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Abstract

The hBN thin film has been the subject of great interest since the emergence of research on 2D
heterostructures. Thanks to its outstanding physical, chemical and thermal properties, as well
as its smooth surface and low density of dangling bonds, hBN is a prime choice as a substrate for
heterostructures. Adding its graphene-like structure with only 1.8% lattice mismatch, hBN is
considered to be the best choice for the graphene substrate. Numerous studies have investigated
the fabrication of hBN in thin films in order to be able to manufacture it in monolayers with
the best possible quality. One of the most promising manufacturing techniques to achieve this
goal is chemical vapour deposition (CVD). With the development of scanning probe microscopy,
especially in electrical modes such as CS-AFM and KPFM, the characterisation of the surface
at the nanometer scale has been made possible. Through the characterisation of thin insulating
films developed on metal substrates using electrical modes of scanning probe microscopy, a metal-
insulator-metal (MIM) system is established. In this system a tunnel current can exist if the
insulation is sufficiently thin. Thanks to the numerous studies carried out on the characterisation
of these MIMs, the behaviour of the switching resistance in thin films has been highlighted and
a theory has been developed to try to understand its mechanism.

Within the framework of this master, research with scanning probe microscopy in electric mode
such as CS-AFM and KPFM has been carried out on thin films of hBN manufactured by CVD
on a copper film substrate. Experiments with CS-AFM scanning over the sample area were
carried out in order to demonstrate whether scanning probe microscopy modes are relevant for
the quality characterisation of such films. CS-AFM ramps were also investigated to study the
tunnel current in the MIM formed by thin layers of hBN analysed by a conductive AFM tip
on a copper substrate. By applying CS-AFM ramps with variable applied voltage and contact
force, the resistive switching behaviour in the hBN thin film was studied. With the use of the
resiscope module of the agile 5500 picoplus, the KPFM and CS-AFM modes were combined
to investigate the switching resistance phenomenon. The study succeeded in identifying the
behaviour of tunnel current and switching resistance behaviour with CS-AFM and showed
interesting results with the combined KPFM and CS-AFM modes. However, the appearance of
the switching resistance behaviour during characterisation with a voltage applied to the sample
makes the latter difficult to interpret, and the theory of electrochemical metallization which try
to understand the behaviour of the switching resistance present in insulating thin films in the
MIM system is still uncertain.

Keywords : hBN, thin films, 2D crystals, CS-AFM, KPFM, electrochemical metallization,
resistance switch behavior, CVD, van der waals heterostructures, MIM
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Chapter 1

Introduction

Since graphene was first isolated by Novoselov et al. in 2004 [I] the study of 2D materials
has taken a leap forward to become one of the most studied materials. Soon, the possibility of
stacking 2D materials in heterostructures was highlighted. Studies were carried out on atomically
thin substrates for these 2D materials with exceptional properties. The very promising hBN
was quickly highlighted. Its structure very similar to that of graphene, with a mismatch lattice
of only 1.8%, and its very high smoothness, low density dangling bonds and charge carrier
traps surface, proved that hBN is considered best choice for graphene substrates. Studies on
the manufacture of such a substrate were then carried out. Manufacturing methods such as
mechanical exfoliation were investigated and resulted in good quality 2D hBN flakes. The
question of manufacturing 2D hBN at higher scale of equivalent quality to that obtained by
mechanical exfoliation quickly arose. Certain methods were then highlighted as one of the most
widely used to produce large homogeneous quantities of hBN, the chemical vapour deposition
(CVD). In order to study the quality of thin layers of hBN created by CVD, characterisation
techniques were developed. Thanks to the development of the characterisation technique by
scanning probe microscopy, especially in electrical modes such as CS-AFM and KPFM, it is
possible to study electrical surface characterisations of hBN fabricated by CVD. Thanks to
this, the improvement of the CVD method is possible and it is dreamed of being able to easily
fabricate devices such as atomically thin capacitance made of 2D materials. Through these
characterization techniques, it is hoped to be able to obtain chemical vapor deposited thin films
of hBN with a quality as good as that of flakes obtained by mechanical exfoliation devices. The
study of thin films of hBN grown on a metal substrate such as copper with a conductive scanning
probe puts in place a metal insulating metal (MIM) system. And with the voltages applied to
this type of MIM, the behaviour of the switching resistance was highlighted. New horizons were
then opened up, such as the creation of new non-volatile memory devices with the application
of metallic-thin layers of hBN-metallic systems.

The objective of this master thesis is to study the electrical characterisation of thin hBN layers
manufactured by CVD on copper substrates. See if a quality characterization is possible by
CS-AFM scanning, CS-AFM ramps and KPFM. It is planned to carry out an attempt to
demonstrate the switching resistance with CS-AFM and KPFM. It is also a purpose to try to
understand a little better how the mechanism behind this behaviour works. This work consists
of a large section on the state of the art, allowing a summary of the studies already done on
the subject and a first understanding of the field studied as well as a presentation of the latest
advances. The methods and the set up of the sample are then described and finally a large part
on the presentation and analysis of the results of the experiments carried out by CS-AFM and
KPFM is exposed. In addition, an attempt to understand the results is proposed.



Chapter 2

State of the art

2.1 Graphene hBN heterostructure capacitor

2.1.1 The capacitor

A capacitor is an electrical device made of two electrodes which are separated by an insulator
also called dielectric.The electrodes are thin metal sheets which will conduct current thanks to
connections welded on the metal sheets [2].A good dielectric for the capacitance will have high
dielectric strength, high dielectric constant, low dielectric loss and a high permittivity [2].
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Figure 2.1: A parallel plate capacitor. [2]

Once a plate is connected to the positive electrode of a DC source, the other is connected to the
negative one and the circuit is grounded, there is a displacement of electrons from X to Y. The
plate on X becomes positively charged and the plate on Y becomes negatively charged [2]. More
and more electrons are then withdrawn from X by electrostatic repulsion until the electrodes are
fully charged. This charging current becomes null when charges across the plate are equal and
opposite to the electromotive force of the battery. The capacitance of the capacitor is defined
as the charge Q required for creating a unit potential difference V between the plates.



Mathematically one derives the equation :

Q
=z (2.1)

The unit is the farad and for applications this is commonly the micro and pico farads that are
used [2].Now considering the case of a parallel plate capacitor consisting of plates X and Y each
of area of A squared meters separated by a thickness ¢ of a medium with an electrical vacuum
permittivity of €y and relative permittivity of the medium between the two plates €, as shown
on the picture 2.1]

For the parallelle plate the capacitance can be written as [2] :

€oerA
t

The capacitance will increase by reducing the thickness of the dielectric, increasing the relative
permittivity of the dielectric and the permeability of the electrode. By this analysis, the question
about the limitation decrease of the tickness appears. Is it possible to achieve the ultimate
thickness of the atom 7 To try to bring answer to this question the investigation of capacitor
made of 2D heterostructures is very interesting. One can think about a capacitor made of
graphene electrodes and hBN dielectric.

C = (2.2)

2.2 Quantum capacitance

We have seen that to have the best capacitor we search to decrease the thickness of the dielectric
and, reaching the quantum scale, a new important phenomenon appears. All materials possess

the quantum capacitance effect, a capacitance due to the inhomogeneity of different materials
which is no more insignificant and can be seen as another capacitor in serie. It is usually a
large positive quantity and therefore irrelevant for most materials except for nanostructures.
Quantum capacitance does reduce the overall capacitance of nanostructures compared with
what is predicted by classical electrostatics because it is like a capacitor in serie. But recent
physical researches about quantum capacitance reveals that it can be quantum capacitance with
a negative value, hence, allowing for the possibility of enhancing (sometimes dramatically) the
overall capacitance[3] [4]. Where does this quantum capacitance comes from ? In conventional

electrostatics, it is approximated that the voltage drop across the device is “traditionally”
considered to be entirely within the dielectric. One also consideres that the metal electrodes
perfectly screen the electric field in their interiors. As we have seen earlier, the future of capacitor
is to use nanoscale dielectrics made of large permittivity materials. Therefore, in nanoelectronics
where dielectric sizes are a few atomiclayers thick, very large capacitances are expected.

"However,experiments on thin oxide insulators with minimal or no defects, appear not to fulfill
the expectations from classical electrostatics. The capacitance of thin SrT%03 and Tas0Os, for
example, falls short of predictions by many orders of magnitude" says the author of the article

3.

This is due to the phenomenon of quantum capacitance. It is said “dead layer” is to signify



the presence of a high capacitance in series with the geometric capacitance. Phenomenon that
results in a capacitance shortfall. [3].

To understand this phenomenon, lots of studies have been done to analyse extrinsic factors
such defects, impurities, grain boundaries near the metal-insulator interfaces. "However, recent
reexaminations of this phenomenon have pointed out that the origins of the dead-layer may be
intrinsic in nature and even perfectly engineered nano-systems without defects will violate the
scaling predicted by classical electrostatics" as say authors of the article [3]. By abandoning
the earlier approximation of metal electrodes perfectly screening the electric field, both first-
principles calculations and fundamental quantum theory give an explanation that the shortfall
of capacitance of nanocapacitors is in part due to the existence of the atomically thin two-
dimensional charge layers between metal-dielectric interfaces [5] [6] [7] [8].
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Figure 2.2: Schematic diagrams of a metal-insulator-metal capacitance where quantum
capacitance due to imperfect screening appears at the metal-insulator interfaces. (a) The
deleterious effect of quantum capacitance causing a depolarizing field E; in addition to the
applied field that creates dipoles inside the insulator. The polarization of dipoles is denoted
by the vector P. The depolarization field suppresses the dipoles causing capacitance values
to be lower than what is expected from classical electrostatics. (b) The reverse effect of
quantum capacitance, where negative quantum capacitance is found at the metal-insulator
interfaces. Here, polarization in the insulator is enhanced by the field E; causing a net increase
in capacitance.[4].



Indeed the extraneous electrons (holes) originating from the imperfect screening in the metal
electrode produce a depolarizing field opposite to the polarization vector inside the dielectric.
This phenomenon has for consequence, that the suppressed polarization leads to the reduction
in field line cancellations. Capacitance has then a shortfall. This can be seen on the figure
@ The resulting capacitance Cg behaves as if the geometric value Cyc, is in series with an
additional capacitance, termed quantum capacitance Cgq.

1 1 1 1
= 4+ 2.3
Ca Cqg Cyo Co (2:3)
In general C¢ is many orders of magnitude greater than the geometric capacitance Cye,, hence its
defects are only observed in nanoelectronics where the geometric capacitance is also comparable.

In this derived equation, it seems that the quantum capacitance will always tend to diminish
the overall capacitance Cg. However, by rigorous analyses on the importance of the quantum
mechanical state of the electrode-dielectric interface, Stengel et al. [6] have proven that the
overall capacitance can be enhanced creating a so-called negative dead-layer effect where CQ is
negative.

"It is now generally accepted that quantum capacitance originates from the change in chemical
potential of the electrons with respect to the change carrier density n as % = A132 %,Where
A is the cross sectional area of the metal electrodes" is said in the article [5]. The observed
enhancement in CG is therefore a signature of negative Z—Z.
Knowing that overall capacitance can be enhanced, it has been shown that the quantum
capacitance can be mechanically controlled from very large positive to very large negative
values.As an example, by axially compressing or stretching a carbon nanotube. "At appropriate
doping levels axial strain can substantially change the values of quantum capacitance and even
switch its sign from large positive to negative (and vice versa)'H]. As the level of strains
goes from small compression to tensile, the electronic density decreases due to an increase in the
cylindrical tube area. At a sufficiently low electron density, the exchange contribution dominates

the kinetic part of the capacitance. 4]

2.3 hBN structure, properties and applications

As shown in Figure A and B), hBN is a material formed from a crystalline hexagon structure.
These hexagons are formed by alternating sp hybridised atoms of B and N covalently bonded
to each other. hBN is stable in a single layer and in several layers(bulk hBN). Bulk hBN is a
combination of these layers in superimposed hexagons. These flat layers are bonded together
by relatively low Van der Waals (vdW) forces [9].

Lattice constant of hBN is 2.504 A with an interlayer distance of 0.333 nm. Its surface is
atomically smooth almost free from dangling bonds (RMS roughness of 0,1 nm) [I2]. hBN has
a breaking strength of 15,7 & and an elastic constant of 503 & [I3]. It has also a thermal
conductivity of 1700 to 2000 Y [14]. Bulk hBN has a wide indirect band gap of 6 eV [I5] and
monolayer hBN has a wide direct bandgap of 7,25 eV [9]. It is chemically inert and is stable
for temperature up to 1000°C [I6]. All these outstanding properties make hBN a substrate

material of prime choice for other 2D materials. With a similar structure as graphene (1.8
% lattice mismatch [9]), complementary properties, atomically smooth low density of dangling

10
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Figure 2.3: In(A), Hexagonal crystal structure of boron nitride. The unit cell is represented by
enclosed lattice vectors [10].In (B), Schematic diagram of the atomic configuration of layered
h-BN [9]. In (C) Electron band structure of hBN: monolayer and bilayer [I1]. Note that Local
density approximations (LDA) underestimates band gap.

bonds and of charges trapped, hBN is considered best choice for graphene’s substrate. It has
been shown that with hBN substrate graphene see its carrier mobility increased by almost one
order of magnitude compared to SiOs [12]. Studies showed that hBN is a very serious pretender
to be used as a field effect tunneling transistor [17], dielectric for high performance graphene

devices [18] and capacitors [19] [20].

Besides being an outstanding substrate for 2D materials, hBN is also very promising in the
area of flexible nanoelectronics [21], nanofillers for polymeric composites [22][23], ultraviolet
(UV) lasing material [I5][24][25], top-based thermal interface material (TIM) or heat spreader
[26][27], protective coatings [28][29], as well as for water purification and treatment [30][9].

2.4 Fabrication of Atomically Thin h-BN Nanosheets

It exists two families of techniques for the fabrication of atomically thin hBN which are top
down exfoliation or bottom-up synthesis. Each family is declined in several methods. Some are
detailed below:

e Top down mechanical exfoliation with adhesive tape [3I] or ball milling [32] are used to
repeatedly peel off layers of bulk hBN until it is atomically thin. Weak vdW forces binding
the layers make it possible to mechanically exfoliate it.

e Liquid phase exfoliation. for this method, solvent are used to disperse bulk hBN crystals
on which ultrasonic wave are applied. This has for consequence to detach and thin layers
down [33] [34]. In comparison to mechanically exfoliation, this method allows high quality

11



flakes with low defect density and almost not altered crystallinity. Majority of studies are
yet done with 2D hBN created by mechanical exfoliation [I2][T7][35]. Drawbacks of this
kind of technique is that monolayer flakes are rarely achieved, flakes are quite small (tens
of microns) and thickness is random.

e Bottom up techniques present a possibility to scale up the flakes. Chemical vapor deposition
CVD is the most widely used technique nowadays. It is suitable for synthesizing large
domain of atomically thin hBN of catalytic transition metallic substrates [I3][36]. There
exists other techniques like surface segregation method or solid source diffusion [37][38],
direct synthesis on molten BOj3 surface, [39] ion-beam sputtering deposition [40], pulsed-
laser deposition [41][42], reactive magnetron sputtering [43] and molecular beam epitaxy
[44]. Drawbacks of bottom up method in comparison to exfoliation are hBN grain boundaries
formation, crystal misorientation, foreign impurities and other contaminations. It is then
of prime priority to investigate methods like CVD to be able to control and optimize
growth of hBN in order to get scaled up flakes with exfoliated flakes quality [9].

2.4.1 Mechanical Exfoliation

2D materials high quality ultra thin flakes like graphene and h-BN can be created using the
mechanical exfoliation technique also known as "scotch tape'. By repeatedly rubbing on the
surface or by the use of an adhesive tape, layers from the bulk crystal can be peeled off
successively until reaching thin hBN and even mono-layer hBN [45]. This is the prime choice
method for studies investigating fundamental properties of hBN flakes because those ones are of
highest quality in terms of crystallinity and surface smoothness. Otherwise, for the investigation
of large scale production, this method is impracticable because flakes are of random size and
thickness. Figure shows an example of few-layer exfoliated hBN sheets by mechanical
exfoliation. As it can be seen and in correlation with what has been said, with 3,5 nm at
her lowest and root mean square of 0,14 nm with a size near the ten microns. It proves that the
thickness varies, monolayer is rarely obtained and flakes are not large. [31]

2.4.2 Liquid Phase Exfoliation

This technique is also about physically peeling off hBN layers from its bulk. This time a solvent
is used in which bulk hBN crystals are dispersed and then ultra sonic waves are applied on the
solution [33][34]. A centrifuge is used to separate thinner layers from the thicker flakes which
are settled at the bottom due to their heaviness. The solution is then vacuum filtered with for
example cellulose esters filter membranes with small pore size. The thin flakes gathered are
then turned into a continuous film which can even be free-standing if it is thick enough [46].
Films fabricated by this method may then be of large-area and this makes this method usable to
create films for various applications like spray coating, anodes of batteries, chemical catalysts,
energy storage etc [9)].

12



(a)

pm

Figure 2.4: Few-layer h-BN sheets by mechanical exfoliation. In (a) AFM image of a thin h-BN
flake obtained by mechanical exfoliation. In (b) The height profile of the h-BN flake across the
black dotted line in (a) [31] [9].

2.4.3 Chemical Vapor Deposition

In order to achieve a high quality hBN film with a monolayer thickness on a large area, CVD is
the technique of prime choice. The method uses catalytic metallic substrates as Cu,Ni and Pt,
precursor like B and N with Ar, Ha, N and O» gaz [48][49]. Precursor can be gaseous or powder.
Gaseous such as boron tribromide (BBr3), boron trifluoride (BF3), boron trichloride (BCl3)
and diborane (BsHg) together with ammonia (NHj) as feed stock gases have been explored
B0 5T [52] and proved to be very toxic. The use of AB (N Hj3; — BH3) powder is then mostly
used due to its moderate toxicity and its 1:1 B/N stoichiometry. The stoichiometry allows better
quality hBN structures. For the process as displayed in the Figure A) a precursor heating
step at 60 — 100°C is performed then the substrate is heated up to 1000°C with Ar and H2.
L3147 [53][54] [55]. Thermally activated and decomposed at above 1000°C AB release H2 and
then form NH2-BH2 and B3H6N3 Figure B).At 1000°c bozarine decompose in cyclic chains
of hBN which cross link to create films [56] [57].

13
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Figure 2.5: CVD growth of hBN and decomposition of AB. In (a) Schematic of CVD setup for
synthesizing hBN. IN (b) Thermal decomposition scheme of AB [47][9].

2.5 Graphene

2.5.1 Description

Now, let’s focus on the electrodes material : the graphene. What makes this material a premium
choice for a capacitor electrode 7 First, let’s describe it. Graphene is a bi-dimensional material,
it is a single layer of graphite. It was discovered in 2004 by Novoselov and al. [I], using
the exfoliation of graphite method and led them to be awarded the Nobel price [2]. It has a
honeycomb-like crystal structure made of carbon atoms sp2 linked. This leaves one p-orbital,
containing one electron, perpendicular to the plane for each atom. These electrons form, through
chemical resonance, a bi-dimensional delocalized electron gas (2DEG) that is the key of most of
graphene’s peculiar properties. [5§]

The atomic structure of graphene can be visualized as a triangular lattice with a basis of two
atoms per unit cell which are chemically equivalent but different with respect to lattice symmetry,
denoted as A and B in Fig[2.6] (a).

These two carbon atoms per unit cell result in the two inequivalent groups at the corners of
the Brillouin zone, labeled as K and K* points in momentum space. Graphene have shown
amazing properties, among them its electronic ones attract particular interest owing to the
peculiar character of the charge carriers, which leads to such unusual phenomena as metallic
conductivity in the limit of no carriers and the half-integer quantum Hall effect [59] observable
even at room temperature [60].

14
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Figure 2.6: : (a) Hexagonal crystal structure of graphene in real space with lattice parameters al
and a2, inequivalent atomic positions A and B [I0]. (b) Structure of graphene. (Left) Orbital
representation with joined sp2 orbitals shown as black lines and pi orbitals in red and blue.
(Right) Chemical structure showing resonance [53].

Figure[2.7a shows the geometry of the first Brillouin zone of graphene. Figure[2.7}b and2.7}c
show the very peculiar band structure of graphene. At the K and K’ points, the band structure
shows a linear dispersion instead of a usual parabolic dispersion. This is the particular linear
dispersion that forms a cone shaped band which term is Dirac cone. When graphen is undoped,
the Fermi level is situated at the tips of the cones and this creates of the phenomenon in graphene
where there is a zero density of states at the Fermi level and non-zero right below or above.
Particular band structure of graphene makes it a zero band gap semiconductor or a semi-metal
with zero overlap between conduction and valence band.

2.6 Graphene/hBN heterostructure

Besides the excellent dielectric properties of hBN that are compatible with SiO2, its atomically
flat surface free from dangling bonds and charge traps, is attractive for using it as a dielectric
substrate in place of a conventional SiO2 substrate [63].

In order to form the graphene/hBN heterostructure, different works have shown methods to
stack graphene on hBN. This stacking can be done in different ways: "(1) AA stacking, which
means C atoms are positioned immediately above the B and N atoms; (2) AB stacking, which
means one C atom is positioned above the N atom, while the other C atom is positioned above
the hBN ring; (3) AB stacking, which means one C atom is positioned above the B atom, while

15



Figure 2.7: "Honeycomb lattice and its Brillouin zone. Left: lattice structure of graphene, made
out of two interpenetrating triangular lattices al and a2 are the lattice unit vectors, and §;,
i=1,2,3 are the nearest neighbor vectors . Right: corresponding Brillouin zone. The Dirac
cones are located at the K and K’ points." [61]. (b) Band structure of graphene with a zoom
on the structure around a K-point, showing the Dirac cone [61]. (¢) Band structure along the
given path [62]. The energy is expressed in units of the tight-binding parameter t 2.7 eV. This
parameter is called the nearest neighbour hopping energy. The wave-vector is in units of 1/d, d
= 0.142 nm being the carbon-carbon distance of graphene.

the other C atom is positioned above the hBN ring'[64]. The different stackings are displayed
on the figure 2.9]

It has been discovered that the AB stacking is the most stable stacking for the heterostructure
and that with other stackings, the stress increases and it has an impact on the properties of the
heterostrucures as it will be present in the section electrical properties.|[64]

By LDA study, as shown on the figure [2:10 the bond energy has been plotted as a function of
the stacking type and in function of the interlayer distance. The type 1 is AA, 2 and 3 are AB
and 4 is obtained by a translation of stack 1 in the direction C-C bond of distance % graphene
lattice constant. It has then been discovered that the AB stacking is the most stable stacking
for the heterostructure. We also see that interlayer distance plays a role in the stress applied in
the heterostructures [64].
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Figure 2.9: : Three types of stacking order of graphene on hBN. (a) AB-stacking with a carbon
on top of boron which is energetically stable. (b) AB’ with a carbon on top of nitrogen. (¢) AA-
stacking with carbon on top of both boron and nitrogen. Besides, there exists other irregular
stacking orientations[I0].

2.6.1 Graphene/hBN electronic properties.

The figure 2.11] shows again the comparison between different stacking and distance in function
of the energy band gap. Again this is LDA approximation. One can see on this figure that
the band gap increases with the stress due to the interlayer distance. This is logical because
with large distance between the layers the energy band structure near the Fermi level is quite
similar to the one of monolayer graphene. Indeed this is due to the fact that the interlayer
interaction is too weak under large distance. On the other hand, this interaction gets stronger
when the interlayer distance decreases. The different chemical environments modify the two
different sub-lattices of graphene. And by this consequence a small band gap has opened up at
the Dirac point between the valence and the conduction bands. One can then see that the band
gap can be modified with the interlayer distance, the bigger the interlayer is, the bigger the
opened band gap is equally. This property provides a possible band gap regulation of graphene
when it is stack on hBN. The figure also displays the different band gap stacking orientation
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Figure 2.10: Energy bond as a function of the stacking type and the interlayer distance in the
graphene/hBN heterostructure.(I) is AA stacking, (II and IIT) are AB stacking and (IV) is AA
stacking translated. [64]
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Figure 2.11: Study of the band gap as a function of the stacking of graphene on hBN and in
function of the interlayer distance[64].

opening. And the most stable stacking has the smallest band gap. We can thus conclude that
the stress caused by the stacking of graphene on hBN causes a band gap opening. This band
gap can be tuned in function of the stacking and the interlayer distance [65].

6.
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2.7 Fowler-Nordheim tunneling and direct tunneling

Trough investigation by CS-AFM on systems like alkane-based SAMs (self-assembled monolayers)
films, LB (Langmuir-Blodgett) films, crystals grown on metal,ete. [67][68][69][70][71][72][73],
electrode-limited conduction mechanisms like tunneling transport behavior have been highlighted.In
this Master thesis, CS-AFM is used to measure current on thin films hBN. Thus electrode-limited
conduction was the main mechanism involved and particularly the tunneling in metal insulator
metal systems (MIM) [67][74].

In a MIM system, by classical physics if the energy of an incident to the insulator electron is
less than the potential barrier of this insulator, the electron will be reflected. However, with
a thin enough (<100 angstrom) barrier, quantum mechanics predicts that the probability to
find an electron that pass through the barrier to go to the other side is non null. Our MIM
system presented in this Master thesis is described in terms of the Simmons model for coherent
non resonant tunneling through a square potential barrier [75]. Assuming the simplest case of
MIM system, neglecting the space and image charge effect and a linear voltage drop inside the
insulator, the tunneling current is described as :

1= (60~ S enp(~Bloy ~ S — (6 + Fean(-Bloy + 1) (24)
with
_ eAeyy
e (2:5)
B 47rd\h/ 2m* (2.6)

Acry is an effective electrical contact area, e is the electron charge, m* is the effective electron
mas, V is the applied bias voltage, and h is the Planck’s constant, with also ¢; the contact
barrier height and d the thickness of the insulating film.

From this equation, two transport regimes can be distinguished. One is with the applied voltage

lower than the barrier height (¢,) with the shape of the barrier which change from rectangle

to trapezoidal. This kind of tunneling is called the direct tunneling because charge carriers are

injected from one electrode directly in the other one as it is depicted on the Figure B). In

this case equations become :

—4mdN/2mxgy,
h

I o Vexp( ) (2.7)

With

I pv (2.8)

) (2.9)

One can conclude from this equation that current varies linearly with applied bias and that
current is exponentially dependent on the barrier width and film thickness.

—4md\/2mx¢y
= cap(— A
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For the other transport regime known as the Folder-Nordheim (FN) tunneling, voltage applied
excess the barrier height and the barrier shape turns into a triangle. Equation become:

(—87rd\/im*w> (2.10)

Carriers then tunnel trought the conduction band of the insulator. They are injected first into
the insulator then into the second electrode. The linearization give :

I x VZexp

ln(%) ~ —D(%) (2.11)

With

D —87rd\/im*(¢b)3 (2.12)

It is shown that in order to have Fowler-Nordheim tunneling the voltage applied has to be
sufficiently large to allow the electron in the electrode to penetrate the triangle barrier and
go into the dielectric conduction band. Figure A) shows some transition from direct to
FN tunneling with IVs curves. The graph on FigB) allows to estimate some important
parameters such as the barrier height by looking at the transition between the two tunnel current
regimes.
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Figure 2.12: Schematic energy band diagram of electron tunneling conduction, (a) F-N
tunneling in metal-insulator-conductor structure, q® g represents the energy barrier at the metal
—dielectric interface, EC, EF, EV are the conduction level, Fermi level and valence level in the
conductor, respectively. The electron which is presented by the black ball in metal can may
penetrate through the triangular potential barrier. (b) Direct tunneling in metal-insulator-
conductor structure, the electron which is presented by the black ball in metal may penetrate
through the trapezoidal barrier [76].

An experiment has also been done by curent sensing AFM. hBN has been encapsulated between
two electrodes and measurement of current have been done to show the density of tunneling
current. It is shown on the Figure (b) that polycristalline hBN is quite permittive to current
certainly due to its grain boundaries. when single crystal monolayer need a certain voltage to
let current pass through the hBN as seen with the previous formula.
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Figure 2.13: Example of I-V spectroscopy curves obtained on isolant films in MIM set up of
different thicknesses, such as 1.2, 2.8 and 4.6 nm, the I-V spectroscopy curves can be fitted
by MIM model (adapted from Casuso et al. [67]), the transition from direct tunneling to FN
tunneling can be clearly distinguished, (a) Ln-linear transfer of I-V spectroscopy curves, (b)

Ln-linear transfer of I-V spectroscopy curves [67] [76].
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Figure 2.14: e, Diagram showing the hBN metal- insulator-metal (MIM) structure used to
examine the quality of hBN. f, IV curves for MIM tunnel junctions with either a polycrystalline
or a single-crystal hBN monolayer sandwiched between Pt/Ti (top) and Cu (bottom) electrodes.
Electrical contacts were fabricated by photolithography and e-gun evaporation of Ti (5 nm) and
Pt (40 nm) to form 100 x 100 pym2 pads on as-grown hBN/Cu/c-sapphire substrate. The device
with single-crystal monolayer hBN exhibits a large breakdown voltage (of around 0.1 V), whereas
the device with polycrystalline monolayer hBN shows direct tunnelling characteristics. [T7]

2.8 switching resistance behaviour

In this section the theory of electrochemical metallization (ECM) is presented. This theory offers
an explanation of how an insulating film between two electrodes (a MIM set up) can exhibit a
switching behavior in its resistance. This theory applies to a wide variety of materials such as
metal oxides, organic polymers, proteins, chalcogenides, and 2D nanomaterials [78]. This kind
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of materials is of great interest for the studies of competitors for nonvolatile memory devices
in order to replace charge-based memory devices. 2D materials than can experience resistive
switching have the advantages to offer high write/erase speed, low power consumption and high
endurance. [79][80] [8T][?]

For the resistive switching memory, materials with wide band gap, high electrical resistivity, and
high thermal conductivity could offer excellent switching performance. Repetitive bending of
conventional switching materials results in detachment and cracking due to the poor adhesion
between the material and its substrate. Fortunately, the the development of flexible electronic
devices know a new draw thanks to the fascinating physical properties of 2D materials.

By applying a positive voltage on one of the electrode of of a MIM. Atoms of this electrode
will be oxidized and will migrate toward the other electrode under the action of the electric
field. At the other electrode, ions are reduced and create conductive filaments (CFs). It growth
until connecting the two electrodes and a low resistance state is on. By applying an inverse
voltage, CFs are dissolved via oxidation and a high resistance state is on. It is basically how the
electrochemical metallization theory is thought.

Cu foil BE
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Figure 2.15: a) Schematic of the Ag/hBN/Cu foil on PET substrate device arrays. b) Cross-
section TEM image of the Ag/hBN/Cu foil memory cell, and the thickness of hBN is about
3 nm. c) The electroforming process for hBN memory device with Vforming 1.87 V. d) The
switching characteristics for the hBN memory device after electroforming process. [82]

In Figure a) is depicted the schematic of the resistive memory device structure. This
structure is composed of hBN insulating films between two electrodes one made of copper foil
and the other one of silver. The device is put on a PET substrate. In Figure b), a TEM
image is depicted. It is shown a real memory cell with approximately 3 nm thick ultrathin
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hBN. By applying current to AG while Cu is grounded, it is observed a high resistance state
for the hBN film. The electrochemical metallization has been achieve via the application of a
1,87 V voltage. Conductance is then increasing corresponding to the forming process in c).
In d), is presented the hysteresis loop of hBN IV curves by applying forward and reverse
voltage. At the set voltage, the current rises rapidly and at the reset voltage, the current drops
rapidly as indicated in d) and c). [82]

It is possible to verify the resistive switching mechanism by CS-AFM investigation. By applying
a voltage to the Cu foil while a conductive AFM tip grounded is scanning, increase in current
can be spotted around 1,3 V indicating that the switching mechanism was related to the Cu
electrode. In Figure 2.16](a), the set up is shown and in Figure 2.16|b), the change is current
due to electroforming is depicted. In Figure ¢) is shown the mapping of the hBN surface
with 0,5 V applied which was small enough to not induce a switching mechanism. In d),
is depicted the mapping of the surface by CS-AFM on the ON state. the peaks indicating were
CFs have grown. Relatively good quality ultra-thin hBN film is essential to prevent leakage of
current and allow the switching mechanism [83] [82].

Figure 2.16: a) CAFM measurement and b) I-V characteristic with a device configuration of
diamond-coated tip/hBN/Cu foil device. The voltage sweep was 2 V to 3 V to 2 V. ¢) CAFM
current maps of hBN-based memory at OFF state and d) ON state with a 0.5 V reading voltage,
respectively. For (d), the region from 1.2 to 2.5 m at the short edge, it was nonswitched surface,
and there was no voltage bias applied before reading its state [82].

Therefore, with CAFM study, it can be concluded that the switching mechanism is due to the
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formation/ rupture of CFs which are composed of active Cu element [84].
In Figurethe schematic switching mechanism is depicted. With active atom created (AG+)
and diffusing into the film in (i). With CFs growing after a certain voltage applied in ii), With
CFs connecting the two electrodes in (iii) with the demonstration of switching the state on ON
and finally with in (iv) cutting the CFs by applying a reverse voltage [85].

m Ag*cation = hBN/PVOH

Figure 2.17: (a) Illustration of the formation and rupture of a metallic filament from the top
electrode to the bottom electrode under the influence of a strong electric field. (i) Off process
in which atoms of the Ag electrode oxidize and become Ag+ cations by losing electrons. (ii)
SET process in which the trapped electrons begin to neutralize the Ag+ cations, thus resulting
in the formation of a metallic filament within the functional layer of h(BN-PVOH. (iii) At this
point the metallic filament is completely formed from the top to bottom electrode, bringing the
device into the ON state. (iv) The formed filament is ruptured by applying an electric potential
of opposite polarity resulting in an HRS [85].

2.9 characterization

2.9.1 SEM

In order to get a direct observation of the presence of hBN on metal substrates, the most
used technique is the Scanning electron microscopy (SEM). As SEM shows contrasts between
materials in function of their atomic number and partially to their conduction behavior hBN
appears even if it is atomically thin with great contrast from metallic surface. It is due to the
fact that hBN is not conductive while metals are. On Figure [2.1§ one can see hBN in darker
areas in the SEM image. Figure [2.18{(a) shows that hBN domains nucleate in various direction
and in triangular shape. Figure [2.18|b) displays continuous hBN film with wrinkles [47]. One
can conclude that to investigate shape size and film coverage on the metallic substrate, SEM is
of great use.

2.9.2 Introduction to AFM-based electrical techniques

Atomic force microscopy (AFM) (Figurd2.19(A)) has been proven to be very useful for microscopic
and nanoscopic surface properties investigation [86]. Due to this usefulness scanning probes
microscopy (AFM) has been developed rapidly by many studies. Numerous new electrical
modes based on AFM have then be implemented. By the use of a conductive probe it is possible
to characterize different electrical surface properties such as electrical conductivity, capacity,
charges and surface potential, while keeping in the same time the first function of AFM which
is the characterizing of the surface morphology [87][88].
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Figure 2.18: in (A), SEM images of a triangular shaped hBN single-crystal domains and in (B)
fully covered hBN film on Cu [47][9].

Current Sensing AFM and ‘ResiScope’ module

Current sensing AFM (CS-AFM), also known as conductive AFM (C- AFM), allows to map
the local conductivity of a surface. In order to map the conductivity, an electrically conductive
tip is used as an electrode. This tip can be directly conductive as fully metallic tip or coated
like a silicon tip coated by Platinium irridium [89]. Like in contact mode AFM, the tip is
put in contact with the surface with a tunable force and is maintained by the AFM’s feedback
electronics. In CS-AFM, a tunable voltage can then be applied from the sample or the tip and
then the contact current can be measured. As written before, the sample topography is still
measured in the same time. It is then possible to correlate possible current behaviour with local
topography. It has to be considered that contact AFM makes the contact force important for
some sample that could be too soft [90]. A very useful possibility with this AFM mode is the
possibility to do voltage ramp on the surface and then get IV curves. There are two modes for
the CS-AFM, the vertical one and horizontal one.

With the vertical mode, by using a conductive substrate as the bottom electrode, it is possible
to measure properties like current passing trough a thin film that would be on the substrate. A
great advantage of CS-AFM for thin film characterisation is then that it does not requires other
sample preparation that ensure the conduction between the sample holder of the AFM and the
thin film substrate. Studies of IV curves in function of different molecules with small structural
variation can be performed to measure the influence of molecular structure on transport. Also
tip and substrate can be changed to analyse the influence of the electrode in the IV measurement
[89]. For the horizontal method set up, a contact pad is used on an insulating substrate. It is
used for study individual molecular nanocrystals and carbon nanotubes [89]. This nanodevices
are placed on the pad and the tip is then approaching the surface. A measure of the current
through those devices is then feasible. Works have been carried out on different systems, such
as carbon nanotubes [91][92], semiconductor and metal materials [93][94], conductive polymers
[95][96] molecular junctions [89] and thin film [67][68].
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Figure 2.19: (a) Schematic diagram of the basic setup of AFM. (b) Vertical sample configuration
of CS-AFM, (c) Horizontal configuration of CS-AFM [76].

"The ‘ResiScope’ is an additional module for CS-AFM. By the use of a high performance
amplifier (HPA), it is allowed to measure the current over 10 decades. As for CS-AFM, the
with ‘Resiscope’ measurement a DC bias is applied between the sample and a conductive AFM
tip (tip at virtual ground). The probe is scanning in contact mode using the laser deflection
for the AFM feedback. Modules like MFM/EFM or KPFM single-pass can be combined with
CS-AFM |[76].

Kelvin Probe Force Microscopy (KPFM)

In order to measure the distribution of surface potential, detect charges and material work
function, the AFM KPFM mode has been developed. This mode can operate with a wide
range of materials such as metals, semiconductors and insulating materials. From a material to
another the experimental conditions differ [97][98][99].

In KPFM, the tip is in tapping mode. the Fermi levels of the tip and the substrate align creating
a contact potential Fig -(A ). This contact potential is the surface contact potential difference
[100] Vepp = @e=Po) with ®; the work function of the tip and ®, the one of the surface. An
external voltage is apphed to compensate Vopp (Figure ‘B ). From Figure -(C one can
see that by applying a bias voltage V445 to the sample, the voltage measured by the system
will be the sum of the sample bias voltage and the contact potential. AC and DC voltage are
applied between the sample and the tip. One can calculate the voltage drop AV beween the
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Figure 2.20: Principle of contact potential difference (VCPD). (a) Applied voltage is zero, t
Sy Ere s Efsy Eyacuum are the work functions, Fermi levels of the tip and sample materials
and vacuum level, respectively. Ey is the Fermi level after equilibrium, and V; is the measured
surface potential. In this case, Vy = Veopp. (b) Positive voltage applied on sample surface, (c)
Negative voltage on sample surface. In these two cases, Vs = Viias + Veopp. [76]

sample and the tip as
AV =Vs — Vpc + Vacsin(wt) (2.13)

with Vg the measured surface potential, Vpo the offset potential applied to the tip and Ve
the amplitude of the AC voltage. By taking a simple model as the (parallel-plate-capacitor
geometry), the potential energy Uy, is expressed as
02
Ups = 22 (2.14)
2
With (s the local capacitance between sample and tip. From equation 2.2 one can derive the
electrostatic force Fis between sample and tip. Force appears to be the rate of change of the
energy with the sample to tip distance, z.

_ 8Uts aCtSA(‘/tS)Z

Fiq 5 = 595 =Fy.+ F, + Fy, (2.15)
with oc v )2
. ts . 2 AC
Fyqe = 292 (Vs = Vpe)® + 5 ] (2.16)
P, = 85058 (Vs = Vo) Vacsin(wt)] (2.17)
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These three signals can separately give electrical information about the surface. The first
component of the electrostatic force F,, is nullified in KPFM by Vpe which is set to be equal
at Vg thanks to a feed-back loop. By appliyng no bias, to the sample, a mapping of the contact
potential difference of the surface is done. Moreover the work function of the sample can be
calculated if the work function of the tip is known. Fy,, can also give information about defects
and heterogeneities thanks to its dependence to the local dielectric properties expressed through

the capacitance gradient Fy. = 25t [97][76).

[Viccos(2wt)] (2.18)

Two modes can be used by KPFM. A single pass (Figure mode which is rapid and can
give high lateral resolution due to the proximity of the tip to the surface but coupling between
vdW forces and electrostatic interactions can raise imaging artefacts. The other mode is the lift
mode or dual pass for this one the electrostatic force is measured 10 - 20 nm above the sample
at the retrace after the trace near the sample for the topographic scan. It is though limiting the

sensitivity and spatial resolution due to distance [87][97] [I0T][76].

One can then link measured surface potential Vy to the surface work function for conductive
surface. But for insulating surface the link is not straightforward. One must first approximate
that the charge density constant on large area is proportional the measured surface potential V.
The surface charge density q (%) of the insulating surface can be approximated with capacitor
equation

67"7560‘/8 (JJ, y)
dts
with €,; dielectric constant of the insulating film and €y the vacuum dielectric permittivity and

d;s the average tip surface distance [98][102][76].

q(z,y) = (2.19)
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Figure 2.21: Schematic diagram of single pass KPFM. 4 steps are introduced: 1 represents
an AC voltage applied (VACsin(wt)) on the tip of cantilever, 2 shows the detected signal by
photodetector, 3 is to modulate 1st harmonic component, F,, , 4 is to zero F,, by varying the
Vbe and detect the difference AV ® .[70]
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2.10 Open questions

Previously, the various studies that are performed by AFM techniques have been introduced.
AFM electrical modes have been proved ideal tools to investigate the electrical mechanisms
microscopically. hBN film fabrication by chemical vapor deposition has also been introduced.
It is presented as one of the best option to fabricate homogeneous hBN thin films on large
scale. However mono layer hBN is still rare to achieve and film fabricated by CVD do not
achieve the quality of hBN flakes obtained by mechanical exfoliation. Studies are currently
performed at UCLouvain on the hBN films growth on copper film by CVD. This master thesis
will study the electrical characterization of these films by CS-AFM and will try to answer if
these methods are usefull to characterize the quality of the hBN film. Current maping of hBN
film area are expected in order to study if defaults can be spotted by CS-AFM. Investigation of
IVs curves taken by CS-AFM ramps are also expected to study electrical behavior of the hBN
film. A model to study the I'Vs curves is expected as the set up of hBN thin film on copper film
characterized by CS-AFM is considered as a MIM, this is the direct tunneling at low voltage
and Fowler-Nordheim at higher voltage which will be considerate. It has also been introduced
that switching resistance behaviour can occur when applying a voltage to a sample that forms a
MIM set up with a conductive tip AFM in contact. This Master thesis will try to show if such
behavior can be spotted by CS-AFM scan, CS-AFM ramp and by KPFM.
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Chapter 3

Materials and methods

3.1 Materials

Figure 3.1: Chemical Vapor Deposition (CVD) device used for the fabrication of the sample.

In this section is presented the fabrication of the hBN film used in the MIM set up that will
serve for the experiments. Only one sample was used to do the experiments. Thin films of hBN
are prepared by CVD process at near ambient pressure. Thin films of copper which are subtrate
for the CVD growth of hBN are prepared in UCLouvain laboratory by e-beam evaporation of
copper on c-plane sapphire wafers. Before the deposition, the wafers were thoroughly cleaned
by piranha solution and successive rinsing of DI water. Typically we deposited 2-3 micron
thick copper films due to avoid high surface evaporation that ultimately results in high surface
roughness. We load these copper deposited wafers into the CVD chamber. After loading the
target substrate, we load a few mg of ammonia borane powder as a precursor in a quartz boat
into a separate aluminum chamber, which is wrapped with a high resistance heating belt all
around to heat the chamber. We quickly pump down the whole setup at low pressure to remove
all the air contamination. After that, we purged the system with the heavy flow of Argon 99.99
% pure at a rate of 400 sccm. The system heats up to typically 1050C in 60-70 min under the
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flow of 360 sccm of Ar and 25 sccm of Ar/H2. Before the growth sample annealed 15-30 min
in the same atmosphere. In the meantime, the Ammonia-Borane chamber also heats up below
60C to avoid pre-growth of hBN. The hBN growth was carried out for 45-60 min at 1050C with
a precursor decomposition at 100C. During the growth 100 sccm of Ar/H2 and 15 sccm Ar
was used as carrier gases. The pressure was maintained around 800-900 mbar during the whole
process. After finishing the growth heating of ammonia borane stopped and let the CVD cool
down naturally.

The hBN film grown by CVD on copper film grown by CVD on saphire substrate is depicted
in Figure On the figure it is shown that the sample put on the sample holder of the AFM
trough which is applied the tension during CS-AFM. A copper wire has been soldered on the
hBN surface and is taped with conductive tape (black carbon) on the sample holder in order to
conduct current from the sample holder to the copper as the saphirre substrate is insulating.

Figure 3.2: Sample used for all the experiments.

3.2 Methods and techniques

All the CS-AFM scanned experiments and IVs curves investigations were performed on the
brucker icon dimension. AFM CS-AFM analyses were performed with a current sensing module.
RMN 12Pt400B full platinum Tip and Cantilever with a standard tip radii below 20 nm and
a spring constant of 0,3 N/m were used for the measures. In CS-AFM mode, the tip was in
contact with the sample surface. It was possible to apply a voltage on the sample (0 to 10 V)
and the current through the contact point was measured and mapped. The current sensitivity
was from 1pA to 10 nA. Special attention was paid to always use the same tip-surface contact
force in order to get comparable results on the different location of the sample.
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Figure 3.3: Brucker Icon Dimension in UCLouvain.

All the experiments combining KPFM and CSAFM were performed on an Agilent 5500 multimode
AFM (Agilent Technologies, USA) picoplus. CS-AFM ramps were performed with a current

sensing module. A tip (CDT-FMR) with cantilever covered with a conductive doped diamond

film were used to perform all the experiments. In CS-AFM mode, the tip was in contact with

the sample surface. It was possible to apply a voltage on the sample (0 to 10 V) and the current

through the contact point was measured and mapped. The current sensitivity was from 1pA to

10 nA. For KPFM the measures were performed in tapping mode, typical spring constant and

resonance frequency of the cantilever are 1,5 - 18,3 % and 65-155 kHz. A resiscope module was

used to be able to switch from KPFM to CS-AFM at the same location.

Figure 3.4: 5500 multimode AFM (Agilent Technologies, USA) picoplus in UCLouvain.[76]

32



Chapter 4

Results
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4.1 Introduction

As described in the introduction (chapter 1), since the emergence of 2D materials and hetero-
structures in research for the development of electronic compounds, hBN is of prime interest.
Indeed, its mechanical and electrical properties have made hBN a 2D material of first choice
in the design of some nanodevices. However, one of the biggest challenges for the large-scale
use of these materials is their method of fabrication. There are still many studies on different
manufacturing methods to find the one that will give hBN a good homogeneous quality with
large domains. One such method currently investigated at UCLouvain is the fabrication of hBN
on copper film by CVD.

Since the advent of scanning probe microscopy, a lot of studies have been done to develop new
electrical modes based on AFM using in particular a conductive tip as a probe to characterize the
different microscopic electrical properties such as electrical conductivity, capacitance, charges
and surface potential, while at the same time being able to characterize the surface morphology
(see chapter 2). The development of these techniques has been the subject of numerous studies
and the conclusive results of these methods can be found in a large number of articles (chapter
2).

Among these new AFM modes, we distinguish the AFM of current detection (CS-AFM), also
called AFM of piloting (C-AFM), the basis of this method is as explained in the previous
paragraph to use as mobile electrode an AFM tip with an electrically conductive coating.
The tip is brought into contact with the sample, and then the contact current is measured
during the application of a user-definable voltage and contact force. The current-voltage (I-
V) characteristics can either be mapped by scanning or acquired at fixed points by applying
a ramp voltage. This conduction AFM method has already proven itself in numerous studies
and articles. Another very useful AFM method is Kelvin Probe Force Microscopy (KPFM) . It
has been developed to measure the distribution of work function and to detect charges at the
surface. This method has the added advantage of being able to characterize a wide range of
materials, such as metals, semiconductors and insulating materials (Chapter 2).

Taking into account those facts and knowing that UCLouvain is actively investigating in the

fabrication of hBN CVD on copper film, this Master thesis aims at answering the question
whether this method gives good results and whether these ingenious AFM modes are suitable
for the characterization of defects in such films. In addition, through CS-AFM, KPFM and IVs
curves analysis, this studie will try to identify switching resistance behaviour in our MIM set up
and what phenomenon could cause it. It was therefore decided to investigate the quality of the
hBN film produced by this method at UCLouvain trough local electrical characterization. For
this purpose, the CS-AFM and KPFM AFM methods were used.The aim was to efficiently see
if large areas of hBN of homogeneous thickness were produced and to identify some apparent
defects. But before drawing hasty conclusions on the CS-AFM measurements, it is necessary to
take into account the particular set up needed to perform these experiments and the physical
phenomenon that results from it. This is why Investigations with IV curves taken by the CS-
AFM ramp were made in addition to the scanning. To go further, the possibility to combine
KPFM with the CS-AFM ramp thanks to the resiscope module (see chapter 3) will be used to
ensure the identification of the phenomenal cause of the apparent defects in the measurements.
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4.2 Sample set up

The materials and experimental equipment have been introduced in chapter 3. The sample
setup for investigating the surface properties of hBN films is presented in Figure [f.1] This is the
only sample used during the experiments. On Figure A), One can see the representation of
the CS-AFM set up with the sample set on the conductive support through which is applied the
tension, with in blue the AFM tip and cantilever through which the tunnel current will pass,
and with in red the lasers to measure with the photo diodes in yellow the position of the tip and
the deflection of its cantilever. On Figure B), one can see the representation of the sample
with the hBN film in light orange, with the copper film in orange, with the quartz substrate in
blue, with the AFM tip and cantilever in green, and with the conductive wire which connects
the copper to the conductive support in orange with soldered area displayed as the grey triangle
shape.

For CS-AFM measurements, one end of the wire was fixed by a conductive adhesive tape (black
carbon) on the conductive support connected directly to the voltage source and the other end
is soldered to the copper with tin. This wire allowed to have homogeneous conduction of the
current source in the copper film which played the role of one electrode in the MIM model. The
other electrode was the tip in contact with the surface. When applying a bias voltage to the
sample electrode, current passes through the copper film, the hBN film, the surface/tip contact
and the cantilever. As the copper film, the tip and the cantilever are made of conducting metals
(Platinum), their resistance were considered negligible.

A)

Figure 4.1: In (A), the CS-AFM set up with the sample, the conductive support (bias source),
in blue the tip and canteliver of the AFM, in red the lasers and in yellow the photo diodes.
In (B), the different components of the sample, in blue is the quartz substrate, in orange the
copper film, in light orange the hBN film, in green the AFM tip and canteliver. Current is
passing through copper film, hBN film and tip and cantilever of the AFM.
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4.3 Surface morphology

In this section, the calculation of the RMS roughness, the conductivity distribution images
and the surface potential images were obtained by treating and analyzing the images using
home-made procedures developed on the Igor Pro software (WaveMetrics) and Gwyddion.
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Figure 4.2: (A) SEM image of hBN film in the edge of the sample, (B) SEM image of hBN film
in the center of the sample, (C) Surface topography of a hBN film in the center of the sample
obtained by AFM in tapping mode (image size: 5X5 um?, color scale: 0 to 400 nm)

The surface morphology of the sample was first analyzed using both SEM and AFM. Figure
A) is a SEM picture acquired on the edge of the sample showing that hBN domains (in
darker grey) of the micron size have grown and merged on the copper film. For the lighter grey
areas it is not possible to affirm if it is hBN of different thickness or copper film. Figure B)
is taken in the center of the sample. It shows that in this area, hBN has grown on almost all
the surface of the copper film. As can be seen on Figure C), the sample presents a rough
surface essentially due to copper film roughness. The picture was taken with AFM tapping
mode which allowed the distinction of hBN merging trianle shapes in opposition of CS-AFM
mode which with the fully platinum tips would not give enough precise pictures to see hBN. The
RMS roughness, Rq, is evaluated to 124,5 nm but take into account the scratches on the figure.
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It is obtain an average of 78,6 nm by measuring the RMS roughness on a square area of 2 x 2
micrometer square on figure C) in order to avoid the scratch. This pictures allowed to take
the hypothesis that when measuring the center of the sample, hBN was considered covering
all the scan areas surface. It is also important to take into account that copper is certainly
oxidized. The oxide layer must therefore create a MIM with the AFM tip. However, with an
indirect bandgap of 1.2 eV for copper oxide, its involvement in the MIM created by the hBN
film was assumed to be negligible.

4.4 Surface CS-AFM scan investigation

Surface conductivity investigation of hBN films by CS-AFM experiments were performed on
several 1x1 micrometer square areas in the center of the sample. The figure presents in (A)
the topography and in (B) the current image obtained by scanning CS-AFM of one of these
zones. In figure (B), a bias voltage of 1V was applied to the sample and the AFM tip applied
a force of 84 nN on the surface. The topographic image of figure A) taken with a contact
force of 84 nN reveals again a rough surface due to the roughness of the copper film and, due
to the large diameter of the hard RMN platinum tip (see section 3. ), an inaccurate image to
nanometer scaled details. It can be observed that on the copper surface totally covered with
hBN, the CS-AFM scan shows areas with saturated current (white areas), with current in the
sensitivity range of the AFM (blue areas) and areas without any current detected. It can also be
observed that it is very difficult, due to the poor quality of the topographic image, to establish
links between the different conduction behaviors and the local roughness of the topography.
On the other hand, the wide white band of 100 nm on the current image can be associated
with the scratching of the topography. For this scratch area the force of 84 nN could be not
respected which makes it possible to envisage a relationship between the white areas and the
areas subjected to a greater contact force.
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Figure 4.3: In (A), topography picture of 1 x 1 m? hBN film, with 84nN of AFM contact force
applied. In (B), current image of the same 1x1 um? area with the same contact force and 1V
bias voltage applied at the sample holder. (image size: 1 X 1 um?, color scale: 0 to 40 nm for
topography, 0 to 12 nA for conductivity. (With 12 nA the maximum current sensitivity of the
CS-AFM)
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With these different behaviors shown by the CS-AFM scan and considering that the whole
surface is covered by an hBN film, the current saturated areas bring some questions. Are white
areas a measurement error 7 Is this due to a metallic particle sticking to the tip during part of
the scan ? Is the hBN thin in this area or is it damaged by the tip 7 Or are these white areas
part of an hBN film that has had its resistance switched ?

In order to verify the consistency of trace and retrace data, the trace and retrace images for
topography, electrical current on the surface of hBN films have been compared in Figure 1.4 It
is evident that the trace and retrace data remain almost the same shape.
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Figure 4.4: (A) Trace current image of the 1x1 micrometers square area of the previous section.
In (B) Retrace of the same current image of the 1x1 micrometers square area (image size: 1X1
pum?, color scale: 0 to 12 nA)

In order to study this phenomenon of saturation of the current zones, experiments were carried
out on hBN films by CS-AFM scanning. For each of these experiments, a new location was
studied so that it would not be influenced by a previous contact with the AFM tip. First, the
experiments with the CS-AFM was carried out by applying for the same voltage an increasingly
greater force. The results are presented in figure with the topographic image.

The investigation started with the contact force of 84nN applied with a bias voltage of 1V in
fig LB B) , it can be observe an insufficiently sensitive topographic image in fig [I.5(A) and a
current sensitive image with the different electrical behaviors identified above in ﬁgB). After
the first scan with 84nN in a fig |4.5(B), another scan was performed at the same place with
this time 168 nN applied. A drastic change occurs then on the image in a fig C), it becomes
mostly white. It was then possible to analyze that the 168nN applied were sufficient to cause a
current saturation in almost the whole scan. Once the 168 nN scan was completed, a last image
was re-scanned with 84 nN, which gave the image on fig D) showing that the areas that all
turned in saturated current areas remained mostly in this state.

An other experiment of the same type was done but this time by letting the contact force applied
a value of 84nN and by varying the applied voltage. For the survey, a scan of a 1x1 micrometer
square area was first performed with an applied force of 84nN and an applied bias voltage of
1V. It has been observed an image of current sensitivity with the different electrical behaviors
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Figure 4.5: In (A), Topography of the 1 x 1 um? force current saturation behaviour investigation
area. A contact force of 84 nN was applied. In (B) current sensing picture of the same pm?
area with the same force of 84 nN and a 1V bias applied on the sample holder. In (c) is the
same experiment than the one applied in (B) but with a 168nN contact force applied. In (D)
is still the same parameters applied but with 84nN contact force applied. The pictures have
been taken in the same location and have been taken in a chronological order. (image size: 1 x
1 um?, color scale: 0 to 40 nm for topography, 0 to 12 nA (with 12 nA the saturated current
sensitivity of the CS-AFM for the current sensing pictures)

identified previously. After the first scan at 1V, another scan was performed at the same place
with this time 2V applied. As for the force, a drastic change occurred then on the image. It
became completely white. It could be analyzed that the 2V applied were sufficient to cause a
current saturation in the whole hBN film. Once the 2V scan was completed, a new scan of 1V
was performed, all the scanned area remained current saturated.
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4.5 IV’s spectroscopy investigation

On this section is discussed the method used to investigate the IV’s curves. First it has been
assumed that, the measured system may be considered as a metal (tip) — insulator - metal set up.
Taking into account the fact that hBN films are considered to be present on all analyzed areas of
the sample, the ramp performed by CS-AFM should give an expected curve of a semiconductor
behavior with a linear tunnel current at low-voltage and a Fowler-Nordheim tunnel at higher
voltage see section(2.7). To get a deeper insight into the conduction mechanism, the I-V curves
were analyzed with a model for this kind of set up. In this model current can flow between the
two electrodes by means of tunneling if two metal electrodes are separated by an insulating and
sufficiently thin film. Indeed, the insulator film raises a barrier height which can be overcome
with tunneling current when this barrier is sufficiently low. As shown in Figure [f.6] in our
system, the hBN film acts as an insulator, separating the conductive metallic platinum tip and
the copper film. The system can thus be regarded as an MIM system.

hBMN film

Figure 4.6: Schematic representation of the MIM contact in hBN thin film on copper scanned
by conductive AFM tip [76]

In the section 2.7 is described the tunneling current which occurs in a MIM set up. Like
exposed in this previous section, the MIM system presented has been described by the equations
presented in section 2.7. Furthermore, the MIM system presented in this work has been described
in terms of the Simmons model which is pertinent for coherent non-resonant tunneling through a
square potential barrier. The MIM system chosen to model the curves, coefficients of our setup
was still to find to pick the right parameters in order to fit the experiments curves as smooth
as possible. It is interesting for this purpose to consider that a plot of Ln% against % should
show a change of behaviour in the curves for which the abscissa can estimate the barrier height
of the MIM system.

The expected curve corresponding to our MIM sample configuration was calculated using the
home made model developed on the Igor pro software. The curve can be seen in figure[4.7] The
parameters of the model were chosen as follows: 2 nm for the hBN film thickness (d), 100nm?
for the chosen effective contact area (A.sr) as a function of the diameter of the RMN platinum
tip (see chapter 3), an effective electron mass ratio (m*/m) of 0.6, and a barrier height (¢g) of
1,2 eV. The curve has been fitted with the equations presented in section 2.7.
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Figure 4.7: Typical behavior curve of a semiconductor for a CS-AFM ramp measurement from
-1V to 1V on a MIM set up consisting of an hBN film on copper. The curve was computed by
the home-made MIM model on Igor pro software with the parameters d = 2,4nm, Aeff = 100
nm?, m/m* = 0.6 and ¢p = 1,2 eV.

On this paragraph is discussed how the parameters have been chosen. The effective electron mass
is the one of the electrons in the hBN according to literature [103]. Indeed as seen in the section
2.7, in the Fowler-Nordheim tunneling electrons go from the first electrode into the dielectric
conduction band and then go to the second electrode. The value of 0.6 is an approximation

from the one found in the literature. The 1,2 eV barrier height value has been chosen by doing
ln(ﬁ)

from an IV curve the analysis of the as explained in the section 2.7 (This curve is not one

of the curves presented in this chapter because to much noise made the investigation of barrier
In(-Ls

height by n(‘}/ z) not possible). The value of the A, has been chosen by taking a square area of

10 nm side which correspond approximately to the tip apex (see chapter 3). At last 2,4 nm has

been chosen to represent a thin hBN film that should approximate relatively well the thickness

of the one fabricated at UCLouvain Winfab for this type of manufacturing and substrate.

Now that a theoretic curve has been calculated, an analysis on how this curve varies in function
of the different parameters has been done. This analysis can be seen on the Figure [£.8] It can
be seen in a) that decrease the thickness of the curve make it more and more linear. It can
be seen in b) that by increasing by two the contact area the scale of the graph increase also
by two. It can be seen in c) that by increasing the effective electron mass, the curves current
range decrease and at last it can be seen in d) that by decreasing the barrier height the IV curve
current range increase.
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Figure 4.8: Analysis on the variation of howe the curve in Figure [£.7] change in function of its
parameters. The Figure is in red in all the graphics. In a), parameter of thickness have been
changed. In green 2nm, in blue 2,8 nm, in yellow 1,6 nm. In b), parameter of contact area have
been changed, in green 200 nm?, in blue 50 nm?2. In c), parameter of effective electron mass
has been changed: in green, 0,85, in blue 1,1. In d) parameter of the barrier height has been
changed: In green 0,8 eV, in blue 1 eV

IV’s spectroscopy measurements

In order to better understand the behaviors mentioned in the section 4.4, different areas are
observed on the very first picture taken with the CS-AFM scan: Fig. [£3] As a reminder, the
area was scanned using the CS-AFM with a bias of 1V and a contact force of 84 nN. Different
phenomena have been identified and are now studied by taking IV spectroscopy curves. For this
purpose, a scanning of a grid of 100 ramps from -1V to 1V was performed on the area with a
contact force of 84 nN. Each ramp was performed at a distance of 100 nm laterally and vertically
from each other. The IV curves were then analyzed along lines crossing the areas of interest.
An example of these experiments is presented in figure [£.9] The lines where the IV curves were
studied are indicated in orange on the image. The exact locations of the ramps realized on these
lines are indicated by the orange triangles.

The first line analyzed is the bottom orange line where the film, depending on the image, seems
to show the different interesting behaviors of the hBN film. One can see on the image a dark
area and an area with mixed dark, white and blue areas. Research on this line with IV curves
was done to understand what is seen and why can it be such contrast differences in the picture
4, ol

In this experiment, the bias voltage was increased from -1.0 to 1.0 V and the tip had a contact
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Figure 4.9: current image of a 1x1 pm? area with a contact force of 84 nN and 1V bias voltage
applied from the conductor sample holder. (image size: 1 X 1 um?, color scale: 0 to 12 nA for
conductivity. (With 12 nA the maximum current sensitivity of the CS-AFM). Orange line are
displaying the line of interest were IVs curves were studied. The exact location of ramp of these
IVs curves is displayed by orange triangles. Each triangle is separated by a distance of 100nm.

force of 84nN. Only one transport behavior was observed. The curves are similar to the
semiconductor curve shown in figure [£.7] and are depicted a little further in this section. More
subtle behaviors can be observed: some points show a semiconductor behavior with a saturation
current in the nA, others show the same behavior but in the pA, indicating a less conductive
semiconductor behavior. On the other line, we study the white zone and like the previous line,
it shows a semiconductor behavior with a saturation current in the nA. The curves are thus
labeled and grouped on the basis of the observed transport behavior. The three groups are
defined as follows and presented on different images:

1. First group shows saturating behavior in the bottom orange line from the left (Fig: [4.9) :
first and second triangles.

2. Second one show the semi conductor behavior in the pA for the rest of the curves measured
on the bottom line from the left, i.e. 3th,4th,5th,6th,7th,10th (8th and 9th were not
analysed due to too much noise.)

3. Third one shows semi conducting curves saturated in the nA for the upper orange line on
Figure from the left. first, 2nd, 3th, and 4th (other curves were not analysed due to
too much noise in the measure.)

In the graphs where the IV curves are displayed, the solid lines are the results of the
theoretical fit using the electron tunneling model. The dots are the raw data. To fit the data,
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first same values that the ones described for the theoretic were chosen with the effective electron
mass and the effective contact area as fix parameters. Then, the contact barrier height, the
effective electron mass m*, the effective electrical contact area A.ss and the hBN film thickness
d were obtained by tuning the theoretical curves until the best fit with experimental I-V curves
was done. The rather good agreement between the theoretical curves and the experimental data
show that the model used fits well the observed behaviors in both regimes. The values obtained
for the fitting parameters are given in Tables [£.13]
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Figure 4.10: In (A), curves of group 1 modeled with MIM model. In (B), curves of group 1
modeled with MIM model are in continuous lines and raw measured data of the curves in dots
for the positive voltage values. In red first triangle from the left in the bottom line on figure
9 In green, the second one.

On the Figure semi conducting behavior is observed with current measured in the nA. By
fitting the curve in the model we can obtain by doing an average on the values in table
values of 0,83 for the electron effective mass, 198,05 nm square for contact area, 0,87 eV for the
barrier height and 2,13 nm for the thickness of the hBN film.
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Figure 4.11: In (A), curves of group 2 modeled with MIM model. In (B), curves of group 2
modeled with MIM model are in continuous lines and raw measured data of the curves in dots
for the positive voltage values. Curves are measured from the third triangle from the left in the
bottom line on figure in the following color code : blue,yellow,black,purple, brown,pink.

On the Figure semi conducting behavior is observed with current measured in the pA. By
fitting the curve in the model and by doing an average on the values in table {.13] We can
obtain values of 0,64 for the electron effective mass, 71,15 nm square for contact area, a hBN
film thickness of 2,498 nm and a barrier height of 0,87 eV.
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Figure 4.12: In (A), curves of group 3 modeled with MIM model. In (B), curves of group 3
modeled with MIM model are in continuous lines and raw measured data of the curves in dots
for the positive voltage values. Curves are measured from the first triangle from the left in the
upper line on figure [£.9]in this color code order : red, green, blue, yellow.

On the Figure semi conducting behavior is observed with current measured in the nA. By
fitting the curve in the model and by doing an average on the values in table {.13] We can
obtain values of 1,065 for the electron effective mass, 172,975 nm square for the contact area, a
hBN film thickness of 2,32 nm and a barrier height of 0,49 eV.

After analyzing the different groups, one can see first that the thickness of the film is quite
homogeneous and present on all the surface analysed by the AFM ramps (average of the three
groups give d = 2,316 nm). It also can be highlighted that it exists a similarity in groups 1
and 3. Indeed these groups present a larger m* and a larger A;; value with smaller barrier
height value. These curves values could be associated to white areas. One can also see the
similarity between the pA curves and the theoretical curve. However, some questions remain
about the cause of the variability in the effective electron mass and contact area. It also must
be understand why films with similar thickness can show semi-conductor behaviour in the pA
or nA. An hypothesise on this question would be that at some points the film experienced a
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Thickness Effective Effective Barrier height
contact area | electron mass

d (nm]} Aeff (nm2) 0 (eV)
30 30 2,87 342 0,34 0,3
31 2 149 1,12 0,33
32 2,14 107 1,1 0,56
33 2,26 93,9 1,1 0,56
30 20 2,13 157,2 0,82 0,86
g1 2,13 198,9 0,84 0,88
32 2,42 65 0,63 0,84
83 2,39 72 0,64 0,81
34 2,55 65,3 0,68 0,88
85 2,39 65,9 0,72 0,88
26 2,41 76,4 0,6 0,87
89 2,63 79,3 0,57 0,96

Figure 4.13: Values obtained for parameters d, Acs¢, m*, ¢y and d after fitting the I-V curves
in the positive values of the picture [£.3] with the MIM model.

switching in its resistance like it is presented in section 2.8.

4.6 Switching behaviour investigation.

After examination of the scanned image, IV curve measurements from -1V to 1V with 84 nN were
performed at certain locations on the hBN film. All of them showed a semi-conducting behavior
proving again the presence of hBN everywhere. Now that we know that hBN is everywhere with
a thickness which does not vary much, experiments to explain why is there the white areas on
the figure have been done. More precisely investigation on switching behaviour was done.
First a study on force dependence switching behaviour was made.

For this purpose, a series of ramps were made at the same location. A first ramp was realized,
then a second one at the same place, but with a force of 168 nN. These two curves are shown
in FigurA), we can observe semi-conducting pA behaviors. The other curve was taken at
336nN and showed an ohmic behavior, then another curve was taken at 84 nN and showed a
semiconductor nA behavior. Two other curves were taken at 672nN and 84nN. The first showing
an ohmic behavior and the second a semiconductor behavior in nA. These curves and their fit
with the MIM model are presented in figure [£.14B).

These images prove that the applied contact force can cause a switching in the resistance of
the hBN film. Another interesting result is that if less force is applied after switching, the hBN
film regains a semiconductor behavior but in the nA. Values measured during this experiment
are presented on table by doing an average of the values presented in the table 2, one can
distinguish for the curves taken before the appearance of the ohmic behaviour, effective contact
area of 61,175 nm square, m* of 0,65, hBN thickness of 2,15 nm and barrier height of 1,36
eV. And one can distinguish for the curves taken after the appearance of the ohmic behaviour,
effective contact area of 572,5 nm square, m* of 0,85 , hBN thickness of 2,13 nm and barrier
height of 0,66 eV.
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Figure 4.14: In lines are the curves fitted with MIM model. In dots are raw data curves measured
with ramp from -1V to 1V. In (A), in red, curves taken with 84nN, in green taken with 168 nN.
In (B), in red curves taken with 336 nN, in green curve taken with 84nN | in blue curve taken
with 672 nN, in purple curve taken with 84nN. Curves are taken in chronological order from the
red one in A to the purple one in B at the same location.

The next experiment tried to do the same but by now varying voltage and applying same force.
Another location was taken and the applied contact force was still 84 nN. First, a voltage of -1
to 1 V was applied, which shows as a result semiconductors in the pA range. Secondly a voltage
of 2V was applied and the behavior of the ohmic conduction appeared. Thirdly a voltage of 1
volt was applied and showed an ohmic behaviour. Fourthly the application of a ramp from 3V
to 0 was applied to try to induce a reverse switching of the resistance. Fifthly a ramp from -1
to 1V showed a semiconductor behavior in the nA range.

These images prove that the applied voltage can cause a switching in the resistance of the hBN
film. Interesting result is that if smaller voltage is applied after switching, the hBN film stay
in an ohmic behavior. Also after a reverse applied tension (positive voltage is now on the tip
side), by doing an other ramp of -1V to 1V, semi-conductor behavior appeared again. Values
measured during this experiment are presented on table [£.16] One can distinguish for the curve
taken before the appearance of the ohmic behaviour, effective contact area of 78 nm square, m*
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Figure 4.15: In lines are the curves fitted with MIM model. In dots are raw data curves measured
with ramp from -1V to 1V at a contact force of 84 nN. In (A), in red first curve taken. In (B),
in blue curve taken after a ramp from -2V to 2V, in red, curve taken after a ramp from 3V to 0.
Curves are taken in chronological order from the red one in A to the red one in B at the same
location.

of 0,6, hBn thickness of 2,6 nm and barrier height of 1 eV. And one can distinguish for the curve
taken after the appearance of the ohmic behaviour and the reverse voltage applied, effective
contact area of 10 000 nm square, m* of 0,8 , hBn thickness of 2,22 nm and barrier height of
0,9 eV.

The fact that for the different investigations there is reproducibility of the results i.e. semi-
conductor regime in the pA before a switching behavior in the hBN film resistance and semi-
conductor regime in the nA after a switching behavior in the hBN film resistance is very
interesting. For the force in function of what it said in the literature (section 2.8), an hypothesis
is that force alone cant induce a switching behavior but favorites it when voltage is applied by
increasing the effective contact area and maybe by squeezing the film which would then require
smaller conductive filament to connect the two electrodes. After a smaller force applied the
filament would be too small and a semi-conductor behaviour would be back but in the nA due
too the diffusion of electrodes atoms in the film and certainly the irreversible increased contact
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Switching Thickness Effective Effective Barrier height
behviour contact area | electron mass
d (nm]) Aeff (nm2) m* 0 (eV)
Force 4nN 2,08
168nN 2,21
336nN Ohmic
24nN 2,14 820,3 0,72 0,77
672nN Ohmic
24nN 2,12 324,7 0,28 0,55
Voltage v 2,6 78 0,6 1
v Ohmic
behaviour
v 2,22 10 000 0,2 0,9

Figure 4.16: Values obtained for parameters d, Aeff, m*, ¢g and d after fitting the I-V curves
in the positive voltage values of the picture and with the Igor pro MIM model

area of the tip. The switching behaviour could also just be due to the squeezing of the film
and larger contact area. For the applied voltage, the results seem to match what it is said in
the literature with a switching in the resistance appearing after a larger voltage applied and an
ohmic behaviour staying even with smaller voltage applied until a reverse voltage was applied.
Then semi-conductor behaviour come back with a nA range.

By doing an analyse on the theoretic curves, we can calculate from the first curve already
depicted on figure [£.7) a similar curve in the nA regime. The way to achieve it was with a fix
thickness and contact area like it was the case in the switching behaviour experiments and to
change the barrier height and the effective electron mass. This is shown on figure The
barrier height has been chosen with 0,8 eV and the effective electron mass with 0,85. The
thickness and the effective contact areas were not changed with respectively 2,4 nm and 100 nm
square.
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Figure 4.17: In a) the curve depicted in figure In b) curve fitted with the same parameters
but with a barrier height of 0.8 eV and an effective electron mass of 0.85.

In Jun Yin’s thesis [76], experiments on IV curves taken with CS-AFM on a MIM set up were

also performed. In the case of this thesis passive film of the set up showed different chemical
composition at different locations. This chemical composition differences had for consequences
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to vary the effective electron mass and barrier height of the passive film investigated. Hence an
hypothesis for the MIM model presented in this thesis that could explain a change in effective
electron mass and barrier height would be that as shown in section 2.8 after the reset of the
switching behaviour, some electrode atoms stay in the film (ﬁgure changing its composition.
It could explain the change in effective electron mass and in the barrier height.

After the analysis of the IVs curves, it can be concluded that, as assumed in the first section of
the results, hBN covers homogeneously over the entire copper film, as shown by the measured
thickness. That the white areas could represent areas that underwent resistance switching due
to force contact or tension. An hypothesis for this switching could be the electroforming in the
hBN film, as suggested by the change in the effective electron mass. The hypothesis of a semi-
conducting behavior for measurement of the hBN film by CS-AFM ramps has also been validated
by fitting the experimental curves with the MIM model. It is also important to mentioned that
after a switching behaviour due by force, a new scan with less force give back a semi conducting
behaviour in the opposite of a switch due to voltage. For voltage an inverse tension is needed
to get back the semi conducting behaviour.

4.7 Combination of CS-AFM and KPFM

In order to compare the surface conductivity measured by the CS-AFM in the previous section
with its surface charge distribution, surveys were conducted with the KPFM. The measurements
with KPFM were performed with the Resiscope module at AFM picoplus. The set up of the
sample is basically the same than for CS-AFM but the fact that the tip is diamond coated
with conductive film and that the tip is performing in tapping mode for the KPFM scan and
is performing in contact for CS-AFM ramps. A tension is still possible to be applied on the
sample. When the tension is applied on the sample, the tip is at ground.

First KPFM scan were done on a 5x5 micrometers square area. With picoplus AFM, it
was possible to apply a tension to the sample. The results are presented in figure with
topographic image by tapping mode AFM in (A), in (B) potential distribution by KPFM with
2V applied on the sample, in (C) same experiment with 4V applied, in (D) same experiment with
6 V applied and in (E) same experiment with 8 V applied. The map of KPFM surface potential
obtained with Resiscope is very homogeneous, which supports the idea that the surface is entirely
covered with a film of hBN. It is observed that the surface potential increases homogeneously
with the increase of the applied voltage. It must be taken into account that, as this is a tapping
mode, the contact force is nonexistent and therefore the switching resistance due to the contact
force is not to be taken in consideration. It can be seen also, that the applied voltage did not
cause any switching resistance behavior but this is certainly due to the fact that it is tapping
mode. The mean surface potential has a value of approximation 1,1 V in (B), 2,23 in (C), 2,3
in (D) and 2,4 in (E) showing an increase correlation with the increasing applied voltage.

The interesting property of the resiscope is, as mentioned in section 3, that it can switch from
one mode to another for the same location. It is then possible to study in more detail the
switching phenomenon due to voltage by applying a voltage on a ramp using CS-AFM after a
first KPFM scan and then see if there is a difference between the scans by performing another
KPFM scan after the CS-AFM ramp. Unfortunately the IVs curves measured by the CS-AFM
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] um

Figure 4.18: In (A), topographic image taken by tapping mode, In (B), surface potential
measured by KPFM with a 2V tension on the sample applied. In (C), surface potential measured
by KPFM with a 4V tension applied. In (D), surface potential measured by KPFM with a 6V
tension applied. In (E), surface potential measured by KPFM with a 8V tension applied (image
size: 5x5 um?, color scale: 0 to 400 nm for topography, 2 to 3 V for surface potential)

mode in the resiscope was showing a blind zone at low tension and current. These curves are
thus not presented in this Master thesis. This experiment is shown at the Figure [£.19}

On Figure 2:2]] first mixed CS-AFM, KPFM experiment was performed. On the same scan area
that the one depicted on figure[£.18] A ramp from -10 V to 10 V was applied then a KPFM scan
was performed. The tension is applied from the sample. One can spot that on the topographic
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Figure 4.19: In (A), topography by KPFM, In (B) surface potential by KPFM (image size: 5x5
m, color scale: 0 to 800 nm for topography, 0 to 3 V for surface potential.)

image A) a peak of hundreds of nanometers has appeared and on the figure [I.19(B), a
near zero surface potential area has appeared at the same location. Ramp with smaller applied
voltage has been tried before but have shown no results.
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Figure 4.20: In (A), topography by KPFM, In (B) potential surface by KPFM (image size: 5x5
m, color scale: 0 to 800 nm for topography, 0 to 3 V for potential surface.)
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A same experiment as the previous one was performed on an other area to try to show reproducibility
in the results. The Figure [£:20] shows the measurement of an other topographic peak and near
zero surface potential area at the same location. With this time a bigger spot. The use of a

ramp of -10 to 10 V was also used.
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Figure 4.21: In (A), topographic picture zoomed of the fig A) with topography profile of
the line drawn on the picture. In (B) potential surface picture zoomed of the fig [£.19(B) with
potential surface profile of the line drawn on the picture (image size: 1x1 um?, color scale: 0 to
800 nm for topography, 0 to 3 V for potential surface)

On the FigurdZ.2]] further investigation on the topographic peak area of figd.19 with near zero
surface potential is shown. We can see an area of 0,25 x 0,25 micrometers with a peak of more
or less 300 nm in the topography and a minima of more or less 1.5 volt in the surface potential.
It can be highlighted that a conic shape is presented like it is shown on picture

On the Figurdd.22] further investigation on the topographic peak area of figd.20] with near zero
surface potential is shown. We can see an area of 1 x 1 micrometers square with a peak of more
or less 200 nm in the topography and a node of more or less 0,6 volt in the surface potential.
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Figure 4.22: In (A), topographic picture zoomed of the fig A) with topography profile of
the line drawn on the picture. In (B) potential surface picture zoomed of the fig B) with
potential surface profile of the line drawn on the picture (image size: 2x2 pum?, color scale: 0 to
800 nm for topography, 0 to 3 V for potential surface)

The results of these experiments is interesting. Applying a sufficient local tension on the film
cause it to grow in topography and to decrease his local surface potential. An hypothesis to this
observation would be that atoms of the copper electrode diffused in the hBN film due to the
tension applied. One can think also that nothing is shown before 10 V because what is presented
is some film damaged. Or in this set up nothing appear before 10v because the diamond coated
tip with conductive coating need a bigger voltage to show the phenomenon.

4.8 Conclusion

The electrical modes AFM, CS-AFM, Resiscope module and KPFM, were used to characterize
the electrical surface properties of hBN films developed by CVD on a copper film. Scanning
by CS-AFM gives interesting images of different electrical behaviors that change when different
contact voltages and forces are applied. The study of the IV curves proves the resistive switching
behavior of the hBN film with contact force and voltage and its reversal capability. It has also
been shown that after the reversible switch, the semi-conductive behavior is recovered but with
a current sensed in the nA. It has also been exposed that after a voltage switch, the hBN has
an ohmic behaviour even if the voltage ramp is lower, but not for the force switch. It has been
revealed that the potential surface of hBN is homogeneous and that with the use of CSAFM,
peaks of topography and low potential surfaces appear. Finally, the IV curves showed that the
film thickness is globally the same. Change in fitted curves parameters before and after a switch
in the resistance has also been highlighted.
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Chapter 5

Conclusion and perspectives

The properties of hBN make it a premium substrate for 2D materials, but the difficulty of
manufacturing it with such high quality as hBN flakes mechanically exfoliated is a barrier to the
breakthrough of exceptional devices and applications that could result from its association with
graphene as a atomically thin capacitor. The objective of this master thesis was to dive into

the electrical mode characterization of scanning probe microscopy in order to characterize hBN
thin films fabricated by CVD on copper film substrates. In order to try to make a contribution
to the characterization of hBN films that could help to get a deeper understanding of the
CVD products. First of all, it was necessary to understand the materials and their stakes.
State of the art showed that the setting of the characterized sample was a MIM and therefore
the measurement of a tunnel current was expected. A phenomenon, the switching resistance,
was also highlighted. By a series of experiments, these measurements of IV curves and this
phenomenon of switching resistance could be demonstrated using the CS-AFM and KPFM. The
final part give a try in the comprehension of the phenomenon measured by the experiments.

From a wider point of view, The understanding of the tunnel current and the appearance of
switching resistance phenomena in thin film hBN in MIM set up make it a material continuously
full of surprises. This phenomenon may be a breakthrough in the fabrication of new non-volatile
memory devices for example. However, the still poorly understood mechanism of the switching
resistance phenomenon is an obstacle to the development of such devices.
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