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Abstract

The ability to produce few-atoms-thick two-dimensional materials of high quality such

as graphene, transition-metal dichalcogenides and hexagonal boron nitride is a major im-

provement in condensed-matter physics and in nanoelectronics. When thinned down to the

sub-nanometric scale, many layered van der Waals materials exhibit an interesting evolu-

tion of their physical properties and clearly show that multilayers of different thickness truly

represent distinct electronic systems.

The transition metal dichalcogenide semiconductor MoS2 has attracted particular interest

because of its distinctive electronic and optical properties. For instance, in the bulk form,

MoS2 crystals are indirect-gap semiconductors with a band gap of 1.29 eV, but its monolayer

version has a direct band gap of 1.8eV.

Because of the relatively weak interactions between the different layers and the strong

intralayer interactions, the formation of ultrathin crystals of MoS2 by the micromechanical

cleavage technique is actually possible. Early pioneering studies aimed at probing supercon-

ductivity in individual layers of superconducting transition metal dichalcogenides (TMDs)

date back to the 1970s, but only over the last few years the experimental control necessary

to unambiguously identify the thickness of atomically thin layers and the nanofabrication

techniques required to manipulate such flakes have been developed.

Recently, gate-induced superconductivity at the surface of MoS2 and other TMDs has

been demonstrated by the mean of a field-effect transistor structure with a liquid gate. The

relatively high critical temperature and the possibility to obtain chemically stable monolay-

ers by simple exfoliation techniques make it an ideal choice to investigate the gate-induced

superconductivity in such systems.

This breakthrough work was performed on thick exfoliated layers, therefore behaving as

bulk samples and led to the observation of critical temperature values up to 12 K follow-

ing the accumulation of electron surface densities on the order of n2D ' 1014cm−2. Such

unprecedented values were achieved by using ionic liquids, a novel technique (not fully yet

understood), which favors the formation of an an electric double layer at the interface between

the gate and the channel.

Theoretically, superconductivity in MoS2 monolayers has been predicted and atomically

thin crystals have been demonstrated to possess very peculiar and attractive superconducting

characteristics, uncommon to other more conventional materials. MoS2 in its monolayer

form is believed to become for instance an unconventional 2D Ising superconductor and is

thereby very robust against external magnetic fields. The project herein described has been

motivated by such lasts discoveries and aims to report for the first time superconductivity in

MoS2 monolayers.

However, the fabrication of high quality samples is far from being trivial. In order to

perform multi-terminal transport measurements of MoS2, we employed a van der Waals het-

erostructure device platform. Potential sources of disorder and scattering include defects such

as sulfur vacancies in the MoS2 itself as well as extrinsic sources such as charged impurities

and remote optical phonons from oxide dielectrics. To reduce extrinsic scattering, the MoS2

ultra-thin layers are fully encapsulated within hexagonal boron nitride. The bottom one would



serve as a clean and flat surface, whereas the top one would be as thin as possible and would

protect the channel from the ionic liquid gate while preserving its characteristics. As will be

mentioned in this report, various procedures and structures were attempted to approach our

goal.

To investigate the occurrence of superconductivity, we biased the ionic liquid field effect

transistor (FET) by applying a gate voltage Vgate to the ionic liquid before cooling it down

slowly to a temperature around 4K (or lower, depending on the setup employed). Although

we did not transitioned from the metallic state to the superconducting phase in none of

our samples, we report an induced charge carrier density in our devices on the order of

n2D = 1015cm−2. Sheet resistance was minimized to below 50 Ohm/sq and record mobility

values greater than 2000 cm2V −1s−1 were obtained in our samples. We equally report an

on/off ratio on the order of 105 in our MoS2 atomically thin transistors and an ambipolar

behavior, which means both electron and hole transport.

Figure 0.1: Representation of our device (macroscopic top view).
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1 Introduction

This section aims to introduce and contextualize our project. For that, a brief overview of

2D materials will be first provided in order to motivate our work. After that, we will present

globally the device structure, accompanied by a qualitative and general explanation of how our

device operates. We will end this first chapter with a summary of the main results published

recently in the area.

In the next chapters, we will enter in some more details of the physical concepts present in

our work, including the properties of 2D transition metal dichalcogenides. This first chapter

will therefore only deal with a high-level and general explanation of our project and a global

presentation of the topic, and the next chapters will include the details about the physics,

fabrication techniques and measurements.

1.1 Contextualization: 2D materials and van der Waals heterostructures

In 2004, Andre Geim and Konstantin Novoselov at the University of Manchester isolated and

discovered for the first time a new material that would revolutionize science and technology:

graphene [1]. This atomic-scale honeycomb lattice, made of carbon atoms, is the first two-

dimensional atomic material ever obtained and characterized. Graphene is called to be the

starting point for new disruptive technologies across a wide range of fields thanks to its unique

properties. It is the thinnest compound known to man at one atom thick, which gives rise

to a new regime of physics never explored before. Only 6 years later, in 2010, the fathers of

graphene would win the Nobel Prize in Physics “for groundbreaking experiments regarding

the two-dimensional material graphene”.

Figure 1.4: Representation of a graphene sheet.

Graphene is an atomically thin allotrope of carbon. It is flexible, transparent, one million

times thinner than a human hair and can conduct electricity even better than copper. It is

the strongest material and possesses the highest thermal conductivity known to man. The

electronic band structure of graphene has a linear dispersion near the K point, and charge

carriers can be described as massless Dirac fermions, thus providing scientists with a lot of

new physics.

There are several methods for producing graphene. The original method, which is probably

the simplest and one of the most effective techniques to obtain relatively large isolated high-

quality graphene samples is known as the micromechanical cleavage technique, also called the

“Scotch tape method”. It was so simple, cheap and effective that this area of science grew

extremely quickly, and today hundreds of laboratories around the world deal with different
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aspects of graphene research. Approximately ten thousand papers are now being published

every year on a wide range of graphene-related topics! In Europe, for example, graphene

has given rise to the so-called Graphene Flagship, Europe’s biggest ever research initiative.

Launched in 2013, and with a budget of 1 billion Euros, the Graphene Flagship represents a

new form of joint, coordinated research on an unprecedented scale.

Since the first isolation of graphene, a large amount of research has been directed at iso-

lating other 2D materials due to their unusual characteristics, both for fundamental purposes

and for use in applications such as solar cells, transistors, camera sensors, digital screens, and

semiconductors. In this emergent field of research, 2D materials with wide properties have

been discovered [2] and can be combined to form new structures: there exists two dimen-

sional electrical insulators such as hexagonal boron nitride, 2D semiconductors such as the

transition metal dichalcogenides and of course 2D electrical conductors like graphene, among

others. In principle, there exist hundreds of layered materials that could be cleaved easily to

isolate their atomic planes. However, in reality, many 2D crystals imaginable in theory are

unlikely to survive because they would corrode, decompose, segregate, etc: monolayers have

for instance two surfaces and no bulk in between, which represents the extreme case of surface

science. In any case, a visual evaluation and Raman spectroscopy are always (at least) a first

test to check the absence of corrosion or degradation and recover the presence of essential

signatures characteristic of the parent crystal.

Figure 1.5: Classification of the known 2D materials (2013). In blue the monolayers stable at ambient

conditions, in green those probably stable in air and in pink those unstable in air but that might

be stable under inert atmosphere (glovebox) [3].

The research on 2D crystals other than graphene promises to reach the same intensity

as that on graphene. Moreover, another research field has recently emerged and is gaining

momentum: isolated atomic planes can actually be reassembled into designed heterostructures

made layer by layer in a precisely chosen sequence. Such heterostructures, known as “van der

Waals heterostructures”, can reveal unusual properties and new phenomena [3]. The basic

idea is very simple: it consists on stacking different 2D crystals on top of each other, by first

taking, for example, a monolayer, putting it on top of another monolayer or few-layer crystal,

adding another 2D crystal and so on. The resulting stack can behave as a new artificial

material, and the possible combinations are almost limitless. Compared to one-dimensional

materials, it is relatively easy to fabricate complex structures from 2D ones.

The stack is kept together thanks to the van der Waals forces between the layers, whereas

the in-plane stability is guaranteed by the strong covalent bonds of the 2D crystals.

2



Figure 1.6: Building Van der Waals heterostructures is like building a LEGO, with blocks defined by

atomically-thick crystals [3].

1.2 Previous publications that motivated our project

In the last five years, MoS2 thin flakes have been in the eye of the storm and have occupied

a major role in condensed matter physics due to their novel properties. One of them is

superconductivity.

The true initial point and motivation of our project is a paper published in Science in

2012 reporting a superconducting dome in the temperature–carrier density phase diagram of

a 20nm-thick MoS2 flake gated with ionic liquid combined with a solid gate [4]. They observed

(for the first time in a band insulator) a large enhancement in the transition temperature Tc

occurring at optimal doping, spanning the superconducting dome present in other uncon-

ventional superconductors such as the high-Tc cuprates. The choice of the MoS2 was not

genuine: apart from its ease to be obtained, high mobility found in its solid-state transistor

operations suggested that interesting basic physical properties may be revealed by using the

electric double layer (EDL) dielectrics.

The setup employed was very similar to the one we will use for our experiment. They

measured the sheet resistance Rs as a function of temperature T when the device was being

cooled down to 2 K for various ionic liquid gate voltages (Figure 1.17). At low gate biases

(Vionic liquid inferior to 1 V), they observed a negative temperature derivative of Rs corre-

sponding to insulating states. However, dRs/dT increases with Vionic liquid, indicating the

gradual formation of degenerate carriers and enhanced mobility at low temperatures. For

gate voltages greater than 1V, the channel surface showed metallic transport. The enhance-

ment of metallicity continued with further increase of the voltage applied to the ionic liquid,

and superconductivity emerged at Vionic liquid = 4 V. This is, in short, what our project aimed

to obtain for single layer MoS2 devices.

From the Thomas-Fermi screening length for n2D ' 1014cm−2, Iwasa et al. estimated that

the carriers were accumulated in a half of one unit cell, 6.15 Ångström (a monolayer), so took

the liberty to speak about 2D superconductivity (although the flakes were far from behaving

as a monolayer in all aspects). They observed that the superconductivity appeared at n2D =

6.8 ·1013cm−2, then saturated after reaching a maximum Tc = 10.8 K at n2D = 1.2 ·1014cm−2,

followed by a decrease in Tc at larger n2D. This resulted in a dome-like superconducting state

3



(a)

(b)

Figure 1.7: (a) Double-gate device and measurement configuration of ref. [4]. A voltage applied between the

liquid gate and the channel drives either anions or cations onto the channel surface under positive

or negative bias, respectively, as we will also explain for our case. The ions and induced carriers

right beneath form an equivalent capacitance of around 10 µF/cm2, large enough for inducing

electron superconductivity at the interface. Holes superconductivity was not reached, however,

as the n-channel is more pronounced than the p-channel. (b) Sheet resistance vs temperature

for different ionic liquid gate voltages in ref. [4].

(Figure 1.8).

Apart from that, ambipolar transport was demonstrated by the same group in a relatively

thin (10-nm-thick) MoS2 electric double-layer transistor (EDTL) using an ionic liquid as the

gate to reach extremely high carrier concentrations, also on the order of 1 x 1014 cm−2 (ref.

[5]). In this work, Iwasa et al. applied the EDLT technique to a mechanically exfoliated

MoS2 thin flake and succeeded in demonstrating ambipolar operation in MoS2 by observing

hole conductivity in a MoS2 EDLT in addition to the conventional electron transport. This

ambipolar transport indicates that the ionic liquid gating is effective in shifting the Fermi level

to access both the valence and conduction bands [5]. The demonstration of both n- and p-type

transport could be useful for applications like CMOS logic and p–n-junction optoelectronics.

The on/off ratio was greater than 200 in their device, but is much lower than the on/off ratio

of a single-layer device [6].

In fact, early pioneering studies aimed at probing superconductivity in bulk transition

metal dichalcogenides date back to the 1970s [10]. However, only over the last few years

the experimental control necessary to unambiguously identify the thickness of atomically

thin layers and the nanofabrication techniques required to manipulate thin flakes have been

developed.

In addition to the previous results, theoretical calculations predicted that the electron-

phonon interaction in electron-doped MoS2 depends on which valleys of the conduction band

4



(a) (b)

Figure 1.8: (a) Phase diagram showing the evolution of different electronic phases as a function of car-

rier density. We can distinguish three phases: insulating (red), metallic (orange) and a dome-

superconducting phase (blue). (b) Superconducting phase diagram of MoS2 as a function of n2D

measured by Hall effect at 20 K. Tc is defined as the temperature at which Rs reaches 90% of

its normal state value. The different shaped symbols correspond to four different samples. The

doping concentration x was included to unify electrostatically and chemically doped MoS2 in a

single diagram [4].

Figure 1.9: Equivalent circuit of the reference [5], where a 15 nm-thick sample (this means far from a mono-

layer) was employed for the channel. It is composed of contact resistances (RC), in series with

two parallel resistances representing the contribution from channel surface RS (estimated a few

atomic layer thick) and the resistance of the sample under the channel RB . As in our case

(where RB can be assumed as infinite), the sheet conductivity will not be affected by the contact

resistance since a a 4-probe measurement is performed.

are occupied, since the orbital character of electronic states differs substantially in the differ-

ent valleys. When both the K and Γmin valleys are occupied, the electron-phonon coupling

parameter is significant and suggests a superconducting Tc on the order of 20 K, and peaking

at 27 K for an optimal doping electron concentration [7]. In other words: the Tc predicted for

ionic liquid gated MoS2 single layer transistors would be much higher than for thick flake tran-

sistors (not monolayers!) already reported by Iwasa’s group. More details of the theoretical

predictions are given in the second chapter.

5



Figure 1.10: Transfer curve of bulk and 15 nm-thick flake MoS2 electric double layer transistors. The top

figure shows the change in the channel current IDS as a function of gate voltage VG with a

source-drain voltage of 0.2 V. Ambipolar behavior can be observed, due to an increase in the

current when increasing the magnitude of the gate voltage both at positive and negative values.

The bottom figure shows the change of sheet conductivity (measured in a 4-probe configuration,

this means subtracting the contact resistance) vs. VG [5].

Figure 1.11: In other TMDs, such as TaS2, the critical temperature increases when reducing the number of

layers. The devices which show a no null residual resistance are represented in red. The error

bars correspond to the temperatures for 10 and 90 percent of the resistance in the normal state.

The black dashed line has an exponential tendency [8].

1.3 Overview of the project, global explanation and device cross section

We will now present a general and qualitative image of our device. In the next chapters, more

detailed information will be provided. The purpose of this section is to give a global insight

to the reader of the project, so that when we will explain the individual fabrication steps or

when we will focus on a specific component, its contribution to the whole device remains clear

and the working principle of our sample is always kept in mind.

This project aims to fabricate, characterize and measure a nanostructure that could be

6



thought as a transistor, with ionic liquid gating in encapsulated hBN/MoS2/hBN devices.

In principle, a transistor is a semiconductor device used to amplify or switch electronic

signals and electrical power. However, in our case, we will use it to characterize the transport

properties of the semiconducting channel, constituted by a thin layer (monolayer or bilayer)

of MoS2. The electrical conductivity of the channel, together with the type of charge carrier

(only one type dominant), in the semiconductor material, is controlled by an electric field

(field-effect transistor, FET).

Figure 1.12: Device cross section. The gold contacts correspond to the drain and the source terminals. The

gray parts (Si and SiO2) represent the wafer substrate where the device has been fabricated.

In a FET, the conductivity is regulated by a voltage applied to a terminal, called the gate,

which is usually insulated from the device. The gate is therefore a metal, and is separated

from the channel by an insulator. The applied gate voltage generates an electric field, which

attracts or repels charge carriers to or from the region between a source terminal and a drain

terminal made out of gold in our case. The conductivity between the source and drain is

affected by the density (and mobility) of the charge carriers, depending itself on the gate

voltage.

The channel material in a FET is usually a semiconductor and it needs to meet a number

of requirements. First, it must be possible to switch off the device - otherwise it is useless for

digital logic - which means that the semiconductor used to make the channel should, preferably,

have a bandgap of 0.4 eV or more. Second, to obtain high power gain, the drain current should

saturate as the voltage applied across the source and drain electrodes is increased. This is

particularly important for RF transistors. Third, short-channel effects must be suppressed,

otherwise the performance of the transistor will be degraded. It has been shown that short-

channel effects can be reduced if the channel and the gate dielectric (the layer between the

gate electrode and the channel) are very thin. Fourth, and finally, a high carrier mobility in

the channel is needed to increase the switching speed of the transistor [9].

For our particular device, both the gate and the gate dielectric are actually made from the

same material: an ionic liquid. The use of ionic liquid as a gate dielectric induces the creation

of electric double layers with a high electric capacitance, given in a first approximation by:

C =
κAε0
t

.
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The effective thickness of the so-formed EDL t is nanometric, so the resulting capacitance

is very high (although not trivial to estimate), which opens the door to the exploration of

regimes with a high density of charge carriers (n2D ' 1015cm−2). This allows the study of

effects such as ferromagnetism and superconductivity.

The main goal of this project is to apply the electric double layer (EDL) technique to

induce superconductivity in transition metal dichalcogenide monolayers, and concretely in

MoS2 monolayers. We are not a priori interested in building a highly performing MoS2 single

layer transistors, already reported by Kis and coworkers [6].

The use of the EDL technique with ionic liquid is not exempt of issues. Due to their

liquid state, they can induce disorder at the channel, and therefore may favor the presence of

electron puddles, which degrades the mobility of the charges and therefore affects the presence

of correlated states. The ionic liquid can also react with the transition metal dichalcogenide

(TMDC) crystal and the gold contacts. Moreover, when cooled down under the freezing

temperature, they establish tensions over the surface of the devices. All these facts deteriorate

the quality of the devices where such gates are used. In order to prevent these problems, we

propose in this project the use of a thin hBN layer (monolayer, bilayer or trilayer) as a way

to protect the electronic transference channel, and simultaneously do not perturb the high

capacitance of the EDL due to its subnanometric thickness.

Even though there already exist previous pioneering works realized with TMDCs where

the use of ionic liquid is capable to induce superconductivity in polycrystalline samples or in

the surface of thick flakes of some semiconductor systems, these have never been obtained in

subnanometric thickness sheets (at least until 2016, see next section...).

The MoS2 thin layer is encapsulated between an hbN thin layer (top) and a thick (between

30 and 50 nm), flat and inert hBN bottom layer, where the gold contacts (drain, source ans

6 electrodes for measuring voltages) are embedded. The bottom structure is first fabricated

(see Figure 1.13), and then the MoS2 channel and the hBN top layer are transferred on top

of it, with a technique we will later specify.

Figure 1.13: Optical image of the flat gold bottom contacts, embedded in an hBN 40nm-flake. The MoS2

thin flake will be transferred on top of these contacts. Scale bar: the distance between drain

and source is 5 microns. Magnification 1000x.

After that, the whole sample is covered by resist, except the channel and the contacts.

This double layer of resist will act as a protection for the device from the ionic liquid, and

will also act as a cushion when the ionic liquid will freeze and create tensions on the sample.
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Figure 1.14: Global design of our device. More details will be provided in chapter 3.

Then, the chip is placed on a chip carrier and wire-bonded. The last step of fabrication

consists on precisely depositing the ionic liquid on top of the channel, and the device is now

ready to be measured!

The measurement process will imply the use of cryogenic measurement set ups for the

motorization at very low temperature with and without the presence of magnetic field.

Previous samples have already been fabricated and measured in our group without the top

hBN thin layer, but no superconductivity has been observed (Figure 1.15). The introduction

of an hBN thin layer to avoid the issues described above has never been tested before in

such samples, and is expected to increase the quality of the devices. Further changes in the

structure will also be considered during in this report.

Figure 1.15: Device cross section without the hBN monolayer.

The project is carried out at the Pablo Jarillo-Herrero’s group, belonging to the Physics

department at the Massachusetts Institute of Technology. The fabrication of the samples and

measurements was carried out at the Pablo Jarillo-Herrero’s laboratories mainly. Some steps

of fabrication and analysis were be carried out at the Center for Nanoscale Systems, including
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the clean room (Harvard), the MTL facilities, the Organic and Nanostructured Electronics

Laboratory (prof. Vladimir Bulovic) and prof. Jing Kong’s laboratories (MIT).

1.4 Recent relevant results in the field (2015-2016)

Transition metal dichalcogenides have been widely studied around the 60’s and 70’s. In 1973,

by intercalating single crystals of MoS2 with the alkali group of metals, superconductivity was

already obtained in Li0.4MoS2, reporting a critical temperature of 6.3K [10].

The topic of superconductivity in TMDs, and more widely in 2D materials, revived and

boomed in 2012 with the publication of ref. [4]. Since then, many papers involving ionic liquid

gating and/or superconductivity in TMDs have appeared in the most prestigious journals.

Ionic liquid gating with MoS2 has been a particularly hot topic this year, where various

relevant papers have settled the mechanism of 2D superconductivity, both experimentally

and theoretically.

In November 2015, ref. [12] reported evidence for two-dimensional Ising superconductivity

in gated MoS2. Cooper pairs are pairs of electrons responsible for the exotic properties of

superconductors, composed of the two electrons with spins typically pointing in opposite di-

rections. A strong-enough external magnetic field will destroy superconductivity, for instance

by making the spins point in the same direction. In 2D materials, when the orbital effect

is weakened or eliminated, the critical field (in a type 2 superconductor) Bc2 is determined

by the interaction between the magnetic field and the spin degree of freedom of the Cooper

pairs. Lu and coworkers’ work shows that two-dimensional superconductors, such as MoS2,

can circumvent the negative effects of an in-plane magnetic field on Cooper pairs’ spin. In

order to induce superconductivity in the MoS2 flake, a transistor similar to the one used in

our study, with two gates (a solid-state gate and a liquid gate), was used.

As reported in ref. [12], the in-plane inversion symmetry breaking in a MoS2 monolayer

(in-plane inversion symmetry is broken in an individual MoS2 layer, but global inversion

symmetry is restored in bulk after stacking) can induce spin orbit coupling, manifested as a

Zeeman-like effective magnetic field of a huge value (around 100 T, which easily exceeds the

limits of the world’s largest magnet laboratories) and takes opposite directions in opposite

corners of the hexagonal Brillouin zone. In the monolayer, the electrons are under the effect

of an out-of-plane spin–orbit field (see Figure 1.16) that is much stronger than the in-plane

applied magnetic field, locking the spin out of plane and pairing electrons located at K and

K’ points. This favors the formation of Cooper pairs between electrons of opposite valleys

with opposite spin polarizations, leading to a large in-plane Bc2. It therefore prevents the

alignment of the spin to in-plane magnetic fields and hence protects the superconducting

state. The resulting material is called an Ising superconductor, where the spins of electrons

in the Cooper pairs are strongly pinned by this effective Zeeman field in an Ising-like fashion.

The gating-enhanced Bc2 is more than an order of magnitude larger in the monolayer than

it is in the bulk superconducting phases, where the effective Zeeman field is weakened by

interlayer coupling.

After analyzing the data, Lu et al. tried to fit them with various models. In particular,

their curves were fitted with the 2D Tinkham formula and the 3D anisotropic Ginzburg-

Landau model. When the angle between the magnetic field and the MoS2 surface was greater

than 1 degree, the data were consistent with both models. However, for small angles, their
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results can only be explained with a 2D model, confirming that the system really exhibits 2D

superconductivity.

It is worth mentioning that in this paper, the authors speak about 2D superconductivity

but are using thick MoS2 flakes. The reason is that their theoretical calculations indicate that

the n2D of individual layers decays exponentially from the channel surface, and the n2D of

the second-to-outermost layer is reduced by almost 90% in comparison with the outermost

layer. Following this logic, if superconductivity is induced close to the quantum critical point

(the lowest n2D when superconductivity arises), then the second layer is not even metallic,

in such a way that the outermost layer is well isolated by gating, mimicking a freestanding

monolayer.

Figure 1.16: Figure from the News and Views published in Nat. Physics by Efrén Navarro-Moratalla and

Pablo Jarillo-Herrero [15]. The effective Zeeman field (green arrow) strongly locks the spin of

the electron to the out-of-plane orientation. The resulting cooper pair electrons are represented

by gray-colored spheres and their spin by perpendicular red arrows.

At the same time, in November and December 2015, two papers following the same trend

as the previous one appeared simultaneously in Nat. Physics showing that the 2D supercon-

ducting state observed in both NbSe2 and MoS2 ([13], [14]) display the same unusual signature

upon applying an external magnetic field (the superconductivity is protected from an external

magnetic field by an effective Zeeman field locking the spins of the cooper pairs). More con-

cretely, what the researchers found is that it takes a extremely high in-plane magnetic field

to break the superconductivity in single-layer superconducting metal dichalcogenides: more

than 30 T for NbSe2 and over 50 T for gated MoS2. The news and views corresponding to

these reports was written by Navarro-Moratalla and Pablo Jarillo-Herrero, the two advisors

of this project [15].

The paper studying MoS2 is authored by Iwasa and entitled Superconductivity protected

by spin–valley locking in ion-gated MoS2 [13]. Again, electric-field-induced superconductivity

is studied in MoS2 by using an electric-double-layer transistor configuration, which creates

a high-density two-dimensional electron system on the surface without introducing extrinsic
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disorder. One more time, they employed a 20-nm thick MoS2 flake, not a real MoS2 mono-

layer (and therefore not overlapping with our project)! In their samples, the superconducting

state was completely quenched at 9T for perpendicular magnetic fields, but remained almost

unchanged in the in-plane magnetic field geometry, indicating a substantially large anisotropy

in the superconductivity. They even found that for the in-plane magnetic fields, the supercon-

ductivity is not completely suppressed, nor does it revert to the normal state even on applying

a 55T magnetic field at 1.5K, much larger (fore than 4 times) than the critical field predicted

by the BCS theory.

Also in this case, the cusp-like peak in the representation of the critical magnetic field vs

the angle between the magnetic field and the direction perpendicular to the surface of MoS2

is well fitted by a 2D Tinkham model. In addition to that, the dependence of Hc2 on the

temperature for both the out-of-plane and in-plane magnetic fields can be modeled by the

phenomenological 2D Ginzburg–Landau formulation, demonstrating that the system is 2D in

nature [13].

Once again, in this paper, they equally suggest that under the application of a strong

electric field, a high-density two-dimensional electron system is created at the surface of

MoS2. Even though their system is not an effective monolayer, they claim that this results

in the formation of an accumulation layer, which is effectively confined within the topmost

MoS2 layer. That way, they could have an effective non-centrosymmetric quasi-single-layer

superconductivity with many new interesting properties, such as, when a positive gate voltage

is switched on, the conduction band minimum shifts to the +
−K points, in contrast with bulk

MoS2. In this situation, the induced 2D superconductivity in MoS2 is expected to be solely

mediated by the +
−K valleys, and thus the most likely ground state of the Cooper pair should

be the inter-valley pairing between the +K and -K valleys to maintain zero momentum for

the center-of-mass of the Cooper pairs [13], reaching the same conclusion as in ref. [12].

To sum up, the authors claim that the characteristics of the band structure found in ionic

liquid gated MoS2 thick flakes appear qualitatively equivalent to those in the monolayer MoS2

derived theoretically (from a tight-binding method and a k·p model). They even generalize

this idea stating that multilayer TMDs under a strong electric field can effectively behave as

monolayers.

Among all the very recent papers about 2D superconductivity or ionic liquid gating in

TMDs heterostructures, the one that most directly affects our work is entitled Gate-induced

superconductivity in atomically thin MoS2 crystals [16]. In this paper, the authors explore

the evolution of gate-induced superconductivity in exfoliated MoS2 flakes ranging from bulk-

like to individual monolayers. For the first time, the authors demonstrated gate-induced

superconductivity in atomically thin MoS2 layers. This is actually the greatest contribution

of this paper. Said in other words: this was exactly the ultimate goal of our project. This

paper is therefore one of the main reasons we decided to end this project before achieving all

the objectives we were targeting.

In this paper, Costanzo and coworkers explored the thickness dependence of gate-induced

superconductivity in MoS2 multilayers with thickness ranging from six monolayers to one

monolayer, and characterized the superconducting state by measuring the critical temperature

Tc and magnetic field Bc in various devices.

In contrast to the thicker devices, where a superconducting state was obtained using
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any pair of measuring electrode contacts, for the monolayer device the superconductivity was

obtained using only 1 pair of contacts among all the possible combinations, and only in 1 device

out of 6 successfully cooled down devices (Figure 4.98). In the majority of cases for Morpurgo

(and in all the cases for our work), monolayer devices exhibited metallic behavior without

a transition to a superconducting state. Therefore, a certain component of randomness and

luck are clearly present in this experiment.

However, the data reported in this paper are very noisy, probably due to the intrinsic

roughness of the SiO2 substrate where the MoS2 flakes lie. In our project, we encapsulated

the MoS2 thin flakes between an hBN flat and inert substrate and an hBN monolayer to

preserve its quality and obtain neater data. For graphene, it is well known that the electronic

properties of SiO2 are not ideal because of the high roughness and trapped charges in the

oxide. These impurity-induced charge traps tend to cause the graphene to electronically

break up into electron- and hole-doped regions at low charge density, which both limit device

performance. Our fabrication process was therefore much more complicated than Morporgo’s

one, but finally the “mass production” of devices of Morpurgo led to the desired result in

their case, whereas we did not obtain superconductivity with a much more limited number of

devices.

(a)

(b)

Figure 1.17: (a) Schematic illustration of ionic-liquid-gated FETs employed in ref. [16] under electron accu-

mulation. (b) Evolution of the superconductivity in MoS2 as a function of the thickness [16].

The detailed interpretation of these graphics will be provided all along this report.

Apart form that, and contrary to the predictions of theoretical papers (that confused us in

a certain way), the reported critical temperature for a monolayer device is significantly lower

than for thicker flakes (around 2K), and the critical magnetic field at which the superconduc-

tivity disappears is also much smaller for the monolayer (0.1T approx.) with respect to a 6

layers flake for example (5-10 T).

The two main conclusions of Morpurgo’s paper are therefore first that gate-induced su-

perconductivity in MoS2 persists down to the level of individual monolayers, and second that

the gate-induced superconducting state in monolayers is weaker than in thicker multilayers, in

contrast to the theoretical predictions. One may wonder if such a deviation arises because the
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charge density per layer is different in monolayers than in thicker devices, as in monolayers

the density per layer is approximately twice as large as in thicker multilayers (in the latter the

charge penetrates over the electrostatic screening length, which corresponds approximately

to the thickness of two layers according to this paper and their parameters). However, even

considering the density per layer, the discrepancy is not solved: following this reasoning,

the maximum Tc for monolayers should be half of the maximum Tc actually obtained. An-

other possible explanation, claiming that electrostatic screening becomes poorer and Coulomb

repulsion gains in intensity, is also proposed in this reference.

In conclusion, ref [16] experimentally shows the main assumption of our own work: MoS2

multilayers of different thickness are in all cases distinct electronic systems. It is not a priori

correct to study the properties of electrons accumulated at the surface of thick MoS2 crystals in

terms of models appropriate for monolayers simply because at high electronic surface densities

a large fraction of the carriers are accumulated in the top monolayer. Actually, the behavior of

monolayers is very different from the one of the surface of thicker crystals, and direct analogies

should not be built as proposed so many times up to date.

14



2 Physical background

This section aims to introduce the basic concepts involved in our project, together with the

main ingredients present in our device, their characteristics and their role.

An overview of the device structure, accompanied by a qualitative and general explanation,

has already been provided in the previous chapter and will be considered as know by the reader.

We will here introduce the novel electronic and optoelectronic properties of two-dimensional

transition metal dichalcogenides, and in particular, MoS2. We will then center our attention

in another Van der Walls material with very attractive properties and commonly used for

heterostructures, hexagonal Boron Nitride, which plays a crucial role for our project where

two nanosheets are required with very different purposes. After that, we will mention why

such an exotic gating involving ionic liquid is required, its pros and cons. Finally, we will end

this section with a theoretical analysis of two dimensional induced superconductivity.

2.1 Properties of 2-dimensional molybdenum disulfide and other transition

metal dichalcogenides

The discovery of graphene (in 2004) shows how new physical properties of matter can appear

when a bulk crystal is thinned down to a few or even one atomic layer. TMDC bulk crystals

are formed of monolayers bound to each other by Van-der-Waals attraction, such as graphene.

Three dimensional TMDs display a wide range of important properties such as semiconduc-

tivity, half-metallic magnetism, superconductivity, or charge density wave, as well as having

applications in various areas including lubrication, catalysis, supercapacitors, and rechargeable

battery systems. They are also important for hydrodesulfurization catalyst used to remove

sulfur compounds from oil, and for hydrogen evolution. Because of their strong absorption in

the solar spectral region, some of them, like bulk MoS2, have also attracted interest for their

use in photovoltaic and photocatalytic materials. Transition metal chalcogenides are highly

covalent, not ionic, as indicated by their semiconducting properties.

They have strong in-plane bonding (bonding between the metal and chalcogenide ligands)

and weak out-of-plane interactions (chalcogenide-chalcogenide bonding between the layers)

enabling exfoliation into two-dimensional layers of single unit cell thickness. However, TMDC

monolayers have properties which differ from graphene ones. For example, pristine graphene

lacks a bandgap, so FETs made from graphene cannot be effectively switched off and have

low on/off switching ratios. However, 2D TMDCs possess sizable bandgaps around 1–2 eV,

close to the bandgap of Si, with promising interest in new FET and optoelectronic devices.

Molybdenum disulfide, the subject of many thousand publications, is the main ore of

molybdenum where it is called molybdenite. The great interest in MoS2’s electronic prop-

erties boomed with the realization of a field-effect transistor with a single, two-dimensional

layer of the semiconductor MoS2 as a conductive channel and HfO2 as a gate insulator, so the

conductive channel in this case was only 6.5 A thick [6]. This transistor exhibited a room-

temperature current on/off ratio exceeding 108 and mobility of around 200 cm2V −1s−1. The

authors of this paper predicted that such a transistor could form the backbone of future elec-

tronics based on layered materials in which MoS2 transistors could be fabricated on insulating

boron nitride substrates, and this first monolayer MoS2 transistor could provide an important

step towards the realization of electronics and low-standby-power integrated circuits based on
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Figure 2.18: About 40 different layered TMD compounds exist. The transition metals and the three chalcogen

elements that predominantly crystallize in those layered structure are highlighted in the periodic

table. Group 4–7 TMDs are predominantly layered, whereas some of group 8–10 TMDs are

commonly found in non-layered structures. The partial highlights for Co, Rh, Ir and Ni indicate

that only some of the dichalcogenides form layered structures. Picture from [17].

(a) (b)

Figure 2.19: (a) Structure of a transition metal dichalcogenide monolayer. TMDCs are a class of materials

with the formula MX2, where M is a transition metal element from group IV, V or VI, and X is a

chalcogen [18]. (b) Ball-and-stick model of a 2H-MoS2 single crystal. Its structure is composed

of stacks of layers separated by Van de Waals gaps, and each layer is formed by covalent bonds

(green sticks) between molybdenum (blue) and sulfur (red) atoms [5].

two-dimensional materials.

Effectively, as we all know, one of the most important applications of semiconductors is for

transistors in digital electronics. In the past decades, the progress in the area has been driven

by scaling transistors to smaller and smaller dimensions, following Moore’s law. Currently,

Intel processors have silicon-based MoSFETs with feature lengths of 14 nm. Subsequent re-

ductions in scale will soon approach limits due to statistical and quantum effects and difficulty

with heat dissipation. For the next generation of electronics, flexibility and transparency are

equally desirable characteristics. TMDCs ultrathin materials have attracted the attention

of researchers, with tunable bandgaps that can be made into FETs with high on/off ratios.

MoS2 monolayers offer for instance an important advantage compared with 3D materials:

their nanometric thickness, which allows a more efficient control for switching and can help

to reduce short-channel effects and power dissipation, the main limiting factors to transistor

miniaturization [18]. Recently, electronic circuits based on 2D TMDs transistors capable of

performing logic operations have even been reported.

In various semiconducting TMDCs, there is a transition from an indirect bandgap in
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Figure 2.20: Schematics of the three different structural polytypes for TMDs: 2H (hexagonal symmetry, two

layers per repeat unit, trigonal prismatic coordination), 3R (rhombohedral symmetry, three

layers per repeat unit, trigonal prismatic coordination) and 1T (tetragonal symmetry, one layer

per repeat unit, octahedral coordination). For our project, we are interested in 2H MoS2

crystals. The lattice constants a are in the range 3.1 to 3.7 Ångström for different materials.

The stacking index c indicates the number of layers in each stacking order, and the interlayer

spacing is around 6.5 Ångström [18].

the bulk to a direct gap in the monolayer [20]. This makes them interesting in optics as

emitters and detectors, for instance, where the limits of the potential of graphene are already

foreseen. Optoelectronic applications are also highly promising, using them as photodetectors

and electro luminescent devices, among many others. In the case of MoS2, the bulk indirect

bandgap of 1.3 eV increases to a direct bandgap of 1.8 eV when thinned down to its single-layer

form.

The emergence of photoluminescence in ultrathin layers of MoS2 was reported in 2010

[19, 21]. They found that MoS2 photoluminescence, surprisingly, increases with decreasing

layer thickness, and that luminescence from a monolayer is the strongest while it is absent in

bulk material. This unusual luminescence behavior not only confirms that MoS2 is an indirect

bandgap material in its bulk form and becomes a direct bandgap semiconductor when thinned

to a monolayer, but also offers a unique characterization technique for MoS2 monolayers.

Further interest in monolayer MoS2 is due to the broken centrosymmetry that allows effi-

cient spin and valley polarization (not seen in bilayer MoS2) by optical pumping. Effectively,

an important distinction of TMDs from graphene is that they have a strong spin-orbit cou-

pling originating from the d orbitals of the metal atoms. Because of this broken inversion

symmetry, spin-orbit interactions split the valence bands, thus implying that in monolayer

MoS2, the valley and spin of the valence bands are inherently coupled. Therefore, these 2D

systems can be an interesting platform for valleytronics and spintronics applications [24].

Many TMDCs have band structures that are similar in their general features. In general,

MoX2 and WX2 compounds are semiconducting whereas NbX2 and TaX2 are metallic.

Apart from exfoliation, there are other ways to produce these 2D materials, such as CVD,

surface segregation, van der Waals epitaxy, and chemical reaction. Howeer, a method for the

large-scale growth of continuous single- and few-layer prototypes of these 2D materials is still

not currently available. Thus, one of the main challenges now that will strengthen (or weaken)

the future of TMDs, offering novel and exciting opportunities for semiconductor industries,
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Figure 2.21: Calculated band structures of bulk and monolayer MoS2. The electronic and optoelectronic

properties of MoS2 strongly depend on its thickness; at the Γ-point (center of the Brillouin

zone), the bandgap transition is indirect for the bulk material, but gradually shifts to be direct

for the monolayer. The horizontal dashed line indicates the Fermi level. [18].

is to make these graphene-like 2D materials with predefined numbers of layers and with large

areas [24].

2.2 Boron Nitride

Boron nitride (BN) is a group III–V compound semiconductor composed of boron and nitrogen

atoms, which occupy the first period of groups III and V in the periodic table.

The hexagonal form corresponding to graphite is the most stable and soft among BN

polymorphs. Apart from research purposes, it is used as a lubricant and an additive to

cosmetic products, among other miscellaneous applications. Currently h-BN is used by nearly

all leading producers of cosmetic products for foundations, make-up, eye shadows, blushers,

kohl pencils, lipsticks and other skincare products [22]. It has also been widely used as an

electrical insulator and heat-resistant material for many years.

Hexagonal boron nitride has a similar structural than graphene, with equal numbers of

boron and nitrogen atoms. Sheets of h-BN are composed of alternating boron and nitrogen

atoms in a honeycomb arrangement consisting of sp2-bonded 2D layers as can be seen in

Figure 2.23.

An important stimulus for the area of 2D materials was the research made by Dean and

coworkers, who showed that the field-effect mobility of graphene transistors built on exfoliated

h-BN and gated by a thin top h-BN dielectric layer have a comparable mobility to suspended

graphene (many other substrates, including pyrolytic hBN, were unsuccessfully tried before).

Previous efforts had been made to reduce the disorder by suspending graphene, leading to fab-

rication challenges and delicate devices which make local spectroscopic measurements difficult.

Dean’s observation is due to an ultraflat (in contrast to the nanometric intrinsic roughness of

typical SiO2 substrates) and charged impurity-free h-BN surface [23]. This paper attracted

attention to hBN as a substrate and initiated the development of transfer techniques essential

for the van der Waals heterostructures.

The next logical step was encapsulation, where thin hBN crystals served not only as the
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(a)

(b)

Figure 2.22: (a) Structure of hBN layers [24]. (b) Cartoon image of a single piece of graphene supported

by a SiO2 substrate (left) and a flat hBN multilayer (right). The corrugations, dangling bonds

(inside dashed circle) and charge inhomogeneities that are inherent to SiO2 surfaces can reduce

the mobility of graphene [25]. We assumed for this project that MoS2 on hBN and SiO2 would

behave similarly to graphene.

substrate but also as a protective cover for graphene. Encapsulation has proved its worth

by enabling devices with consistently high quality that do not deteriorate under ambient

conditions [3].

Hexagonal boron nitride is a wide bandgap semiconductor. Despite the growing interest on

hBN, the nature of its bandgap nature has only been resolved recently, reporting an indirect

bandgap at 5.955 eV by means of optical spectroscopy [26].

Two dimensional h-BN sheets are attracting every time greater attention thanks to their

similar lattice constant to graphene and the same hexagonal structure, which offer one of

the best and most advanced platforms for future electronics by enhancing the graphene -and

with our project, extending that to two-dimensional TMDs- stability and quality. Hexagonal

boron nitride layers, with an absence of pinholes and defects, and a high breakdown field, are

therefore suitable for use in ultrathin insulators like in our case and gate dielectrics.

As a matter of fact, we can mention that nanotubes of BN can be produced and have a

structure similar to that of carbon nanotubes, with great interest in nanotechnology. Com-

pared with metallic or semiconducting carbon nanotubes, BN nanotubes (BNNT) are electri-

cal insulators with a band gap of around 5 eV, basically independent of tube geometry. In

addition, BNNTs possess a high chemical stability, excellent mechanical properties, and high

thermal conductivity [27].

Another characteristic of hBN that deserves being pointed out is its chemical and thermal

stability, together with its intrinsic insulation; but at the same time are thermally conductive

and mechanically robust.

The synthesis of hBN is not trivial at all. There are various possible methods for synthe-

sizing hBN crystals, but only a few can produce high quality flakes. Despite the fact we have a

growth crystal laboratory in our group, all the hBN crystals we use come from a collaboration

with Taniguchi and Watanabe, from Japan. They synthesize high-purity boron nitride single
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(a)

(b)

Figure 2.23: STM topography images of monolayer graphene on different substrates in a 100nm by 100nm

area. These local spectroscopy measurements demonstrated that the electron–hole charge fluctu-

ations for graphene on hBN are reduced by two orders of magnitude as compared with graphene

on silicon oxide, so that charge fluctuations are as small as in suspended graphene. (a) STM

topographic image of monolayer graphene on hBN showing the underlying surface corrugations

(roughness around 30 pm). (b) STM topographic image of monolayer graphene on SiO2 showing

markedly increased corrugations (roughness around 220 pm) [28].

crystals under high pressure (4.5 GPa) and high temperature (1500 C) by using barium boron

nitride as a solvent [29]. The temperature gradient method is the one used for the growth

experiments.

Figure 2.24: Picture of an hBN single crystal [29].

As previously mentioned, in our device, we are using two hBN flakes. The bottom one

is relatively thick (30-50 nm), and is used as a flat and inert substrate. The top hBN flake

is very thin, between a monolayer and a trilayer, and is used to protect the channel from

the ionic liquid. To use a thin hBN layer between the ionic liquid and the channel may

appear as a crazy idea at first glance, but is a quite common technique, actually. Goldhaber-

Gordon’s group, at Stanford, has even reported recently a high-mobility electronic system at

an electrolyte-gated oxide surface protected by an hBN thin flake [30]. In their case, they

require the electrolyte gating in order to achieve large carrier densities at a surface. However,

their samples are very sensitive and electrochemical reactions can damage or alter them, and

the ions of the electrolyte and various dissolved contaminants sit only a few Angstroms from

the electron system (inducing disorder in the electronic system).They demonstrated rigorously

this technique with electrolyte-gated strontium titanate, whose mobility when protected with
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boron nitride improves more than 10-fold while achieving carrier densities near 1014 cm−2.

2.3 Ionic liquid gating

Chemical doping methods usually use atomic substitution or off-stoichiometry control and are

versatile, but inevitably introduce randomly distributed charged impurities which strongly

scatter charge carriers. An alternative cleaner route is electrostatic doping using a field effect

transistor. Conventional gates, however, are not able to dope the host materials with a

sufficient number of carriers. Effectively, the maximum applied voltage is determined by the

dielectric breakdown field, beyond which the resistance of the dielectric sharply drops, shorting

the metal electrode to the channel. For a typical high-quality dielectric, the breakdown field

limits the accumulated carrier density to around 1013 cm−2 [30].

Using electric double layer structure is therefore considered to improve the device prop-

erties more drastically because an electric double layer transistor can accumulate carriers up

to 2 orders of magnitude higher than that of conventional FETs (using solid state dielectrics,

for instance, 300 nm SiO2). Recently, ionic liquids, also called room-temperature molten

salts, turned out to be useful materials as a gate dielectric [31]. They circumvent dielectric

breakdown by eliminating the metal/dielectric interface.

Ionic liquids consist of only positive and negative ions of organic molecules and no solvent

is needed unlike electrolytes. The Coulomb interaction in ionic liquids is weak because of the

large sizes of the ions, making the solid phase unstable. Ionic liquids have attractive properties

such as high dielectric constants, high chemical stability, and low vapor pressure [32].

For our experiment, a droplet of a dehydrated ionic liquid called DEME-TFSI (N,N-

diethyl-Nmethyl-N-(2-methoxyethyl) ammonium bis (trifluoromethylsulfonyl) imide, one of

the most widely used ionic liquid in such studies), was employed between the device and a

gate electrode. It forms an extremely thin electric double layer (EDL) at the interface and

hence has an extremely high dielectric constant [33]. The capacitance can be estimated for

example computing dn2D/dVg and is usually on the order of various µF/cm2 depending on

the system studied. For comparison, silicon has a capacitance on the order of 0.01 µF/cm2,

and HfO2, a high-k dielectric, a capacitance lower than 0.5 µF/cm2.

Figure 2.25: The ionic liquid used in our experiment is obtained from the organic salt DEME-TFSI.

The field gating is not a simple, linear process. It is actually not yet well understood.

Theoretical studies using a simple model have for instance indicated that the EDL at the

ionic liquid-metal interface involve image charges and thus effectively become thinner than

the sizes of the constituent ions [32].
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The capacitance of an EDL has been studied for graphene more intensively, where high

carrier density has not been achieved even with ionic-liquid gates because the EDL capacitance

CEDL between the ionic liquid and graphene involves the series connection of geometrical

capacitance Cg and the quantum capacitance Cq, which is proportional to the density of

states. Depending on the thickness of the graphene flake, CEDL is either governed by Cq if

the number of layers is less than 4 or by Cg otherwise [34]. However, this phenomenon has

not been studied for MoS2, and in this report we will not study the influence of the different

capacitances involved in the global CEDL. We will simply mention that the total capacitance

per unit area is actually not given exactly by an expression as simple as C = εε0/t (although

for qualitative purposes we will assume it), corresponding to the geometrical capacitance. In

this paper, the geometrical capacitance of the ionic liquid was estimated to be around 9.7 µF

cm−2 by extrapolating the measured capacitance at 20 Hz - 100 kHz to 0 Hz, in accordance

with other studies involving ionic liquid in TMDs. This value corresponds to an effective

thickness of 0.6 nm, assuming that εIL = 7. In other references, the effective thickness of the

capacitor with MoS2 is said to be around 1nm [12], so in relative agreement with the previous

result.

When a gate voltage is applied, the ions of the ionic liquid can freely migrate. In 1853,

Helmholtz showed that an electrical double layer is essentially a molecular dielectric and

stores charge electrostatically. The polarized state can be frozen by reducing the temperature

(the glass transition takes place at around 170K for our ionic liquid, when the ionic liquid

freezes), allowing to study the superconducting state of MoS2. EDL transistors are a versatile

tool to induce electronic phase transitions by electrostatic charge accumulation in selected

materials, and provides new routes in the search for superconductors beyond those synthesized

by traditional chemical methods [35], [36].

(a)

(b)

Figure 2.26: (a) Schematic of an EDL, resulting in a negatively charged solid. The top layer is composed

of ions attracted to the surface charge via the coulomb force, and is loosely associated with

the object. It is made of free ions that move in the fluid. Figure from ref. [37]. (b) Global

schematic of charge accumulation by an EDL formed at an interface between a liquid and solid,

and a magnified view of the interface between the semiconductor and the ionic liquid. The EDL

is estimated to have a sub nanometer thickness [35].

It is well-known that the performance of ionic liquids is very sensitive to the presence of
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moisture, which prevents the reversible and reliable operation of the devices. Any exposure to

air can be detrimental, and a controlled Ar atmosphere (glovebox) is highly recommended. In

our experiment, in order to remove the possibility of a chemical reaction induced by residual

water molecules, we degased the ionic liquid and performed all of the measurements under

high vacuum.

To the date, superconductivity has been found in many TMDs and systematic study in

MoSe2, MoTe2 and WS2 by ionic gating in different regimes has been reported [38]. The

model of a TMD thin-flake EDLT is relatively simple, and can be considered as a contact

heterostructure between a semiconductor and an electrolyte (i.e., the IL) as can be seen in

Figure 2.27. When put in contact, the redox potential of the ionic liquid aligns with the Fermi

energy of the semiconductor. The space charge layer in the semiconductor has an associated

electric field represented by band bending.

Figure 2.27: Schematic energy-level diagrams before (left) and after (right) making the IL/TMD interface.

The right diagram corresponds to aligned energy levels at the IL/TMD interface. The vacuum

level (VL), redox potential (Eredox), conduction band (Ec), valence band (Ev), Fermi energy

(EF ), and work function (ΦTMD) are included in the diagrams. Figure adapted from [38].

2.4 Theoretical calculations and predictions

Superconductivity is a physical phenomenon characterized by an exactly zero resistance to

an electric current and the expulsion of magnetic fields (Meissner effect). It occurs in certain

materials when cooled down below a certain characteristic temperature, called the critical

temperature. In the past century, many scientists and engineers studied superconducting

phenomena, leading to various Nobel Prizes directly related to this field (1913, 1962, 1972,

1973, 1978, 1987, 1996, and 2003).

In normal metals, the resistivity decreases when decreasing temperature. In ordinary

conductors, this decrease is limited by impurities and defects, and even at zero temperature,

a real sample still would show some resistance. In superconductors, however, the resistance

drops to zero abruptly when cooled below their critical temperature. Superconductors are

also able to maintain a current with no applied voltage. For a fixed temperature below Tc,

superconductors cease to have zero resistance when an applied magnetic field greater than

the critical field is applied.

How does this phenomenon really works is complex, but we can try to give a cartoon

picture for conventional superconductors. In these materials, the electronic fluid cannot be

resolved into individual electrons. Instead, it consists of paired electrons called Cooper pairs
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and behaving as a boson with energy lower than the sum of the individual energies of the

two electrons (thus satisfying Bose-Einstein statistics, and not obeying the Pauli exclusion

principle). Cooper pairs have therefore a spin equals to zero, and are condensed in a single

quantum state, manifested as a superfluid of Cooper pairs which flow without energy dissipa-

tion. This pairing is caused by an attractive force between the electrons interacting through

the exchange of phonons, opposing the Coulomb interaction.

As already insinuated when presenting the recent results in the field, superconducting

2D materials present a new and increasing interest to the physics community. In particular,

superconducting nanosheets of 2D TMDs have shown a multitude of new aspects in which

superconductivity does not manifest in the same way than in other more conventional materi-

als: Ising superconductivity, exponentiation of the critical temperature and non-conventional

quantum states. Among these materials, MoS2 has occupied a major role.

Theoretical papers investigated the electron-phonon interaction in electron-doped MoS2

using first-principles calculations. These results qualitatively agree with the experiments per-

formed in ref. [4] reporting a dome-shaped superconducting region in the temperature versus

doping plane of the phase diagram. It was observed in Raman spectroscopy measurements

performed on electrostatically doped MoS2 monolayers that the A1G mode softens and broad-

ens with doping (attributed to a strong coupling of the mode to electronic states at the bottom

of the conduction band). This is an indication of a strong electron-phonon interaction, and

together with the superconducting phases observed in thicker MoS2 flakes, motivated the au-

thors of ref. [7] to study possible induced phonon-mediated superconductivity in MoS2 single

layers.

The flakes of the experiment in ref. [4] are not atomically thin, but it is claimed that the

carriers are concentrated in the top layer(s), as previously mentioned. For carrier densities

below a certain value (reported to be n2d = 6 × 1014 cm−2), no superconducting transition

was observed (down to 2 K). However, above this doping concentration, the superconducting

Tc rises sharply, reaching a maximum of about 11 K, and then the superconducting phase line

turns over. The authors of ref. [7] used DFT calculations to study the electronic and vibra-

tional properties of n-doped single-layer MoS2 to explore the possibility of phonon-mediated

superconductivity in a true monolayer. For that, they investigated the electron-phonon cou-

pling strength as a function of doping, and derived that the onset of superconductivity occurs

at a low (but nonzero electron concentration), and also obtained a turnaround in Tc at a cer-

tain doping concentration for a MoS2 monolayer. They reported a peak Tc at 27 K, suggesting

a critical temperature much higher for a monolayer than for a few layers flake.
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3 Sample fabrication

In this chapter, we will explain, step by step, how our devices were fabricated. The titles of

the subsections are intentionally self-explanatory and each of them corresponds to a different

step of the process. As this was (by far) the most time-consuming part of our project, and also

probably the most challenging one, we have decided to explain it carefully and with detail.

Some of the most advanced nanofabrication techniques have been employed to achieve devices

whose dimensions are close to the optical resolution limit.

The majority of the samples did not work as desired (or failed during the fabrication

process) as shown in Appendix A, and therefore the majority of the efforts were focused

on fabricating and measuring as many samples as possible, optimizing intermediate steps,

parameters and methodology (with a relative low output despite all of that).

The fabrication process can be divided into three main parts:

1. Fabrication of gold the bottom contacts, patterned in an hBN around 40 nm-thick, flat

and clean flake.

2. Obtaining a single layer of MoS2 and a single layer of hBN. Transfer on top of the

bottom contacts.

3. Writing of the mask, wire bonding and deposition of the ionic liquid.

All the steps are tricky and have a high probability of failure (and therefore killing the

device). A successful device results from a perfect coordination between these three parts.

We have here included a summary of the fabrication process to give a global overview and

a flavor of what will be explained in this section. The individual steps will be detailed in the

corresponding subsections.

We will start with bulk crystals of hBN and exfoliate 40-50 nm thick flakes using the

scotch tape technique. The exfoliation will be carried out on chips of Silicon 6-inch wafers

with a 250nm SiO2 layer on the top, previously cleaned with solvents and plasma oxygen.

Gold photomarkers have previously been written on the wafer. A heat cleaning process is

required to clean the flakes and eliminate glue residues, together with an optical and an

AFM characterization. We will then write our bottom contacts (previously designed with

Autocad) with a standard nanolithography process: Electron Beam Lithography, etch of the

hBN with XeF2 and finally evaporation of Pt or Cr and gold contacts. An intermediate

characterization (AFM, optical) and cleaning steps (plasma oxygen) are also required. In

parallel, scotch tape-based micromechanical exfoliation of single layer MoS2 and hBN will be

performed. Characterization includes optical microscopy, Raman microscopy, photolumines-

cence and AFM microscopy. Then, the heterostructures of MoS2 monolayer will be fabricated

and integrated in electronic devices. For that, a high-precision transfer technique is employed

where the hBN thin layer is first picked-up, then the MoS2 monolayer is picked-up perfectly

aligned with the hBN layer and then the whole is transferred over the bottom contacts. An

etching process at this point may be needed to etch the MoS2 flakes short-circuiting the elec-

trodes. Finally, the device will be covered by resist and a mask will be written on the channel

with e-beam lithography. The last step is the deposition of the ionic liquid as a top gate.

25



In the following, we will present the fabrication of a prototypical device. Of course, much

more than one single device were produced during this project, and all the sequence of steps

described here had to be reproduced for every different sample. For simplicity, consistency and

brevity, we will focus on the fabrication of one single device. The techniques were similar for

all our fabricated samples, but each sample was unique and different approaches may appear

between them (we will briefly mention the most relevant ones). Unless contrary indicated, all

the pictures shown in the following correspond to the same sample.

3.1 Micromechanical exfoliation of hBN flakes on SiO2

3.1.1 Wafer properties and chip cleaning

The first thing we need is a SiO2 clean chip, where we will have the hBN thick flakes serving

as a flat substrate for our future device. In this concrete case, we need some gold markers

in order to more or less precisely know the position of our flakes on the chip. This will be

used not only for our convenience and commodity, but among all for aligning the design of

the contacts to the real position of the flakes when doing an ebeam writing. For simplicity,

we will assume we already have a chip with photomarkers, this is, markers patterned using

conventional photolithographic techniques. The procedure to obtain such markers is described

in Appendix C.

We therefore take a wafer [with photomarkers] of a highly doped (conductivity: 0.001-

0.005 ohm-cm) Si wafer (NOVA electronics, item # FP02-61160-AS), topped with 285 nm

thermally grown SiO2, which serves as the substrate and back gate for the device.

The next thing we want to do is to dice the wafer into a small chip, with dimensions of

around 1cm x 1cm. We can do so by using a diamond-tip scribe. The technique is well-known

in semiconductor physics so we will not enter in the details.

The chip may be dirty with SiO2 traces coming from the cutting process, organic residues

which may have deposited on the surface of rests of polymers and resists coming from the

photomarkers writing. Therefore, a careful cleaning of the wafer has to be performed.

For cleaning our chips, we used two different techniques: oxygen plasma and piranha+HF.

The oxygen plasma cleaning was the most widely common used in this project. The diced

chip was first placed in a bath of acetone and sonicated at max. power for about 5 min in a

fumehood and far away from any ignition source as it is very volatile and flammable. After

blow drying with a nitrogen gun, the same process was repeated with isopropanol (IPA), and

the chip was placed in a 5-min bath in the sonicator. The chip was then transported to the

Organic and Nanostructured Electronics lab (Prof. Bulovic’s lab), equipped with an oxygen

plasma tool. Plasma cleaning involves the removal of impurities and contaminants from

surfaces through the use of an energetic plasma, created from oxygen gas. The high energy

is very effective in the breaking of most organic bonds of surface contaminants, which helps

to break apart high molecular weight contaminants. In addition, the oxygen species created

in the plasma with organic contaminants form water, carbon dioxide and carbon monoxide,

and therefore lower molecular weight hydrocarbons. These compounds have relatively high

vapor pressures and are evacuated from the chamber during processing [40]. The plasma is

an effective, economical, and more environmentally safe method for cleaning compared with

the HF+piranha cleaning.
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In some cases, a piranha+HF cleaning was required, not because the sample was cleaner

this way but because the surface of the wafer ended up to be less sticky so the flakes on it were

easier to pick up. In this case, the chips were loaded in a Teflon chip carrier and sonicated in

Acetone, IPA and then DI water, for 2 minutes in each liquid. The chips were then transferred

into a glass beaker of piranha solution (a 3:1 mixture of sulfuric acid and hydrogen peroxide),

and remained there for 30mins. After rinsing with water, the chips were moved into a 1:10

50% HF to water solution for 15 seconds, and then flushed again with water. Finally, the

chips were sonicated in water and IPA for 2 min in each liquid and dried with nitrogen gas

[39]. This delicate cleaning was performed at the Center for Nanoscale Systems (CNS) -clean

room- at Harvard University.

3.1.2 Scotch tape technique. Obtention of the hBN crystals.

Micromechanical exfoliation, also known as the scotch tape technique, is a top-down method

used to peel atomically thin flakes of a van der Waals material (such as hBN or MoS2)

using adhesive tape, initially developed by [the Nobel Laureates for this discovery] Geim and

Novoselov [1]. The working principle is very simple and cheap. A sample of hBN is first placed

onto sticky tape. By folding and peeling the tape several times, we can create progressively

thinner layers of hBN.

When the tape is dense enough and simultaneously the flakes on it are thin enough, it is

placed on top of the SiO2 clean chip. A Teflon tweezer is usually used to gently press the tape

against the chip so that the bubbles disappear and the tape sticks properly.

In our group, contrary to many other groups, we did not use ordinary scotch tape, but

wafer dicing tape. The main difference is that it is cleaner and allows easy removal, leaving

less glue residue than other types of tape.

After a couple minutes, the tape is smoothly removed, and the flakes are transferred

from the tape to the silicon-based substrate. Note that the flakes are not actually integrally

transferred, but rather due to the competition between the stickiness of the chip and the glue

of the tape, only a part of the flake is actually deposited on the chip. Therefore, the topmost

layer is not fully contaminated with glue from the tape.

Figure 3.28: Scheme of the exfoliation technique for hBN.

Mechanical cleavage produces single-crystal flakes of high purity and cleanliness that are
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suitable for fundamental characterization. This method is not scalable, however, and does

not allow systematic control of flake thickness and size [18].

The original exfoliation method, which remained largely unchanged during the past decade,

provides relatively small flakes with moderate yield. Many attempts have been done to in-

crease the yield of thin flake crystals. According to our experience, the most important point

to obtain a good exfoliation is a nice, big and dense initial crystal. However, many techniques

have been developed recently claiming much better results. We here describe some of the ones

we have adopted in our sample fabrication.

In 2015, a study appeared in ACS nano reporting a new method allowing to enhance and

homogenize the adhesion force between the outermost sheet in contact with a substrate. The

result was not actually a revolutionary discovery as it was widely known in our group and in

the field in general. Huang and coworkers found that prior to exfoliation, ambient adsorbates

could be removed from the substrate by oxygen plasma cleaning, and then an additional heat

treatment (by heating the sample with the tape a few minutes) could maximize the uniform

contact area at the interface between the source crystal and the substrate. The plasma

cleaning is somewhat very common, but heating the sample is a more original idea [42]. In

our group, we used to heat the chip a few minutes before placing the tape on it ir order to

eliminate the water molecules adsorbates and favor the posterior contact between the tape

and the chip. After the appearance of this paper, we also tried to heat the chip with the tape

on it (before removing it) a couple minutes at 100C aprox, observing a slight improvement.

However, we were not able to obtain an increased yield and area of the transferred flakes by

more than 50 times compared to the established exfoliation methods as reported in the paper

for graphene.

Another method to enhance the yield requires peeling the tape as slowly as possible. In

our group, Valla Fatemi developed the EXFOLIOTRON to peel the tape smoothly. We did

not use it for exfoliating the substrate hBN, so we will explain some more details about that

in the section where we report the exfoliation of hBN monolayers (3.3.2).

Efrén Navarro build a novel tool, called Spanex, to improve, automatize and make more

reproducible the exfoliation technique. We used it mainly for exfoliating MoS2 crystals, so we

will give the details in section 3.4.2.

More exotic ideas populate the literature, such as using a gold substrate instead of the

usually employed SiO2/Si to achieve a stronger adhesion [41]. Other exfoliation techniques

apart from the electromechanical one (such as liquid exfoliation or chemical exfoliation, among

others) are also getting a great attention [43], [44].

3.1.3 Heat cleaning

The exfoliated flakes may contain some residues from previous nanofabrication processes or

glue from the exfoliation. Annealing them is therefore a solution to clean the flakes, flatten

them and in the case of van der waals heterostructures, smoothing the whole stack and

removing bubbles or other impurities.

The heat cleaning is performed on an furnace at a high temperature in the presence of an

inert gas such as Argon, sometimes combined with hydrogen -called forming gas- (we do not

perform the annealing in air as we do not want to burn our samples!).

For that, our chip is first placed on a quartz boat and inserted into a quartz tube. After
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(a) (b)

Figure 3.29: (a) Sample on a quartz boat before loading into the quartz tube. (b) Image of the furnace with

sample loaded inside the quartz tube [39] .

closing both ends of the quartz tube, we connected one end of the tube to the flow regulator

of Argon [and eventually also to the Hydrogen gas] (Figure 3.29). The annealing is usually

performed under atmospheric pressure, with flow controlled at around 50 sccm for Argon. The

temperature is then ramped up from room temperature to 500C (may vary in the range 300C

- 500C as various recipes were tried during this project) in less than 30 minutes. Annealing

is performed at 500C for various hours (at least 3 hours and usually 9 hours). An example of

the hBN flakes before and after the annealing is showed in Figure 3.30.

(a) (b)

Figure 3.30: (a) Optical picture of an hBN flake pre-heat clean (1000x). We can observe wrinkles and

impurities on the top surface even optically. (b) Flake of hBN post-heat clean (magnification

1000x). The flake is cleaner and more flat, although it may be difficult to observe that in such

a small figure...

In the last stage of this process, we had a fully operational glovebox with a hot plate in

it. After performing some basic tests to make sure the glovebox does not heat up, we were

able to perform our annealings in the glovebox (Ar atmosphere) using the hotplate at 500C

overnight, with similar results than using the furnace.
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3.2 Gold bottom contacts embedded on the hBN flake

3.2.1 Flakehunting and characterization of the flakes

Finding the right hBN thick flake (also called flakehunting) was not straight forward. Not all

the flakes have an appropriate size (we wanted flakes large enough, at least 10x10 microns),

without cracks or observable steps and of a moderate height in order not to be too thick

but thick enough to isolate the channel from the rough SiO2 substrate (around 30-50 nm

thick). Various candidates were identified by light reflection using optical microscopy, using

similar techniques than the ones developed for graphene. Flakes of interest would have a

characteristic blueish color.

After selecting various candidates, the bests flakes were taken to the atomic force micro-

scope (AFM). The goal of this AFM measurement was double: see if the flake was perfectly

flat and clean, this means without steps or impurities, and determine the exact height of the

step. We need to have the exact thickness of the flake in order to know how much hBN we

will have to etch and then how much gold we will evaporate, as we want ideally the contacts

to be at the same level as the hBN substrate.

(a) (b)

Figure 3.31: Optical picture of the prototypical hBN flake employed as a substrate, together with the closest

photomarker (magnification 1000x) (a) and its corresponding AFM picture (tapping mode,

height image) (b).

Empirically, we thought that AFMing the hBN flakes was probably not the best idea to

determine their flatness and height. Our reason to be skeptical is that some measurements

performed by the AFM, probably due to electrostatic effects or other uncontrollable distor-

tions, were not accurate or even absurd (for example, Joel Wang obtained with the AFM that

a graphene monolayer (in principle 0.345 nm) was around 15nm thick!).

We therefore tried to used an optical profiler (CCI HD Optical Profiler), which gives in

a very short time the height of a flake and an image of its roughness. The CCI HD is a

non contact 3D Optical Profiler and can measure thin film coatings down to 50 nm, with a

0.1 Angstrom resolution over the entire measurement range. After doing the corresponding

trainings, trying the tool and discussing with the technicians, we concluded that our flakes

were too thin (30-40 nm) to be measured with the optical profiler accurately.

We also believe that contact AFM would be a more reproducible technique to determine

the thickness of the flakes, as the tip is in direct contact with it. We actually employed it for
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several candidates, but we obtained that the results were very similar to the ones obtained

using tapping mode (see figures 3.32 and 3.32 ), the technique was slower and the flatness was

not better determined with contact AFM. After all, finally, we decided to come back to the

tapping mode AFM.

Figure 3.32: Comparison between the tapping AFM height image (left) and the contact mode AFM height

image (right) and the corresponding profiles of the step indicated by a gray line. Both images

correspond to the same flake (our archetypal flake)

Figure 3.33: Comparison between tapping AFM and contact AFM for another flake

3.2.2 Design of the bottom contacts

In early stages of this project, each bottom contact was designed to perfectly adapt to a MoS2

flake. However, this was little efficient and highly risked.
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Our bottom contacts were therefore designed in a universal way, seeking to fit a wide

category of possible MoS2 and hBN flakes.

The most fine part of the design was the channel. Two big electrodes, perfectly aligned

would serve as the drain and the source. Then, six electrodes, three per side, equally spaced

and also aligned 2 to 2, were introduced to measure Vxx and Vxy as will be explained in section

4.4.1. The whole design emulated a hall bar device. In theory, only 4 electrodes are required,

although there are always contacts that fail so we included two extra ones.

The probing electrodes are ideally as thin as possible in order to minimize their influence in

the measurements. We therefore designed them much thinner than the drain and the source.

The channel was designed to be placed in the cleanest and flattest part of the hBN flake,

which is known thanks to the previous AFM analysis.

A much bigger gold pad, whose area was at least 50 times greater than the area of the

channel (value determined empirically by various groups working with ionic liquids so that

the impedance of the gate contact is negligible compared to that of the capacitance of the

electric double layer), was placed near the channel. The posteriorly applied ionic liquid drop

would cover both the channel and the pad, serving to apply a voltage to the ionic liquid gate.

The whole design was performed using Autocad, by virtually placing the flake images and

markers of the chip in our design as can be seen in Figure 3.34. During this project, different

designs were employed, with varying dimensions of the different features (Figure 3.35) and

different shapes. We initially started with 10 microns channels, but were limited by the size

of the hBN monolayers. Channels were therefore reduced to 5 and then 3 microns large.

The main part of all our designs was channel, as described previously. Then the electrodes

would move away from the channel and would increase in size (serving as “cables” connecting

the device), to end in a square big bonding pad. The bonding pads are necessary to bond the

device to the chip carrier and therefore to the measurement setup. They were usually located

all in the same side of the chip to facilitate the ionic liquid deposition afterwards, and were

also labeled for commodity, to know which pad corresponds to which electrode.

(a)

(b)

Figure 3.34: (a) Global design of the bottom contacts used in our archetypal device. (b) Zoom in the center

of the device (source, drain and electrodes).

Using this technique, we were able to write between 2 and 4 bottom contacts in a same

chip, depending on the number of good hBN flakes we found on it and their relative distance.
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(a) (b)

Figure 3.35: (a) Dimensions of the archetypal design. (b) Example of another design used for bottom

contacts (not employed in our model device described in this section), with a wider channel (5

microns instead of 3 microns).

We did not want to have two devices very close to one another as dicing the chip in this

situation could result in an undesired cut.

When writing the bottom contacts, we also want to write some fine ebeam markers.

Photomarkers do not allow a nanometric resolution, whereas ebeam markers do. Because this

first writing does not require a very high precision alignment (we do not really care if the

position of the contacts in the flake is shifted by 100 or 200 nm with respect to the design),

photomarkers can be used at this stage. However, the writing of the mask requires a much

higher precision. Therefore, together with the bottom contacts, we will design ebeam markers

that will firstly help us to know the exact position of the channel in the chip (required for the

design of the mask) and secondly that will be used to align with a high precision the electron

beam to the device for the mask patterning.

3.2.3 Spin coating and writing of the bottom contacts

Electron-beam lithography is a technique consisting on scanning a focused beam of electrons

in a high vacuum chamber to draw nanometric shapes on a surface covered with an electron-

sensitive resist. The electron beam changes the solubility of the resist (by breaking its long

chain), enabling the removal of only the exposed regions of the resist by immersing it in a

solvent (this step is called development. After that, the sample is taken to the XeF2 etcher and

to the evaporator chamber where a thin layer of Ti/Au or Cr/Au layer is deposited. Finally, a

lift-off step removes the resist and excess material on top of it, leaving only the desired sample

structures on the sample. More details are given in the following paragraphs. The primary

advantage of electron-beam lithography compared to photolithography is that it can draw

custom patterns with sub-10 nm resolution, whereas the resolution of the photolithography

is limited by the wavelength of the light.

In our case, we used a double resist layer (ZEP+MMA), thus enabling an easier lift-off.

The pre-patterned devices must be designed to fall on top of selected h-BN flakes. This
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Figure 3.36: Basic steps of the e-beam lithography technique (hBN has not been represented here, nor the

etching step before the evaporation). This image also depicts the steps that will be described

in the following sections, so we hope this flash forward does not confuse the reader.

Figure 3.37: Optical picture of the writing of the contacts, after the development (magnification 1000x). The

e-beam lithography step is performed in the EBL facility at RLE-MTL (Elionix ELS-F125).

can be achieved by using the photomarkers as a reference, which can serve to know with a

sub micrometric precision the exact position where the contacts have to be written. We here

report the recipe for the writing and the development:

1. Pre-bake on hotplate at 200C

2. Spin EL-6 (MMA) at 500 rpm for 5 s followed by 5000 rpm for 30 s. The speed

of rotation, together with the density and viscosity of the resist, determine its final

thickness

3. Bake at 180C for 4 min

4. Spin ZEP : anisole at 500 rpm for 5 s followed by 5000 rpm for 30 s

5. Bake as in step 3

6. Blow dry with Nitrogen gun

7. Expose in Elionix at EBL (MTL/RLE)

8. Swish in o-xylene for 20 s (to develop the ZEP mainly)

9. Transfer into MIBK:IPA 3:1 and develop for 40 s (to develop the MMA more intensively)
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10. IPA rinse

Apart from the Elionix ELS-F125, we also used sometimes an older version, the Elionix

7000 at Harvard (CNS). The Elionix at MTL was usually fully booked two weeks in advance,

and maintenance tasks or breakdowns were not uncommon. The Elionix 7000 was more free

but was less reliable and led to multiple erratic writings, some of them shown in Figure 3.38.

(a) (b)

Figure 3.38: The EBL writing can sometimes fail. Here are the two more common problems: a bad alignment

due to an human mistake (magnification 250x) as can be seen in the optical picture (a) and

stitching error due to a bad calibration of the tool (magnification 500x), figure (b).

3.2.4 XeF2 etch

After having developed the exposed regions of the resist, a partial etch of the hBN is performed.

This will thin down the profile of the underlying hBN, allowing the evaporated contacts to

level off with the surface of the rest of the flake. The etching was performed using xenon

difluoride, a powerful fluorinating agent originally used as an isotropic gaseous etchant for

silicon. The chemical reaction can be summarized as:

BN + XeF2 → BF3 + NF3 + Xe.

The advantage of XeF2 with respect to other etching techniques is that the ebeam-resist

does not react, and therefore the evaporation and lift-off are not affected by the etching.

However, this technique is not meant to be used for hBN. We therefore had to perform a

calibration of the etching rate for various pulse durations, both for hBN and for MoS2. After

trying various hBN flakes and SiO2 samples patterned with ebeam lithography and covered

by resist, and after measuring them pre-etching and post-etching with AFM, we found that

the technique is not very reproducible and is not designed for high precision etches. However,

the hBN is etched quasi immediately, much faster than the SiO2, as reported in Figure 3.39.

If we manage to etch the hBN and not the SiO2, then by knowing the initial height of the

flake, we can easily evaporate the same amount of gold, et puis voilà we have the hBN and

the gold contacts at the same level for a flat substrate where the MoS2 channel will lie.
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(a)
(b)

Figure 3.39: (a) Etch rate of the XeF2 for the hBN. The technique is not very reproducible from session to

session. (b) Etch rate of the XeF2 for the SiO2.

3.2.5 Evaporation of the gold contacts, lift-off and cleaning

Gold contacts were evaporated on top of the patterned resist. Both e-beam and thermal

evaporators were used during this project, interchangeably (from MIT, Harvard or from our

lab). In both cases, a high vacuum atmosphere allows the metallic particles to travel directly

to the target object (the substrate in our case), where they condense back to a solid state.

Figure 3.40: Optical image of the bottom contact, after gold evaporation and after lift-off (magnification

1000x).

In the thermal evaporator, the material is heated in a vacuum chamber until its surface

atoms have sufficient energy to leave the surface. At this point they will traverse the vacuum

chamber, at thermal energy, and coat a substrate positioned above the evaporating source.

For the electron beam physical vapor deposition, a crucible containing pellets of Au or

Cr is bombarded with an electron beam given off by a charged tungsten filament under high

vacuum. Similarly to the thermal evaporation, the electron beam causes atoms from the

target to transform into the gaseous phase, which then precipitate into solid form, forming a

thin layer of desired material on top of our sample.

The general recipe can be summarized into:
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1. Load substrate and pump down until pressure is in the 10-7 torr range.

2. Evaporate a bottom layer of Cr of 0.7 nm ar 0.1 A/s (sticking layer)

3. Evaporate the corresponding height of Au at 1 A/s (between 30 an 50 nm)

4. Lift-off using an acetone : TCE 1:1 mixture at room temperature

Figure 3.41: Optical images of some examples of bottom contacts with various designs, after gold evaporation

(magnification 1000x).

Post fabrication treatment is required to remove the polymeric residue left by the the

e-beam resists. The treatment typically involved a one min plasma oxygen exposure.

Figure 3.42: AFM 3D image of bottom contacts (with a 5 microns channel). The gold contacts are much

more rough than the hBN.
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3.2.6 AFM check

The last step before using the bottom contacts is to make sure they are clean and flat, and

an AFM picture is usually an ideal way to do so. AFMs operate by measuring force between

a probe and the sample, and give useful information by displaying the height, phase and

amplitude. In tapping mode, which is the one used here, the cantilever is driven to oscillate

up and down at or near its resonance frequency and the tip contacts the sample surface

intermittently. Normally, the probe is a sharp tip which can detect vertical irregularities

up to 0.1nm. Both Jing Kong’s lab AFM and CMSE’s AFM were used for this purpose

indistinctly.

(a) (b)

Figure 3.43: (a) AFM height picture (tapping mode) of the contacts, after lift-off. (b) Zoomed AFM am-

plitude picture (tapping mode) of the contacts, proving the channel is clean and flat.

3.3 hBN monolayer

We will now explain how we obtain and characterize the top hBN thin layer. It is used as

a protective over-layer to render the MoS2 channel with low disorder from polymer residue

and other unwanted dopants. These properties can be attributed to h-BN’s ultra-flatness,

crystalline structure, and large band gap which makes it insulating up to a few eV in energy

scale. Further, h-BN is a single crystal with a low defect density within the area of a typical

nanodevice. By choosing a monolayer, bilayer or trilayer, we hoped that the capacitance of

the ionic liquid would not be deteriorated and we would still be able to induce a high carrier

density. The questions are: How do we find such crystals layers, and how do we determine

the number of layers for ultra-thin h-BN?

Until a few years ago, interest in BN mono-layers has been rather limited, especially when

compared to the interest generated by its “sister” material, graphene, probably caused by the

lack of hexagonal boron nitride crystals suitable for the mechanical cleavage, with difficulties

in isolating and finding sufficiently large BN monolayers. Although the situation is now

reversing due to the increase availability of hBN single crystals, finding hBN monolayers is

not trivial at all.

In the case of hBN, like for graphene, its mono-, bi- and few-layer forms are often identified
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by their optical contrast and Raman signatures. However, the search for atomically thin hBN

is more difficult than for graphene as it absorbs visible light and, therefore, gives rise only to

contrast due to changes in the optical path [45].

3.3.1 Wafer properties and chip cleaning

The wafer used for obtaining thin hBN is different from the one required for all the other

steps. As mentioned below, in order to increase the contrast of the hBN flakes, a 90nm SiO2

substrate is desirable (we employed NOVA p-doped 90nm SiO2 wafers). Apart from that, the

dicing of the wafer into smaller chips, and the corresponding cleaning is similar to the one

described in section 3.1.1 (Acetone and IPA baths + sonication + oxygen plasma). Note that

in this case, no gold markers on the chip are required as the flakes will be picked up from the

substrate without any writing or other step requiring a fine alignment. Because the wafer was

virgin and blank, the flakes were identified and located by establishing an orthonormal affine

space 2D coordinate system in the chip and measuring their coordinates with respect to the

origin, usually a corner of the chip.

3.3.2 Micromechanical exfoliation

The poor optical contrast of h-BN against SiO2 makes it very difficult to find thin h-BN

flakes in what we call the flake hunting practice, namely, scanning the entire chip at high

magnification (50X objective). To make the process even more challenging, the h-BN flake

has a much lower yield from deposition than does graphene, as the adhesion between h-BN

and SiO2 is weaker than that of graphene. Finally, the ultra-thin h-BN flakes are in general

much smaller than graphene flakes. This is because h-BN is more brittle and thus breaks up

more easily when subject to mechanical exfoliation with sticky tape. Empirically, we found

that the yield of thin h-BN flakes can be improved using some (or all) of following techniques

[39]:

1. Perform moderate exfoliation: Exfoliate two to three times with sticky tape to preserve

the size of the flakes.

2. Heat substrate up to around 110C on a hot plate before deposition. This allows uniform

adhesion and reduces the number of bubbles trapped between the tape and the substrate.

3. Alternatively, heat up substrate after the exfoliation, with the tape, as described in

section 3.1.2 [42].

4. Peel the tape from the chip as slowly as possible. A home-made (by Valla Fatemi et al.)

exfoliation stage (the EXFOLIATRON!), equipped with a micro stepper actuator, was

employed for delicate exfoliations like this one. This allows the tape to be peeled off in

a slow, smooth, and steady way. For ultra-thin h-BN deposition, the speed of the tape

motion is around 50 microns/sec (more than 30 min to peel the tape).

The whole exfoliation process is describe in Figure 3.44.
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Figure 3.44: Scotch-tape exfoliation and deposition of ultra-thin hBN. (a) Tape ready to be used (after two

or three exfoliations in order to have thinner crystals than the initial ones). The shiny pieces on

the tape are relatively thick h-BN crystals. (b) The tape is first placed on a chip (in some cases,

which has been previously warmed). (c) After smoothly pressing with soft Teflon tweezers for a

few minutes, the tape spreads out and adheres to the chip. If some bubbles are trapped between

the tape and the chip, these can be removed with the Teflon tweezers. In some cases, the chip

can be warmed. (d) The EXFOLIATRON consists of a gel-pad that holds the chip and peels-off

the tape with a micro stepper actuator. (e) The tape is peeled off the substrate. (f) h-BN

crystals are deposited on a 90 nm SiO2 substrate. Reproduced with permission of ref. [39].

3.3.3 Flakehunting

Because of its zero opacity, atomically-thin BN exhibits little optical contrast, even if the

interference enhancement using oxidized Si wafers is employed. For the standard oxide thick-

ness of around 300 nm SiO2, hBN monolayers show a white-light contrast of less than 1.5%,

which makes them almost undetectable by the human eye. Moreover, the contrast changes

from positive to negative when crossing from the red to the blue parts of the spectrum (hBN

is darker than the substrate at long wavelengths and brighter at short ones), going through

zero in the green region where eye sensitivity is at a maximum [45].

Because of that, it was found that the use of thinner SiO2 (90 nm SiO2 wafers) offers a

better visualization conditions with a contrast of around 2.5%, and this is enough to see them

under the microscope [45]. It is still hardly difficult to find hBN monolayers, and many hours

looking for flakes at the microscope are required in order to find a promising hbN thin layer.

For example, compared to graphene, which give a contrast of around 10%, it is still much
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Figure 3.45: Changes in the optical contrast with wavelength for mono- and bi-layer BN on top of a Si wafer

(290 nm SiO2). The solid lines correspond to a theoretical model [45].

harder to find BN monolayers. We tried to increase the contrast by using optimized filters (as

reported in the literature), although did not observe a substantial difference in the contrast

of the flakes.

Figure 3.46: Example of an hBN monolayer, bilayer and trilayer as seen through our optical microscope (on

290nm SiO2). This is the sample used as a reference for Raman characterization.

Optical reflectivity contrast provides a simple, fast, and noninvasive first approach for

characterization of few layer samples of hexagonal Boron Nitride. In ref. [46], a thickness

calibration using only optical methods is proposed, but has not been found reliable in our

group. Any contaminant or a thin layer of water, for instance, believed to raise atomic crystals

above Si wafers, can notably affect the measured contrast. According to our experience, it

is not rare to find monolayers that look thicker. An annealing at this point can be used

to minimize misidentification (otherwise, it is performed before the pick-up). The optical

contrast is therefore an excellent indicator for thin flakes and can give us an intuition of the

thickness (the contrast increases proportionally as the number of layers increases), but more

consistent methods are required in order to determine with accuracy and confidence the exact

number of layers of an hBN flake.

Ideally, we would like big monolayers, the largest the best. Moreover, we want them to

have thicker reference flakes close, as monolayers are invisible when they are on a PC slide,

so otherwise aligning them is impossible.
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Figure 3.47: Optical image of the hBN bilayer used in our prototypical device (contrast enhanced).

3.3.4 Raman spectroscopy characterization

One could think that AFM would be a straightforward determination of the thickness of

an hBN monolayer. However, the intrinsic roughness of the SiO2 (the RMS roughness of

SiO2 substrate (220 pm) is comparable to the thickness of monolayer h-BN, around 300

pm), together with the fact that crystals are often lifted above the wafer by up to extra 10

Ångström (which can be explained by the presence of a water or contamination layer), mask

the real step height of the hBN monolayer (less than 4 Ångström). AFM has in general a

sub-nanometer vertical resolution and can resolve monolayer h-BN, but AFM is not sufficient

to determine the number of h-BN layers down to 3L unless the thin flake is deposited on an

atomically flat background, such as graphite or h-BN, and both of which must be thicker than

10 nm. However, the h-BN must be deposited on SiO2 first in order to be picked-up. The

local fluctuation of SiO2 surface in height signal therefore completely obscures the distinction

between thin layers. Moreover, it is a long-throughput technique.

For all the reasons presented above, we have decided to measure the thickness of hBN

using Raman spectroscopy, a technique already indispensable in the identification of graphene

monolayers.

When light hits molecules, the predominant mode of scattering is elastic scattering, called

Rayleigh scattering. It is also possible (approximately 1 in 107 photons) for the incident

photons (usually coming from a laser) to interact with the molecules in such a way that

energy is either gained or lost so that the scattered photons are shifted in frequency. The

shift in energy gives information about the vibrational modes in the system. Such inelastic

scattering is called Raman scattering. Raman spectroscopy is a spectroscopic technique used

to observe vibrational, rotational, and other low-frequency modes in a system.

In Raman spectroscopy, a laser source is used to provide monochromatic light. The whole

setup sits on a floating table and contains a confocal microscope and requires many optics to

deliver the laser to the sample and collect the Raman signal. A rejection filter is needed to

remove the Rayleigh scattered light and transmit only the Raman signal. The most important

part is probably the spectrometer and the detector, which disperse the Raman scattered light

into its different wavelengths and detect its intensity (producing the spectrum).
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Figure 3.48: Energy-level diagram showing the states involved in Raman signal. In creation a molecular

vibration, some energy is removed from the laser photon.This is known as Stokes Raman. It

is also possible to initiate scattering process in a thermally excited vibration. The scattered

photon then has more energy than the laser photon (anti-stokes Raman). Our setup was only

able to measure Raman Stokes. Image from wikipedia.

All our measurements were taken at Horiba LabRam Evolution for microRaman spec-

troscopy or microphotoluminescence spectroscopy at Harvard, CNS. Our data were obtained,

processed and analysed using the LabSpec program designed for Raman experiments (Horiba)

or in some particular cases Matlab.

Mono- and bilayers of hBN are identified by Raman spectroscopy due to shifts in the

position of the characteristic BN peak centered at around 1366 cm−1 in hBN crystals and to

the differences in intensities of the Raman signal.

Ref. [45] reports the raman spectra of mono-, bi- and tri-layer hBN using a green laser.

BN exhibits a characteristic peak that is due to the E2g phonon mode at around 1366 cm−1.

They have found that the integrated intensity for the BN peak is proportional to the number

of layers with high accuracy for the first several layers. This is the main argument we will use

in our analysis to determine the nature of an hBN thin flake.

(a)
(b)

Figure 3.49: (a) Raman spectra of mono, bi and trilayer hBN flakes. The left inset shows that the integrated

intensity is proportional to the number of layers. The right picture illustrates the phonon mode

responsible for the Raman peak. (b) Position of the Raman peak for different values of the

number of layers. Images from ref. [45].
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In addition to the intensity being proportional to the number of layers, it was also found

that monolayers exhibit sample-dependent blue shifts of up to 4 cm−1 (probably caused by

a slightly shorter B-N bond expected in isolated monolayers); therefore the peak position in

Raman spectrum could indicate the nature of the hBN flake [45]. However, this shift was so

subtle, and due to unexpected variations in the peak position, that we preferred not basing

our analysis in such detail.

The width of the Raman peaks can also be measured. Ref. [45] reported that the half

width at half maximum was slightly larger for monolayers than for thicker flakes. We also

observed that for monolayers only, the peak tended to be asymmetric.

Therefore, for characterizing our hBN, we will exploit the fact that once a Raman spec-

trometer is calibrated for a given substrate, this can be employed to distinguish between one,

two and more BN layers. Our system is to find a set of reference flakes (we have a reference

chip, as explained below) and then do an apples-to-apples comparison each time we measure.

Day to day variations in the Raman system are big enough to impact the measurement, so

it is not reliable to compare curves across different days. We have found that, with regard

to the setup we used, integrated intensity under the same acquisition conditions is the most

reliable parameter for determining the number of h-BN layers on SiO2 substrate.

In summary, in order to identify the absolute value of layers consistently and efficiently,

we calibrate the Raman signal with respect to a standard sample that has h-BN flakes with a

definite number of layers. By comparing the signal from new samples to the one obtained from

the standard sample, under the same acquisition conditions, we can determine the absolute

number of h- BN layers. The result is self-consistent as long as the standard sample and the

new sample are measured using identical parameters during one session.

In our group, the Raman standard h-BN sample is indispensable for anyone who is working

on thin h-BN and needs to know the absolute number of layers in the flake. This approach

has proved to work consistently in different Raman setups (at Harvard CNS and MIT ISN),

for h-BN on either a 90 or 285 nm SiO2 substrate by numerous group members who may use

different parameters for the Raman spectroscopy. Figure 3.46 shows images of these standard

flakes, each of which has been through hundreds of Raman scanning sessions with no sign of

degradation observed (by either Raman or AFM). Once the first standard sample is made,

more can be reproduced by referencing it [39].

The reference sample was prepared by Joel Wang, following this procedure [39]:

1. Mechanically exfoliate h-BN and deposit the flakes onto piranha+HF cleaned 285 nm

SiO2 substrate.

2. Hunt for flakes with optical microscope. We use 50x objective for h-BN flake hunting

in order to increase the probability of finding thin flakes. Take optical images with the

same parameters.

3. Categorize images of the flakes according to optical contrast. In our case, only h-BN

flakes with less than 3 layers are relevant. Try to find the lowest three levels of contrast

recognizable in the optical microscope. Ensure that each category has multiple flakes.

4. Anneal the sample in forming gas (Ar/H2) at 350C for 3 hours.
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5. Perform Raman spectroscopy on each flake in a single session, with 10 sec acquisition

time and 15 accumulations for each flake.

6. Categorize the flakes according to the integrated Raman peak intensity of each. This

categorization should agree with the sorting in step 3.

7. Prepare an atomically flat surface for the AFM measurement: deposit h-BN on another

substrate, select thick (more than 15 nm) pieces with a much larger area than any one

of the thin h-BN flakes to be determined. Anneal as in step 4, check the homogeneity

of hBN surface using AFM.

8. Pick up and transfer (using the technique explained later on) at least one thin flake

from each Raman signal category as determined in step 3 onto the thick h-BN substrate.

Leave the rest of the thin flakes on the chip, which will eventually become the standard

sample.

9. Remove the polymer used for pick-up and transfer in solvent. Anneal the stack as in

step 4.

10. Measure the step height of each transferred thin h-BN with respect to the h-BN sub-

strate. Monolayer h-BN should measure around 280 pm, with about the same increment

size across each extra layer.

11. Establish the correspondence between height (number of layers) information and Raman

intensity.

12. The Raman standard sample is made. Keep it with care!

Which parameters we should use was a fair and not straightforward question. After

various sessions of Raman and many tests, we decided that the optimal parameter for our

measurements were:

• Range: 1300 – 1450 cm−1

• Time per accumulation: 10 s or 15s

• Number of accumulations: x15

• Pinhole: 300 microns

• Laser power: 100%

• Laser: 532 nm (green)

• Grating: 1800 grooves/mm (high resolution)

We have found that the reference flakes, which are on 285 nm, have a different background

that the flakes in question, which are on 90 nm SiO2. Moreover, the flake signal for 90nm has

more noise than for 285 nm. However, after subtracting the background, the intensities of

the flakes are comparable. Monolayers had the weakest intensity, an asymmetric curve, and

a slightly higher peak wavenumber.
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Figure 3.50: Example of the analyzed spectra (after subtracting the background) of the mono, bi and trilayer

reference flakes (thick line) and a mono, bi and trilayer flakes on 90nm SiO2 (line with points).

We can see that the 90nm flakes have more noise, but after processing the data, the intensities

of the measured flakes can be compared with the reference. The monolayer has a shifted peak

and a broader spectrum than the rest.

Figure 3.51: Example of a set of spectra of various flakes measured during a Raman session. That day, we

obtained 1 trilayer, various bilayers and no monolayer. The flat traces correspond to the silicon

of the chip. The thicker traces are the reference spectra.
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3.4 MoS2 single layer

3.4.1 Wafer properties and chip cleaning

For SiO2 exfoliation, a highly doped (conductivity: 0.001-0.005 ohm-cm) Si wafer (NOVA

electronics, item # FP02-61160-AS), topped with 285 nm thermally grown SiO2, works well.

As always, we then dice it into small chips (around 1.5 cm x 1.5 cm) and clean the resulting

pieces. The chips were then placed in a bath of acetone and sonicated at max. power for about

5 min, and similarly with isopropanol. After that, they were transported to Prof. Bulovic’s

lab, where a 5-min oxygen plasma cleaning was performed, as described in section 3.1.1.

3.4.2 Micromechanical exfoliation. Spanex

The exfoliation technique employed for MoS2 was similar to the one used for hBN. We start

with a crystal like the one shown in Figure 3.52, and with fine tweezers we try to peel a

layer of MoS2 that we place on top of scotch tape (a different type than the one employed for

MoS2, stickier in this case). MoS2 is very fragile, so cannot be exfoliated too many times as

the crystals obtained could result fragmented.

Figure 3.52: Photo of a MoS2 crystal, approximately 1 cm long. The research with MoS2 rather than other

TMDs is stimulated by the availability of large molybdenite crystals from several mining sources.

The MoS2 crystals employed in our project were bought from various sources or grown in

our lab by Efrén. The crystals from Efrén were grown by chemical vapor transport (CVT), the

standard technique to grow crystalline bulk transition metal dichalcogenides. In this process,

a condensed phase, typically a solid, is volatilized in the presence of a gaseous reactant (the

transport agent) and deposited somewhere else in the form of crystals. The setup consists of

a 2-zone furnace (source and sink at two different temperatures), the reactant and transport

agent being sealed in an ampule. The growth is non trivial as many parameters have to be

optimized or taken into account, such as the growth temperature, transport direction, rate of

the mass transport, choice of the transport agent and the free energy of the reaction.

The crystals were then exfoliated using the scotch tape-based micromechanical exfoliation.

MoS2 monolayers were transferred to p-doped silicon substrates covered with 285-nm-thick

SiO2, an oxide thickness claimed to be optimal for optical detection of single-layer MoS2 [6].

Initially, we performed all our fabrication, including the MoS2 exfoliation and flakhunting,

in air. However, it is known that the surface of MoS2 starts oxidizing in moist air below 100C

[47]. Some scientists working with MoS2 monolayers have equally noticed that the device

resistance can increase during storage at ambient conditions for a period of two months, and

this could be attributed to absorption of oxygen and/or water from the environment, which
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Figure 3.53: Cartoon representation of the mechanical exfoliation process by peeling of superfcial MoS2 layers

of a f1ake with sticky tape [48].

could be mitigated by device encapsulation and/or glovebox fabrication [6].

As already mentioned, a new lab with a glovebox was being built simultaneously to this

project. When the glovebox was fully installed and functioning, we were able to exfoliate

inside it and perform all our fabrication in controlled Ar atmosphere, almost free of water and

oxygen.

Figure 3.54: Exfoliation kit inside the glovebox

In some cases, for exfoliating MoS2 inside the glovebox, we employed the Spanex, an

almost fully automatized tool built by Efren, Valla et al. allowing a precise control over the

exfoliation process and placed inside the glovebox. The interest of this setup was double:

Firstly, in order to control the adsorption of the flakes on the chip, it was desirable to monitor

precisely the uniaxial pressure that the surface of the single crystal was exerting over the

sample substrate. Secondly, it was proposed that a controlled movement of the substrate in a

normal direction with respect to the crystallographic stacking c-axis of the TMDC crystal may

increase the density of flakes deposited. The Spanex also allowed to control the temperature

of the substrate. Hence the set-up was optimized in order to maintain a constant applied

mechanical pressure (pre-selected) over a moving substrate, and exfoliation occurred thanks

to the inter-layer shear stress induced by the substrate sliding across the crystal [48]. The

tool was equally suitable for a static exfoliation, controlling the exact applied pressure to the

tape, the temperature of the substrate and if desired permitted creating an array on the chip

to increase the exfoliation density.
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3.4.3 Flakehunting

After exfoliating the MoS2 crystals, suitable flakes with flat surfaces were selected by examin-

ing the optical contrast (a characteristic violet color) under an optical microscope, mapping

the chip at a 20x or 50x magnification. Initially, this flakehunting was performed using a

conventional Olympus microscope or a Zeiss one. After the glovebox was installed, our group

bough a Nikon optical microscope for inside the glovebox, therefore allowing flakehunting the

MoS2 flakes without having to expose them to air, and with a very good optical resolution.

As also happened with the hBN, the yield of possible monolayer candidates detected was

low, for MoS2 usually around 1 or 2 monolayers per chip, and not all of them usable. Ideally,

we wanted isolated MoS2 monolayers, so that close flakes would not short-circuit the electrodes

after the transfer.

Figure 3.55: Optical image of the MoS2 thin layer used in our prototypical device (the top one).

3.4.4 PL (photoluminescence) characterization

Similarly to the hBN, we want to characterize the thickness of the MoS2 flake. It is of course

not the same finding superconductivity or other interesting phenomena in a monolayer MoS2,

a bilayer, a trilayer or in thicker crystals. How can we determine the number of layers of our

flake, and particularly, how can we detect monolayers?

In order to characterize a MoS2 monolayer, a first possibility is to use the AFM height

profile. In our project we did not use it as it is not always reliable: AFM is affected by

electrostatic effects which can false the measurements, among other factors already mentioned

in the previous sections.

In 2010, two independent groups reported experimentally that with decreasing thickness,

the indirect band gap, which lies below the direct gap in the bulk material, shifts upwards

in energy by more than 0.6 eV. Concretely, they revealed a progressive confinement-induced

shift in the indirect gap from the bulk value of 1.29 eV to over 1.90 eV. The change in the

indirect-gap energy was found to be significantly larger than that of the direct gap, which

increased by only 0.1 eV [21, 19].

This leads to a crossover to a direct-gap material in the limit of the single monolayer, and

the PL quantum yield showed a dramatic enhancement in going from the dark, indirect-gap
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Figure 3.56: MoS2 flake AFM and step heights. Left: AFM picture of a MoS2 flake containing both monolayer

and bilayer regions on SiO2 (inset: optical figure of the flake). Scale bar: 2 microns. Right:

Step hight for the monolayer and bilayer. Figure adapted from ref. [49].

bulk crystal to the bright, direct-gap monolayer. Therefore, unlike the bulk material, the

MoS2 monolayer emits light strongly. An increase of the PL quantum yield by more than

a factor of 104 for the monolayer compared with the bulk crystal has been reported in the

literature.

As an indirect-gap material, band-gap PL in bulk MoS2 is a weak phonon-assisted process

and is known to have negligible quantum yield. However, appreciable PL was observed from

few-layer MoS2 samples, and surprisingly bright PL was detected from monolayer samples.

Ref. [19] reports that the measured PL intensity under identical excitation at 2.33 eV for

a suspended monolayer and a bilayer sample is very different. A PL quantum yield on the

order of 10−5-10−6 was estimated for few-layer samples between 2 and 6 layers, but a value as

high as 4·10−3 was observed in the limit of monolayer thickness. Monolayer MoS2 constitutes

therefore the first atomically thin material that is an effective emitter of light. This method

is not only more straightforward than the AFM, but unequivocally characterizes a MoS2

monolayer.

Photoluminescence (PL) refers to light emission from matter, after the absorption of pho-

tons. It is one of many forms of luminescence and is initiated by photoexcitation, this means

by light with an energy larger than the bandgap energy (in our case, a 532nm laser). Once the

photons are absorbed, electrons and holes are formed in the conduction and valence bands,

respectively. The excitations then undergo energy and momentum relaxation towards the

band gap minimum. Finally, the electrons recombine with holes under emission of photons,

with an emission spectrally broad, yet still centered in the vicinity of the strongest exciton

resonance. Therefore, following excitation relaxation processes occur in which other photons

are re-radiated, at different energies than the incident photons. Observation of photolumi-

nescence at a certain energy usually indicates that the photoexcitation populated an excited

state associated with this transition energy [50].

The PL spectrum of suspended monolayer samples consists of a single narrow feature of

around 50 meV width, centered at 1.90 eV. In contrast, few-layer samples display multiple

emission peaks: a peak coinciding with the monolayer emission peak (which shifts to the red

and broadens slightly with increasing the number of layers), another peak lying about 150

meV above the previous one and a broad feature which lies below the first peak and which
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systematically shifts to lower energies, approaching the indirect-gap energy of 1.29 eV [19].

However, the description of the monolayer PL in ref [21] is slightly different. They observe

pronounced luminescence emissions at two direct excitonic transitions. The comparison is

shown in Figure 3.57.

(a)

(b)

Figure 3.57: (a) PL spectra for mono- and bilayer MoS2 samples in the photon energy range from 1.3 to 2.2

eV. Inset: PL quantum yield of thin layers 1 to 6 layers [19]. (b) Photoluminescence observed

at the direct excitonic transitions energies in a monolayer MoS2. The main peak (677 nm =

1.83 eV) agrees with the one reported in fig (a) [21].

For photoluminescence measurements, we used a 532 nm solid state laser to excite few-

layers MoS2 on a Si/SiO2 wafer. Because hBN is much more robust than MoS2, the parameters

used for our measurements are much softer than the ones used for hBN. In particular, 10%

of the total laser power is enough (and more energy can burn the sample, as shown in Fig-

ure 3.59), and the range over which we want to scan is wider. Note that we interchangeably

report our data in wavelength (nm), energy (eV), wavenumber (cm−1) or Raman shift (cm−1).

The conversion between them is straightforward. All measurements are performed at room

temperature. We here report the specific parameters:

• Range: 0 - 7000 cm−1

• Time per accumulation: 2 s

• Number of accumulations: x2

• Pinhole: 1510 microns

• Laser power: 10%

• Laser: 532 nm (green)

• Grating: 1800 grooves/mm

Note that the characterization of the MoS2 flake was done a posteriori, once all the mea-

surements on the device were performed. The reason is that such measurements can damage
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(a)
(b)

Figure 3.58: (a) Photoluminescence of one of our MoS2 flakes. The peak at 520 cm−1 is characteristic of the

silicon substrate. (b) Comparison between the PL of a MoS2 monolayer [a different one] and a

WSe2 monolayer. The random peaks are cosmic rays (high energy particles from outer space)

that have not been removed.

or affect the structure of the MoS2, which is of course not desirable. In other words: we

familiarized our eyes with the characteristic optical contrast of MoS2 monolayers and then

used the candidate found flakes without the certitude they were really monolayers (although

we were pretty confident).

Figure 3.59: Example of what can happen if the full power of the laser is employed with MoS2 (simply burn

a hole in the flake)

Raman spectroscopy (not PL!) has also been shown to be a possible tool to determine the

exact number of layers of exfoliated MoS2, because the vibrational spectrum is sensitive to

the sample thickness (although in our project, we have not used it as a main characterization

technique as required calibration and the PL was a much more clear indicator). The energy,

width, and amplitude of the vibrational modes are influenced by the thickness of the flakes.

Concretely, two Raman modes, E1
2g and A1g, exhibit sensitive thickness dependence, with the

frequency of the former decreasing and that of the latter increasing with thickness [51, 52].
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Figure 3.60: Left: Raman spectra of thin and bulk MoS2 films. Among the four Raman-active modes of the

bulk 2H-MoS2 crystal, only the modes E1
2g and A1g are observed. Right: Frequencies of E1

2g

and A1g Raman modes (left vertical axis) and their difference (right vertical axis) as a function

of layer thickness [52].

Figure 3.61: Schematic drawing of the four Raman active and two inactive modes of MoS2. Adapted from

ref. [51]

3.5 Transfer of the hBN thin layer and the MoS2 thin layer on top of the

bottom contacts

A critical step for the field of van der Waals heterostructures is marked by the development of

polymer based dry transfer methods for two-dimensional crystals. The pick-up and transfer

method for Van der Waals materials developed by Philip Kim’s group at Columbia Univer-

sity (now at Harvard University) and also developed independently in our group contributed

actively to the field [39].

In addition to the standard clean-room procedures (cleaning, dissolving, resist spinning

and so on), it is necessary to position different 2D crystals over each other with micrometer

accuracy. All of this makes the fabrication process, and concretely this step, a potentially

hard path.

3.5.1 Transfer setup

Originally, the typical stacking procedure consisted on isolating micrometer-sized 2D crystals

on top of a thin transparent film (for example, polymer) and placing them one by one face

down onto a chosen target, removing or dissolving the supporting film every time between
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different steps, until a desired stack was assembled. This fabrication process could take various

months.

Now, we are able to pick-up various flakes, one on top of the other, with a same polymer

(PC). Instead of depositing a 2D crystal, e.g., h-BN, directly on top of another crystal, such as

MoS2, we can use the h-BN to pick up the MoS2 from the substrate. This can be done because

the van der Waals force between the atomically flat h-BN and MoS2 is stronger than between

the MoS2 or the h-BN and the rough SiO2 substrate. The great interest of this method lies

in the fact that the interface between the two crystals has not been now contaminated by any

polymer. This way the materials inside the stack not only remain much cleaner, but a stack

can also be fabricated faster. However, the process is still far from being trivial, and requires

a transfer setup tool to be performed, allowing the chip to be placed under microscope and

being precisely manipulated by using micromanipulators.

The whole setup is installed on a vibration isolation table sitting on a heavy table. The

sample is mounted on an aluminum block and fixed to it using a rough vacuum valve per-

forming an under pressure under the chip. The aluminum block can be heated to around

200C. Then, a glass slide is mounted on a 3-axis micromanipulator stage which allows to align

the PC with the flakes of interest present on the chip. A micrometer-scale precision can in

principle be achieved. A microscope with a long working distance is attached to a CCD cam-

era in order to observe the process on a monitor and minimize vibrations caused by manual

manipulation [39]. A fan was employed to cool down the aluminum block when desired.

In our lab, we currently have three different transfer setups. The one shown in Figure 3.62

is the first transfer setup, built by Javier Sanchez-Tamaguichi (currently a Postdoc in Lukin’s

lab, at Harvard) during his PhD in Prof. Jarillo-Herrero’s group. In early stages of this

project, this was the setup employed.

A few months ago, Valla Fatemi et al. built a fully automatized transfer setup for inside

the glovebox. The working principle is similar, although the design is very different. When

the fabrication of the device was performed inside the glovebox, this was the tool employed

to encapsulate the MoS2 between two hBN sheets (no picture has been added to this report).

The third transfer setup was built by Yuan Cao et al. and allowed a better precision than the

original one.
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Figure 3.62: One of the home-built transfer setup in Jarillo-Herrero Lab (the original one). (a) Transfer

setup. (b) Sample holder and micro-manipulator for alignment. (c) Vacuum-mounted sample

on a heated stage. (d) Polymer stack on a glass slide for picking-up flakes. (e) Polymer stack

on the glass slide mounted to the micro-manipulator (f) Engaging the polymer to substrate.

Figure reproduced from ref. [39].

3.5.2 Polycarbonate (PC) slides

The fabrication of a stack starts with the preparation of a glass slide that is used to pick

up other crystals. We first prepare a thin film of polycarbonate (PC, Fluka Analytical, 6%

dissolved in chloroform). Using a pipette, the PC is dripped on a microscope slide. Because

the PC is difficult to spin coat, a second glass slide is directly put on top of the PC covered

slide, spreading out the PC, after which they are immediately separated by sliding the two

slides over each other. This results in a reasonably uniform PC film which is then left to

harden in air for a few minutes [53].

Then we take a new glass slide on which we put a small piece of polydimethylsiloxane

(PDMS). PDMS is optically clear, and, in general, inert, non-toxic, and non-flammable.

PDMS is viscoelastic, meaning that at long flow times, it acts like a viscous liquid (and

conforms to the recipient where it is stored), but at short flow times it acts like an elastic

solid. In our case, we use the PDMS as a soft cushion, as it allows the PC film to contact

smoothly the chip. Each member of the group has its own PDMS in a Pettrie dish, prepared

following a standard recipe.

The PC is removed from its glass slide using double-side adhesive tape with a hole and laid

across the PDMS. This step failed the majority of the trials, as the PC wrinkled (specially
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during the winter, where the humidity is lower and the PC is more difficult to peel from the

slide). In some circumstances, humidifying the ambient with a humidifier or a wet tissue

underneath our work space was required. When all of this succeeds, the newly made slide can

now be used to pick up a flake.

Note that we used two different heights of PDMS during our experiments, one thicker

than the other one. The advantage of the thicker one was that the contact between the PC

and the chip had an intrinsic angle and therefore was smoother, with similar results in the

transfer. Disadvantages of such thicker PDMS are presented later on.

The PC/PDMS polymer stack is prepared according to the following procedure [39]:

1. Clean two glass slides with IPA and blow dry with N2 gas.

2. Drop around 5 ml of PC solution (6% by weight in chloroform) onto one glass slide.

3. Press the other clean glass slide onto the PC solution and slide. A thin PC film should

be left on the first glass slide.

4. Cut a small piece of PDMS (2mm x 2mm x 2mm) and place it on another glass slide.

Ensure that there are no bubbles between the PDMS and the glass slide, and that the

PDMS is clean of dust or other possible residues. Place double-sided tape around the

PDMS block.

5. Punch out a hole in a piece of double-sided tape. Use this tape to pick up PC film from

the glass slide. Ensure that the picked-up film remains intact.

6. Align and center the PDMS block with the circular PC film. Place the PC film on the

PDMS, tap around the film to ensure that it adheres to the tape around the PDMS.

The tension should flatten out the wrinkles in the PC film (if any), resulting in a flat

polymer surface that conforms to the PDMS.

7. The slide can be heated at 110C for 5 min, although this is optional and rarely performed.

Before using them, the PC slides were optically inspected under the microscope to make

sure they are completely clean of dust of other impurities. Otherwise, it is discarded.
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Figure 3.63: Preparation of the PC slides. (a) PC on a glass slide. (b) Smearing the liquid with another

glass slide and pressing. (c) Sliding the two slides one against the other one quickly. (d) Final

appearance of a PC slide. Photos taken by R. Pisoni and myself. Figure reproduced with

permission of ref. [39].

3.5.3 Pick-up of the hBN thin flake

The fabricated PC slide will now be used to pick up the hBN, then pick up the MoS2 and

then transfer the ensemble on top of the bottom contacts. Note that the order of the pickups

is inverted with respect to the stack sequence, as the first flake being pick-up is the one that

will lye in the upper layer of the resulting stack.

Originally, PC was not used as a transfer polymer in our lab. However, attempts to pick

up atomically thin h-BN with polymers such as PMMA, MMA and PPC resulted in very little

success. After trying various polymers, our group found in 2014 that a PC (Poly(Bisphenol A)

Carbonate) film on PDMS stack is most effective for picking up monolayer h-BN or graphene

flakes from a SiO2 substrate, thanks to its stronger adhesion. The robustness of this film

also allows us to pick up thicker and bigger flakes, and most importantly to perform multiple

pick-up and transfer iterations in order to make highly complex heterostructures [39].

As shown in Figure 3.62, the glass slide is mounted in an optical aligner with the PC

facing down. The SiO2 chip, containing the hBN thin layer, is fixed on the aluminum, so that

we can align the PC to the hBN flake (very simple alignment) and start bringing the PC and

the SiO2 in contact. While closely following the progress by an optical microscope (or in the

computer thanks to the camera), we continue to make contact until the PC and the hBN are

almost in touch, which can be easily distinguished optically. Now we heat the chuck (very

slowly and smoothly) to 100C, and leave it in this state for exactly 10 min. As the SiO2 heats

up, the contact area with the PC consequently gradually increases further. After that, we

switch the heater off, which in turn causes the PC film to slowly retract from the substrate as

it cools down. When fully retracted, the PC film remains intact on the PDMS and the hBN

is picked up (if nothing failed). The process just described can easily be repeated to pick up

another crystal, in our case MoS2, to form a multilayer heterostructure [53].
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Figure 3.64: Example of a screen capture of the transfer setup screen during this step at a low magnification.

Figure 3.65: Scheme of the transfer slide after the first pick-up [53].

Figure 3.66: Optical image of a PC slide after a the first pickup. Only the thick hBN flakes can be seen, and

never a monolayer.

3.5.4 Pick-up of the MoS2 thin layer

Repeating the exact same procedure as for the first pick-up, one can also pick up the MoS2.

For that, we have to perfectly align the hBN flake (located on the PC) and the MoS2 flake

contained on the chip, engage, heat up until 100C slowly and then cool down to disengage the

PC and the flake, hoping that the MoS2 has been pickup and is exactly on top of the hBN

flake.

However, aligning the MoS2 flake and the hBN flake is very tricky. An hBN monolayer

cannot be seen optically when it has been picked-up and is on a PC slide. Therefore, we need

to have thicker flakes nearby to be used as a reference.

In order to perform the alignment between the MoS2 and the hBN, we outlined the flakes

of interest and the surrounding flakes (by using Inkscape or Adobe Illustrator) from an older
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picture of the region and superimposed the contours to the live image observed with the

transfer setup (using the program Image Overlay). This way, we could GUESS where the

hBN monolayer was. The MoS2 monolayer was slightly more easy to see, although having the

contours was also necessary.

When thick PDMS was used in the PC slide, two problems appeared (or more accurately,

were accentuated). First, the opacity of the slide increased and the optical image was darker.

Second, the hBN flakes on the PC were actually (more) distorted and the relative displace-

ments accentuated. Effectively, the hBN flakes sometimes move during the pick-up and the

original image of the hBN flake is not exactly superposable any more to the flakes on the PC

slide. For a thicker PDMS, the radius of curvature of the PC is greater, and the flakes on

the PC, when looked through the optical microscope, appear even more distorted. This is in

a certain way related to the well-known mathematical fact that it is not possible to map a

portion of the sphere into the plane (or vice-versa) without introducing some distortion.

Figure 3.67: Screen capture of the transfer setup screen during this step. This is approximately what we see

when doing a pickup or a transfer (the contours are added to try to locate the thin flakes, as

we can only see the thick ones).

By depositing the MoS2 on a clean SiO2 substrate and picking-up it up using the h-BN

flake on the PC, the dry polymer-based technique allows the MoS2 surface to be preserved

in a pristine state. Note that many constraints appear in the flake selection: we want a big

hBN monolayer that can ideally cover the MoS2, and close to thicker flakes so that it can

be aligned during this the transfer. Moreover, we would look for an MoS2 flake that is a

monolayer and is not close to thicker flakes that can potentially short-circuit the electrodes

after being transfered on top of the bottom contacts.

Note also that due to the good adhesion between hBN and MoS2 thanks to Van der Waal

forces, it may not be required to heat up until 100C for the pick up to be successful. This has

been tried in various occasions, most of them successfully.
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3.5.5 Transfer on top of the bottom contacts

To release this stack onto a substrate containing hBN, we follow the same procedure as for a

pick up until the retraction step. While still in contact, we heat the substrate up to around

160C in order to melt the PC onto it. Next, the hot chuck is carefully retracted, releasing the

PC from the PDMS, and leaving the desired stack (and also the PC) on the SiO2 substrate

containing the bottom contacts.

The transfer technique allows to put the crystals in soft contact without rubbing and,

ideally no liquid or wet polymer is in contact with cleaved surfaces during this process, so we

can minimize contamination. The last flake, however, was unavoidably in contact with the

PC. Thermal annealing in an inert atmosphere can sometimes be helpful to clean the stack,

after dissolving the PC.

Figure 3.68: Optical microscopy picture (5x magnification) of a chip (not the same as the one described all

along this section) right after transferring the PC with the flakes on top of the contacts.

3.5.6 Elimination of the PC

The PC is removed by rinsing in chloroform for 5 to 15 min. The device can now be char-

acterized both optically and with an AFM microscope. We here show some pictures of the

prototypical device after the transfer and after removing the chloroform.

We note that in a very recent work (ref. [16]), before writing the mask, an annealing at

200C is performed in order to supposedly reduce the contact resistance and probably remove

polymer residues. In our case, such annealing was not performed.
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Figure 3.69: Optical and AFM characterization of the resulting device. In the AFM phase image, we can see

that the hBN bilayer detached from the thicker hBN and in the height image we can see that

the MoS2 is not contacting one of the big electrodes

3.6 Intermediate step (not always needed): etching of the flakes short-

circuiting the electrodes

In an ideal case, the MoS2 flake is an isolated monolayer. However, it is not always easy

to find a monolayer, and generally these are attached to a thicker flake. In that case, after

doing the transfer of the monolayer MoS2 on top oh the channel, the thicker part may be

shortcircuiting the gold electrodes.

Actually, everything apart the channel and the pads will be covered by a double layer

resist, so it is not clear that the MoS2 would short circuit the electrodes, specially at very low

temperatures. However, after a discussion with the group, we thought it could be positive

and prudent to etch the thick flake.

The etching had of course to be very precise. We decided to use various stripe-shaped

geometries that we carefully placed where the MoS2 thick flake was short circuiting the elec-

trodes. We then took our design to the EBL, developed it and finally took it to the XeF2

etcher. We could not have used reactive ion etching (RIE) as the resist would also have re-

acted in that case, with a potential risk of damaging the whole device. The images of the

sample before and after the etching are included in Figure 3.70.

This device did not ended up working. The possible reasons are of course wide and

variated, but one of them is that the XeF2 may have damaged the properties of the MoS2.

This is why after that, we decided to stop etching our devices at this point of the fabrication

process, even though some thick MoS2 flakes could have been placed between two electrodes

after the transfer.
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(a) (b)

Figure 3.70: Optical picture of the device before etching (a) and after etching (b).

3.7 Mask

3.7.1 Design

We then designed the mask aimed to open “windows” corresponding to the MoS2 flake, to

define the region where the ionic liquid would be in direct contact with the flake, that is, the

region where charge accumulation occurs on application of a voltage to the gate electrode.

The design equally took into account that the resist on top of the ionic liquid gate also needed

to be removed (except maybe where big flakes were deposited), together with the bonding

pads.

In order to know where is the channel and design it exactly where we want it to be, we

used four ebeam markers written together with the bottom contacts and located within a

100x optical image used as a reference.

The mask did not adjust exactly to the channel, but also included the end of the gold

contacts. The reason is that the ionic liquid also dopes the gold, probably by oxidizing it

[54], and reduces the contact resistance. We do not want to dope a very large region of the

contacts as the ionic liquid can react or damage them, so we will minimize the region of

contact between the gold contacts and the ionic liquid.

3.7.2 Spincoating and high precision electron beam lithography writing

MMA and ZEP resists are subsequently spun on the chip, and the design patterned on the

resist layer using conventional electron beam lithography as already explained. In order to

have a very fine alignment (and write the mask exactly where we designed it), we do not use

the photomarkers, but instead we use cross-shaped e-beam markers written at the same time

as the bottom contacts. We usually tolerate a shift lower than 30 nm or less in this step.

3.7.3 Development

We finally develop our mask. All the chip is now covered by MMA and ZEP excepting the

channel, the ionic liquid pad and the bonding pads. Picture 3.71 shows the resulting optical

image of our prototypical device, where the mask on the channel can be observed.
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Figure 3.71: Optical image of the mask, after the writing and the development. The mask is intentionally

not covering the source electrode, as it is not contacting the MoS2. The image appears greenish

because the resist covers the chip.

3.8 Wirebonding of the sample

The substrate was then mounted on a conventional chip carrier and wire-bonded. To fix the

sample to the chip carrier, we used silver paint (conductive).

Wire-bonding is a common technique that is used for making interconnections between a

semiconductor device or an integrated circuit and its packaging, in this case the chip carrier.

The wire-bonding was performed using a 7400D Series Wedge-Wedge Wire Bonder, which

relies on the application of ultrasonic power and force to form bonds. Wedge bonding is a

popular method commonly used in the semiconductor industry. All machine configuration

constants and bond settings are programmable at the machine panel, although we will not

enter in the details of the bonding in this report.

Figure 3.72: Picture of our wirebonder, used to bond aluminum wires, by the wedge-wedge technique using

ultrasonic energy to the wire at room temperature

The static electricity is our enemy number one. A single spark can just blow up the device

and ruin a lot of work. During the wire-bonding and all the time after the sample remains

on the chip carrier (including all the measurement process), we will ground ourselves to avoid

bad surprises.
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3.9 Ionic liquid deposition

A small droplet of ionic liquid (DEME-TFSI) was then placed onto the device.

This deposition was performed by immersing an ultra-clean needle with a tuned tip (in

order to optimize its shape and adjust it to the dimensions of the device) in the ionic liquid.

A droplet would fix to the tip due to capillarity forces.

In early stages of this project, the deposition of the ionic liquid on top of the device was

performed in air and by hand (with the help of a manipulator), under a microscope. Note

that this could never be performed without a microscope or similar optical instrumentation,

as the device has a micrometric size! This was therefore a risky step that could perfectively

screw up out whole work.

Figure 3.73: Before using the transfer setup micro manipulator to deposit the ionic liquid, we employed a

manual setup and controlled the needle by hand (with a deposition less precise than the one

obtained with the automatized needle).

As mentioned in 2.3, the performance of ionic liquids is very sensitive to the presence of

moisture, which prevents the reversible and reliable operation of the devices. Any exposure

to air can be detrimental, and a controlled Ar atmosphere (glovebox) is highly recommended.

After October, we were able to do this crucial step in a brand-new glove box with a

controlled atmosphere (sub-ppm O2 and H2O concentration), where we also used two ionizers

to minimize electrostatic energy and possible sparks. By using a high precision setup (the

transfer setup adapted for this purpose), we significantly improved the ionic liquid deposition

on top of our device. Figure 3.74 shows the result.

(a) (b)

Figure 3.74: Deposition of the ionic liquid drop on top of the device in the glovebox with high precision.
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The device was then rapidly transferred into the variable-temperature insert of a cryostat.

The quickness of this step is of relevant importance, as the ionic liquid can easily react with

air and degrade. In order to do a quick transfer, various methods were employed: running

from the fabrication lab to the measurement lab or using a transfer chamber that preserves

the Ar atmosphere a short time before placing the sample in the cryostat. This transfer has

to be performed with the sample placed in a conducting carrier (such as a conducting gel

pack), otherwise a simple spark could blow up the whole device as can be seen in Figure 3.75.

Figure 3.75: Optical microscopy image of a device that blew up, likely due to a spark

(a) (b)

Figure 3.76: Scanning Electron Microscopy images of the device, after performing all the measurements and

removing the ionic liquid. Images taken at the CMSE facilities (tilt angle: 45 degrees).

3.10 Other structures studied: top contacts

After seeing no success in the previous device, we tried a new structure for our samples: a

device with top contacts. In this case, the have a tunnel connection between the metallic

contacts and the semiconducting channel through an hBN monolayer.

The motivation to try that is that in the bottom contact structure, the MoS2 was actually

not totally encapsulated and isolated, as in between the gold contacts and the bottom hBN,
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some oxygen, water, ionic liquid or other contaminants could leak.

We therefore decided to first fully encapsulate the MoS2 channel between a thick hBN and

a monolayer hBN on top, and then evaporate on top of the hBN monolayer the top contacts.

We hoped that the hBN monolayer would be thin enough to not affect too much the contact

resistance and simultaneously protect the MoS2 from the ionic liquid.

Figure 3.77: Device cross section of the device with top contacts

In order to have a fully encapsulated MoS2, we decided to take a very large hBN layer and

a small isolated MoS2 flake (easy to say, but not so easy to find). We also selected a thick

hBN suitable for a bottom substrate, with the usual criteria.

Note that for this device, we did not use photomarkers. We used ebeam markers, as the

two EBL writings would require a high precision.

The transfer was performed using a transfer setup and PC slides, although the last align-

ment was much easier to perform as we did not had to align the MoS2 and the hBN on the

channel.

Figure 3.78: The three steps of the transfer for the device with top contacts. Substrate 1 is a chip with

90nm SiO2 containing hBN thin layers, substrate 2 is a chip with 285 nm SiO2 containing MoS2

thin layers and substrate 3 contains thick hBN flakes and is patterned with ebeam markers. All

the chips have been cleaned with the techniques previously mentioned and the exfoliation was

performed using the same procedure as the “prototypical device” previously described. Figure

adapted from ref [11].

After the transfer was performed, we had to select the best region in the MoS2 flake where

we wanted to put our contacts. However, many bubbles were formed during the transfer

between the various layers. We therefore performed various heat cleanings until we obtained

a good sub-area in the MoS2 flake where to evaporate the channel. The evolution of the

heterostructure after the heat cleanings in shown in Appendix B.

After the annealings, we selected a small region of the MoS2 free of bubbles, roughness or

impurities. We designed the top contacts to fall exactly in that region. The alignment with
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Figure 3.79: Optical images of the initial MoS2 and hBN thin flakes employed in this device (top). AFM

height and phase high quality images of the resulting stack after the transfer and heat clean.

the EBL was very fine, as a high precision placement was required. This is why we did not

use photomarkers this time.

As can be seen in Figure 3.80, we changed the shape of the design and used circular

ones. The reason is that this way, we were also able to include thicker gold structures at

the edges of the flake to fix them to the substrate for future steps. The channel dimensions

were also reduced significantly with respect to the previous designs, making the design totally

personalized for this stack.

Figure 3.80: Design of the top contacts.

Figure 3.81 shows an optical and two AFM pictures of the contacts after the evaporation

of the gold contacts. We can see a scratch on our flake, caused by a crash of the AFM software,

but fortunately not affecting our channel.

After that, we covered with resist the whole chip and wrote the mask uncovering the
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Figure 3.81: Optical and AFM height pictures of the resulting top contacts.

channel, the ionic liquid and the bond bads. This was probably the most precise writing this

project demanded, as the mask was aimed to mimic an ideal hall bar (different from a simple

rectangle), where the legs were thin and perfectly aligned with the contacts.

Figure 3.82: Optical image of the mask after being written with electron beam lithography. Optically, we

cannot see if the mask is perfectly aligned or not as we are in the optical resolution limit.

Finally, we wirebonded the device and placed the ionic liquid drop on top of the channel.

We did so inside the glovevox and using the transfer setup micro manipulator, and then took

it to the measuring system (this time the He3 system).

However, no coherent data were obtained and the device was not working. The reason?

The ionic liquid drop got displaced, as also confirmed by optical microscopy. We therefore

cleaned the device with solvents (IPA) and placed another drop of ionic liquid (Figure 3.83).

Due to the cleaning process, we had to wire bond again some pads. Moreover, the surface

became hydrophilic, and the newly placed ionic liquid drop expanded more than usual (Fig-

ure 3.83).

The measurements performed on this device, as explained in section 4.5, did not report

superconductivity neither.

In order to confirm that the mask was perfectly aligned and discard this hypothesis as a
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(a)

(b)

Figure 3.83: (a) Ionic liquid deposition (first time). The drop displaced (both electrical measurements and

an optical image confirmed so), so the sample had to be wirebonded again and a new drop of

ionic liquid deposited. (b) Optical images of the ionic liquid deposition the second time.

possible cause, after all the measurements were performed, we lift-off the resist and cleaned

the device. The mask left a clear shadow where it was placed, as shown in Figure 3.84 and in

Figure 3.86.

Figure 3.84: AFM images (heigh at various scales) and amplitude, showing the mask was perfectly aligned

on the device. Optically, we could not see it due to a resolution limit.

We prepared another stack encapsulating an MoS2 layer between two h-BN layers but the

impurities in this case were too important, even after two heat cleaning processes. This was

the last sample we fabricated for this project (Figure 3.87).
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(a) (b)

Figure 3.85: Scanning Electron Microscopy images of the device, after performing all the measurements.

Images taken at the CMSE facilities.

Figure 3.86: SEM image of the device with tunneling contacts. A different detector (with a higher efficiency)

and a 45 degrees tilted holder have been used.

Figure 3.87: AFM picture post heat clean (500C, Ar, overnight-8h) (left) and AFM picture post vacuum

clean (right). This stack was too low quality to be used.
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4 Measurements

We have now fabricated a potential promising device. It is time to measure it and extract its

transport properties. The measurements were performed both at room temperature (to check

the contacts mainly) and at low cryogenic temperatures. We remember that the main goal

was to obtain induced 2D superconductivity in the MoS2 monolayer (this is, a net resistance

equal to zero) and to determine its critical temperature (temperature at which the electrical

resistivity drops to zero).

As we will detail in the next paragraph, transport measurements were performed by ap-

plying a small AC (on the order of mV) voltage between the source and drain electrodes.

Lock-in amplifiers were used to simultaneously measure the transverse (Vxy) and longitudinal

voltage (Vxx) drops along the Hall bar devices as a function of varied parameters, such as the

gate ionic liquid voltage, back gate voltage, temperature, or magnetic field. We also took care

in designing a large ratio between the gate area and the channel area (at least 50:1). Hence,

the impedance of the gate contact is negligible compared to that of the capacitance of the

electric double layer. This means that Vg is effectively applied at the interface between the

ionic liquid and the channel, and virtually all of the voltage drops occur at the liquid/flake

interface throughout the complete range of applied gate.

4.1 Measurement systems and working principle

All our measurements were performed in vacuum and at cryogenic temperatures (apart from

eventually the lead check). A whole setup is therefore required to control the temperature,

pressure and magnetic field applied to the sample. Liquid helium (at 4 Kelvin) is used as the

refrigerant liquid.

In our lab, we had five different fridges: a Vector Magnet, a 4K Setup, a 1K System, a

He3 System and a Dilution Fridge.

For the purposes of this experiment, only the 1K System (minimum temperature around

4K) and the He3 System (minimum temperature around a few mK, and therefore a much

more sophisticated setup) were employed.

All the devices with bottom contacts were measured with the 1K system, as the He3 setup

was booked by other colleagues. We also tried to measure some of them a posteriori with the

He3 system but they were not working any more.

The device with top contacts was integrally measured with the He3 system.

The transport characteristics of the bottom contact devices were measured using a stan-

dard lock-in technique or in d.c. for certain I–V measurements. We used three Stanford

SR830 lock-in amplifiers, a Keithley 2400 Sourcemeter, and a Keithley 2000 digital multime-

ter, in combination with an SRS Low-noise voltage preamplifier, current sources, as well as

current/voltage amplifiers (Ithaco Current Amplifiers). High vacuum (lower than 10−7 torr)

was performed using a turbo pump Agilent TPS-Compact Turbostation.

Similar electronic tools were employed with the He3 system (Cryomagnetics Magnet Con-

troller, Lakeshore 340 Temperature Controller, Ithaco Current Amplifier, Keithley 2400 Sourceme-

ter, Keithley 2000 Multimeter, Cryomagnetics Helium Monitor, Agilent Triple Output Power

Supply, three Stanford SR830 lock-in amplifiers, SRS Voltage Preamplifier and some other

tools from the 1K system such as the pump or the Line Pressure Gauge).
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(a) (b)

Figure 4.88: (a) Picture of the He3 system as seen from the top while inserting the IVC. (b) Picture of the

electronic system used for the He3 system.

We will not enter in the details of their working principle, although it may be worth

to mention the general procedure. None of the following steps was trivial (and all of them

required the direct supervision from Efren):

• Load the sample

• Seal the Insert Vacuum Chamber (IVC)

• Connect turbo pump to IVC and pump for several hours until get to around 10−6 torr

or lower

• Perform the lead checks and make sure the device is working at ambient temperature

• Measure the He level, and refill it if necessary (from the recovery system)

• Insert the IVC in a liquid Helium dewar

• Perform your measurements while cooling down or at low temperature

• Turn on the superconducting magnet, if required. Measure at base temperature the Hall

resistance for obtaining the mobility and the charge carrier density. Back gate sweeps

may also be performed

• Warm up above the freezing temperature of the ionic liquid in order to modifiy the

applied voltage and cool down again at a different charge density. Repeat the previous

measurements.

• Warm up, vent and clean up everything.

Note that the measurements are not straightforward, particularly the ones at low temper-

ature. Just a cooldown can easily take a whole day with the 1K system and several days with

the He3 system, requiring a monitored attention.
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4.2 Lead checks

All the transport measurements, including the lead checks, were performed under high vacuum

(10-7 Torr).

Before cooling down the device, the contacts have first to be checked. It is very common

that some of the electrodes do not work, and it is of course necessary to know which ones are

useful in order to obtain representative data from the fabricated device. We need, at least: a

drain and a source electrodes, two electrodes one in front of the other (to measure Vxy) and

two electrodes in the same side of the channel to measure Vxx.

The contacts are checked by using transistor curves, two electrodes at a time. The idea

of this lead check is not new: The first implementation of a top-gated transistor (with HfO2

as a gate dielectric) based on monolayer MoS2 was reported by Kis and co-workers [6]. This

device showed excellent on/off current ratio, on the order of 108, n-type conduction, and

room-temperature mobility of more than 200 cm2V −1s−1 [this is, great characteristics for a

transistor!]. From the channel current dependence on top-gate voltage, they also deduced

a subthreshold slope for the transition between the on and off states of 74 mV/dec. It is

also expected that, being a direct gap semiconductor, single layers of MoS2 could offer the

possibility for the realization of an interband tunnel FET, which is characterized by a turn-on

sharper than the theoretical limit of 60 mV/dec for classical transistors, and consequently

smaller power dissipation. This feat has remained difficult in the case of silicon, an indirect

gap semiconductor, because interband transitions there require phonons and recombination

centers [6]. In all cases, the paper attracted critical attention to electron transport in MoS2

monolayers.

Figure 4.89: Result of the lead check in our prototypical device. All the available contacts working (very

rare)! Note that the source electrode was not even wirebonded, as the MoS2 layer was not

contacting it. Electrodes 7 and 8 were used simultaneously as the source.

Current–voltage curves for our FET (source–drain current as a function of gate voltage)

are shown in Figure 4.90 and Figure 4.92. The top-gated geometry allows for a reduction in the

voltage necessary to switch the device. However, the outstanding characteristics performed

by Kis and coworkers’ device were not achieved in our project.
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The shape of the observed transfer curves is well known as they correspond to transistor

current-voltage characteristic curves.

As mentioned in the introduction, ambipolar transport was also demonstrated in a thin

(10-nm-thick) MoS2 electric double-layer transistor using an ionic liquid as the gate to reach

very high carrier concentrations [5]. The on/off ratio was slightly greater that 200 in their

device, which is much lower than the single-layer device described above. The high-density

carriers of both holes and electrons can create metallic transport in the MoS2 channel. In

our project, we also obtained both electron and hole transport (Figure 4.93). However, we

observed an asymmetry between electron and hole transport. We believe it can be attributed

to various factors:

• A larger Schottky barrier height for the hole channel that reduces thermally assisted

tunneling

• A slight preference for the adsorption of positive ions on MoS2

• Intrinsic n-doping of the transport channel.

All of these effects tend to favor electron versus hole transport, shifting the transfer curves

toward the negative gate-voltage direction [57].

The source-drain current Ids increased as a function of applied gate voltage VG when

VG = Vionic liquid was positive, being consistent with the behavior of n-type MoS2 bulk crys-

tals. When the voltage applied to the ionic liquid was negative, hole transport could also

be observed, although less efficient than for electrons. The reversible effect of the voltage

applied to the ionic liquid gate was entirely of an electrostatic nature; we would like to believe

intercalation in the MoS2 can be ruled out because the molecules forming the ionic liquid are

too large (nanometer size) and also because the speed with which the measured conductiv-

ity changes on the application of a gate voltage is too fast to be compatible with molecular

intercalation. However, at the sight of our results, we cannot be convinced about that as we

will mention later on.

The possibility of a chemical reaction was in principle ruled out by repeatability and a

negligible (less than a few nA generally for an applied gate voltage up to 4V) leak current

through the ionic liquid gate, as well as a persistent off state.
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Figure 4.90: Transfer curve obtained before cooling down for the first time, varying the voltage applied to

the ionic liquid at an excitation voltage between the drain and the source of 50mV. The device

conducts at around 1V. The green and blue curves have been obtained by decreasing Vion from

2V to 0V and increasing it from 0 to 2V, respectively. Some hysteresis can be observed.

4.3 Cool down

After checking all the contacts and selecting the most suitable ones, we fix Vg (= VIonicLiquid)

at a certain value, such as 2V in a first instance, and we start to cool down. This voltage

corresponds to the ON state of the transistor. To avoid a chemical reaction, we limited the

bias range to a conservative value, always below 4V.

Before cooling down, the sample was then left in vacuum (pressure inferior to 10−6torr)

for a few hours at room temperature to remove the oxygen and humidity present in the ionic

liquid, before starting the electrical measurements. This thorough removal of the remaining

moisture turned out to be important to preventing the formation of chemically reactive protons

and hydroxyls through the electrolysis of water.

After having applied the gate bias, the devices were subsequently cooled down slowly (less

than 1K/min) by submerging the sample in vacuum into a dewar containing liquid helium to

the lowest base temperature of the system. The device was biased with a constant voltage

between the source and drain electrodes, and the two- probe and four-probe resistances were

measured by voltage probes. The same devices were cooled down and warmed up multiple

times, changing the applied gate voltage at high temperature, without degradation in general.

During the cooldown, we recorded the resistance of the channel as a function of temper-

ature. In an ideal case, the expected superconducting transition is present in the curve of R

vs T and manifests itself as a sharp drop in the resistance (although not to the zero resis-

tance state), which is shifted to lower temperature (and eventually entirely suppressed) by

the application of a perpendicular magnetic field.

Usually, in this kind of measurements, sheet resistance, a measure of resistance of thin

films that are nominally uniform in thickness, is reported instead of the ordinary resistance.
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The utility of sheet resistance as opposed to resistance or resistivity is that it is directly

measured using a four-terminal sensing measurement and is invariable under scaling of the

film contact and therefore can be used to compare the electrical properties of devices that are

significantly different in size.

In a regular three-dimensional conductor, the resistance can be written as:

R = ρ
L

WT
,

where ρ is the resistivity, A is the cross-sectional area and L is the length. Upon combining

the resistivity with the thickness t, the resistance can then be written as:

R =
ρ

t

L

WT
= Rs

L

WT
,

where Rs is defined as the sheet resistance. A common unit for sheet resistance is “ohms

square”, which is dimensionally equal to an ohm, but is exclusively used for sheet resistance.

In our devices, the difference between the resistance and the sheet resistance was around a

factor 2-3, and the order of magnitude was the same, so in some of the following graphics we

report the ordinary resistance without loss of generality.

We here show the result of our three cool downs for the prototypical device. At small |VG|
(low n2D range), it is expected that the conductivity σ2d become smaller (sheet resistivity ρ2D

increased) with decreasing temperature, being typical of a semiconducting behavior. On the

other hand, at large |VG|, when the carrier charge density is high, a clear metallic behavior is

demonstrated by the temperature dependence of the resistance as a function of temperature.

Our measurements therefore demonstrate a transition from an insulating to a metallic regime

upon electrostatic gating, but without a transition to the superconducting state. To discard

the possibility that the zero-resistance state was not achieved due to a too high current, we

measured the I-V curve at 4K, corroborating the metallic (not superconducting) state of the

sample. We observed a linear relation of the drain-source voltage with respect to the voltage

in the channel (Vxx) in the range of currents from 10−9 to 10−5 A. Effectively, it is worth

mentioning that when the current flowing in a superconductor is higher than the critical

current, the normal state is achieved. For MoS2, such critical current was unknown a few

months ago and has been recently reported to be around 50 µA.
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Figure 4.91: First cooldown. Representation of the sheet resistance as a function of temperature. Erratic

measurements.

Figure 4.92: Comparison between the transfer curves (at room temperature) before the first cooldown and

before the second cooldown. The current achieved the second time is much higher than for the

first cool down., possibly due to an increase of the doping in the device with time. We report

also an on/off ratio greater than 104 for the new transfer curve. This figure, together with

Figure 4.96, prove that the sample has experienced a change in its semiconducting nature to a

state of higher doping.
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Figure 4.93: Example of another transfer curve, with a larger range for Vion (at high positive voltages

saturation appears). We can clearly observe an ambipolar behavior, where both the electrons

and the holes can conduct. The data are not very continuous due to a bad adjustment of the

sensitivity of the lock-in (our mistake), which had to be manually adjusted, frequently and

quickly. We have an on/off ratio on the order of 105. The drain-source voltage is 50 mV. If

the capacitance of the ionic liquid was precisely known, we could extract the mobility of the

electrons and the holes using this plot.

Figure 4.94: Second cooldown. Representation of the sheet resistance as a function of temperature.
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(a) (b)

Figure 4.95: Second warmup (Vion = 2V ). The measurements below 50K were erratic, but significant at

higher temperatures. (a) Absolute resistance as a function of temperature. (b) Three dimen-

sional plot where at each temperature an IV curve was performed. Cuts at constant temperature

show a linear IV, proving a metallic behavior of the MoS2. The resistance from fig. (a) is cal-

culated as the linear coefficient of the IV curves.

Figure 4.96: Transfer curve at room temperature before the third cooldown. We report an on/off ratio greater

than 104. Compared to the previous transfer curves, the channel is now n-doped even at 0V and

a negative gate voltage is actually required to turn the transistor off. Only one trace has been

shown here. The observed current variation for different values of VIonicLiquid clearly indicates

that the field-effect behavior of our transistor is dominated by the MoS2 channel and not the

contacts.
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Figure 4.97: Third cooldown (Vion = 3V ) and posterior warmup. Representation of the sheet resistance as

a function of temperature. The resistivity defines a typical metallic curve, which monotonically

diminishes when deceasing the temperature, as expected from a doped semiconductor in the

ON state of a transistor.
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As can be observed by comparing the figures, variations can arise in the R(T) curves in

different cool downs or even with different pairs of contacts. These variations are a manifesta-

tion of the carrier density inhomogeneity that invariably appears at low temperatures in these

devices, very probably caused by the frozen ionic liquid locally detaching from the surface of

the MoS2.

Unfortunately, we did not obtain superconductivity in our devices. The curves we were

aiming to obtain have recently been reported by Morpurgo et al. [16]. Figure 4.98 shows

the temperature dependence of four-probe square resistance at high electron density in a

monolayer device. The superconductivity is demonstrated by a drop to the zero state of the

resistance below 2K with no applied magnetic field.

The results of ref [16], the paper that reported superconductivity in MoS2 monolayers for

the first time, agree with ref [4], and demonstrate that irrespective of the layer thickness, gate

superconductivity occurs when the accumulated carrier density is in the range between 1014

cm−2 and 3·1014 cm−2, and it is never observed when the carrier density n is smaller than

5·1013 cm−2.

They claim that when superconductivity is not observed a metallic behavior of the resis-

tance on lowering the temperature is observed, as also observed by us.

(a)
(b)

Figure 4.98: (a) Low-temperature R(T) curves measured at different magnetic fields B on a monolayer device,

for various values of the magnetic field, by ref. [16]. (b) Square resistance vs temperature when

superconductivity is not observed in ref [16].

After seeing this paper, we decided to cool down our device to try to see superconductivity

around 2K with the 3He system instead of the 1K system (which has a minimum temperature

of 4K, contrary to its name). . . but 4 contacts were not working (any more). We could not

have done that before since the He3 system was fully booked.
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Figure 4.99: Frozen ionic liquid exerts strain on the device during cooling down and can cause damage to

it, or even kill the sample as shown in this figure. Data taken by Efren Navarro-Moratalla and

reproduced with his permission.

4.4 Measurements at low temperature.

Again, all the transport measurements were performed under high vacuum (10−7 Torr).

There is no need to re-check the leads, as from the measurements we can directly observe

if the contacts are displaying useful data or not. In case a contact stops working, this would

be immediately seen in the measurement tools.

For both carriers, the values of the carrier densities obtained in ref. [5] are more than

1 order of magnitude higher than the maximum carrier density found in solid-state MoS2

FETs. In our case, we obtained such results for electrons but did not try working in the holes

transport regime. The high carrier density is due to the large electric double layer capacitance

of the MoS2 channel.

We will here show our measurements at low temperature (sub-5K). For that, we will first

review the theory of hall measurement and the data we can extract from it. Then, we will

show some other measurements that can be performed at low temperature and give interesting

properties about the device. We will include in this sections some results from Morpurgo’s

paper at low temperature when superconductivity was found.

During all our measurements, we also ensured that the leakage current through the ionic

liquid remained negligibly small (below 1 nA) throughout the measurements, which is impor-

tant because anomalous increases in leakage current are often indicative of device degradation.

4.4.1 Hall effect measurement theory (basic concepts)

The Hall effect was discovered in 1879 by Edwin Herbert Hall. A voltage difference (known

as the Hall Voltage) is produced due to a separation of charges across an electrical conductor

through which an electric current circulates and in the presence of a magnetic field perpen-

dicular to the current.

When an electric current (movement of many small charge carriers, such as electrons and

holes) flows through a conductor in the presence of a magnetic field, the magnetic field exerts a

transverse force on the moving charge carriers (the Lorentz force) which tends to deflect them

to one side of the conductor. A buildup of charge at the sides of the conductors will oppose

the migration of further charge and will balance the magnetic force, producing a measurable

voltage between the two sides of the conductor. The resulting Hall field is perpendicular to

82



the movement of the charges and to the orthogonal component of the applied magnetic field.

For a simple metal, where only electrons are considered as charge carriers, the Hall voltage

can be simply obtained by equating the resulting electric force to the magnetic force,

eE = evB,

where e is the charge of the electron, v the drift velocity and B the applied magnetic field.

From this, and calling I the current across the plate, n the charge carrier density and t the

thickness of the plate, the Hall voltage can be extracted and is given by:

VH =
−IB
nte

.

Figure 4.100: Hall Effect measurement setup for electrons. Picture from reference [55].

The Hall coefficient, defined as the ratio of the induced electric field to the product of the

current density and the applied magnetic field, can be expressed as:

RH =
E

jB
=
VHt

IB
= − 1

ne
.

As a result, the Hall effect is very useful as a means to measure either the carrier density

or the magnetic field.

The sign of the Hall voltage can be used to differentiate between positive charges (holes)

moving in one direction and negative charges moving in the opposite one. This is due to the

fact that electrons in the upper bound of the valence band have opposite group velocity and

wave vector direction when moving, so they can be treated as positive particles (holes). VH

is negative for n-type material and positive for p-type material.

For semiconductors, where the current is carried both by electrons and holes present in

different concentrations and possessing different mobilities, the Hall coefficient for moderate

magnetic fields can be expressed as:

RH =
pµ2h − nµ2e

e(pµh + nµe)2
,

where n is the electron concentration, p the hole concentration, µe the electron mobility,

µh the hole mobility and e the elementary charge. For high applied magnetic fields, the

expression can be simplified to one analogous to the one for a single carrier type. Again, for

the case of a material with one dominant carrier, the Hall coefficient is inversely proportional

to the carrier density.
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The Hall effect has many different applications. In our case, we are interested in deter-

mining both the carrier charge density and the charge carrier mobility, the magnitude that

characterizes how quickly a particle can move through a semiconductor when pulled by an

electric field. The mobility is simply defined as the ratio between the drift velocity and the

applied electric field. The conductivity is proportional to the product of mobility and carrier

concentration, being the elementary charge the proportionality factor.

In order to infer the mobility of the charge carriers (let us suppose they are electrons), let

us consider a semiconductor sample with a rectangular cross section as shown in Figure 4.100.

From the Hall coefficient, the electron mobility can be obtained as follows:

µn = −σnRH = −σnVHt
IB

.

Similarly, for holes,

µp =
σpVHt

IB
.

The values of VH , t (not present when dealing with 2D systems), I and B are known or

can be measured directly, and the conductivities are either known or can be obtained from

measuring the resistivity.

Therefore, once the carrier charge density (for example for electrons) is known, the mobility

can be deduced using

µe =
σn
ne

.

Note that the mobility can also be inferred using the transistor characteristic curves. This

technique is usually less precise compared with the hall mobility and tends to overestimate

the mobility.

In practice, experimental determination of a real material’s transport properties requires

some significant departures from the ideal model. For example, we cannot directly measure the

electric field or current density inside a sample. They can only be estimated with measuring

voltage differences between electrical contacts and from the total excitation current and the

sample’s geometry, respectively. Geometrical error sources in the Hall bar arrangement can

be caused by deviations of the actual measurement geometry from the ideal of a rectangular

solid with constant current density and point-like voltage contacts. The errors are larger for a

simple rectangular Hall bar than for one in which the contacts are placed at the end of arms.

In order to make mobility measurements, a minimum of six contacts is needed. The

accuracy of resistivity measurements is sensitive to the geometry of the sample. Various

geometries for a hall bar can be used. The eight contact 1-3-3-1 Hall bar geometry (the one

we employed in our devices) is ideally the most symmetrical of the Hall bars. It consists of two

sets of three equally-spaced contacts, which lie directly opposite one another on both sides of

the sample. According to the nomenclature of Figure 4.101, current flows from contact 5 to

contact 6 and voltage measurement connections are made to contacts 1 through 4. Only six of

the eight contacts are actually used. The remaining two are included to be used in case one of

the other contacts does not work, and also to keep the sample completely symmetrical. The

sources of measurement error are wide and variated. However, by combining measurements,

almost all of them can be averaged out (ref [58]) and can therefore be ignored, as their

contribution is negligible.
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Figure 4.101: Eight contact 1-3-3-1 Hall bar.

4.4.2 Application to our device. Determination of the carrier charge density

and mobility.

We need to cool down our device for two main reasons: the fist one is to see if we have

superconductivity at low temperatures and be able to extract the critical temperature, and

the second one is to be able to determine the carrier charge density and the mobility. Moreover,

at low temperatures, the thermal noise is suppressed.

Effectively, in principle, we should be able to perform Hall measurements at ambient

temperature. However, the magnetic field used to perform our measurements is produced by

a superconducting magnet, consisting on an electromagnet made from coils of superconducting

wire. Therefore, the magnet needs to be cooled down to cryogenic temperatures in order to

be in its superconducting phase, otherwise it will behave as a normal (resistive) metal with

a huge Joule effect which raises the temperature of the surrounding regions, that can very

quickly boil-off of the cryogenic fluid (called a magnetic quench). The inert vapor formed by

the evaporating cryogenic fluid can actually present an important asphyxiation hazard.

As a matter of fact, we remember that the magnetic field generated by a solenoid with N

turns, length L and permeability µ is given by Ampère’s Law:

B =
µIN

L
,

where the intensity is very high as we have a superconducting magnet in its superconduct-

ing state, thus creating intense magnetic fields. Depending on the system used, we can attain

different magnetic fields, in all cases of around a few Teslas.

We can therefore compute Rxy = VH/Ids (resistance computed between two opposite

electrodes) as a function of the magnetic field B and Rxx as a function of B.

The last one is called the magnetorresistance, and has not great relevance for our interest

in this project (can be used to re derive the mobility, to observe a localization peak,...).

The former one will be used to perform all the calculations derived in the previous section.

In particular, the slope of the curve Rxy vs B will give us the Hall coefficient, RH = dRxy/dB.

Note that we are here dealing with 2D materials and the thickness will not intervene.

Then, using that
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RH =
−1

ne
,

we will obtain the carrier charge density.

We can observe that the density of electrons in the molybdenum disulfide flake increases

with the exposition time to the ionic liquid (see figures below), as the slope of the linear fit is

each time smaller.

Finally, by multiplying RH by the conductivity (or by dividing the conductivity by ne),

we will get the mobility:

µ = |σRH |,

with

σ =
1

ρ
=

1

Rxx
w

l

,

being w the distance between Hall electrodes located one in front of the other and l the

interior distance of the Hall electrodes in the same side of the sample.

For the two first cool downs of the sample, we can infer a Hall mobility of 516.5 cm−2V −1s−1

and 2053.9 cm−2V −1s−1, respectively. This clearly shows the very high quality of our devices.

The theoretical upper bound of the electron mobility of single-layer MoS2 is predicted

to be from several tens to a few thousands at room T and exceed 105 cm−2V −1s−1 at low

T depending on the dielectric environment, impurity density and charge carrier density. In

contrast, up to date, experimentally measured monolayer MoS2 devices on silicon dioxide

substrates have exhibited room-T two-terminal field-effect mobility that ranges from 0.1 to

55 cm−2V −1s−1. This value increases to 15 - 60 cm−2V −1s−1 with encapsulation by high-k

materials, owing to more effective screening of charged impurities. This mobility is not only

orders of magnitude lower than that of graphene, but also substantially lower than the phonon-

limited mobility in the bulk system (in principle estimated to be around 100cm−2V −1s−1 at

room temperature) [57].

For large band gap semiconductors such as MoS2, a significant Schottky barrier may form

at the metal/semiconductor contact, yielding a high contact resistance. Multi-terminal Hall

mobility measurements (not affected by the contact resistance and thus not underestimated)

still show a mobility substantially below theoretical limits, particularly at low T, with reported

values of 174 cm−2V −1s−1 (Radisavljevic et al Nat Mat 2013) at 4K for one layer devices

[56]. To the best of our knowledge, other recent high mobililies reported have reached 254

cm−2V −1s−1 (Baugher et al Nano Lett 2013) and the record is 1000 cm−2V −1s−1 (Cui et al.

Nature Nanotech 2014, ref. [56]). According to that, we have obtained in this project the

highest mobility in MoS2 monolayer devices up to date.

In a paper entitled Improved Carrier Mobility in Few-Layer MoS2 Field-Effect Transistors

with Ionic-Liquid Gating (ref. [57], 2013), electrostatic doping using an ionic-liquid (IL) gate

as a viable approach to achieve low resistance MoS2/metal tunneling contacts was employed.

Effectively, IL gating significantly reduces the contact resistance by thinning the Schottky

barrier. They reported a mobility of 220 cm−2V −1s−1 (at 77K). With the same technique of

ionic liquid gating, we increased such mobility around an order of magnitude.
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A possible explanation of why we did not attained the superconducting state for the first

cool down could be the reduction of the geometrical capacitance of the ionic double layer due

to the presence of a hBN bilayer in between. As can be inferred from the Hall coefficient

(see figure below), the induced density of charge carriers is around 2.2 x 1013 cm−2 at the

2V applied during the cool down. Supposing the phase diagram of ref. [4] obtained for

thicker flakes of molybdenum disulfide is still valid for atomically thin layers, then the state

of the monolayer in this case would be out of the superconducting dome by almost an order

of magnitude, being the range of 1014 cm−2 the optimum one for which the higher critical

temperatures were reported.

However, it is worth mentioning that the effect of the hBN top monolayer is unstable, as

for successive cooldowns applying the same or a not so different voltage to the ionic liquid

gate, the Hall densities increase around an order of magnitude per cooldown. As can be

seen in the following images, the n2D for the second cooldown achieved was 1.5 x 1014 cm−2,

and increased up to 7.9 x 1014 cm−2 for the third cooldown! These values indicate that an

intercalation of the ionic liquid between the top thin hBN and the molybdenum disulfide

may have occurred. This hypothesis is confirmed by a marked reduction in the mobility of

the electrons µHall = 21.1 cm−2V −1s−1 for the third cooldown. Because the ionic liquid

intercalates in a non-controlled way, it induces a greater disorder in the channel, translated

by a reduction in the mobility of the charge carriers.

In a recent visit to Stanford, I had the occasion to share these results with Prof. David

Goldhaber-Gordon, also specialized in ionic liquid gating. He was very skeptical about the

fact that charge carrier densities greater than 1014 cm−2 could be achieved only due to an

electrostatic gating. Effectively, an ion has a diameter of around 1nm. Thus, in a cm2, roughly

107 x 107 = 1014 ions can approximately accumulate. Moreover, the energy per ion needed to

accumulate a second layer of ions in the EDL was way too high to be possible according to his

criteria (I did not reproduce the calculations myself). Therefore, every charge carrier densities

greater than 1014 cm−2 had to be caused by an electrochemical reaction. Another argument

in his favor was their recent paper, where they showed the ionic liquid is very reactive, and

can even react with the gold contacts if they are not 100 percent pure [54].

In other papers, such as ref. [57], they tried to prove it is the electrostatic surface doping

that is responsible for the drastic reduction of the contact resistance and not a chemical

reaction. For that, they compared the device characteristics before the ionic liquid was added

and after it was removed, following the completion of all electrical measurements. They

observed nearly identical output characteristics in both cases, and therefore they concluded

they can exclude the possibility of electrochemical doping or any other type of irreversible

electrochemically induced degradation of the channel.

In any case, this anecdote further proves that nobody really knows how the ionic liquid

actually works, and the mechanism on how the ionic liquid dopes certain materials remains

unclear nowadays, which actually makes them even for attractive for scientific purposes.

Another method commonly used to estimate carrier mobility is to calculate the

field-effect mobility

µFE = (dσ/dVbg)(1/c),

where c = ε0εr/t is the gate capacitance per unit area. Using Figure 4.107, we obtain
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a mobility between 11 cm2V −1s−1 and 24 cm2V −1s−1, in accordance with the hall mobility

found for the third cooldown.

Equivalently, from the data of an Ids vd Vbackgate plot, we can extract the low-field field-

effect mobility using the expression µ = [dIds/dVbg][L/(WCiVds)], where L is the channel

length, w is the channel width and Ci = 1.3 · 10−4 F m−2 is the capacitance between the

channel and the back gate per unit area (Ci = ε0εr/d; εr = 3.9; d = 285nm). Note that this

value represents in principle the lower limit because of contact resistance.

The hall mobility and the field effect mobility can differ substantially due to the density

dependence of the Hall mobility.

Substituting µ = neµH and ne = cVbg into the field effect mobility formula, we find

µFE =
d

dn
(µHn) = µH + n(dµH/dn),

Therefore, the field effect mobility can differ from the Hall mobility if the Hall mobility

changes with density. When dµH/dn approaches zero, the two mobility values should match

[49].

The capacitance of the EDL, if needed, can also be easily obtained using the relation:

CVg = −1/RH .

Equivalently, using C = dn2De/dVG, the EDL capacitance be can calculated by a linear

fit of n2D as a function of VG. In [5], the EDL capacitances were estimated to be 7.2 and

4.7 microF/cm2 for electrons and holes, respectively. In our case, the estimated capacitance

resulted to be an order of magnitude higher (Figure 4.106), also greater than the capacitances

usually reported in the literature or by Efrén in other previous devices. We argue that 3

points, two of them with the same abscissa, are not a representative sample to deduce the

capacitance of the ionic liquid with a high precision (Figure 4.106). More data meant more

cooldowns and we were not interested in performing them as superconductivity was discarded

in this sample.

The discrepancy may also arise from the dependence of the quantum capacitance on the

carrier density. The total capacitance consists of the electrostatic capacitance of the electric

double layer and the quantum capacitance of the MoS2 channel, which are connected in

series. The total capacitance is likely dominated by the quantum capacitance due to the

extremely large electrostatic capacitance of the ionic liquid gate, which can be as high as 100

microF/cm2. Because the quantum capacitance is a measure of the average density of states

at the Fermi level, which increases with increasing carrier density, it may also increase with

the carrier density. As a result, the quantum capacitance is expected to be smaller in the low

carrier density region near the threshold voltage than in the higher carrier density region [57].

However, we still believe the capacitance we obtained is higher than expected.

Other measurements can of course be performed, such as the Shubnikov-de Haas oscilla-

tions in the presence of higher magnetic fields, already reported in MoS2 devices (ref. [56]).
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Figure 4.102: Hall sweep measurements after the first cooldown (VIonic Liquid=2V) and determination of the

charge carrier density.

Figure 4.103: Hall sweep measurements after the second cooldown (also VIonic Liquid=2V) and determination

of the charge carrier density.
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Figure 4.104: Hall sweep measurements after the third cooldown (VIonic Liquid=3V) and determination of

the charge carrier density. The Rxy curve should theoretically cross the abscissa axis for B=0T.

This is not the case in practice as the Rxx component has a non-negligible influence on the

Rxy component of the tensor and is not totally decoupled. Effectively, we have a real and

therefore a non-ideal hall configuration. Without loss of generality, we could offset the curve

to make it cross the (0,0) point.

Figure 4.105: IV curve of the device, with a current bias, showing a metallic (but not superconducting)

behavior of the MoS2.
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Figure 4.106: Estimated capacitance for the top gate dielectric (ionic liquid)
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4.4.3 Further measurements at low temperature

In addition, we were able to modulate the carrier density using the SiO2 as dielectric back

gate, which remains effective after the freezing of the ion motion at a temperature below

around 200 K. Using this double gating method, we could access a large range of carrier

densities n2D quasi-continuously and precisely.

Compared with the back gate, the ionic liquid gating not only had a better gate efficiency

(the change of channel current versus gate voltage), but also created an additional p-channel

when a negative voltage gate was applied.

Figure 4.107: Sheet resistance as a function of the back gate at 5.5K during our third cooldown

(VIonic Liquid=3V). Using the slope for the positive (negative) region, we can extract the

mobility to be 11 cm2V −1s−1 (24 cm2V −1s−1, respectively).

A progressive suppression of the transition to the superconductive state is observed when

increasing the external perpendicular magnetic field, as it destroys the Cooper pairs responsi-

ble of the superconductive current. In our case, we were not able to observe such phenomena

as we did not observe superconductivity at all. In ref. [16], the superconducting transition

is suppressed at a magnetic field around 0.1T, called the critical field, and defined as the

magnetic field for which the the resistance is half of the normal state above Tc.
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Figure 4.108: Magnetorresistance of a monolayer device at T = 1.5 K, from ref. [16]. In our device, the

magnetorresistance measurements did not show interesting features.

Figure 4.109: Left: Magnetorresistance data as a function of temperature for a bilayer MoS2. The transition

has an onset close to TC = 7K and is suppressed by aplying a perpendicular magnetic field

of a few teslas (much larger than the critical field reported for a monolayer). Right: I-V

characteristic curve showing a supercurrent at 1.5 K, which is gradually suppressed when

increasing the temperature or the magnetic field (inset), also for a MoS2 bilayer. Figure from

ref. [16].
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(a) (b)

Figure 4.110: The magnetoconductivity exhibits a weak Anderson antilocalization behaviour when no super-

conductivity is found, which is located very close to the superconducting region in the phase

diagram. The phenomenon of Anderson localization, particularly the one corresponding to

the weak localization, has its origin in the interference between the multiple dispersive paths.

Since it is much more likely to find a self-crossing trajectory in low dimensions, the weak lo-

calization effect manifests itself much stronger in low-dimensional systems. In a system with a

strong spin-orbit coupling, such as MoS2, the spin of the electron is coupled to its momentum.

The spin rotates as it goes around a self-intersecting path, and the direction of this rotation is

opposite for the two directions about the loop. Because of this, the two paths along any loop

interfere destructively which leads to a lower net resistivity (or a higher conductivity). This is

observed only at 0T, because the strength of either weak localization or weak anti-localization

falls off quickly in the presence of a magnetic field, which causes carriers to acquire an ad-

ditional phase as they move around paths. (a) Figure from ref. [16]. (b) Figure from our

measurements.

Figure 4.111: Optical picture of the device after all the measurements.
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4.5 Measurements performed on the device with top contacts

Let us now report the measurements performed on our device with top contacts. In this case,

all the measurements were performed with the He3 system.

This new geometry with top contacts solved the problem of the intercalation of the ionic

liquid, but also introduces new complications, this time unsurpassable. The obstacle of greater

magnitude are the tunnel contacts themselves, which increase the contact resistance more

than two orders of magnitude. This makes the total resistance of the device to be close to the

impedance threshold of the metrology systems (around 10 megaohms), and is probably the

cause why we observe an increase of the measured resistance at low temperatures. In such

a situation, it becomes very difficult to extract truth information of the active material in

the device, thus invalidating this technique. In the following, we present our results in more

detail.

The first time we placed the ionic liquid on the device, took it to the measurement system

and performed a high vacuum, the device was not working. Effectively, on sweeping the

gate voltage Vionic liquid for positive values, electrons should be accumulated, resulting in an

increase in surface conductivity. However, none of this was seen in our device. We therefore

decided to take it out of the IVC, and after optical inspection (with a microscope), found that

the ionic liquid drop got displaced.

We therefore had to clean the device, and start again wirebonding and the ionic liquid

deposition. After transferring the device to the vacuum chamber and performing a high

vacuum, we obtained much more interesting results, reported in the following. However, no

superconductivity was found in the MoS2.

The leads were checked using transfer curves at ambient temperature, recording the in-

tensity in the channel as a function of the ionic liquid voltage applied to the device.

Figure 4.112: Example of a transfer curve for two electrodes, used for checking the leads (plotted also in a

semilogarithmic graphic). The drain to source voltage was 100mV. The transfer curve measured

for each pair of contacts gives information of the quality of the tunnel contact and also of the

semiconducting properties of the molybdenum disulfide.

As always expected, not all the contacts were working, as can be seen in Figure 4.113.

After checking all the contacts, we cooled down our device, in the search of supercon-

ductivity in a MoS2 atomically thin crystal. The ionic liquid voltage was initially set to 2V
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Figure 4.113: Lead check of the device with top contacts.

Figure 4.114: Contact resistance (black line) obtained from the difference of the 2-probe resistance (orange

circles) and the 4-probe resistance (green circles) of the tunneling contacts. The contact

resistance of the tunneling contacts is around 0.2 megaohms per contact, much higher than

the one obtained for the direct contacts embedded in hBN (around 4 kiloohms).

(corresponding to the saturation of the drain-source current inferred from the transfer curve).

The sheet resistance did not show the expected behavior as a function of temperature as it

decreased with decreasing temperature until 50K, but then increased significantly. It has been

proved empirically that 50K is a critical point when dealing with ionic liquids (confirmed with

Iwasa’s students in an informal conversation) and many devices dye at this point, although

nobody really knows exactly why. In this case, the device did not die but showed an increasing

value of the resistance for lower temperatures.

We therefore decided to plot the contact resistance as a function of temperature (the

contact resistance is defined as the 2-probe resistance minus the 4-probe resistance, as the

2-probe resistance includes two resistances in series: the channel resistance and the contacts

resistance).

We found out that the contacts did not had a metallic behavior as desired, but had a

semiconducting behavior, as shown in Figure 4.115. Effectively, in general, electrical resistiv-

ity of metals increases with temperature due to the electron–phonon interactions. Intrinsic
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semiconductors, however, act as insulators at low temperatures and conductors at higher

temperatures and the resistivity increases with decreasing temperature.

(a) (b)

Figure 4.115: (a) Sheet resistance as a function of temperature. (b) Contact resistance as a function of

temperature.

Therefore, at low temperatures (4K), we obtained weird hall sweeps, with almost no

dependence on Rxy as a function of the magnetic field. The charge density obtained was on

the order of 1016 cm−2, extremely high, so it probably does not correspond to the physical

real value (Figure 4.116).

(a) (b)

Figure 4.116: (a) Hall sweep at 0 back gate and the corresponding value of the hall coefficient and the

charge carrier density. (b) Hall sweep with Vbg = 75V (the curves for both the increasing and

decreasing values of B are shown, with a little hysteresis).

We also performed an IV curve at 4K, both with 0V back gate and 75V. The resistances

obtained, defined as the linear coefficient of the first order polynomial fit, were very high. We

decided to not cool further and warm up.

Before discarding the device, we decided to cool it down one more time, this time with 4V

applied to the ionic liquid. We report the sheet resistance and contact resistance as a function

of temperature. The curves were again not expected at all and far from the ideal behavior

desired (Figure 4.124).
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Figure 4.117: IV curves at low temperature with different back gates and the corresponding resistances.

Figure 4.118: For completeness, we have included the magnetorresistance data. To the best of our knowledge,

no clear conclusions can be extracted from them.

(a) (b)

Figure 4.119: (a) Sheet resistance as a function of temperature for the first warmup, at 0 back gate. The

voltage applied to the ionic liquid was 2V. (b) Contact resistance as a function of temperature

for the first warm up.
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Figure 4.120: Resistance as a function of temperature for the second cooldown. The voltage applied to the

ionic liquid was 4V.

At the sight of these results, we hypothesized that maybe the mask was not perfectly

aligned with the device. However, this assumption was ruled out by an a posteriori AFM

check when the device was taken out of the He3 setup (Figure 3.84).

(a)
(b)

Figure 4.121: (a) Hall measurements performed during the second cool down at 4K with an ionic liquid

voltage of 4V and no back gate. (b) Same measurements with a back gate of 100V (very

noisy). The carrier charge densities displayed are too high and do not make any sense, as the

data extracted are based on an almost inexistent correlation between the voltage Vxy and the

magnetic field B.
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Figure 4.122: Output characteristic curve of a MOS transistor, obtained at 4K. Only an ohmic region is

obtained.

Figure 4.123: Probably due to the high resistance of the tunneling contacts, it was almost impossible to infer

a coherent mobility in the Hall sweeps, as they exhibited a quasi null slope with respect to a

variation in the external magnetic field B. This picture shows a bi dimensional plot of the Hall

resistance with respect to the back gate voltage and the magnetic field applied at 4K.
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Figure 4.124: Resistance as a function of temperature for the last warmup.

101



5 Conclusion

This work is motivated by the great interest recently awakened (more concretely, revived) in

the scientific community for superconductivity in TMD atomically thin samples. It is pre-

ceded by the discovery of a multitude of aspects in which the superconductivity in transition

metal dichalcogenides does not manifest in the same way as in other more conventional materi-

als: Ising superconductivity, exponentiation of the critical temperature and non-conventional

quantum states, among others.

In this work, we report the fabrication and characterization of a Van der Waals het-

erostructure, where a MoS2 monolayer is encapsulated between two hBN sheets in order to

preserve its pristine properties. By gating with a novel technique, an ionic liquid, and cooling

down to a few Kelvin using state of the art cryogenic systems, we aim to observe induced 2D

superconductivity. We successfully perform various field effect transistors with different struc-

tures, using the most advanced nanofabrication techniques, where the channel is composed

by a 2-dimensional semiconducting TMD crystal.

We report an ambipolar behavior of the MoS2 ultra thin layer, meaning that we are able

to induce both electron and charge transport in the channel. By inducing a very high carrier

charge density, on the order of 1014 cm−2 (thanks to the high capacitance of the ionic liquid

electric double layer), we obtain a very low sheet resistance, below 50 Ohm/sq. An on/off

ratio greater than 104 is observed and electron mobilities higher than 2000 cm−2V −1s−1 are

achieved, thus increasing by a factor of two previous reports in this fashion material.

Some figures of merit, commonly accepted as standard criteria for judging the quality of

a device such as the charge carrier density or the mobility, support the high quality of our

nanofabricated samples.

This project ended around February 2016, as we were not able to observe superconductiv-

ity in MoS2 single layers, and Morpurgo and coworkers published such results. We obtained

other very interesting characteristics reported all along this work, however we failed in our

initial goal. Morpurgo and coworkers reported that MoS2 gate-induced superconductivity

was observed in every cooldown and for all working contact pairs when dealing with devices

composed of bilayer or thicker flakes. In our case, however, we never observed supercon-

ductivity (not even in thicker flakes previously attempted by Efrén) [16]. Despite of that,

the data reported in this paper for monolayer devices are very noisy (Figure 4.98), probably

due to the roughness of the SiO2 substrate. This may cause certain doubts about how de-

vices much more disordered, as the ones presented by Morpurgo et al. (fabricated on top of

rough silicon dioxide and without being encapsulated), do show a superconducting transition

critical temperature. Actually, it is worth noticing that the article itself mentions the low

reproducibility of the results, requiring multiple devices with an elevated number of electric

contacts to obtain superconductivity in a local exclusive way and in only one of the samples.

Our high quality devices, achieved encapsulating the MoS2 flake between two hBN sheets,

showed much more neat characteristics, and prove that there is clearly room for improve-

ment in the field. In any case, and contrary to the theoretical predictions, the reduction of

dimensionality only produces a decrease in the critical temperature towards very low values,

substracting technological impact to the study.

Next immediate steps could consist on playing with the superconducting state, such as
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trying to design Josephson junctions and more fancy structures with superconducting MoS2

monolayers, although the superconducting state seems too hard to attain with the current

state-of-the art techniques and is not reproducible systematically.

With respect to TMDs, we can asset with total certainty that there is still a huge number

of unexplored facets of the two-dimensional superconductivity in these materials and the

heterostructures derived from them.

Apart from that, there are increasingly more scientists and engineers who claim that they

are called to revolutionize the electronics and compose the next-generation devices. Up to

date, MoS2 transistors have shown a large on/off current ratio, mobilities comparable to the

silicon one, a high degree of immunity to short channel effects, an abrupt electrical switching

with a subthreshold swing that can be as low as 60 mV/decade and even photoswitching.

More generally, there is no doubt that these 2D materials with large specific surface areas

and superb electronic and optical properties will soon be potentially useful for an enormous

range of applications, including electronic circuits, spintronics, light-emitting diodes, nonlinear

optical devices, THz generation and detection devices, supercapacitors, lithium ion batteries,

solar cells, chemical and biosensors, and catalysts, among many others appearing new every

year.

(a)
(b)

Figure 5.125: Device cross section of the different types of electric contacts studied in our fully encapsulated

TMD heterostructure: (a) embedded pre-contacts in hBN and (b) tunnel contacts through

an hBN monolayer.
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6 Appendices

Appendix A: Failed devices

The fabrication of our heterostructures was demanding and each step could potentially fail,

some of them with more frequency than others. The possible causes were variated, although

the limiting step was usually the transfer. Wrinkles appearing in the PC slide during the

transfer were quite common (no pictures of this case), or a bad alignment (where we remember

a micro metric precision was required) could screw up all the previous work. We will now

show a selection of the devices that failed during the fabrication process, including some failed

transfers but also showing some other catastrophes that happened to our devices...

We will start describing the fabrication of our very first device (which failed). The fabri-

cation of such device resulted to be exemplary, and all the fab steps were successful. However,

during an AFM check, the program froze and the AFM tip crashed in our device.

(a) (b)

Figure 6.126: Optical picture of the hBN and MoS2 monolayers employed in our first device

Figure 6.127: Optical picture of our device (post transfer)
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(a) (b)

Figure 6.128: AFM pictures (height, tapping mode) of the device after the transfers

Figure 6.129: Optical image of the damage occasioned by the AFM tip on the device when the software

crashed

The second device we failed was actually due to a big mistake from my part. I had

just started working with hBN monolayers and was not completely convinced about how to

characterize them (and not yet familiar with their optical contrast). In Geim’s paper [45],

both the peak position and the intensity are employed in the characterization. In the Raman

data obtained, the peak position of the flakes and their intensity seemed not to agree with

the reported data from the paper. We therefore decided to trust the peak position and ignore

the reference chip (Figure 6.132), and simply characterized our flakes by comparing the peak

position to the one in the reference paper. This lead to the fabrication of a device with an hBN

too thick and therefore not useful for our purposes. Now, we know that the peak position can

change from one tool to another or even due to the experiment conditions, and that the only

trustful way to characterize monolayers is by comparing the intensity of the Raman signal

from our flakes to the reference monolayer.
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Figure 6.130: Optical picture of the hBN and MoS2 monolayers employed in this device

Figure 6.131: Optical picture of our device (post transfer), which looked promising.

Figure 6.132: Looking at the peak position -and ignoring the reference monolayer- and comparing it directly

to the reference paper can lead to confusion. Due to these data, we though that thick layers

were thinner than what they really were.
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Figure 6.133: An AFM profile picture confirmed that the hBN was far from being a monolayer.
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The following image belongs to the same sample, but shows another non-controllable fact

possible during a transfer: the hBN can wrinkle or even bend.

Figure 6.134: AFM image showing that the hBN wrinkled and bended.

The next shown device did not actually fail during the fabrication, but simple ended up

not working (not even at room temperature checking the contacts). Because of that, we did

not even cool it down. The possible reasons are various. As a possible cause, the sample

was older than 2 weeks when measured, so could have degraded. Moreover, the device was

fabricated outside the glovebox (as it was not fully operational at that time). The XeF2 etch

of the MoS2 flakes short-circuiting the electrodes (after the transfer) may also have damaged

the channel. This is why, from this point onwards we tried to avoid this etching step. Other

potential fab setbacks may of course also be the cause of such failure.
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Figure 6.135: Optical images of the hBN and MoS2 layers employed and the resulting device after the transfer

(the inset shows the approximate position of the flakes after the transfer).

Figure 6.136: AFM phase image clearly displaying the position of the hBN (perfectly aligned in the channel).

The MoS2 can be seen optically.
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Figure 6.137: AFM height image and its corresponding profile along the green line in order to confirm the

thickness of the hBN employed, suggesting that the hBN is a monolayer. Note that the hBN

thin layer is resting on a thicker flat hBN, so the measured step height is more accurate than

if measured on SiO2.

(a) (b)

Figure 6.138: Optical images of the etching and the mask writings.

Figure 6.139: Optical image of the device after the deposition of the ionic liquid (without using the transfer

setup).
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We will now present a few examples of devices that failed during the transfer. The align-

ment required in this step is micrometric, and the vibrations of the transfer setup are already

from this order. Therefore, even though all the flakes seem a priori aligned, when contacting

the PC with the chip, everything can easily get displaced.

In this device, the alignment between the hBN and the MoS2 was fine but then the thick

part of the MoS2 flake (instead of the 1-layer part) was deposited on top of the channel.

Figure 6.140: Optical picture of the hBN and MoS2 monolayers employed.

Figure 6.141: Optical picture of our device (post transfer). Inset: contours of the flakes, showing the mis-

alignment (and posteriorly confirmed with an AFM image, not shown here).

In Figure 6.142, the can see the picture of another device, post-transfer, where the MoS2

resulted one more time misaligned.

However, the hBN is even more easy to misalign than the MoS2, as not only the vibrations

of the transfer can intervene (even though a floating table is employed), but also the hBN

thin layer is much more complicate to see optically and therefore it can result tricky to know

its exact position on the chip or the PC (Figure 6.143).

In some other cases, the flakes can wrinkle, bend or break. In such cases, even when

having an aligned transfer, the device is useless.

Finally, we show a case where the MoS2 broke into multiple pieces (Figure 6.144 to Fig-

ure 6.146).
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Figure 6.142: Optical image of a failed transfer, where the MoS2 is clearly misaligned (the thin MoS2 is not

on top of the channel but under it, and the channel is currently formed by a much thicker

MoS2)

Figure 6.143: Optical and AFM pictures of a failed transfer, where the thin hBN is misaligned
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Figure 6.144: Optical pictures of the hBN and MoS2 flakes, together with a picture of the resulting device

after the transfer (the MoS2 flake broke)

Figure 6.145: AFM pictures of the resulting device

Figure 6.146: Another device where the MoS2 flake broke into pieces
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Appendix B: Heat annealings of the stack posteriorly used as the device

with top contacts

We here report the graphical evolution of the stack hBN/MoS2/hBN used in the top contact

device structure after various heat cleanings to get rid of the bubbles trapped between the

layers.

Figure 6.147: AFM height and phase pictures of the stack before any heat cleaning. We can see various

bubbles expanded all along the MoS2.
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Figure 6.148: AFM images of the stack after the first heat cleaning, performed for 2h 30 min at 500C inside

the glovebox (Argon atmosphere). The bubbles have slightly been contracted but still populate

most of the regions of the MoS2 flake.

Figure 6.149: AFM images of the stack after the second heat cleaning, also performed for 2h 30 min at 500C

inside the glovebox. The bubbles have shrank substantially in comparison to the last step.
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Figure 6.150: AFM height and phase images of the stack after the third and last heat cleaning, this time

performed during 9 hours at 500C in the furnace with an Ar flow. We hoped a notable

improvement with respect to the previous step but the position and size of the bubbles did

not vary significantly.

Figure 6.151: Illustrative summary of the evolution of the stack after 3 different heat cleaning processes (top

left: pre-heat clean; top right: after the first heat clean; bottom left: after the second heat

clean and bottom right: after the three heat clean processes.).
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Appendix C: Design and fabrication of photomarkers

The photomarkers, as its name indicates, are markers written using photolithography. They

allow us to easily locate the flakes in a chip and perform alignments in posterior lithographic

processes. The original recipe comes from Hugh Churchill, at the time PhD at Harvard, then

postdoc in our group and currently professor in Oklahoma.

We here report the steps required for the fabrication of ebeam markers:

1. Remove adhered water molecules from the substrate using a 200C hotplate bake (5

min). If substrates are contaminated with organics, such as old photoresist or organics

from plastic containers, pre-clean substrate using RF-O2 plasma or UV-ozone at 170C

(5 min).

2. Spin LOR-3A at 500 rpm (2 seconds) followed by 3000 rpm (35 seconds)

3. Bake on hotplate at 170C for 5 minutes

4. Spin on Shipley S1813 photoresist at 500 rpm (2 seconds) followed by 5000 rpm (35

seconds)

5. Bake at 115C for 120 seconds

6. Write pattern with µPG101 at the Harvard clean room (dose: 50 ms, defoc. ratio: 5)

7. Develop in CD-26 for 45 seconds. Rinse in DI water and spin or blow dry

8. Hotplate bake at 125C for 5 minutes

9. Undercut etch in CD-26 for 1 minute, rinse in DI-H2O and spin or blow dry.

10. Evaporate metal up to 300 nm thick. Concretely, evaporate a bottom layer of Cr of 1

nm at 0.5 A/s and evaporate around 50 nm of Au ar 1 A/s

11. Lift off the LOR and photoresist using microchem’s “remover PG” at 70C for 10 minutes

using a magnetic spinner.

The wafer fragments have then to be carefully diced in 1x1 cm2 chips, following the marked

fields. Each piece is then cleaned as follows:

1. Gently sonicate in IPA for 5 min

2. Sonicate 10 min in IPA

3. Plasmaquest: RF O2 plasma (175 W for 3 min, 40 sccm O2)

In our case, we had some issues with the original recipe (the photoresist cracked after the

second baking) and had to repeat 3 times the process, changing small details not specified in

the recipe. Effectively, the second time after it first failed we tried a new different resist but

with the same result (failure), and then we tried to increment the waiting times, reduce the

nitrogen gun gas flow and also reduce considerably the water bath time, which resulted to

work!

We also attach some pictures of our failed photomarkers to illustrate what we just ex-

plained.
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Figure 6.152: Photomarkers after gold evaporation and before lift off

Figure 6.153: Photomarkers after development. The resist cracked, maybe due to an over baking.

Figure 6.154: Photomarkers after development. The resist was probably overexposed or over baked.
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Appendix D: Design and fabrication of e-beam markers

Similarly to the photomarkers, we also had ebeam markers. The main difference is that the

ebeam markers are much more precise and narrow, therefore suitable if a fine alignment is

required in a lithographic process. They take longer to write than the photomarkers and the

tool employed (Elionix EBL) is much more expensive than the photolithographic direct writer

employed for the photomarkers. The designs for the photomarkers and for the ebeammarkers

are different.

The recipe followed is very similar to the one already reported with ebeam lithography in

this project: spin MMA and ZEP, expose to a focused electron beam with the adequate dose,

develop, evaporate the gold and lift-off.

Figure 6.155: Ebeam markers after gold evaporation and before lift off (the resists degraded in the evaporator

of the glovebox but the liftoff went fine).

(a) (b)

Figure 6.156: (a) Design of the ebeam markers (zoom in a few markers). (b) Optical image of the resulting

ebeam markers, after gold evaporation, liftoff and plasma cleaning
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Appendix D: Other tasks and projects performed during my stay

Apart from fabricating devices and measuring them, during my stay at MIT I got involved in

some other projects. As one more group member, I had some lab tasks and attended various

events.

Current project: superconducting proximity effect in graphene nanodevices

We officially ended up the project of ionic liquid gating in encapsulated hBN/MoS2/hBN de-

vices in February 2016 for various reasons. The first one was that another long-term promising

project required more man power: Riccardo Pisoni, visiting student doing his Master thesis,

was going to ETH Zurich to do his PhD and Joel Wang, the original student in charge of the

superconducting proximity effect in graphene nanodevices projet just graduated and would

probably leave soon the group. The other main reason was Morpurgo’s paper (2016), which

reported superconductivity in MoS2 monolayers.

In February 2016, I therefore joined an ongoing project led by Joel Wang, Landry Bretheau

and Riccardo Pisoni, leaving the world of TMDs and joining the graphene team.

This project is about superconducting proximity effect in graphene nanodevices, but that

is another history...

Contributing to setting up a new lab

During my first months at MIT, I learned a lot of new techniques and got trained in many

tools. However, I also helped my tutor, Efrén, to set up a new lab.

Concretely, just before I arrived, Prof. Jarillo-Herrrero received his tenure track. His lab

would expand into two more rooms. One of them is used for the recovery of the He and the

other is the chemistry lab (we call it like this in honor to Efren, our friendly chemist - now

converting into a physicist).

Two furnaces for crystal growth were installed before my arrival, and the rest of the room

was empty. In the oncoming months, two gloveboxes were installed, one of them containing a

spinner, an evaporator and various chemicals and the other one only for dry purposes.

The dry glovebox now contains a Nikon optical microscope (operated remotedly with a

computer), a Spanex tool and a transfer setup mounted by Valla Fatemi.

The room now also contains a fumehood, two computers, various working tables and all

the furnitures necessary in a lab. A construction for a full ventilation was also performed.

All of this required of course a lot of work, and I can proudly say that I saw the evolution of

this new lab from an empty room to a full-working area. My contribution was far from being

essential and in general consisted only in minor tasks, but in a certain way I also contributed

in making that possible. Moreover, I learned invaluable knowledge about gas manipulation,

the functioning of a glovebox, lab accessories, maintenance of a lab and its various tools and

even DIY work.
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Figure 6.157: Picture of the new lab.

Design and construction of the vacuum manifold for the Spanex and the transfer

setup

Francisco and I were in charge of designing and building a vacuum system that would be used

both for the Spanex and the transfer setup inside the glovebox. The vacuum would be used

to fix samples, slides or crystals. The main challenge was that the pump had to be outside

the glovebox, because it was too big, but the vacuum was needed inside it.

We therefore designed a manifold that would bring the vacuum from the outside to the

inside through a feedthrough and leak-tight tubing interconnected. A system of various secu-

rity valves was also required to avoid any possible leak of oxygen or water molecules from the

outside.

This was a great occasion for both of us to get familiarized with vacuum systems, tubing

and seals.

Figure 6.158: 3D design of the vacuum manifold.
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Figure 6.159: Left: Feedthrough and shut-off valve. Right: Control valves

We finally ended up changing various times the design and manifold, even when the original

one was already mounted, in order to simplify its structure and ease its manipulation to the

glovebox users.

(a)
(b)

Figure 6.160: (a) Picture of the current valve and tubing of the vacuum manifold. (b) Current control valves

integrated to the transfer setup inside the glovebox.

Since then, I have performed various other small tasks for the glovebox. I have for example

sealed some feedthroughs used to bring cables from the inside to the outside of the glovebox

without any potential gas interchange (initially, the glovebox was leaking and the oxygen or

water levels inside were anomalously high). I have also designed a very simple system to

vacuum clean the evaporator of the glovebox, among others.

Other group tasks

Every member of the group was in charge of certain tasks (and of course of periodical lab

cleanings). Personally, and together with Efrén and Luiz, I was in charge of the furnace

(training new users, maintenance, replacing Ar and H2 gases when the levels were under a

certain threshold).
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Group meeting talk

Every Friday, we had a group meeting. Apart from discussing the general dynamics of the

group, and eventually punctual topics or new possible purchases, every week another member

of the group was in charge of giving a one-hour talk about his/her research. That way,

everybody is perfectly aware of the work everybody else is performing, and it also facilitates

the communication between us. As a group member, I also have to give such a talk (around

June 2016), where I will present the ionic liquid gating in encapsulated MoS2 heterostructures.

EHS talk

Once a month, a member of the group had to select and present a topic related to Envi-

ronment, Health & Safety in the lab and present it to the rest of the group. My talk was

about the manipulation and hazards of organic compounds, focussing on the most common

ones in our lab (solvents, TCE, Chloroform, TMAH, Methanol, Oxylene, MIBK, MMA, 1,2-

Dichloroethane, Photoresists, Remover PG,.. ).

Journal club talk

Every week, a graduate student, post-doctoral associate or professor from the condensed

matter experiment department has to present in front of the other researchers a paper that he

considers of general interest. The only rule is that no powerpoint or other electronic support

is allowed -just a blackboard-, and the topic chosen cannot be related with his own topic of

research.

The goal of this journal club is to maintain the condensed matter experiment community

informed of the most recent advances in physics, and also to make everybody practice in

giving talks.

As a member of Prof. Jarillo-Herrero’s group, I also had to give one of these talks.

After an extensive search, I decided to give a talk about random lasers, and concretely

about a paper entitled The mode-locking transition of random lasers (Marco Leonetti, Claudio

Conti & Cefe López. Nature Photonics 5, 615–617 (2011)). Because the topic of the paper I

would present was unkown to the majority of the audience, the talk also aimed to introduce

the interest and working principle of random lasers.

Their basic property is that the lasing phenomenon can appear in random systems with

gain (and no cavity!), such as powders and porous glasses. Randomness, which was thought

to be detrimental to the lasing feedback mechanism, is an essential element in such lasing sys-

tems. The selected paper shows how a mode-selective pumping of a random laser formed by a

self-assembled cluster of nanometric particles can be continuously driven from a configuration

exhibiting weakly interacting electromagnetic resonances to a regime of collectively oscillat-

ing strongly interacting modes, opening the door of spontaneous mode-locking in disordered

resonators.

It is expected that the lecturer dominates the topic of this talk with commodity, as the talk

often turns into a discussion or a back-and-forth questions from the audience to the speaker.

It therefore required a deep preparation, in my case around 2-3 weeks almost full-time.
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TMDCs meetings

Theoretically once a week (in practice, less than that), we devoted one afternoon to report

individually our weekly work, improvements done, problems encountered and goals for the

short and middle term. Our group was divided into two “sub-caterories”: the “graphene

people” and the “TMD Team” (larger), both of them englobing both optics and transport

people. The TMD meeting only involved the members of the group working with TMDs

(Dahlia, Efren, Melis, Marco, Yaqing, Valla, Qiong, Luiz, Yafang, Francisco, Saranesh, and

myself) and of course Prof. Jarillo-Herrero.

Talks and colloquiums

During my stay, I had the chance to attend many very interesting talks, seminars and collo-

quiums where leading physicists from around the world provided an expert view of advances

in the most interesting fields of physics and condensed matter. This experience significantly

improved my understanding of the subject and further convinced me I have found my calling

in condensed matter experimental physics.

In particular, apart from the group or intra-group meetings and talks, I also attended jour-

nal club talks every week (presentation of a paper of general interest), Chez Pierre Seminars

every Monday or when we had special visitors (condensed-matter physics related), Boston

Area Carbon Nanoscience Meetings (presentation of recent papers authored by an MIT, Har-

vard, Howard, Boston University, or Northeastern student and related with graphene and

other 2D materials, topological insulators and diamond NV-centers research), the Center for

Integrated Quantum Materials talks at Harvard once a week, the David and Edith Harris

Physics Colloquium Series (weekly talks about any Physics topic, with a special mention to

R. Weiss’ talk when gravitational waves were discovered filling the big auditorium), Joel’s

thesis presentation (amazing!) and in one very special occasion -which I will never forget- to

the live transmitted press conference of the discovery of gravitational waves.

Raman spectrometers demos

As mentioned previously, our group is a prominent user of the Raman spectrometer at Harvard

(much better than the one at MIT). Prof. Jarillo-Herrero therefore suggested to buy a new

Raman for MIT, and Efren Navarro was in charge of comparing the different tools and give

an expert advice. I therefore went with Efren to various Raman demos (Renishaw, Horiba

and Thermo), provided the samples (ultra thin hBN and MoS2 monolayers) and contributed

with my point of view to the comparison.
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Minor contributions to other projects

Up to date, many 2D materials are known. Some of them are conducting, some others are

insulating and we also have superconducting ones. However, a magnetic 2D material has

never been reported so far. Chromium (III) Iodide is a good candidate for that, and could be

potentially used in heterostructures in the near future. It is a ferromagnet, semiconducting

and is predicted to exfoliate easily.

In practice, very little has been reported about it, and there is room for manoeuvre in

the field. However, characterizing such flakes is demanding, as they are highly air sensitive.

Taking them to the Raman or even to the measurement setup is a challenge.

Efren grows and studies CrI3 in our group. During my stay here, I punctually helped him

with this project doing a few transfers, for example to encapsulate the CrI3 between two hBN

layers and see if this way, we can expose it to air.

Figure 6.161: Example of an encapsulation of a CrI3 thin flake between two hBN layers

Figure 6.162: AFM picture of the previous transfer (in order to protect the sample from degradation)
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Appendix E: Comparison between the simple transfer technique and the

pick-up and transfer technique

Figure 6.163: Comparative scheme of the fabrication of an heterostructure composed by three flakes. Left:

simple transfer technique. Right: Pick-up and transfer technique (the one employed in this

project). Picture ceded by Efren.
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