. In Chapter 5, the experimentally observed charge transport

in the absence of magnetic field is presented which provided the evidence of band-

structure modification with a superlattice. Chapter 6 discusses electron transport

in the presence of a magnetic field in graphene. Edge state transport with different

filling factors under top-gate and back-gate is discussed in this chapter. Chapter 7

presents the experimental observation of charge transport in the presence of magnetic

field, where modification of Landau levels with electric field in graphene is observed.

Other ongoing project involving deterministic transfer to fabricate heterostructure is

illustrated in Chapter 8. We end with a summary of our findings and future direction

in Chapter 9.
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Chapter 2

Overview of graphene

Graphene rose to prominence after it was experimentally observed by Novoselov and

Geim in 2005 [38, 1, 32]. The key to their discovery was the visibility of this one-

atom thick material under an optical microscope. We will start this chapter with the

method employed to locate thin flakes of graphene. Next we will discuss doping in

graphene with an electrostatic gate in field effect transistor geometry. In graphene, an

electrostatic gate can tune the Fermi energy from the valence band to the conduction

band, and thus the ambipolar behavior can be easily observed. Brief review on the

band structure of graphene is presented next. We will end with theoretical calculation

and experimental observation of transport across a potential barrier in graphene.

2.1 Visibility of monolayer graphene

Graphene is one atom thick, it is mechanically exfoliated from graphite onto oxidized

silicon wafer with a chosen oxide thickness, and an optical microscope is used to locate

it. Similar to the interference on thin films, contrast of graphene on silicon dioxide

(SiO2) is calculated and the optimum thickness of SiO2 is determined.

Blake et al. [2] calculated the contrast for a system comprising of graphene, SiO2

and degenerately doped silicon (Si++) as shown in the schematic in Figure 2.1(a).

The graphene flake adds an optical path which changes the interference compared to

6



2.1. Visibility of monolayer graphene

SiO2/Si
++ substrate. The intensity of reflected light from graphene/SiO2/Si

++ and

SiO2/Si
++ is calculated and contrast is written as the relative intensity of reflected

light in the presence and the absence of graphene. The intensity of reflected light in

the presence of graphene (I1) is given by [2]

I1 = |
r1e

i(Φ1+Φ2) + r2e
−i(Φ1−Φ2) + r3e

−i(Φ1+Φ2) + r1r2r3e
i(Φ1−Φ2)

ei(Φ1+Φ2) + r1r2e−i(Φ1−Φ2) + r1r3e−i(Φ1+Φ2) + r2r3ei(Φ1−Φ2)
|2, (2.1)

where

r1 =
nair − ngraphene

nair + ngraphene

,

r2 =
ngraphene − nSiO2

ngraphene + nSiO2

,

r3 =
nSiO2 − nSi++

nSiO2 + nSi++

,

Φ1 =
2× π × ngraphene × dgraphene

λ
,

Φ2 =
2× π × nSiO2 × dSiO2

λ
,

(2.2)

with n being the refractive index and d the thickness of a given layer.

The intensity of reflected light in the absence of graphene (I2) can be obtained

after substituting ngraphene = nair in Equation 2.1. Contrast is defined as (I2− I1)/I2.
Using ngraphene = 2.6−1.3i, dgraphene = 0.34 nm, nSiO2 = 1.47, nSi++ = 5.6−0.4i [2];
contrast is calculated as a function of wavelength of incident light (λ) and thickness

of SiO2 (Figure 2.1(b)).

In the visible wavelength, 300 nm SiO2 provides contrast high enough to observe

graphene using optical microscope. Figure 2.1(c) shows an optical image of monolayer

graphene (faint blue flake marked with a box) attached to few layer graphene (deep

blue flake) on 300 nm SiO2/Si
++ substrate. Yellow colored flake in Figure 2.1(c)

corresponds to bulk graphite.
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Figure 2.1: Optical contrast of graphene on SiO2. (a) Graphene is exfoliated on
degenerately doped silicon substrate with dielectric SiO2 on top. The dielectric sets
up an interference pattern and the visibility of graphene depends on its thickness.
(b) Contrast of graphene on SiO2 as a function of the thickness of SiO2 and the
wavelength of visible light. In the visible range, the contrast is high around 300 nm
SiO2. (c) Optical microscope image of graphene on 300 nm SiO2 with the single layer
graphene marked inside the box.
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2.2. Tuning Fermi energy with electrostatic gate

2.2 Tuning Fermi energy with electrostatic gate

As mentioned in section 2.1, graphene is exfoliated on 300 nm SiO2/Si
++ substrate

to observe it under optical microsope. This geometry can be used to electrostatically

dope graphene, with SiO2 being the dielectric and Si++ as the lower electrode. Similar

to the charges induced in a parallel plate capacitor, this field effect transistor geometry

(Figure 2.2(a)) can be used to tune the Fermi energy in graphene.

In case of graphene, the conduction and the valence band meet at a point which

is called the Dirac point. The energy momentum relationship is linear close to the

Dirac point and the Fermi energy lies at the Dirac point in case of undoped graphene.

Details of bandstructure of graphene is discussed in section 2.3.

By applying voltage at the gate (Si++), charge carriers are induced in graphene.

By applying positive (negative) gate voltage, electrons (holes) are induced, moving

the Fermi energy to the conduction (valence) band and making graphene n-doped

(p-doped). As the Fermi energy is moved inside the conduction, or the valence band,

charge carriers are available for transport, and so, the resistance decreases. Thus

resistance is maximum at the Dirac point where there are minimum number of charge

carriers (Figure 2.2(b)). As seen in Figure 2.2(b), graphene can be easily made p-type

or n-type using electrostatic gate.

2.3 Bandstructure of graphene

Understanding any systems electronic properties relies on the knowledge of its band

structure. Graphene is a two-dimensional sheet of carbon atoms arranged in a hon-

eycomb lattice [1]. As the honeycomb lattice is not a Bravais lattice, graphene can be

thought to be composed of two triangular sublattices of atoms A and B with a basis

of two atoms per unit cell [39]. The distance between two nearest carbon atoms (a)

is 1.42 Å, and the lattice vectors in real space for site A are

a⃗1 =
a

2
(3,
√
3), a⃗2 =

a

2
(3,−

√
3). (2.3)
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Figure 2.2: Ambipolar behavior of graphene. (a) Field effect transistor geometry to
change the Fermi energy in graphene. (b) Resistance as a function of gate voltage
showing maximum resistance at the Dirac point. When gate voltage is positive, Fermi
energy is in the conduction band as illustrated in the schematic by the line in the
Dirac cone. Similarly, when gate voltage is negative, Fermi energy is in the valence
band and holes take part in transport.
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2.3. Bandstructure of graphene

The three nearest neighbor vectors for an A-sublattice are given by

δ⃗1 =
a

2
(1,
√
3), δ⃗2 =

a

2
(1,−

√
3), δ⃗3 = −a(1, 0). (2.4)

The vectors in the real space are shown in Figure 2.3(a). Figure 2.3(b) shows the

lattice in momentum space which is also honeycomb. The two inequivalent points K

and K’ in the Brillouin zone marked in Figure 2.3(b) are

K⃗ =
2π

3a
(1,

1√
3
), K⃗ ′ =

2π

3a
(1,− 1√

3
). (2.5)

These points are called Dirac points and we will refer to them later in this section

after obtaining the bandstructure of graphene.

Here we discuss the tight binding model used to calculate the bandstructure of

graphene. The steps used to obtain the bandstructure shown in Figure 2.3(c), are as

follows [40]. An infinite graphene sheet is considered with one 2pz orbital per atomic

site. As there are two atoms per unit cell in graphene, there are two atomic orbital ϕj

in the unit cell. The Bloch function Φj(k⃗, r⃗) for a given wave vector (k⃗) and position

vector (r⃗) is given by

Φj(k⃗, r⃗) =
1√
N

N∑
i=1

eik⃗.R⃗j,iϕj(r⃗ − R⃗j,i), (2.6)

where the sum is over N different unit cells and R⃗j,i denotes the position of jth orbital

in ith unit cell. The electronic wavefunction Ψj(k⃗, r⃗) can be obtained from a linear

combination of these Bloch functions (Φj(k⃗, r⃗))

Ψj(k⃗, r⃗) =
2∑

i=1

cj,i(k⃗)Φi(k⃗, r⃗). (2.7)

Energy (E) is obtained by solving the secular equation

|H − ES| = 0, (2.8)
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Figure 2.3: Electronic properties of graphene. (a) Graphene atoms arranged in honey-
comb lattice with two triangular sublattices of atoms A and B. (b) The lattice is also
honeycomb in the momentum space. The two distinct points K and K’, also known
as Dirac points are marked. (c) Band structure of graphene where the conduction
and valence band meet at six points. Magnified image close to the Dirac point shows
linear energy momentum relationship.
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where the matrix elements of H and S are given by

Hi,j = ⟨Φi|H|Φj⟩ , (2.9)

and

Si,j = ⟨Φi|Φj⟩ . (2.10)

Using Equation 2.6 and Equation 2.9, matrix elements of H are computed. The

diagonal element of H is calculated assuming dominant contribution from the same

site within every unit cell [40]. So,

H11 ≈
1

N

N∑
i=1

⟨ϕ1(r⃗ − R⃗1,i)|H|ϕ1(r⃗ − R⃗1,i⟩ . (2.11)

The matrix element within the summation,

ϵ2p = ⟨ϕ1(r⃗ − R⃗1,i)|H|ϕ1(r⃗ − R⃗1,i⟩ , (2.12)

is independent of site i and thus H11 = ϵ2p. Similarly, H22 = ϵ2p.

The off-diagonal element using Equation 2.6 and Equation 2.9 can be written as

H12 =
1

N

N∑
i=1

N∑
j=1

eik⃗.(R⃗2,j−R⃗1,i) ⟨ϕ1(r⃗ − R⃗1,i)|H|ϕ2(r⃗ − R⃗2,j⟩ . (2.13)

The matrix element within the summation is same for each pair of neighboring atoms

and is denoted by

γ0 = −⟨ϕ1(r⃗ − R⃗1,i)|H|ϕ2(r⃗ − R⃗2,j⟩ . (2.14)

In the off-diagonal element, the dominant contribution is from hopping between the

three nearest neighbors [40]. Defining,

f(k⃗) =
3∑

j=1

eik⃗.δ⃗j ,

= e−iakx + 2cos[
√
3a
2
ky]e

ia
2
kx ,

(2.15)

H12 ≈ -γ0f(k⃗). H21 is the complex conjugate of H12, and is -γ0f
∗(k⃗).
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Chapter 2. Overview of graphene

Similar to the calculation of elements of H matrix, the elements of S matrix can

be obtained using Equation 2.6 and Equation 2.10. S11 = S22 = 1. S12 ≈ s0f(k⃗) and

S21 ≈ s0f
∗(k⃗), where

s0 = ⟨ϕ1(r⃗ − R⃗1,i)|ϕ2(r⃗ − R⃗2,j⟩ . (2.16)

Substituting these matrix elements in the secular equation (Equation 2.8), the

energy obtained is

E± =
ϵ2p ± γ0|f(k⃗)|
1∓ s0|f(k⃗)|

. (2.17)

Figure 2.3(c) shows the plot of energy as a function of momentum for γ0 = 3.033 eV,

s0 = 0.129 eV and ϵ2p = 0 [40, 41].

E+ and E− corresponds to the conduction and the valence band respectively.

From Figure 2.3(c), we can see that there is no gap between the conduction band

and the valence band, and that they meet at six corners of the Brillouin zone. Dis-

persion relation is linear near the two distinct points K and K’, also known as Dirac

points, as seen in the magnified image in Figure 2.3(c). This can also be analytically

obtained by expanding Equation 2.17 close to the Dirac point. Energy - momentum

(p) relationship close to the Dirac point is given as E = vFp, where vF =
√
3aγ0/~ ≈

106 m/s. Thus near the K point, quasiparticles in graphene are described by massless

Dirac equation, with the speed of light being replaced by a velocity of 106 m/s. Fermi

energy of undoped graphene lies at the Dirac point. In charge transport, we probe

excitations close to the Fermi energy, and therefore the quasiparticles in graphene are

described by massless Dirac equation in our study.

There are two components in eigenstate of graphene which arises due to the sub-

lattices A and B [39]. This degree of freedom, similar to the spin, is called pseudospin.

For example, if all the electronic density is in A sublattice and the pseudospin is called

“up”, then “down” pseudospin would imply all the electronic density being in B sub-

lattice [40]. Interestingly, the direction of pseudospin is related to the direction of

momentum p⃗, making graphene chiral [39]. Owing to the chiral nature of graphene,

at valley K, the pseudospin is parallel to momentum, and at valley K’, the pseu-

dospin is antiparallel to momentum. Chirality leads to absence of backscattering,

Klein tunneling in graphene.
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2.4. Klein Tunneling

2.4 Klein Tunneling

Klein tunneling is an interesting consequence of chirality in graphene being described

by Dirac equation [42]. In Klein tunneling [43], the transmission probability of an

electron incident normally on a potential barrier is unity irrespective of the height

or width of the barrier. This is in contrast to tunneling in semiconductors which are

described by Schrödinger equation, where the transmission probability of an electron

decreases exponentially with increasing width and height of the potential barrier.

Experimental realization of n-p-n junction using electrostatic gates is discussed in

detail in section 2.5. Using two electrostatic gates which independently control the

doping in the two regions, p-n junction in graphene can be realized. p-n junction

in graphene results in a potential step, and hence to realize a potential barrier, we

need a n-p-n junction. The amplitude of the potential barrier depends on the gate

voltages applied.

Schematic of a square potential varying in x-direction and constant along y-

direction is shown in Figure 2.4(a). Hamiltonian of massless Dirac equation in the

presence of a constant potential V is given by

H = ~vF

(
V kx − iky

kx + iky V

)
(2.18)

The potential in the three regions along x-direction are : (1) x < 0, where V = 0, (2)

0 < x < d, where V = V0, and (3) x > d, where V = 0.

The wavevector is k⃗ in region (1) and (3) and k⃗′ in region 2. The Hamiltonian

is translationally invariant in the y-direction and k′y = ky. The corresponding wave-

function in the three regions are [39, 44]:

ψ1 = eikyy[eikxx

(
1

seiϕ

)
+ re−ikxx

(
1

sei(π−ϕ)

)
],

ψ2 = eikyy[Aeik
′
xx

(
1

s′eiθA

)
+Be−ik′xx

(
1

s′ei(π−θA)

)
],

ψ3 = eikyy[teikxx

(
1

seiϕ

)
],

(2.19)
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Chapter 2. Overview of graphene

where tan[ϕ] = ky/kx, tan[θA] = ky/k
′
x, k

′
x =

√
((E − V0)/~vF )2 − k2y, s = sgn(E), s′

= sgn(E − V0).

Continuity of the wavefunction at x = 0 and x = d, gives r, t, A and B. The

transmission coefficient (T), given by 1− |r2|, is

T =
cos2[ϕ]cos2[θA]

cos2[ϕ]cos2[θA]cos2[k′xd] + sin2[k′xd][1 + sin[ϕ]sin[θA]]2
, (2.20)

For a given d, polar plot of T as a function of ϕ for two different combinations of

E and V0 is shown in Figure 2.4(b). In both the curves, T = 1 for ϕ = 0, that is, the

transmission probability is 1 irrespective of the barrier height for normal incidence.

2.5 Transport across n-p-n junction

Klein tunneling across a potential barrier in graphene has been experimentally ob-

served by other groups [45, 46]. As discussed in section 2.4, n-p-n junction in graphene

results in a potential barrier. Here we will discuss experimental observations by Young

et al. [45] where the device geometry consists of a global bottom gate and a single

top-gate.

The global bottom gate changes the charge carrier density of the entire graphene

flake. The single top-gate covers the middle of the graphene flake and is used to control

the charge density under it. For example, by applying positive back-gate voltage the

entire graphene flake is n-doped, and by applying negative top-gate voltage, the

middle region of graphene under the top-gate can be made p-doped, forming a n-p-n

junction.

Conductance is measured as a function of the charge carrier density induced by

the top-gate and the back-gate. Conductance is higher when same type of charge

carrier is induced in the entire graphene flake compared to the case when the type

of the charge carriers induced by the two gates is different. After subtracting a

background, oscillations in conductance are observed in n-p-n (top left quadrant

in Figure 2.5(a)) and p-n-p (bottom right quadrant in Figure 2.5(a)) regions. The
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(a)

(b)

x

y
V0

0.4

0.6

0.8

1.0

0.2

0.0

- /2

- /4

0

 /4

 /2
 T

Ø

d

Figure 2.4: Transport across a potential barrier in graphene. (a) Square potential
profile of amplitude V0 and width d. (b) Transmission probability as a function of the
angle of incidence. The magnitude of the Fermi energy and the potential amplitude
is 39.4 meV and 144.4 meV respectively for the green curve, and 65.6 meV and
118.2 meV respectively for the blue curve. For both the curves, the transmission
probability is one at normal angle of incidence (ϕ = 0).
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Chapter 2. Overview of graphene

oscillations do not follow any trend. (Different regimes of doping as a function of gate

voltages are discussed in detail in Chapter 5.) The conductance oscillations arises

due to interference of electron waves under the top-gated region. Applying a low

magnetic field, phase shift of oscillations is observed (Figure 2.5(b)), which implies

perfect transmission of normally incident charge carriers on a potential barrier, that

is, Klein tunneling [45].

Experimental observation of charge transport across n-p-n junction or a single

potential barrier in graphene has been reported by various groups. In our devices,

we have experimentally observed charge transport across periodic potential barriers

or a superlattice. In Chapter 3, superlattice and its effect on graphene are discussed

in detail.
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Figure 2.5: Quantum interference of electron waves. (a) Transport as a function of
the charge carrier density induced by the top-gate and the back-gate. Oscillations
are observed in n-p-n and p-n-p regions. (b) Observed (left figure) and calculated
(right figure) conductance as a function of charge carrier density under the top-gate
and magnetic field at a fixed back-gate. The phase shift of the oscillations with the
magnetic field signifies Klein tunneling [45]. Figures are adapted from Reference [45].
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Chapter 3

Need for superlattice

Superlattice is defined as any periodic structure with period much larger than the

atomic spacing. In this chapter, we will first describe the use of superlattice to

modify the properties of semiconductor and its applications. Next, we will discuss

the theoretical predictions of superlattice in graphene, and then how they have been

experimentally realized. We will end with the superlattice created in our device, that

is tunable, and its advantages.

3.1 Superlattice in semiconductors described by

Schrödinger equation

Crystals in a semiconductor consist of atoms arranged in periodic structure. The

electrons experience a periodic potential due to the atoms. At the zone boundary

defined by the period of the atoms (a), there is a gap in the energy spectrum where

the crystal does not have any propagating states. These gaps divide the energy of the

electrons into bands and these states are called Bloch states [47]. When an electric

field (E⃗) is applied, the Bloch vector (k⃗) is given by [48, 49]

~
dk⃗

dt
= eE⃗, (3.1)
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3.1. Superlattice in semiconductors described by Schrödinger equation

where ~ = h/2π, h being the Planck’s constant and e is the electronic charge. The

Bloch vectors are restricted within −π/a to π/a in the Brillouin zone. When the

acceleration lasts for a time of τBloch ≈ 2π~/eEa, neglecting interband tunneling and

scattering process, initial Bloch state (k⃗) is reached again, and electrons perform

periodic motion in both the momentum space and the real space. These oscillations

are called Bloch oscillations leading to reduction in transport with increasing electric

field. In a crystal with a typical electric field, τBloch, given by the period of the atoms,

is larger than the scattering time and this effect is not observed [47, 48, 49].

Esaki et al. [4] first proposed the use of a periodic superlattice potential barrier

in semiconductors (Figure 3.1(a)). Experimentally superlattice in semiconductor was

realized by alternate deposition of two semiconductors with similar lattice constant

(like GaAs and AlAs) to form a periodic structure [48]. The superlattice is tailored

to have a period (d) which is of the order of 100 times the atomic period. Similar to

the Bloch states, superlattice in semiconductors gives rise to minibands which now

depend on the period of the superlattice. The size of the minizones (2π/d) are reduced

compared to the original zone boundary (2π/a) ((Figure 3.1(b))). Electrons in the

presence of an applied electric field will undergo rf oscillations, due to reflection at the

minizone boundaries [4, 50, 49]. τBloch is now smaller resulting in Bloch oscillations at

attainable electric field. For example, Bloch oscillations were experimentally observed

by Feldmann et al. in GaAs/AlGaAs superlattice, where the τBloch was observed to

be 0.7 ps for eEd of 6.2 meV [50]. Another consequence of superlattice is that, as

the electrons come closer to the miniband edge, their velocity decreases, resulting in

negative differential conductivity [51].

Superlattice in semiconductors covers a wide range of applications. One of them

is to filter the energy of electrons, allowing only those within the minibands to pass

or reflecting those in the minigaps. An optical application of superlattice is the

distributed Bragg reflector. Light traveling in a superlattice experience a periodic

perturbation, and is reflected according to the Bragg condition which can be used to

form an optical cavity in a laser [47].

Thus superlattice can be used to engineer the band structure in semiconductors.
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Chapter 3. Need for superlattice

(a)

(b)

Figure 3.1: Tuning band structure of semiconductors. (a) Potential profile of periodic
barrier with period much larger than atomic spacing, and length l. Figure adapted
from Reference [3]. (b) Band structure in semiconductor in presence of superlattice.
Band gaps are observed at the minizones defined by the period of the superlattice.
Figure adapted from Reference [4].
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3.2. Effect of superlattice on properties of graphene

3.2 Effect of superlattice on properties of graphene

Effect of superlattice on graphene has been extensively studied theoretically [5, 8, 9,

52, 12, 53]. Solving Kronig-Penney model for Dirac fermion along with chirality seen

in graphene results in interesting properties. Many of these properties are yet to be

explored.

In case of graphene, superlattice modifies its bandstructure, bending the conduc-

tion and the valence band such that it meets at points other than the original Dirac

point (Figure 3.2(a)) [8, 52, 12, 53]. These points are called extra Dirac points. Larger

the amplitude of superlattice, larger is the band bending of the conduction and the

valence band, and larger is the number of these extra Dirac points [53]. Thus the

number of these extra Dirac points depend on the amplitude of the superlattice po-

tential. Details of the band dispersion in presence of a square superlattice in graphene

is discussed in section 5.4 in Chapter 5.

The interesting feature of these extra Dirac points in the bandstructure of graphene,

is that, they are anisotropic. This implies that the contour of constant energy around

these extra Dirac points is ellipse and not a circle. At these extra Dirac points the

velocities of the Dirac quasiparticles is anisotropically renormalized, that is, the group

velocity parallel to the superlattice barrier (y-direction) is reduced the most, while

the one across the superlattice barrier (x -direction) remains intact [5]. (The conven-

tion of potential varying in x -direction and constant along y-direction is maintained

in this thesis.) Park et al. found that for specific amplitude of superlattice potential,

when the group velocity in the y-direction becomes zero and in the x -direction, the

group velocity becomes the Fermi velocity (Figure 3.4 in section 3.4), there is hardly

any dispersion in the y-direction [9]. This leads to supercollimation of electron beam

in graphene in the presence of a superlattice (Figure 3.2(b)).

3.3 Moiré superlattice in graphene

Experimental realization of superlattice on graphene by other groups have been

achieved by placing graphene on substrates. Difference between the lattice con-
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(a)

(b)

Figure 3.2: Tailoring properties of graphene with superlattice. (a) Band structure in
presence of a square superlattice. The conduction band and the valence band gets
modified and meets at points other than the original Dirac point. The group velocity
around these Dirac points is highly anisotropic. (b) Calculation showing supercol-
limation of electron beam in the presence of a superlattice. The figure shows time
integrated probability density of an electron wavepacket in the presence and the ab-
sence of superlattice. θc is the angle at which the beam intensity is maximum, and ∆θ
is the angular spread such that at θc+∆θ, the intensity is half of the maximum inten-
sity. The electron beam is dispersed in graphene while it is collimated in the presence
of superlattice. Figures (a) and (b) adapted from Reference [53] and Reference [9]
respectively.
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3.4. Aspect of tunability in our device

stant of graphene and the substrate induces a periodic potential. Examples of these

substrates are iridium [10], hexagonal boron nitride. Extensive studies have been

done on graphene on boron nitride as this also enhances the mobility of the system

[54, 55, 56, 18]. Carbon atoms in graphene are arranged in honeycomb lattice (see

Chapter 2). Boron nitride has similar lattice as graphene and the lattice constant of

hexagonal boron nitride differs from graphene by 1.8% [54]. When graphene is placed

on boron nitride, moiré superlattice results, whose period is given as [54]

λ =
(1 + δ)a√

2(1 + δ)(1− cosθ) + δ2
, (3.2)

where a is the lattice constant of graphene, δ is the lattice mismatch and θ is the

angle of graphene relative to hexagonal boron nitride as shown in Figure 3.3(a) [55].

The period of moiré superlattice created by placing graphene on boron nitride is of

the order of 10 nm.

The bandstructure of graphene in the presence of moiré superlattice is shown in

the inset of top panel of Figure 3.3(b) [56]. Secondary Dirac points appear both in

the conduction and the valence band. Resistance is observed by changing the Fermi

energy from the valence band to the conduction band with the help of electrostatic

gate (see section 2.2 of Chapter 2 for details on tuning Fermi energy with electrostatic

gate). In the longitudinal resistance (top panel of Figure 3.3(b)), beside a peak due

to the original Dirac point, two other symmetric peaks - one in valence band and the

other in the conduction band, are observed, corresponding to the secondary Dirac

points. The peak due to the secondary Dirac point in the conduction band is less

pronounced than that in the valence band. The Hall resistance shown in the bottom

panel of Figure 3.3(b), changes sign at the original as well as the secondary Dirac

points [56].

3.4 Aspect of tunability in our device

As seen in section 3.3, experimental realization of superlattice has been achieved by

placing graphene on substrate that induces a periodic potential. In other words,

once the graphene is placed on the substrate, the superlattice created and hence
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(a)

(b)

Figure 3.3: Substrate induced superlattice in graphene. (a) Moiré superlattice formed
when graphene is placed on boron nitride. The lattice constant of graphene and hexag-
onal boron nitride is similar (1.8% lattice mismatch). The period of the superlattice
depends on the angle of graphene relative to the boron nitride substrate and the lat-
tice mismatch. Figure adapted from Reference [55]. (b) Band structure of graphene
on boron nitride is shown in the inset of the top panel. In the top panel, the lon-
gitudinal resistance shows peaks and in the bottom panel, the transverse resistance
changes sign at secondary Dirac points. Figures adapted from Reference [56].
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3.4. Aspect of tunability in our device

Figure 3.4: Anisotropic renormalization of Fermi velocity. At the extra Dirac points,
the group velocity in the x -direction (direction of the superlattice) becomes the Fermi
velocity while the group velocity in the y-direction becomes zero. j denotes the
number of extra Dirac points formed. Figure adapted from Reference [53].

the bandstructure modification is fixed. Thus there is no control over bandstructure

modification in graphene placed on a substrate.

In our devices, we have explored the aspect of tunability of the amplitude of the

superlattice potential. An interesting consequence is controlling the group velocity by

controlling the bandstructure modification. This is further illustrated in Figure 3.4

which is a plot of the group velocity in x and y directions as a function of the amplitude

of the superlattice potential [53]. As the amplitude of superlattice potential increases,

at specific amplitude, the group velocity in y-direction becomes zero.

We have experimentally realized a superlattice by a combination of a gate at the

back and an array of gates on top of graphene in field effect transistor geometry.

The superlattice is created by inducing charge carriers of different polarity by back-

gate and top-gate voltage. Since the amplitude of the superlattice potential depends

on the doping induced by the two gates, by changing the gate voltages, amplitude

of superlattice potential can be tuned. Details of our device geometry and how a

tunable 1-D lateral superlattice is created, is discussed in Chapter 4.
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Chapter 4

Experimental realization of tunable

superlattice

In Chapter 3, we discussed the effect of superlattice on monolayer graphene and the

importance of its tunability. This chapter describes how we have experimentally

realized tunable one-dimensional superlattice in our devices. We have created this

superlattice in graphene by using a combination of a global bottom back-gate and

an array of top finger gates. At first, we will discuss the device fabrication and

then explain how a tunable superlattice is created in our device geometry. The

device fabrication starts with the patterning of source-drain contacts on graphene

using electron-beam lithography. Then we will describe the challenges faced and

the optimization of fabrication recipe to pattern this array of finger gates on top of

graphene. The chapter ends with the discussion of how a tunable superlattice can be

formed in graphene using electrostatic gates, and the variation of the amplitude of

superlattice potential in the range of gate voltages applied in our device.

4.1 Device geometry

The device geometry consists of source-drain contacts on graphene fabricated using

electron-beam lithography, then deposition of top-gate dielectric using atomic layer

deposition (ALD), and finally patterning of top finger gates.

28



4.1. Device geometry

4.1.1 Fabrication of contacts in Hall bar geometry

Our substrate consists of degenerately doped silicon which acts as the global back-

gate with 300 nm of silicon dioxide (SiO2) on top as the back-gate dielectric. This

thickness of SiO2 dielectric provides a good contrast to observe monolayer graphene

through an optical microscope. Graphene is mechanically exfoliated on this substrate

using scotch tape. A small piece of graphite is taken on the scotch tape and it

is repeatedly peeled to form an uniform density of thin flakes. The scotch tape is

then stamped on to the substrate and monolayer graphene is located using optical

microscope. After noting the coordinate of the flake relative to the substrate, two

layers of positive electron-beam resist (polymer) – EL9 (ethyl lactate dissolved in

polymethyl methacrylate (PMMA)) and then PMMA 950 A2 (PMMA dissolved in

anisole), are spun on the substrate. Markers (numbers in 10 x 10 matrix spanning 800

µm x 800 µm) are written around the coordinate of the graphene flake using scanning

electron microscope (SEM). Writing involves exposing the polymer to the electron

beam in the desired places which breaks the long polymer chains and then developing

the chip in 1:3 ratio of MIBK (methyl isobutyl ketone) and IPA (iso-propyl alcohol)

for 90 s and then IPA for 60 s. The developing of the chip in these solutions dissolves

the short chain polymer leaving grooves in the resist, exposing the substrate in those

places which is exposed to the electron-beam. Using these numbers as reference point,

contacts in Hall-bar geometry are designed using DesignCAD software, and written

using SEM. The next step is to deposit 10 nm of chromium (Cr) and 50 nm of gold

(Au) using thermal evaporation. The metal is in contact with the substrate only

where the grooves are patterned and elsewhere, it is deposited on top of the resist.

Two layers of resist provides the undercut which ensures that the metal inside the

groove and the metal on top of the resist are not connected. After metal deposition,

the chip is kept in acetone which dissolves the resist. This process is referred to as

lift-off. Thus the metal on top of resist is washed away in acetone leaving behind

metal in the grooves patterned, forming contacts on graphene. The chip is finally

rinsed with IPA and blow-dried with nitrogen. The schematic of the steps in electron

beam lithography is shown in Figure 4.1 and Figure 4.2 shows the optical image of

graphene during fabrication of contacts.
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(a) (b)

(c) (d)

(e)

Figure 4.1: Schematic of steps involved in patterning of contacts using electron-beam
lithography. (a) Graphene is mechanically exfoliated on the substrate. (b) Positive
electron-beam resist is spun on the substrate. (c) Resist is exposed to electron beam
at desired places and dipped in a developer solution to form grooves. (d) Metal is
evaporated on the entire chip. (e) Resist along with metal on top is washed away in
acetone leaving behind metal on the grooves forming contacts.
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10 µm

10 µm

10 µm

(a) (b)

(c) (d)

10 µm

Figure 4.2: Optical images during various stages of fabricating contacts on graphene.
(a) Graphene (inside the box marked) along with graphite is mechanically exfoliated
on 300 nm SiO2/Si

++ substrate using scotch tape. (b) A matrix of numbers from 1
to 100 is written at the coordinate of graphene flake taken using optical microscope,
which is then used to design contacts. (c) Electrodes on graphene are written in Hall
bar geometry. (d) Thermal evaporation of metal forming contacts which can be wire
bonded to the external circuit. The boundary of graphene is denoted by the black
contour.

31



Chapter 4. Experimental realization of tunable superlattice

4.1.2 Deposition of top-gate dielectric

Once the source-drain contacts are patterned using electron-beam lithography, we

have graphene in FET geometry with Si++ and SiO2 as the global back-gate and

back-gate dielectric respectively. The next step is to deposit top-gate dielectric before

patterning an array of finger gates on top of graphene. The goal is to deposit uniform

thin layer of dielectric having high dielectric constant on top of graphene. Thin

layer of dielectric is required to reduce smoothing of electric field due to top-gates.

High dielectric constant ensures high capacitive coupling of the top-gates. So, the

candidates are hafnium oxide (HfO2) or aluminum oxide (Al2O3) to be deposited

using ALD. The challenge is to deposit an uniform layer of thin dielectric as graphene

does not have any dangling bonds [57, 58, 59].

We started with deposition of 30 nm of HfO2 using ALD. The deposition was

uniform on SiO2 but not on top of graphene and had pinholes. The boundary of

graphene could be discerned with the increasing roughness in that region (Figure 4.3

(a)). This led to current leakage with top-gate. To overcome this issue, a seed layer

(3 nm) of Al2O3 is evaporated using electron-beam before depositing 20 nm of Al2O3

using ALD (Figure 4.3 (b)).

4.1.3 Fabrication of an array of top finger gates

Electron-beam lithography is used to define an array of thin lines which acts as the

top-gate. All the fingers of the top-gate are designed to be connected to one electrode

outside the graphene flake so that all the fingers are at the same potential. The recipe

mentioned for fabrication of contacts used 300 nm of resist thickness, accelerating

voltage of 15 kV and 30 µm aperture of the electron beam in SEM. However this

recipe cannot be used to obtain lines of width less than 500 nm, and so, a different

recipe described next, is followed.

The resist used is PMMA spun at higher speed to obtain a total thickness of 80 nm.

The lines are designed to be single pixel lines and written with 28 kV accelerating

voltage with 10 µm aperture of the electron beam in SEM. The period of the lines

are designed to be 150 nm and their number varied from 30 – 40 depending on the
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HfO2 on graphene

HfO2 on SiO2

Al2O3 on graphene

Al2O3 on SiO2

(a)

(b)

200 nm

Figure 4.3: SEM image of (a) HfO2 as top-gate dielectric without any seed layer, (b)
Al2O3 as top-gate dielectric with 3 nm of Al2O3 evaporated using electron-beam to
act as seed layer.
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(a)

(b)

150 nm

Figure 4.4: Problems with lift-off in acetone of thermally evaporated Cr/Au for top
finger gates. SEM images of a device with (a) connected fingers (b) discontinuous
fingers. Fabrication recipe was optimized till these problems were eliminated.
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4.1. Device geometry

length of the graphene flake. Initially, the metals deposited were 10 nm Cr and 20 nm

Au. However there were issues with lift-off in acetone (see Figure 4.4) with the fingers

remaining connected to each other forming a single top-gate. This problem was solved

when 25 nm of palladium (Pd) was deposited using electron-beam evaporation instead

of Cr and Au. With Pd as the metal used for top-gate the thin lines obtained were

20 nm – 30 nm wide with a period of 150 nm.

4.1.4 Optimized recipe

The final optimized recipe used to fabricate our device is discussed in this section.

Graphene after being exfoliated on SiO2/Si
++ substrate, forms source-drain contacts

with 10 nm Cr and 50 nm Au. 3 nm of Al2O3 is evaporated using electron-beam,

which acts as the seed layer for the deposition of 20 nm of Al2O3 using ALD.

The ALD of Al2O3 on graphene is done at 250◦C using trimethyl aluminum (TMA)

as the precursor. One ALD cycle consists of TMA pulse (0.015 s duration), purge with

nitrogen (5 s), water pulse (0.015 s) followed by purge with nitrogen (5 s) (Figure 4.5).

The cycle is repeated 200 times to obtain 20 nm Al2O3.

After the deposition of top-gate dielectric, the following recipe is used to fabricate

top-gates using electron-beam lithography. For the fabrication of narrow periodic

electrodes, the total polymer thickness is 80 nm. The bottom polymer layer is 495C2

(PMMA dissolved in chlorobenzene), on top of which 950A2 (PMMA dissolved in

anisole) is spun.

Polymer Spin speed (rpm) Ramp rate (rpm/s) Spin time (s)

495C2(1:2 dilute) 5000 2500 60
950A2 3500 3500 45

Polymer Baking temperature (◦C) Baking time (minutes)

495C2(1:2 dilute) 175 7
950A2 180 2

Electron-beam of 10 µm aperture accelerated with 28 kV is then used to write

an array of fingers. The line step size used is 600 nm with a dose of 1200 µC/cm.

To ensure lift-off, 25 nm of Pd is deposited using electron-beam evaporation. False
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Chapter 4. Experimental realization of tunable superlattice

Figure 4.5: Recipe for deposition of Al2O3 using atomic layer deposition. Nitrogen
flow is kept at 20 sccm and the pressure is 3.9×10−1 Torr. The precursor is heated to
150◦C and the plate (where the substrate is kept) is heated to 250◦C. The TMA and
water pulse is for 0.015 s, both followed by a nitrogen purge of 5 s. In this recipe, the
cycle is repeated 150 times for 15 nm deposition of Al2O3.
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Figure 4.6: False colored scanning electron microscope images of a device with a
magnified image of the finger gates.

colored SEM image of a complete device is shown in Figure 4.6.

4.2 Realizing 1-D tunable lateral superlattice

In this section, we will qualitatively describe the formation of superlattice using elec-

trostatic gates and then give a quantitative estimate of the amplitude of the super-

lattice potential seen in our device.

FET geometry described previously is used to induce charge carrier in graphene

with the help of a gate voltage. In our device geometry (Figure 4.7 (a)), the back gate

induces charge carrier in the entire graphene flake while the top-gate modulates the

charge carrier in graphene only under the fingers. The measurement circuit to induce

charge carriers in graphene with the help of gate voltages is shown in Figure 4.7 (b).

Thus the graphene flake can be divided into a series of alternating regions - one with

only a back-gate (region denoted as BG) and the other that has both a top-gate (tg)

and a back-gate (bg) (region denoted as TG). Figure 4.7 (c) shows magnified SEM

image of finger gates on top of graphene with the TG and BG region pointed by

an arrow. The charge density in BG region is determined by the applied back-gate

voltage Vbg; while in the TG region, it is determined by both the Vbg and the top-gate

voltage Vtg; providing an independent control to set the charge carrier density and

type in the two regions. For example, for a positive back-gate voltage, the entire

graphene flake becomes n-doped. Keeping the back-gate fixed and changing the top-
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Figure 4.7: Forming a superlattice potential. (a) Schematic of device geometry. (b)
Cross-sectional view of the measurement circuit to tune charge carriers in graphene
using field effect transistor geometry. (c) BG and TG regions marked in the SEM
image of finger gates on top of graphene. (d) Different charge carrier density induced
in the BG and TG regions creates the potential barrier. Green plane in the schematic
denotes the Fermi energy. (e) An array of BG and TG regions results in superlattice
potential whose amplitude depends on the gate voltages.
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4.2. Realizing 1-D tunable lateral superlattice

gate voltage, changes the charge carrier in the region under the top-gates. So, when

the top-gate is positive (back-gate is kept positive), there is different electron density

in the adjacent regions, that is, we have a series of n-n’-n junctions. Similarly, when

the top-gate is made increasingly negative (with the back-gate positive), we have a

series of n-p’-n junctions. The difference in charge carrier density between the TG

and BG region gives rise to a potential barrier [42] as illustrated in Figure 4.7 (d), and

since we have an array of TG and BG region, superlattice potential results (Figure

4.7 (e)). Varying Vtg and Vbg, we probe the system having a series of p-n’-p (or n-

p’-n) or p-p’-p (or n-n’-n) junctions depending on the combination of the two gate

voltages, giving rise to a superlattice structure in graphene. The advantage of creating

a superlattice structure using gate voltage is that the amplitude of the superlattice

potential can be continuously varied, giving one control over the electronic properties,

which is desirable for device applications.

4.2.1 Quantitative estimate of the amplitude of the super-

lattice potential

To estimate the magnitude of the superlattice potential formed, we assume that the

potential created due to the top-gates is abrupt. The amplitude of the potential

created due to the top-gate and the back-gate is calculated by finding out the extent

of doping of TG and BG regions. The charge density induced by the back-gate is

CbgVbg and that by the top-gate is CtgVtg, where Cbg (Ctg) is the capacitance per unit

area between the graphene flake and the back-gate (top-gate).

Capacitance per unit area is given by κϵ0/d, where κ is the dielectric constant, ϵ0

is the absolute permittivity and d is the thickness of the gate dielectric. In case of

absence of unintentional doping, the number density of carriers in the BG region is

given as

nbg =
CbgVbg
e

, (4.1)

whereas in the TG region, the net number density is the algebraic sum of the density

of carriers induced by the two gates [45]

ntg =
CtgVtg + CbgVbg

e
; (4.2)
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Chapter 4. Experimental realization of tunable superlattice

where e is the electronic charge. In case of graphene, due to its linear dispersion,

EF =
√
π~vF

√
n, (4.3)

where vF is the Fermi velocity and n is the number density of charge carrier, and

EF is the Fermi energy with all energies measured relative to the charge neutrality

point [39]. Using this equation, the amplitude of the superlattice potential barrier

V0, created by both Vtg and Vbg is given by [11]

V0 =
√
π~vF

(
sgn(CbgVbg)

√
|CbgVbg|

e
− sgn(CtgVtg + CbgVbg)

√
|CtgVtg + CbgVbg|

e

)
(4.4)

V0 is calculated in the range of gate voltages that we can apply in our device. For

300 nm SiO2 back gate dielectric, Cbg is 1.15×10−4 F/m2. The capacitive coupling of

the top-gate (Ctg) is higher than that of the back-gate (Cbg) due to the geometrical

proximity and higher dielectric constant of top-gate dielectric. From the measure-

ments described in Chapter 5, Ctg

Cbg
is 18. Using these values, we found that we can

tune V0 from 0 meV to 375 meV by varying gate voltages in the range permitted by

the device. Contour plot of V0 as a function of gate voltages is shown in Figure 4.8,

with the contours denoting lines of constant V0.

In Chapter 5, we will discuss charge transport measurements in our device by

varying the gate voltages, from which we study the variation of resistance along

contours of constant V0
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Figure 4.8: Variation of amplitude of superlattice potential in the range of gate
voltages applied.
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Chapter 5

Band structure modification with

superlattice

In Chapter 4, we have discussed tunability of superlattice with gate voltage in our

device geometry. In this chapter, we ask what is the consequence of a one-dimensional

tunable lateral superlattice on the band structure of graphene and how does it impact

charge transport. This chapter answers these questions with our experimental obser-

vations, which indicate modification of band structure with a superlattice potential.

This chapter focuses on the charge transport measurements done in our device at

low temperature and at zero magnetic field. Variation of resistance with gate voltage

is measured from which behavior of resistance at a constant superlattice potential is

extracted. Our measurements suggest band structure modification in graphene. Next,

numerical calculation of density of states in graphene in presence of superlattice is

presented and compared with experimental data. The measurements and the analysis

presented corresponds to the data obtained from one device. The chapter ends with

the measurements from another device.
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5.1. Charge transport as a function of gate voltages

5.1 Charge transport as a function of gate voltages

We use zero-bias measurement and measure four-probe resistance using lock-in am-

plifier. A current of 50 nA is sent and the voltage drop across the device is measured

using a lock-in amplifier to determine the resistance. The four-probe resistance is

measured as a function of gate voltages. By varying gate voltages, we have four

regimes of transport as shown in Figure 5.1. When both back-gate and top gate is

positive, we have electrons in TG and BG region with different carrier density, that is,

we have a series of n-n’-n region. Similarly, when both the gate voltages are negative

we have series of p-p’-p region and transport occurs via holes. When back-gate is

negative and top-gate is positive, we have holes in BG region and electrons in TG re-

gion, forming a series of p-n’-p junctions. Similarly, we have series of n-p’-n junctions

when back-gate is positive and top-gate is negative. The four regions are illustrated

in Figure 5.1.

Figure 5.2 shows colored plot of measured resistance as a function of gate voltages

at 300 mK. In the plot, red denotes high resistance and blue denotes low resistance.

As seen in Figure 5.2, resistance is higher when we have series of p-n’ junctions (purple

region in Figure 5.1) compared to the region when we have series of n-n’ (or p-p’ )

junctions. The charge neutral point is at Vbg = -2 V and Vtg = -0.1 V, suggesting very

small unintentional doping in our system. The slope of charge neutral line marked I

in Figure 5.2 gives the ratio of top-gate to back-gate capacitance per unit area. Thus

in our device,
Ctg

Cbg

= 18.4± 0.5. (5.1)

Due to the finite thickness of top-gate dielectric, electric field from top-gate infringe

on BG region, which is marked as line II in Figure 5.2. In the absence of fringing

field, this line would be vertical at Vbg of 0 V.

Figure 5.3 shows line plot of resistance as function of Vbg when Vtg is kept at -0.1 V.

Keeping Vtg at its charge neutral point implies there is no superlattice imposed on

graphene. Thus changing the Fermi energy of the graphene flake by sweeping Vbg, we

see Dirac peak in resistance.

The field effect mobility of the device is estimated to be 5896 cm2/Vs which is
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Figure 5.1: Parameter space of Vtg and Vbg showing the type of charge carrier in
adjacent regions. Blue regions denote the same type of charge carrier in the adjacent
regions. In the top right quadrant, we have a series of n-n’ junctions and a series of
p-p’ junctions in the bottom left quadrant. Regions having a series of p-n’ junctions
are marked in purple.
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Figure 5.2: Four probe resistance as function of Vtg and Vbg at 300 mK and 0 T. In
the color plot, blue denotes low resistance and red denotes high resistance. The line
marked I denotes the charge neutral line and its slope gives the ratio of Ctg to Cbg.
Line II denotes the fringing of the electric field due to the finite thickness of top-gate
dielectric.

45



Chapter 5. Band structure modification with superlattice

-40 -20 0 20 40

0.5

1.3

2.1

2.9

3.7

R
e

s
is

ta
n

c
e

 (
k
Ω

)

V
bg 

(V)

Vtg = -0.1 V

Figure 5.3: Resistance as function of Vbg when Vtg = -0.1 V, such that, there is no
superlattice potential and charge carrier density in graphene is tuned by the global
back-gate. The Dirac peak is at Vbg = -2 V. The slope and width of this curve gives
an estimate of the mobility and puddle potential respectively.
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5.1. Charge transport as a function of gate voltages

calculated from the relation

µ =
dG

dVbg
× L

W
× 1

Cbg

, (5.2)

where G is the conductance, Cbg is the capacitance per unit area between the back-

gate and graphene, L and W are the length and the width of the graphene flake

respectively.

The mean free path corresponding to this value of mobility is given by [60]

l = (
h

2e
)µ

√
n

π
(5.3)

where, n is the charge carrier density. Using the above value of mobility, the mean

free path, estimated at Vbg = 6 V, ∼ 70 nm.

The sharpness of the Dirac peak gives an estimate of charge inhomogeneity [61, 62,

63, 25] in our device. The full width at half maximum of this Dirac peak is 5.1 V which

corresponds to a charge density (δn) of ∼ 3.8×1011 cm−2. Other reports of graphene

on SiO2 provides similar value of charge inhomogeneity [61, 62, 64]. The magnitude is

100 times larger than graphene on boron nitride [25], where the charge inhomogeneity

∼ 1×109 cm−2. The puddle potential arising from charge inhomogeneity in our system

can be calculated using the relation [25]

Upud =
√
π~vF

√
δn, (5.4)

which is 71 meV.

For a finite Vtg, a superlattice potential results on graphene, and so, we examine

the variation of resistance with Vbg away from the charge neutral point of Vtg. Figure

5.4 shows the line plot of resistance as function of Vbg when Vtg = 2.6 V. Oscillations

in resistances are observed in the regime where we have a series of p-n’ junctions. To

understand the nature of these oscillations, we perform a detailed measurement in one

of the quadrant of the gate voltages where we have a series of p-n’ junctions as shown

in Figure 5.5. We observe these oscillations to split and their numbers increases by

one as we increase the magnitude of gate voltages in this quadrant.
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Figure 5.4: Resistance as a function of Vbg when Vtg = -2.6 V when there is a finite
superlattice potential. Oscillations in resistance are observed when there is a series
of p-n’ junctions.
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Figure 5.5: A detailed measurement of the region of one of the quadrants where Vbg
induces holes in the graphene flake and Vtg induces electrons giving rise to a potential
barrier of varying height at different points in the region. The splitting of resistance
peaks with their number increasing by one as the magnitude of gate voltages in this
quadrant increases, is clearly observed.
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Chapter 5. Band structure modification with superlattice

As seen in Chapter 4, the direction in which the number of oscillations increases

is also the direction in which the amplitude of superlattice potential or V0 increases.

Thus the oscillations and amplitude of superlattice potential are related.

5.2 Charge transport at constant superlattice po-

tential amplitude

To understand the relation between resistance oscillations and V0, contour of constant

V0 is overlaid on measured resistance as a function of Vbg and Vtg, and resistance is

extracted along this curve of constant V0. It is to be noted that for constant V0, in

the bottom right quadrant of Figure 5.6 (a), we have electrons coming across barriers

of constant height, and in the top left quadrant, holes face wells of constant depth.

Figure 5.6 (b)-(h) shows the variation of conductance as a function of Fermi energy

at different values of V0. For positive Fermi energy, electrons see barriers (red curves

in Figure 5.6 (b)-(h)); and for negative Fermi energy, holes see wells (blue curves in

Figure 5.6 (b)-(h)) of same V0.

As discussed in Chapter 3, presence of superlattice in graphene modifies its band-

structure resulting in additional Dirac peaks. Introduction of the superlattice poten-

tial of period d introduces an energy scale

ESL =
~vF
d
, (5.5)

which controls the effect of the superlattice on the system and we examine the ex-

perimental results in units of ESL. For our experiments d = 150 nm and hence ESL

is ∼ 4.4 meV. In section 5.4, numerical calculation of the band structure of graphene

in the presence of a square superlattice is discussed in detail. Assuming a square

superlattice potential, the condition for extra Dirac points is given by [53]

V0
ESL

= 4πj, (5.6)

where j is an integer. The number j denotes the number of additional Dirac points

in the system. Figure 5.6 (b)-(h) shows the behavior of conductance as j is varied
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from 1 to 6. The remarkable feature in the data is that the number of oscillations

increases by one as V0 increases to induce one more extra Dirac point in the system.

Additionally, the number of conductance peaks is j in the region of j extra Dirac

points in the system.

These features clearly provide the evidence that superlattice potential modifies the

bandstructure in our device which is reflected in our charge transport measurements.

In the next section, we show further measurements that relate superlattice potential

to resistance oscillations. The indirect experimental evidence is in the form of the

energy scale set by the puddle potential and the temperature dependence of the

oscillations.

5.3 Dependence of resistance oscillations on pud-

dle potential and temperature

In the Figure 5.6 in section 5.2 we observe oscillations only when j is greater than 2.

The reason for this observation is the inhomogeneous charge distribution arising from

electron-hole puddles in graphene which is estimated to be 71 meV in our device.

This sets a threshold on the onset of oscillations in conductance. Due to the presence

of puddles, the effects of the periodicity of the superlattice is not observed unless the

depth of the potential modulation V0 is much larger than Upud; this is illustrated by

the schematic in Figure 5.7. This serves as an internal consistency check that the

oscillations arise due to the superlattice potential.

To further probe the energy scale related to the resistance oscillations, we study

the transport as a function of temperature. Figure 5.8 (a)-(c) shows resistance as a

function of Vbg and Vtg measured at 3 different temperatures : 2 K, 50 K and 100 K.

Behavior of resistance oscillations with gate voltages at 2 K is similar to that at

300 mK as seen in Figure 5.8 (a). ESL in our device which is 4.4 meV, corresponds

to 53 K and sets a bound on the energy involved in the process responsible for the

oscillations as thermal fluctuations become comparable. Figure 5.8 (b) shows that

the oscillations are clearly visible at 50 K and become indistinct at 100 K (Figure 5.8

(c)).
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Figure 5.9: Behavior of oscillations when temperature is continuously varied. Resis-
tance as a function of Vbg and temperature when Vtg = 2.6 V. Oscillations gradually
fade with increasing temperature.

To observe the evolution of oscillation with temperature, Vtg is kept at 2.6 V and

resistance is measured as a function of Vbg and temperature as shown in Figure 5.9.

The amplitude of the oscillations gradually decrease with increasing temperature.

5.4 Numerical calculation of the band structure

We will now discuss how the superlattice modifies the graphene band structure, which

leads to the experimentally observed resistance oscillations. Several approaches have

been followed to study the effects of superlattice in monolayer graphene [5, 53, 7, 12].

Here, we will follow the theoretical approach of Barbier et al. [53], which obtains the

band dispersion of Dirac particles in a square superlattice potential (with periodic

variation along the length of the sample and a constant profile along the width) using

a transfer matrix method. We would like to note that, although we use this specific

method for ease of application, other approaches also provide very similar predictions.
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Chapter 5. Band structure modification with superlattice

Superlattice in graphene leads to additional Dirac points, that is, additional points

at which the conduction and valence bands touch each other away from the original

Dirac point in graphene. Let the width of the TG region be wa and region BG be wb.

For an abrupt superlattice potential with

wa = wb =
d

2
, (5.7)

extra Dirac points appear when
V0d

~vF
= 4πj, (5.8)

j being an integer. The additional Dirac points appear at the same energy as the

original Dirac point. In our experiment it is difficult to measure independently the

exact ratio wa/wb. In the general case of wa ̸= wb the condition for new Dirac points

is modified and they appear at higher energies for

wa

wb

> 1, (5.9)

and at lower energies for
wa

wb

< 1, (5.10)

compared to the original Dirac point.

In our numerical calculation, we used wa/wb = 1.

For a superlattice of amplitude V0 and period d created on monolayer graphene,

the dispersion relation given by

cos kx = cos
λ

2
cos

Λ

2
−G sin

λ

2
sin

Λ

2
, (5.11)

where

λ =

√
(ef +

u

2
)2 − k2y, (5.12)

Λ =

√
(ef −

u

2
)2 − k2y, (5.13)

G =
((ef +

u
2
)(ef − u

2
)− k2y)

λΛ
, (5.14)
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5.4. Numerical calculation of the band structure

u =
V0d

~vF
, (5.15)

eF =
EFd

~vF
, (5.16)

with EF being the Fermi energy and kx, ky made dimensionless by multiplying with

d.

From the dispersion relation, energy for a given momentum in the y direction, ky,

for kx = 0 is numerically obtained. The band dispersion of the conduction band of

the above mentioned Kronig Penny model for Dirac fermions is plotted as a function

of ky for kx = 0 in Figure 5.10. From top to bottom, the three curves correspond

to V0/ESL =18π, 22π and 26π respectively. The most dramatic modification of

the graphene band structure brought about by the superlattice is the appearance of

additional Dirac points (other than the one at ky =0), as seen in this figure. The

number of additional Dirac points increase by 1 as V0/ESL is increased by 4π, that

is, at 18π there are 4 additional Dirac points, 22π has 5 additional Dirac points and

at 26π we have 6 additional Dirac points.

Using the dispersion relation, we have numerically calculated the single particle

density of states (DOS) for 18π, 22π and 26π as shown in Figure 5.11. The numerical

calculation was done using Mathematica. For a constant V0, the states (kx,ky) satisfy-

ing the dispersion relation for a given Fermi energy is obtained. The number of these

states gives the DOS at the given Fermi energy. The DOS oscillates with the energy

(over and above a linearly increasing trend) with peaks corresponding to van Hove

singularities occurring between the Dirac points. The number of these peaks follows

the number of additional Dirac points in the spectrum and increases with increasing

V0.

The DOS is related to the conductivity through the Einstein relation,

σ = e2ν(EF )D, (5.17)

where D is the diffusion constant and ν(EF ) is the DOS at the Fermi level.
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Figure 5.10: Numerically calculated dispersion relation of the conduction band at
kx =0 (x-direction is along the length of graphene and y-direction is along the width
of graphene) for V0/ESL =18π, 22π and 26π. As superlattice potential increases the
band bends increasing the number of Dirac points. The plots are offset by 3 units for
clarity.
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Figure 5.11: Calculated density of states (DOS) as a function of EF for the same
strengths of potential V0

ESL
as in Figure 5.10. The plots are offset for clarity. DOS

shows oscillations with an increasing trend with EF and the number of oscillations
increase with increasing superlattice potential.
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5.4.1 Low diffusive limit

In our samples, which have low mobility and hence are in the low diffusive limit where

the localization length is much larger than the inter-carrier separation, the electrical

conductivity is dominated by inelastic scattering processes, which allows hopping of

the electrons from their localized (but overlapping) wavefunctions. Unlike elastic

scattering, the velocity is not k dependent and takes an average constant value. In

this case, on dimensional grounds, the diffusion constant

D ∼ α
ξ2l
τin
, (5.18)

where α is a dimensionless constant, ξl ≫ k−1
F is the localization length of the electrons

and τin is the characteristic inelastic scattering time [65]. Therefore conductivity is

given by

σ = αe2
ξ2l
τin
ν(Ef ), (5.19)

and hence is proportional to ν(Ef )(DOS). In this limit, the conductivity simply mim-

ics the DOS at the Fermi level.

5.4.2 Electron transport regime of our device

To determine whether transport occurs via elastic or inelastic process, we observe

temperature variation of resistance. Figure 5.12 shows the temperature variation

of one of the peaks and troughs of resistance oscillations, and we observe that at

low temperatures, the resistance decreases (conductivity increases) with increasing

temperature. Coupled with this the fact that the mean free path ∼ 70 nm (period of

superlattice is 150 nm), indicates that the electrons are weakly localized. Thus our

device is in the low diffusive regime where conductivity is proportional to DOS (see

previous section).
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Figure 5.12: Resistance as a function of temperature indicates that we are in the low
diffusive limit. Temperature variation of (a) one of the peaks (b) one of the troughs
of resistance oscillations.
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Chapter 5. Band structure modification with superlattice

5.5 Comparison with experimental data

The theoretical data for DOS is shown in Figure 5.11 and the experimental data for

conductance in Figure 5.6 in the regime of 4, 5 and 6 extra Dirac points, and we see

that they agree well with each other.

Qualitatively, both show a number of oscillations on top of a linearly increasing

trend with the number increasing with increasing superlattice potential. We now

proceed to a more quantitative comparison of the theoretical predictions and our

experimental data, focusing chiefly on the period of oscillations observed in the two

cases. The theoretical DOS oscillates with a period of ∼ 21.1 meV, and the experi-

mentally measured conductance oscillates with a period of ∼ 27.9 meV.

We would like to point out one major factor which can account for this difference,

namely, the much smoother profile of the experimental superlattice potential com-

pared to the abrupt square wave form of the Kronig Penny model used in the theory.

Brey et al. [12] have studied the appearance of extra Dirac point with a smooth

potential profile given by

V0 cos(
2πx

d
), (5.20)

and found that the condition for appearance of new Dirac peaks is given by the Bessel

function

J0(
V0d

2π~vF
) = 0. (5.21)

The successive Dirac peaks in this case appear when the superlattice potential is

increased by ∼ 6.2πESL = 1.55(4πESL). Thus the period can be significantly af-

fected due to the smoothness of the potential profile. Our device, due to finite

thickness of the top gate dielectric, lies somewhere in between these two extreme

limits. (Schematic of the two cases is illustrated in Figure 5.14.) Thus the smooth-

ness of the potential profile qualitatively explains the difference observed between the

experimental observations and the theoretical predictions from the simple model.

Thus the resistance oscillations we observe, are a reflection of the oscillation of the

DOS with energy, with the number of oscillations tracking the number of additional

Dirac points produced in the spectrum by the superlattice; providing evidence of

band structure modification with tunable superlattice potential in our device.
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Figure 5.13: Schematic of (a) square superlattice potential (b) cosine superlattice
potential. Theoretically the condition for extra Dirac points in (a) V0

ESL
= 4πj (b)

J0(
V0d

2πESL
) = 0. The superlattice potential in our device is in between these two limits.
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Chapter 5. Band structure modification with superlattice

5.6 Measurement from other device

We fabricated other devices in this geometry. However, because of the complex nature

of the fabrication, and the atomic layer deposition involved to deposit gate dielectric

on top of graphene, most of the devices had a lower mobility. We present similar

charge transport measurements on another device with a lower mobility. A current

of 50 nA is passed and the voltage drop is measured using lock-in amplifier to obtain

four-probe resistance. Four probe resistance as a function of top-gate voltage and

back-gate voltage at 300 mK is shown in Figure 5.14(a). We observe high resistance

when there is a series of p-n’ junctions compared to the regions having a series of

n-n’ (or p-p’ ) junctions. The charge neutral point is at a back-gate voltage of 5 V and

a top-gate voltage of -0.1 V. The ratio of the top-gate capacitance to the back-gate

capacitance, obtained from the charge neutral line marked by white arrow in Fig-

ure 5.14(a), is 11. Keeping the top-gate voltage at its charge neutral point, resistance

as a function of back-gate voltage in the absence of superlattice potential is shown

in Figure 5.14(b). The field effect transistor mobility of this device, obtained from

Figure 5.14(b) is 2009 cm2/Vs. Variation of resistance in the presence of a finite

amplitude of superlattice potential (Vtg away from its charge neutral point) is shown

in Figure 5.14(c). Resistance oscillations are not prominent in this device due to its

low mobility.

Thus high mobility sample is required to observe band structure modification

in graphene. In our devices, we have deposited high k-dielectric on graphene using

atomic layer deposition which is one of the main reasons for low mobility in our

devices. Replacing the top-gate dielectric with boron nitride is one possible method

to increase the mobility. We discuss in Chapter 8, the fabrication steps to realize

such devices.
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Figure 5.14: Charge transport at 300 mK. (a) Four-probe resistance as a function
of top-gate voltage and back-gate voltage. (b) Resistance as a function of back-
gate voltage at the charge neutral point of the top-gate voltage (Vtg = -0.1 V). (c)
Resistance as a function back-gate voltage in the presence of finite amplitude of
superlattice potential (Vtg = 3.5 V). The small peak in resistance at 10.5 V corresponds
to the charge neutrality of the top-gate uncovered region.

65



Chapter 6

Review of graphene in the

presence of magnetic field

In Chapter 5 bandstructure modification in our graphene devices in the absence of

magnetic field is discussed. The effect of magnetic field on charge transport mea-

surements is discussed in Chapter 6 and 7. This chapter presents the theoretical

background, and the experimental observations from our device is presented in Chap-

ter 7.

This chapter starts with an introduction to quantum Hall effect in graphene. Hall

measurements of our device in the absence of superlattice amplitude (charge neutrality

point of top-gate) is presented which confirms the monolayer nature of our graphene

device. In our device, we have different filling factors in adjacent regions controlled by

the back-gate and the top-gate voltages at constant magnetic field. So, the chapter

ends with a discussion on plateaus in resistance, due to equilibration of edge states

for a single top-gate and multiple top-gates.

6.1 Quantum Hall effect in graphene

In the presence of a perpendicular magnetic field, the density of states in graphene

splits into Landau levels (Figure 6.1). Unlike GaAs/AlGaAs based 2DEG, Landau
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6.1. Quantum Hall effect in graphene
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B ≠ 0

Figure 6.1: Density of states in graphene (a) in the absence of a magnetic field. (b)
In the presence of a magnetic field, the density of states splits into unequally spaced
Landau levels. The zeroth Landau level is equally shared by electron and holes.

levels in graphene are not equispaced and the zeroth Landau level is equally shared

by electrons and holes leading to unusual integer quantum Hall effect [1].

The number of occupied Landau levels at a given magnetic field is given by the

filling factor. Filling factor in a sample is defined as the number of electrons per flux

quantum, which is same as the ratio of number density of charge carriers to the flux

density.

ν =
n

(B/ϕ0)
, (6.1)

where n is the charge carrier density, ϕ0 = h/e and B is the magnetic field. With

increasing magnetic field, Landau levels can accommodate more electrons and so

filling factor is inversely proportional to the magnetic field [66]. Thus the filling

factor can be changed by changing the magnetic field, and/or by changing the gate

voltage (which changes the charge carrier density in FET geometry).

When the Fermi energy is in between Landau levels, there are no states in the

bulk making it insulating. Conduction occurs via edge states at the physical edge of

67



Chapter 6. Review of graphene in the presence of magnetic field

the sample (Figure 6.2).

We now describe the resistance observed when ballistic conduction occurs via edge

states (Figure 6.3) using the Büttiker formula. By counting the number of current

carrying channels that start from terminal p and end in terminal q, transmission

function Tpq is obtained. Figure 6.3 shows M(= 1) edge states carrying current

around the sample. So, Tpq is M when p← q is 1← 6, 2← 1, 3← 2, 4← 3, 5← 4

and 6← 5; and zero for all other coefficients. The conductance matrix Gpq, given by

(2e2/h)Tpq, is

Gpq : q = 1 q = 2 q = 3 q = 4 q = 5 q = 6

p = 1 0 0 0 0 0 Gc

p = 2 Gc 0 0 0 0 0

p = 3 0 Gc 0 0 0 0

p = 4 0 0 Gc 0 0 0

p = 5 0 0 0 Gc 0 0

p = 6 0 0 0 0 Gc 0

(6.2)

where Gc = (2e2/h)M .

The current at a terminal p is given by Ip =
∑

q Gpq(Vp−Vq). These six equations

are not independent, so, voltage at terminal 4 is chosen to be zero, and we omit the

row and the column corresponding to this terminal. Inverting the resulting matrix,

voltages at the terminals are obtained. Also, the current at the voltage terminals (I2,

I3, I5 and I6) are zero.

The four-probe longitudinal voltage (Vxx) is given by (V6 − V5), and is zero.

The Hall voltage (Vxy) is given by (V3 − V5), and is equal to I1/Gc. Thus Hall

resistance Rxy = h/2e2M [67].

Thus, when transport occurs via edge states, longitudinal resistance (Rxx) is zero,

and Hall resistance (Rxy) is quantized, depending on the number of edge states or

the filling factor. The filling factor for monolayer graphene is given by 4(N + 1/2),

where the factor 4 arises from spin and pseudospin in graphene and 1/2 is due to the

zeroth Landau level being equally shared by electrons and holes. Thus for monolayer
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6.1. Quantum Hall effect in graphene

(a)

(b)

Source

Drain

Source

Drain

Figure 6.2: Schematic of electron Landau levels in real space (a) Fermi energy is such
that it cuts one Landau level at the physical edge of the graphene flake giving rise
to one edge state as illustrated by the schematic in right. The bulk is insulating and
conduction occurs via this edge state. (b) Fermi energy is tuned such that there is
two edge states in the graphene flake changing the filling factor from 2 (in (a)) to 6
in case of monolayer graphene.
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Vxx
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S D

(1) (4)

(2) (3)
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Figure 6.3: Schematic of circuit to measure longitudinal and transverse resistance. In
the schematic, the Fermi energy is in between two Landau levels, such that, transport
occurs via edge states. Vxx and Vxy divided by the current gives the four-probe
longitudinal resistance and the Hall resistance respectively.

graphene, Hall resistance is given by

Rxy = 4(N +
1

2
)× e2

h
, (6.3)

where N is an integer denoting Landau level index. Plateaus in Hall resistance at

4(N + 1
2
)(e2/h) can be used as a confirmatory test for the device to be monolayer

graphene. Figure 6.4 shows Rxx and Rxy measured in our device at a constant mag-

netic field as the Fermi energy moves across Landau levels.

Figure 6.5 shows magnitude of Hall resistance measured in our device as a function

of the magnetic field and the gate voltage. Magnetic field changes the flux density

and the gate voltage changes the number density of charge carriers, and so, lines of

constant filling factor can be observed in the fan diagram in Figure 6.5. For example,

white dashed line in Figure 6.5 corresponds to three edges states or a filling factor of

10 in our monolayer graphene device. From this fan diagram, it is evident that the

Landau levels start appearing in our device at a magnetic field of 2 T.
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Figure 6.4: Charge transport via edge states at a magnetic field of 10 T at 2 K (a) Line
plot of four-probe longitudinal resistance as a function of Vbg at the charge neutral
point of the top-gate (Vtg = -0.1 V). At a constant magnetic field, Fermi energy moves
across different Landau levels by changing the gate voltage. Longitudinal resistance
is zero when Fermi energy is in between Landau levels. (b) Line plot of magnitude
of Hall resistance as a function of Vbg at the charge neutral point of the top-gate
(Vtg = -0.1 V). Plateaus are observed in Hall resistance at gate voltages where zero
longitudinal resistance is observed in (a).
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Figure 6.5: Magnitude of Hall resistance as a function of gate voltage and magnetic
field at 2 K for monolayer graphene. The lines in the fan diagram corresponds to
lines of constant filling factor. White dashed line corresponds to filling factor of 10.

6.2 Edge state transport with different filling fac-

tor in adjacent region

As seen from Equation 6.1 in the previous section, the filling factor in a region can

be changed by changing the gate voltage at a given magnetic field. At a constant

magnetic field, the filling factor in BG region (νbg) depends on Vbg while that in the

TG region (νtg) depends on both Vbg and Vtg. The four-probe longitudinal resistance

shows plateaus whose value depends on the filling factor in the adjacent regions

[21, 22, 23, 24].

Depending on Vbg and Vtg, there are three possibilities : electron (or hole) edge

state(s) in both TG and BG region and (I) νtg is more than νbg, or (II) νbg is more

than νtg; or (III) electron edge state(s) in TG region and hole edge state(s) in BG

region (or vice-versa). Rxx depends on the filling factor in adjacent regions and for a

four-probe p-n-p device with a single gate is given by the following equations [24].

In the first case, when |νtg| > |νbg|, number of edge state(s) in the BG region is less

than that in the TG region. The number of edge states traveling from source to drain
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6.2. Edge state transport with different filling factor in adjacent region

TG
BG

BG

Figure 6.6: Schematic showing one electron (or hole) edge state in BG region and
two electron (or hole) edge states in TG region. The one extra edge state circulates
in the TG region.

is same as the number of edge state(s) in the BG region. The extra edge state(s),

which is the difference in the number of edge state(s) between the TG and the BG

region, circulate in the TG region, as illustrated in the schematic in Figure 6.6.

Rxx =
h

e2
|νtg| − |νbg|
|νtg||νbg|

, (6.4)

Similarly, when |νbg| > |νtg|, number of edge state(s) traveling from source to

drain is equal to the number of edge state(s) in TG region and the extra edge state(s)

circulate in the BG region (Figure 6.7).

Rxx =
h

e2
|νbg| − |νtg|
|νtg||νbg|

. (6.5)

Lastly, for νtgνbg < 0, electron and hole edge state(s) circulate in opposite direction

in the adjacent region, and thus along the junction, they travel in the same direction

(Figure 6.8). In the full equilibration picture, at the p-n’ junction, the carriers have

equal probability to be scattered in any of these (|νbg|+ |νtg|) available channels.

Rxx =
h

e2
|νbg|+ |νtg|
|νtg||νbg|

. (6.6)
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TG
BG

BG

Figure 6.7: Schematic showing same type of charge carrier in the adjacent region with
higher number of edge states in the BG region. The number of electron (or hole) edge
state in BG region is two while that in TG region is one, and hence, the extra edge
state circulates in the BG region.

TG
BG

BG

Figure 6.8: Schematic showing different type of charge carrier in the adjacent TG
and BG regions. In the schematic, there is one electron edge state and one hole edge
state in the adjacent region. Electron and hole edge states travel parallel to each
other along the p-n junction.
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In our devices, we have multiple top-gates. Using the Landau-Büttiker formalism

mentioned in the previous section, if there are well defined edge states under the

top-gate and they equilibrate among themselves, then the longitudinal resistance is

given by N ×R1. N is the number of top-gates and R1 is the longitudinal resistance

for a single top-gate, given by Equation 6.4, 6.5 or 6.6. We next outline the steps to

derive resistances in case of equilibration of edge states.

6.2.1 Landau-Büttiker formalism to obtain resistances in case

of equilibration of edge states

We describe the resistance observed when ballistic conduction occurs via edge states

using the Landau-Büttiker formalism. We present the calculation for a single top-gate

since the matrix size increases with increasing number of top-gates. The procedure

can be generalized for N top-gates. The schematic (Figure 6.9) shows one top-gate

and we assume equilibration among edge states. The assumption of equilibration

is incorporated in our calculation using virtual voltage probe which enforces all the

edge states to be at the same chemical potential in that terminal. The real voltage

probes used to measure the resistances are marked in yellow. The gray probes denote

virtual voltage terminal which enforces equilibration along the electrostatic edge of

the top-gates. In the schematic, the TG region is denoted in blue and the BG region

is denoted in purple. |νbg| is greater than |νtg| and the adjacent region have same

polarity of charge carriers.

In section 6.1 we have described how to calculate resistance from the conduc-

tance matrix using Landau-Büttiker formalism. The conductance matrix Gpq for the

schematic shown in Figure 6.9, is given by multiplying the following matrix with e2/h,
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Figure 6.9: Schematic showing a device geometry with a single top-gate. In this
schematic, yellow probes denote real contacts used to measure Rxx and Rxy. Rxx is
measured between voltage terminal 2 and 5, and Rxy between voltage terminal 2 and
10.

A
A
A
A
AA

p

q

1 2 3 4 5 6 7 8 9 10

1 0 0 0 0 0 0 0 0 0 |νbg|
2 |νbg| 0 0 0 0 0 0 0 0 0

3 0 |νbg| 0 0 0 0 0 0 0 0

4 0 0 |νtg| 0 0 0 0 |νbg| − |νtg| 0 0

5 0 0 0 |νbg| 0 0 0 0 0 0

6 0 0 0 0 |νbg| 0 0 0 0 0

7 0 0 0 0 0 |νbg| 0 0 0 0

8 0 0 0 0 0 0 |νbg| 0 0 0

9 0 0 |νbg| − |νtg| 0 0 0 0 |νtg| 0 0

10 0 0 0 0 0 0 0 0 |νbg| 0

(6.7)

In this schematic, the two probe voltage (V2−probe) is given by (V1− V6), the four-
probe longitudinal voltage (Vxx) is given by (V2 − V5) and the Hall voltage (Vxy) is

given by (V2− V10). Dividing by current I1, the resistances are obtained. Thus using

the formalism described in section 6.1, we obtain,
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6.2. Edge state transport with different filling factor in adjacent region

R2−probe =
e2

h

1

|νtg|
, Rxx =

e2

h

|νbg| − |νtg|
|νbg||νtg|

, Rxy =
e2

h

1

|νbg|
. (6.8)

When the above calculation is generalized for N top-gates, we have,

R2−probe =
e2

h

N |νbg| − (N − 1)|νtg|
|νbg||νtg|

, Rxx = N
e2

h

|νbg| − |νtg|
|νbg||νtg|

, Rxy =
e2

h

1

|νbg|
.

(6.9)

Resistances in the bipolar region, and in the unipolar region, when |νtg| is greater
than |νbg| can be similarly calculated using the above formalism.

For |νtg| greater than |νbg| for N top-gates,

R2−probe =
e2

h

N |νtg| − (N − 1)|νbg|
|νbg||νtg|

, Rxx = N
e2

h

|νtg| − |νbg|
|νbg||νtg|

, Rxy =
e2

h

1

|νbg|
;

(6.10)

In the bipolar region, for N top-gates,

R2−probe =
e2

h

(N + 1)|νtg|+N |νbg|
|νbg||νtg|

, Rxx = N
e2

h

|νtg|+ |νbg|
|νbg||νtg|

, Rxy =
e2

h

1

|νbg|
.

(6.11)

With this theoretical background, we will discuss our experimental observations

in the presence of magnetic fields in Chapter 7.
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Chapter 7

Modification of Landau levels with

electric field

This chapter focuses on charge transport in graphene in the presence of crossed electric

field and magnetic field. The magnetic field gives rise to different edge states in the

adjacent region which can be tuned with gate voltages. This chapter asks whether

equilibration of edge states is possible along the electrostatic edges defined in our

device geometry. We also probe in this chapter whether the equilibration of edge

states can be tuned with electric field.

In this chapter, we will discuss magnetotransport in an electrostatically defined

1D lateral SL in graphene. In our device we apply a perpendicular magnetic field and

periodically modulate the charge carrier density in adjacent “ribbons” of graphene,

tuning from an array of p-p’ (or n-n’ ) to an array of p-n’ junctions. Changing

the magnetic field allows us to vary the magnetic length relative to the period of

the superlattice; and changing the gate voltage allows us to tune the superlattice

potential strength relative to the Landau level spacing. Graphene offers the advantage

of relative abruptness and large modulation of the potential, bipolarity of charge

carriers, and unequally spaced Landau levels.

We will start with a discussion on the previous works of magnetotransport in

superlattice in two dimensional electron gas and graphene. Next, the experimental

data of our device in the quantum Hall regime is presented. The superlattice also
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creates an electric field at the junction between the top-gated and the back-gated

regions. In case of graphene, an electric field can modify Landau levels. So, we did

numerical simulation and found the electric field in the bipolar regime to be high

enough to modify Landau levels in graphene. The modification of Landau levels

depends on the ratio of the electric field to the magnetic field. So, to observe the

modification of Landau levels in the unipolar region (which has lower electric field

than the bipolar region), experimental observation at a lower magnetic field of 3.5 T is

presented. The chapter ends with magnetotransport data of another device showing

similar features.

7.1 Magnetotransport in superlattice

In this section, we will report experimental observation of magnetotransport in su-

perlattice in 2DEG and graphene by other groups.

7.1.1 Two dimensional electron gas

Extensive work has been carried out in periodically modulated superlattice in two

dimensional electron gas in the presence of magnetic field [68, 16, 13, 14, 15, 17]. In

2DEG, competition between amplitude of superlattice potential and magnetic field

gives rise to four regimes.

When the modulation potential is weak (compared to the Fermi energy) and

the magnetic field is low, commensurability between cyclotron radius at the Fermi

energy and period of the superlattice leads to oscillations whose period is inversely

proportional to the magnetic field [68]. Increasing the magnetic field for a weak

modulation potential leads to a positive magnetoresistance.

At strong modulation potential, that is, when amplitude of potential becomes

comparable with the Fermi energy, a giant negative magnetoresistance is observed at

low magnetic field. Increasing the magnetic field to be in the quantum Hall regime,

dissipationless transport is observed for strongly modulated SL potential [13].
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7.1.2 Graphene

In case of graphene, the energy scales of the Landau levels (large cyclotron gap)

and the ability to create abrupt (∼ 10 nm) tunable barriers allow new aspects to be

explored. In addition, new physics, due to the role of crossed electric and magnetic

field [19, 20], that cannot be seen in conventional two dimensional electron gas can

be studied in superlattice structures based on graphene.

Electrons in a superlattice or Bloch electrons in a magnetic field, was studied by

Hofstadter taking a single Bloch band [69]. Magnetic flux which passes through a unit

cell of the superlattice divided by the flux quantum gives a dimensionless parameter,

whose rationality or irrationality influences the nature of the energy spectrum. Ratio-

nal value of this parameter gives quantum states with self-similar recursive structure

resulting in butterfly-like fractal energy diagram [55]. Minigaps within the fractal

energy spectrum becomes significant only when the Bloch waves becomes comparable

to the cyclotron motion. This leads to the condition of the magnetic length being of

the same order as the wavelength of the superlattice potential.

As discussed in section 3.3 of Chapter 3, a moiré superlattice with periodicity ∼
10 nm is induced in graphene due to its interaction with substrate like boron nitride

which has a similar lattice constant as graphene. This led to the realization of a

regime where magnetic length is of the same order as the period of the superlattice

and observation of a quantum fractal spectrum. Thus Hofstadter butterfly physics

was observed in graphene on boron nitride by changing density of charge carriers

required to fill each fractal subband and by changing the magnetic field [18, 56, 55].

7.2 Charge transport measurements in the quan-

tum Hall regime

In our device, the energy scales involved are the superlattice amplitude and the Lan-

dau level spacing (~ωc, where ωc is the cyclotron frequency). When the amplitude of

superlattice potential is much greater than the Landau level spacing, the superlattice

effect dominates giving rise to extra Dirac points [70]. In the other limit, when the
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7.2. Charge transport measurements in the quantum Hall regime

amplitude of the superlattice potential is much smaller than the Landau level spac-

ing, quantum Hall effect in graphene is restored [70]. However, the situation is more

complex and little explored when both of them have comparable contribution, and

we have experimentally probed this regime in graphene.

We also note that well resolved Landau levels start to appear only beyond a

magnetic field of 2 T in our device (fan diagram in section 6.1 of Chapter 6). This

corresponds to an upper magnetic length of 18 nm for resolved Landau levels. With

the application of higher magnetic field, magnetic length can only be reduced. Since in

our measurements, electrostatically the width of TG or BG region is 75 nm, quantum

fractal spectrum (in the regime magnetic length ∼ period of superlattice) remains

inaccessible.

In our magnetotransport data, we observe tuning of Landau level wavefunction

by changing the electric field.

7.2.1 Experimental observation

We measure zero-bias four-probe longitudinal resistance while varying gate voltages

at different magnetic fields at a temperature of 2 K. Figure 7.1 shows the colorscale

plot of longitudinal resistance as a function of top-gate and back-gate voltages at

a magnetic field of 14 T, where the Landau levels are well resolved. (Fan diagram

showing the formation of Landau levels around 2 T in section 6.1 of Chapter 6.) The

magnetic length (lB) at this magnetic field is 7 nm. The filling factors in the two

alternating regions are indicated as (νtg,νbg) in Figure 7.1. At a constant magnetic

field, the filling factor in the BG region is controlled only by the back-gate voltage,

and so, lines of constant νbg is given by vertical lines in Figure 7.1 as shown by the

white dashed line. Lines of constant νtg is given by diagonal lines in Figure 7.1 (yellow

dashed line) since the filling factor in the TG region depends on both top-gate and

back-gate voltages.

We observe diamond shaped regions in the parameter space that represent integer

filling factors in adjacent regions set by the back-gate and top-gate voltages. When

the top-gate voltage is zero, the filling factor is controlled only the back-gate voltage

at a constant magnetic field. Thus, when the filling factor in the adjacent region is
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Figure 7.1: Four-probe longitudinal resistance as a function of top-gate and back-
gate voltages at 14 T at 2 K. Red denotes high resistance and blue denotes low
resistance. Numbers in the parenthesis denote the filling factor in the top-gated and
back-gated regions (νtg,νbg). The vertical, white dashed line denotes constant νbg of
2, and constant νtg of 2 is marked by diagonal, yellow dashed line.

same (controlled only by the back-gate voltage), longitudinal resistance becomes zero,

that is, there is dissipationless transport. Resistance in the bipolar regime is higher

than that in the unipolar regime, with the resistance being as high as 200 kΩ at 14 T.

7.2.2 Edge state transport in unipolar and bipolar region

We studied variation of longitudinal resistance as a function of filling factor in BG

region when filling factor in TG region is kept constant. Line plot of longitudinal

resistance as function of νbg at νtg of 2 and 6 (corresponding to 1 and 2 edge states in

TG region) is obtained from Figure 7.1. For higher filling factor of νtg of 10 and 14,

we observed longitudinal resistance as a function of top-gate and back-gate voltages
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7.2. Charge transport measurements in the quantum Hall regime

at a lower magnetic field of 8 T (since we are limited by the gate voltages that we

can apply in our device).

Figure 7.2 shows line slices of longitudinal resistances as a function of νbg at νtg

of 2, 6, 10 and 14. In the unipolar regime, resistance plateaus are clearly observed

at integer filling factors in the adjacent region. For example, for (νtg,νbg) = (2,6)

resistance plateau is observed at 8.5 kΩ, and for (νtg,νbg) = (6,2) resistance plateau

is observed at 8.9 kΩ. For a single top-gate, if the edge states equilibrate, then

the resistance plateau is given by h
e2

||νtg |−|νbg ||
|νtg ||νbg |

(see section 6.2 in Chapter 6), which is

8.6 kΩ for (νtg,νbg) = (2,6) and (6,2). The black dashed lines in Figure 7.2 corresponds

to resistance plateaus for edge state equilibration in case of a single top-gate [24].

We find that in the unipolar regime, when the amplitude of the superlattice po-

tential is small, there is good agreement between measured experimental data and

the black dashed lines (for example, (νtg,νbg) = (2,6), (6,2), (10,2), (10,6), (10,14) and

other plateaus in Figure 7.2). In this device, we have 37 top-gates. So, if the edge

states are formed under all the top-gates and they equilibrated along all the edges of

the top-gates, then the resistance plateau would have been observed at value which

is 37 times the value obtained for a single top-gate (see section 6.2 of Chapter 6).

Since our experimental observation show plateaus corresponding to a single top-gate

and not 37 top-gate, we do not have equilibration in our device. Although we do not

completely understand the mechanism, one of the reason could be due to the fact that

the edge states under the top-gate are defined electrostatically, and do not correspond

to the physical edge of the sample. So, the edges of the top-gates are not abrupt due

to the finite thickness of the top-gate dielectric. Within the periodic top-gates whose

electrostatic width is 75 nm, the potential varies smoothly and the edge states do

not equilibrate. The observation that in the unipolar region, the resistance plateaus

correspond to a single top-gate in our device with 37 top-gates, is also seen in other

device having 35 top-gates (see section 7.6).

Similarly, in the bipolar region, for a single top-gate, the resistance plateau in

case of full equilibration is given by h
e2

|νtg |+|νbg |
|νtg ||νbg |

(see section 6.2 of Chapter 6), and

for multiple top-gates, is N times larger, where N is the number of top-gates. In

our device, when there is 1 edge state for both electrons and holes circulating in the

adjacent regions (for (νtg,νbg) = (2,-2) and (-2,2)), the resistance plateau is seen at
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Chapter 7. Modification of Landau levels with electric field

h/e2 (25.8 kΩ), corresponding to equilibration for a single top-gate. However, when

neighboring regions have other edge states, that is, (νtg × νbg) < 0 and |νtg| or |νbg| is
greater than 2, we find resistance significantly larger than h/e2 (for example, (2,-6),

(6,-2), (10,-2), (10,-6), (10,-10) and other plateaus in Figure 7.2).

The resistance in the bipolar region, although large, is not 37 times the value for

a single top-gate, and so there is no full equilibration. Additionally, the resistance

value for (νtg,νbg) = (2,-6) and (6,-2) are different. This implies that in the bipolar

region, the resistance depends on the gate voltages.

The difference between the unipolar and the bipolar region is that the amplitude

of the superlattice potential is larger in the bipolar region (see section 4.2 of Chap-

ter 4). In our device geometry, the amplitude of the superlattice potential varies from

maximum to minimum at the junction between TG and BG regions. This variation of

potential at the junction gives rise to the electric field. Figure 7.3 shows a LL diagram

along the length of the device when (νtg, νbg) = (−2, 6); where we have co-propagating
electron and hole edge states at the junction. In the schematic, there is one hole edge

state in the TG region and two electron edge states in the BG region. The brown

region in the schematic denotes the junction where the electric field exists, which is

relatively large in the bipolar region.

In the next section, we discuss finite element method to numerically simulate the

electric field in our device.

7.3 Numerical simulation of the electric field

We have modeled our device geometry in COMSOL software and obtained the electric

field from numerical simulation of the electrostatics using finite element method. In

the simulation, we used 15 top-gates of geometrical width 30 nm, spaced 150 nm

apart along the length of graphene. We obtained the induced charge carrier density

in graphene for a given back-gate voltage and top-gate voltage. This induced charge

carrier density is periodic (along the length of graphene), from which the potential

is obtained. The electric field in the plane of graphene is obtained by taking the

numerical derivative of the potential.
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Figure 7.2: Longitudinal resistance as function of νbg for νtg = (a) 2, (b) 6, (c) 10
and (d) 14. To observe longitudinal resistance as function of νtg of 10 and 14 in the
range of gate voltages that can be applied in our device, we measured longitudinal
resistance as function of top-gate and back-gate voltages at a magnetic field of 8 T at
2 K. The green curves show experimental data. The black dashed lines correspond to
resistance plateau in case of equilibration of edge states for a single top-gate. ((νtg,νbg)
values are denoted within the parenthesis.)
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Figure 7.3: Spatial variation of Landau levels when there is one hole edge states in the
TG region and two electron edge states in the BG region. We note that the evolution
of the Landau levels near the physical edge of a graphene flake is different from the
edge of a region formed due a local variation in density caused by gates. The black
dashed line denotes the Fermi energy.
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The potential and the electric field is periodic along the length of graphene as seen

in Figure 7.4. Spatial variation of electric field along length and width of graphene in

bipolar region is shown in Figure 7.5. Electric field varies periodically along the length

of graphene with maxima and minima at the edge of the top-gate, and is constant

along the width of graphene. Electrostatically the width of the top-gated region is

75 nm as seen in Figure 7.5.
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Figure 7.5: Numerical simulation of electric field in our device in the bipolar region
(Vbg = -30 V and Vtg = 3 V). The top-gates spaced 150 nm apart are along the length
of graphene. In the simulation, the geometrical width of the top-gate electrode is
30 nm. Due to the finite thickness of top-gate dielectric, there is a spread of the
electric field lines from the top-gates. So, electrostatically, the width of the top-gated
region in graphene, shaded by yellow region at the bottom of the figure, is 75 nm,
resulting in equal width of the back-gated and top-gated regions.

The potential and the electric field variation along length of graphene for Vbg =

-30 V and Vtg = 3 V in the bipolar region are shown in Figure 7.4. For clarity,

magnified images with 3 top-gates along length of graphene are shown in unipolar

region (Figure 7.6(a)) and bipolar region (Figure 7.6(b)). We observe the magnitude

of electric field to be larger in bipolar region compared to the unipolar region. Another

interesting thing to note is that not only the magnitude but also the shape of the
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potential is different in the two cases.

For each combination of gate voltages, spatial variation of electric field is obtained

from the numerical simulation and the maximum electric field is noted. Figure 7.7

shows the maximum electric field as function of back-gate and top-gate voltages in

the bipolar region.

7.4 Effect of electric field on Landau level

Having an estimate of the magnitude of electric field in our device, we now discuss how

electric field modifies the Landau levels in graphene. As discussed in section 6.1 of

Chapter 6, Landau level spectrum in graphene is different than that in 2DEG leading

to unusual integer quantum Hall effect. Another interesting feature in graphene is

that its Landau level wavefunction can be tuned with an electric field, unlike that in

2DEG.

We present the approach of Lukose et al. to study the electrical field induced

modification of Landau levels in graphene [19]. When electric field (E) is less than

vFB, by boosting to a proper frame of reference, electric field is made zero and the

magnetic field reduces. The energy eigenvalues of graphene in zero electric field is

known. With the available solution for zero electric field, inverse boost transformation

is applied to obtain the solution in the presence of electric field [19]. The parameter

β =
E

vFB
(7.1)

determines the scaling of Landau spectrum. With increasing β, Landau levels come

close to each other and at a critical value of one, Landau level spectrum collapses.

Electric field modifies the gap between the Landau levels. In the presence of

electric field, Landau level energy (En) gets modified as

E ′
n = sgn(n)

√
2|n| × (

~vF
lB

)× (1− (β)2)3/4, (7.2)

where n is the Landau level index [19]. Landau levels energy at 14 T as a function of

89



Chapter 7. Modification of Landau levels with electric field

0.28

0.26

0.24

0.22

0.20

1300120011001000900800

3

2

1

0

-1

-2

Length of graphene (nm)

E
 (x

 1
0

6
 V

/m
)P

o
te

n
ti
a

l 
(e

V
)

-0.15

-0.10

-0.05

0.00

0.05

0.10

15

10

5

0

-5

-10

-15

(a)

(b)

1300120011001000900800

Length of graphene (nm)

E
 (x

 1
0

6
 V

/m
)

P
o

te
n

ti
a

l 
(e

V
)

Figure 7.6: Magnified image of spatial variation of potential and electric field in (a)
unipolar region when Vtg = 3 V and Vbg = 30 V and (b) bipolar region when Vtg = 3 V
and Vbg = -30 V. Yellow regions denote geometrical position of top-gate electrodes
(which are 30 nm wide) on top of top-gate dielectric. The magnitude of maximum
electric field is higher in the bipolar region compared to the unipolar region.
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Figure 7.7: Maximum electric field as a function of top-gate and back-gate voltages.
The maximum electric field increases with increasing magnitude of top-gate and back-
gate voltages in the bipolar region.

electric field is shown in Figure 7.8. At 14 T, Landau levels would collapse as electric

field approaches 1.4×107 V/m, as seen in the line plot in Figure 7.8.

It is to be noted that in real devices where the Landau levels are broadened

due to disorder, the collapse would occur before β reaches one. Additionally, the

collapse would occur earlier for higher Landau levels, since in case of graphene, the

gap between Landau levels decreases with increasing Landau level index.

The extent of the wavefunction of a Landau level is given by the magnetic length.

The magnetic length is defined as

lB =

√
~
eB

, (7.3)

and is 7 nm at 14 T.

Effective magnetic length in the presence of electric field can be written as [19]

l′B =
lB

(1− β2)1/4
. (7.4)
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Figure 7.9: Effective magnetic length at 14 T as a function of electric field. The
effective magnetic length, which gives an estimate of the spread of the wavefunction,
diverges as β approaches one.

Effective magnetic length increases with increasing electric field and rises rapidly

when β approaches one. Figure 7.9 shows divergence of effective magnetic field at

14 T when electric field is 1.4×107 V/m.

Gu et al. used the model of parabolic potential due to a single top-gate, and

studied the effect of electric field, due to this potential, on the Landau levels [20]. They

experimentally observed the collapse of Landau levels from the fading of Shubnikov-

de Haas oscillations below 4 T with increasing electric field in the unipolar region.

This collapse can be understood, in the semi-classical picture, as the transformation

of closed cyclotron orbit to open cyclotron orbit with increasing electric field [20].
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7.5 Observed charge transport in presence of high

electric and magnetic field

At a magnetic field of 14 T, Landau level modification would be observed when electric

field approaches 1.4×107 V/m. From Figure 7.7, contours of maximum electric field

at 1.2×107 V/m, and 1.4×107 V/m is obtained, and overlaid on the measured data

at 14 T (bipolar region in Figure 7.1) as shown in Figure 7.10. Figure 7.10 shows

that the contours lie along the region where we have high resistance state and the

resistance plateaus depend on the electric field.
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Figure 7.10: Contour of maximum electric field at 1.2×107 V/m and 1.4×107 V/m
as function of Vbg and Vtg (obtained from Figure 7.7) overlaid on measured Rxx in
bipolar regime at 14 T. Around these contours, the electric field is high enough to
modify the Landau levels.

In the presence of electric field, the spatial extent of the wavefunction increases

with increasing electric field [19] and approaches the width of TG (or BG) region.

This leads to increased coupling of the wavefunction within TG (or BG) region of the
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Figure 7.11: Longitudinal resistance as function of νbg for νtg = 6 at (a) 14 T and
(b) 8 T. Resistance value for (νtg,νbg) = (6,-2) (highlighted in orange) is different at
different magnetic field.

superlattice resulting in enhanced scattering. Secondly, the Landau level energy gets

modified with increasing electric field. The gap between two Landau levels decreases

with increasing electric field [19] and coupled with the fact that the Landau levels

have finite broadening due to disorder, the Landau levels can merge before β reaches

1. Additionally, the higher Landau levels can merge at a lower electric field compared

to the lower Landau levels, since the gap between two Landau levels decreases with

increasing Landau level index in graphene. Lastly, at high electric field, there could

be Landau level mixing, where electron in a particular Landau level has contribution

from other Landau levels [19].

In the bipolar region, the longitudinal resistance goes as high as 200 kΩ at 14 T in

the absence of equilibration of edge states. This resistance is two order of magnitude

larger than the resistance in the absence of magnetic field. (At 0 T the maximum

resistance is 3.8 kΩ.)

We observe different resistance values for (νtg,νbg) = (2,-6) and (6,-2), where the

electric fields are different. Additionally, in the regime when β approaches 1, resis-

tance value for (νtg,νbg) = (6,-2) at 14 T and 8 T are different as shown in Figure 7.11.

Thus in our device we do not observe equilibration of edge states. In the unipolar

region, where the electric field is relatively small, we observe plateaus in resistance

corresponding to equilibration for a single top-gate. These plateaus do not depend
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on the electric field, that is, the value of the resistance at (νtg,νbg) = (2,6) and (6,2)

are same. In the bipolar region, where the electric field is high, we observe resistance

larger than the value corresponding to equilibration for a single top-gate. However the

value is not large enough to assume full equilibration along 37 top-gates. Additionally,

in this region, the resistance value depends on the electric field as well as the magnetic

field. The only exception in the bipolar region is the plateau at 25.5 kΩ for (νtg,νbg)

= (2,-2) corresponding to equilibration for a single top-gate. This results not only

because the electric field is low in this state compared to any other state in the bipolar

region but also because the Landau level gap is maximum between n = 0 and n = 1

Landau level.

7.6 Observation of Landau level modification in

the unipolar region

In the unipolar region, the electric field is low compared to the bipolar region. So,

for β to approach 1, that is, to observe the modification of Landau levels by electric

field in the unipolar region, we need a lower magnetic field. We measure longitudinal

resistance as a function of gate voltages at a magnetic field of 2.0 T, 2.5 T, 3.0 T

and 3.5 T. Line plot of longitudinal resistance as function of top-gate voltage at a

constant back-gate voltage of 20 V for the four different magnetic fields is shown in

Figure 7.12. From the line slices, we observe Shubnikov-de Haas oscillations at this

back-gate voltage when the magnetic field is increased above 3 T.

Figure 7.13(a) shows variation of longitudinal resistance as a function of top-gate

and back-gate voltages at 3.5 T in the unipolar region. Line plot of Longitudinal

resistance as a function of back-gate voltage at a top-gate voltage of 1 V is shown by

the green curve in Figure 7.13(b). At a constant magnetic field of 3.5 T, we observe

longitudinal resistance to oscillate as a function of back-gate voltage for a given top-

gate voltage. The oscillations arise due to periodic decrease of back-scattering as the

Fermi energy moves through different Landau levels in the BG region.

With increasing top-gate voltage, the electric field increases, and so, we compared

the oscillations at a top-gate voltage of 1 V and 2.8 V. Orange curve in Figure 7.13(b)
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Figure 7.12: Longitudinal resistance as a function of top-gate voltage at a back-
gate voltage of 20 V at different magnetic fields. Shubnikov-de Haas oscillations are
observed when magnetic field is increased above 3 T. The plots at different magnetic
fields are offset for clarity.

shows line slice of longitudinal resistance as a function of back-gate voltage at a top-

gate voltage of 2.8 V. So, with increasing top-gate voltage or increasing electric field,

we observe fading of Shubnikov-de Haas oscillations (which arise due to the Fermi

energy moving across different Landau levels). So with increasing electric field, the

Landau levels come close to each other resulting in a decrease in the modulation

in resistance. Thus the decrease in amplitude of oscillation is consistent with the

modification of Landau levels with increasing electric field in the unipolar region.

7.7 Measurements from additional device

In this section we present measurements of another device at 14 T which showed

similar magnetotransport behavior. Transport measurements of this device in the

absence of magnetic field is discussed in section 5.6 of Chapter 5. This device has

a low mobility of 2009 cm2/Vs, and the ratio of top-gate capacitance to back-gate

capacitance is 11 (see section 5.6).
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Chapter 7. Modification of Landau levels with electric field
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Figure 7.13: Effect of electric field on resistance oscillations in unipolar region. (a)
Longitudinal resistance as a function of top-gate and back-gate voltages at a magnetic
field of 3.5 T in the unipolar region. (b) Line plot of longitudinal resistance as a
function of back-gate voltage at a top-gate voltage of 1 V (green curve) and 2.8 V
(orange curve). Increasing top-gate voltage increases the electric field and hence
amplitude of oscillations decreases.
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7.7. Measurements from additional device

Figure 7.14(a) shows the variation of longitudinal resistance as a function of top-

gate and back-gate voltages at 14 T. All the plateaus are not well resolved due to low

mobility. Dissipationless transport is observed for (νtg,νbg) = (2,2), (-2,-2) and (-6,-6).

The maximum resistance in this device, observed in the bipolar region, is 58 kΩ.
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Figure 7.14: Charge transport measurement of another device in the presence of a
magnetic field of 14 T. (a) Longitudinal resistance as a function of top-gate and
back-gate voltages at 14 T of another device with lower mobility. (b) Longitudinal
resistance as a function of νbg for νtg = −2. Resistance plateaus at (νtg,νbg) = (-2,-6)
and (-2,2) for a single top-gate are marked by black dashed lines.

Figure 7.14(b) shows line slice of longitudinal resistances as a function of νbg at

νtg of -2. The black dashed lines correspond to edge state equilibration for a single

top-gate. The experimental curve (in green) coincides with the black dashed lines at

(νtg,νbg) = (-2,-6). Thus this device shows a similar magnetotransport behavior.

The mobility of this device is quite low and to probe the properties intrinsic to

graphene, a higher mobility is required. In the next chapter, we will discuss fabrication

steps to make heterostructures which can be used to increase mobility in graphene.
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Chapter 8

Other related projects

The central story in this thesis revolves around the effect of superlattice on the band-

structure and the effect of electric field on the Landau levels in graphene. In this

chapter, other projects are described which involves deterministic transfer of two or

more flakes to fabricate heterostructures.

8.1 Fabrication of boron nitride and graphene het-

erostructures

In all the measurements presented so far, we have probed the physics on exfoliated

graphene on silicon dioxide substrates. In those devices, the mobility in graphene

is limited by charge traps and defects in silicon dioxide. To increase the mobil-

ity, graphene is placed between boron nitride which has similar lattice constant as

graphene and atomically smooth surface [25]. Another advantage of sandwiching

graphene between boron nitride is that the surface of graphene is not exposed to

chemicals during e-beam lithography and thus remains clean. Figure 8.1 shows a

schematic of a boron nitride - graphene - boron nitride device, with source-drain con-

tacts and degenerately doped silicon as the back-gate. To realize this device, we used

the dry transfer technique discussed next.
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8.1. Fabrication of boron nitride and graphene heterostructures

10 µm

SiO2

Graphene

Si++

bottom BN
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Contacts

Figure 8.1: Schematic of a graphene device encapsulated by top and bottom boron
nitride layers.

8.1.1 Dry transfer method

We have used the dry transfer technique [26] using polydimethylsiloxane (PDMS) to

deterministically transfer graphene between two boron nitride flakes which is illus-

trated in Figure 8.2.

A small piece of PDMS, which is a soft gel, is placed on a glass slide. We used com-

mercially available PDMS (Gel-Pak, PF−30/17−X4) which has uniform thickness.

Graphene is mechanically exfoliated using scotch tape on this PDMS and graphene

is located using optical microscope. Optical image of graphene on PDMS is shown in

Figure 8.3. Simultaneously, boron nitride is exfoliated on degenerately doped silicon

substrate with 300 nm of silicon dioxide on top, and located using optical microscope.

We used the mask aligner of the photolithography machine to transfer graphene on

boron nitride. Substrate with boron nitride is placed on a stage which has movement

in the x, y and z direction. Glass slide with PDMS and graphene is kept fixed. Us-

ing optical microscope, graphene on PDMS is aligned with the boron nitride on the

substrate. The stage with the substrate is moved up slowly till both the flakes are in
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(a) (b)

(c) (d)

(f)(e)

Figure 8.2: Dry transfer process to fabricate graphene on boron nitride heterostruc-
ture. (a) Glass slide is cleaned with iso-propanol. (b) A small piece of PDMS is
placed on top of the glass slide. (c) Graphene is mechanically exfoliated on top of
PDMS. (d) Boron nitride is exfoliated on another substrate and is aligned with the
graphene on PDMS. (e) Graphene and Boron nitride are slowly brought into con-
tact. (f) PDMS with the glass slide is slowly removed and the graphene flake gets
transferred on boron nitride forming a heterostructure.
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8.1. Fabrication of boron nitride and graphene heterostructures

Figure 8.3: Optical image of graphene on PDMS. The graphene flake is marked inside
the box. Yellow colored flake corresponds to bulk graphite.

contact. Then the stage with the substrate is slowly moved down and the graphene on

PDMS gets transferred to the boron nitride on the substrate. To put another boron

nitride on top of graphene - boron nitride stack, boron nitride is mechanically exfoli-

ated on PDMS, and the process described above is repeated to make boron nitride -

graphene - boron nitride heterostructure.

Optical image of a heterostructure made of top boron nitride - graphene - bottom

boron nitride is shown in Figure 8.4(a).

Electron-beam lithography is then used to pattern source-drain contacts and top-

gate on the heterostructure. Figure 8.4(b) shows Cr/Au contacts and a single top-gate

on the heterostructure fabricated (Figure 8.4(a)). The charge transport measurements

on this device is discussed in the next section.
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(a)

(b)

5 µm

Figure 8.4: Optical image of a heterostructure. (a) Graphene sandwiched between
boron nitride flakes. The top and bottom boron nitride are marked in the image. (b)
Contacts patterned on boron nitride - graphene - boron nitride stack with a single
top gate.
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Figure 8.5: Increased mobility with graphene stacked between boron nitride layers.
(a) Resistance as a function of the top-gate and the back-gate voltage at 1.5 K. (b)
Line plot of resistance as a function of the back-gate voltage when the top-gate voltage
is biased at the charge neutrality point.

8.1.2 Charge transport measurement

Charge transport measurements at 1.5 K was done on the device whose optical image

is shown in the previous section. Resistance as a function of the top-gate voltage

and back-gate voltage is shown in Figure 8.5(a). In the color plot, red denotes high

resistance and blue denotes low resistance. The red diagonal line represents the

charge neutral line of the region covered by the top-gate. The red vertical lines which

does not depend on the top-gate voltage, corresponds to the charge neutral regions

not covered by the top-gate. Line plot at charge neutrality point of the top-gate

voltage (Figure 8.5(b)) is used to calculate the mobility, which is ∼ 80000 cm2/Vs.

(The device on silicon dioxide substrates with top finger-gates where band structure

modification was observed, has mobility of ∼ 6000 cm2/Vs.) The mobility increased

by an order of magnitude on placing graphene between boron nitride. However, the

Dirac peak of the region not covered by the top-gate is observed to be broad. One

reason could be due to the fact that the graphene outside the top boron nitride flake

was not etched away. So, transport occurred via graphene outside top boron nitride

which is exposed to chemicals as well as the graphene protected by top boron nitride.

Next, we fabricated an array of top finger gates on boron nitride. However, the
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500 nm

Figure 8.6: Scanning electron microscope image of finger gates made on top of boron
nitride -graphene - boron nitride heterostructure.

optimized recipe for periodic narrow gates presents some challenge because of poor

adhesion between palladium and boron nitride. Figure 8.6 shows finger gates on top

of boron nitride. So our next step in device fabrication is to make finger gates on

silicon dioxide, and on it, place the entire stack of boron nitride - graphene - boron

nitride. The motivation is to study collimation of electron beams with the help of a

superlattice in less disordered graphene.

Similar heterostructures are also fabricated on transition metal dichalcogenides

(TMDC). Advantages of using TMDC is that it has a band gap, unlike graphene,

and has mobility higher than silicon. An interesting feature with TMDC is that the

band gap changes from indirect to direct on decreasing its thickness to a single layer

[27]. Using narrow periodic gates to form multiple p-n junctions would enhance the

photoresponse of such devices.

8.2 Transfer setup in glove box

Some of the heterostructure devices measured did not have high mobility compared

to graphene on silicon dioxide and one of the reason is moisture. Trapped moisture
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8.2. Transfer setup in glove box

Figure 8.7: Photograph of setup inside glove box to align two flakes for deterministic
transfer.

during fabrication of heterostructure leads to degradation of its properties like mo-

bility in graphene. One of the ways to circumvent this problem is to design the gate

electrode such that it by-passes the bubbles (trapped air or moisture) in the het-

erostructure fabricated. To overcome the problem of moisture, we designed a transfer

setup in the glove box, so that the exfoliation and the deterministic transfer can be

done in nitrogen atmosphere.

The setup consists of a stage which has translational as well as rotational motion.

An aluminum chuck designed to include a heater is placed on this stage. Glass slide

with PDMS is attached to an assembly which can move in x, y and z direction.

Photograph of the assembly can be seen in Figure 8.7.

A camera is attached to a 20X microscope objective for alignment of the two

flakes. The camera is connected to a screen outside the glove box on which the

transfer process can be viewed. Complete setup is shown in Figure 8.5.

This setup is also useful to make heterostructure with black phosphorus [71, 72,
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Figure 8.8: Photograph of complete transfer setup inside glove box.

73], or topological insulators [34, 33, 74], which rapidly degrades on exposure to air.

This setup can be used to protect the surface of black phosphorus by encapsulating

it in boron nitride.

108



Chapter 9

Summary and future projects

In this thesis we discussed one-dimensional lateral superlattice created using gate

voltages in graphene. Its usefulness lies in the tunability of the amplitude of the

superlattice potential.

The superlattice is formed by separately controlling the doping in adjacent regions

and having a series of such regions. The key aspect is to deposit uniform thin dielectric

and fabricate periodic narrow electrodes. The periodic narrow electrodes act as a top-

gate and with the combination of a global back-gate, we can tune from a series of

n-n’ junctions to a series of p-n’ junctions in graphene. Difference in the doping in

the adjacent region gives rise to a potential barrier and since we have a series of such

regions, a superlattice potential results. The amplitude of the superlattice potential

is a function of the top-gate voltage and the back-gate voltage applied, and thus by

changing the gate voltages, the amplitude of the superlattice potential can be tuned.

In the range of gate voltages that we can apply in our device, we can change the

amplitude of superlattice potential from 0 meV to 375 meV. Compared to the region

having a series of n-n’ junctions, the amplitude is higher in the region having a series

of p-n’ junctions and it increases with increasing doping in this region.

Superlattice in graphene modifies its bandstructure causing conduction and va-

lence band to meet at points other than the original Dirac point, called extra Dirac

points. Larger the amplitude of superlattice potential, the conduction band and the

valence band bends and meets at more points resulting in larger number of extra
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Dirac points. Around these extra Dirac points, the Fermi velocity is anisotropically

renormalized, that is, at the extra Dirac points, the group velocity along the super-

lattice direction is the Fermi velocity and the group velocity in the perpendicular

direction to the superlattice becomes zero [5]. Thus the velocity can be tailored by

tuning the amplitude of superlattice potential.

We measured charge transport as a function of global back-gate voltage and top-

gate voltage applied to the top finger gates. The gate voltages gives rise to a superlat-

tice potential, and so, from this measurement, we extracted resistance at a constant

amplitude of superlattice potential. Resistance at a constant amplitude of superlat-

tice potential oscillates as a function of Fermi energy. As the amplitude of superlattice

potential increases to accommodate one more extra Dirac point, the number of os-

cillations increases by one. We numerically calculated the density of states for the

magnitude of the superlattice potential applied in our device. We observed peaks in

the density of states corresponding to the extra Dirac points, and so, the number of

peaks in the density of states increases by one as the number of extra Dirac points

increases by one. The conductivity is proportional to the density of states, and thus

the oscillations in resistance corresponds to the peaks in the density of states, pro-

viding the experimental evidence of bandstructure modification in graphene with the

help of a superlattice.

For future study, collimation of electron beams in graphene would be an interesting

experiment to probe in tunable superlattice in graphene [9]. To study collimation, we

need high mobility in our graphene devices. Recent experiments show high mobility

in graphene by encapsulating it with boron nitride. Using the transfer procedure

described in Chapter 8, graphene protected by boron nitride can be transferred on

superlattice fabricated to probe collimation in high mobility devices.

An interesting study would be the effect of the superlattice structure on transition

metal dichalcogenides that possess a band gap, unlike graphene, and mobility higher

than silicon. Transition metal dichalcogenides have an interesting property of their

band gap changing from indirect to direct when it is thinned down to a monolayer

[27]. With a series of p-n junctions in transition metal dichalcogenides, a tunnel diode

behavior can be observed. By changing the doping in adjacent region with gates,

photoresponse as a function of doping can be studied. The photocurrent is observed
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due to the band bending at the source-drain contacts where a Schottky barrier is

formed. The p-n junctions would also lead to band bending and so the photocurrent

would be observed at the p-n junctions and the contacts. It is to be noted that the

period of superlattice should be larger to spatially resolve the photoresponse at each

junctions in the far field microscope.

In Chapter 6, we studied charge transport in our device in the presence of magnetic

field when the density of states splits into discrete energy levels called Landau levels

and conduction occurs via ballistic edge states. The number of edge states depends on

the magnetic field and the gate voltage in that region. At a constant magnetic field, by

changing the top-gate voltage and the back-gate voltage, edge states in the adjacent

region can be separately changed. In the unipolar region, the number of electron

(or hole) edge states in the top-gate region is more than that in the back-gated

region or vice-versa. In the bipolar region, electron and hole edge states circulate

in the opposite direction in adjacent regions. Magnitude of four-probe longitudinal

resistance depends on the edge states in the adjacent regions, giving rise to plateaus in

resistance for a given combination of filling factor in the top-gated and the back-gated

regions.

We observed four probe longitudinal resistance as a function of gate voltages at

a magnetic field of 14 T where the Landau levels are well resolved. In our device,

although we have multiple top-gates, we observed plateaus corresponding to equili-

bration for a single top-gate in the unipolar region. In the bipolar region, we observe

resistance plateau corresponding to equilibration for a single to-gate, when there is

one electron and one hole edge state in the adjacent regions. In all other cases in the

bipolar region, resistance value not only depends on the combination of filling factors

but also on the electric field in that region.

In our device, electric field exists at the junction between the top-gated and the

back-gated regions where the amplitude of the superlattice potential varies from max-

imum to minimum. We used finite element method to numerically simulate the elec-

trostatics in our device. The electric field varies periodically with the maximum and

the minimum at the junction between the top-gated and the back-gated regions. The

electric field is higher in the bipolar region compared to the unipolar region.

Electric field modifies the Landau level wavefunction in graphene. The effect of
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electric field on the Landau levels is significant and result in their collapse when

the electric field approaches a critical value equal to magnetic field times the Fermi

velocity (E ∼ vFB). When the electric field approaches this critical value, the Landau

levels come close to each other and the gap between them becomes zero [19]. The

Landau level wavefunction gets modified and the effective magnetic length, which

denotes the spread of the wavefunction, diverges as the electric field becomes of the

same order as the critical value. So, in the bipolar region, where the electric field is

relatively larger, the observed resistance varies with varying electric field.

The modification of Landau levels in graphene with electric field is also observed

in the unipolar region at a lower magnetic field of 3.5 T. The fading of the Shubnikov-

de Haas oscillations with increasing electric field indicates that the Landau levels are

modified with electric field.

Electric field can cause collapse of Landau levels in graphene. There has not been

any theoretical work on the nature of states in graphene after the collapse of Landau

levels. Both theoretical and experimental study in this regime would be a new aspect

to explore.

Another interesting system to explore would be topological insulators which are

gapped in their bulk and have conducting surface state consisting of odd number of

Dirac cones [34]. Effect of magnetic superlattice on the surface of three-dimensional

topological insulators like bismuth selenide has been theoretically studied, and a large

magnetoresistance with a tunable sign has been reported [75]. A magnetic superlattice

can be experimentally fabricated using cobalt instead of palladium, that is used in

our experiments on graphene. Theoretical studies on magnetic barriers in graphene

[76] suggests confining of Dirac electrons [77]. Alternate magnetic barrier and well in

graphene can result in a very narrow transmitted beam, and thus the structure can

be used as magnetic filter [78].

We have experimentally probed the effect of superlattice on monolayer graphene.

The experiments can be readily extended to bilayer and trilayer graphene. Bilayer

graphene is an interesting system where the band gap can be tuned by an applied

electric field. Effect of superlattice on the band structure of bilayer graphene has

been theoretically studied. In the presence of bias, superlattice in bilayer graphene is

viewed as a periodic arrangement of potential “kink” and “anti-kink” giving rise to
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topological one-dimensional modes which can lead to a valley filter [6].
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