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ABSTRACT

Since the dawn of two-dimensional (2D) era, graphene and the plethora of other atomically thin layered
materials cousins, including their combinations in heterostructures, have revolutionized material science
and established themselves as promising candidates for the next-generation of nanoscale devices.
However, the landscape of opportunities and possible combinations is so vast, that many promising
research topics remain widely unexplored. The aim of this work is to address some of these questions,
contributing to the progress and understanding in three different areas: fabrication of novel 2D materials
and their heterostructures; electronic properties and doping mechanisms in these at the nanoscale; and
characterization of the nanoscale thermal and thermoelectric properties of 2D materials.

Starting with the fabrication procedures, different techniques for mechanical exfoliation and polymeric
dry transfer of 2D materials and heterostructures were explored. This research route led to the
establishment of a new fabrication facility at the National Physical laboratory (NPL), and to the
production of a wide variety of samples, from exfoliated flakes to complex heterostructures and devices.
A selection of the produced samples was employed during this thesis to investigate the electronic and
thermal properties of 2D materials via spectroscopic and advanced scanning probe microscopy (SPM)
techniques. Regarding the electronic response of graphene, two routes were undertaken: first, the
electronic response of different types of graphene towards humidity acting as a p-dopant was studied for
the first time using Raman spectroscopy. Second, a procedure improving current methods of quantitative
probe calibration in Kelvin probe force microscopy (KPFM) was developed, establishing the
determination of reliable and consistent work-function values with high-resolution. This method was
then employed to study the electronic properties and doping of encapsulated graphene heterostructures,
providing quantitative values of the work-function of the system, as well as demonstrating the capability
of KPFM as an excellent visualisation and characterisation technique for buried layers otherwise
inaccessible by other methods. Finally, various thermal properties of 2D materials were studied via
advanced SPM techniques: Scanning thermal microscopy (SThM) that was used for the determination of
the thickness dependence of the thermal conductance of exfoliated InSe, and scanning thermal gate
microscopy (STGM) that was employed to explore the thermovoltage, and thus Seebeck coefficient,
variation in encapsulated graphene heterostructures with patterned constrictions.

The main highlights of the work developed during this thesis are: (1) the formulated need and subsequent
realisation of various approaches towards the fabrication of 2D materials and heterostructures. For this,
shared expertise with other researchers and institutions, and access to different fabrication facilities
were essential; and (2) the exploitation of the potential of spectroscopic and advanced SPM methods in
providing reliable characterisation of the 2D material and heterostructure’s properties with nanoscale
resolution. The findings of this thesis have provided new insights in a varied number of areas, and hold
promise for different future applications: from single material thermocouples to graphene-gas sensors,
including improved fabrication procedures for 2D materials, or even, probe-calibration and
characterisation methods.
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Figure 2.4. Electronic dispersion relation for monolayer graphene. The conduction and valence
bands touch at six discrete non-equivalent K and K’ points located at the vertices of the
hexagonal Brillouin zone. Inset: Linear dispersion relation around the Dirac point. Adapted
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deposited on 300 nm Si02. Areas of different thicknesses in the flake are shown as regions of
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Figure 2.6. Epitaxial graphene. (a) Schematics of the epitaxial growth of graphene on SiC. The
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(LEEM) of epitaxial graphene prepared on 6H-SiC(0001) showing regions of different
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Figure 2.8.(a)SEM image of graphene on a copper foil with a growth time of 30 minutes (left) and
an SEM image of the same graphene transferred on 285 nm Si0251, showing wrinkles as well
as two- and three-layer regions (right). Inset: Optical micrograph of the graphene film on top
of a 285 nm Si02Si substrate. Reprinted with permission from [42] (b) False-color optical
image of CVD graphene on copper after a first (top-left) and a second (bottom-left) growth
cycle. On the right-side, a small section of graphene covered by transferred hBN (which will
be reviewed in the next section). Adapted with permission from [53] (c¢) Schematic of the roll-
based production of graphene films grown on a copper foil. The process includes adhesion of
polymer supports, copper etching (rinsing) and dry transfer-printing on a target substrate.
(d) A transparent ultra-large area graphene film transferred on a 35-inch PET sheet. Adapted

with permission from [56] .19

Figure 2.9. (a) hBN crystalline structure top-view (b) Histogram of the height distribution (surface
roughness) measured by AFM for SiO2 (black triangles), hBN (red circles) and graphene-on-
hBN (blue squares). The curves show that the roughness of graphene on hBN is three times
smaller than that of Si02. Solid lines are Gaussian fits to the distribution. Inset: high-
resolution AFM image showing a comparison of graphene and hBN surfaces. Scale bar: 0.5
um. Figure reproduced with permission from [61] (c) Left: False colour optical image of a
graphene flake sandwiched between hBN flakes, a process known as encapsulation, which
protects the 2D material flake from any interaction with the environment . Right: High-
resolution transmission electron microscope image of an  encapsulated
graphene(hBN/Graphene/hBN) stack. From this image, it is obvious that the interfaces are
atomically sharp and free from impurities. The heterostructure was produced using the

PPC/PDMS method further explained in chapter 4. Reproduced with permission from [71]

Figure 2.10. (a) Side view and (b) top view of InSe crystal structure. Figures modified with
permission from [79] (c) DFT calculations of the band structure of InSe in the first Brillouin
zone for 1L, 5L and 10L of atoms. Figure is reproduced with permission from [80]......cccc.c.... 22

Figure 2.11. (a) Schematic view of a GFET. The graphene channel (black) is located between the

metallic electrodes (yellow), denominated drain and source. All the structure is located on
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top of a silicon wafer (purple) with a top oxide layer (pink). (b) Resistivity of pristine
graphene as a function of gate voltage. For VBG < 0V, graphene is p-doped, and for VBG >
0V, graphene is n-doped. Reproduced with permission from [96] ......cccunenmreneernseeseeeseessneens 25
Figure 2.12. Schematic representation of the molecular doping of graphene considering: (a) p-
doping and (b) n-doping. The direction of the electron transference is determine based on the
difference between the graphene Fermi energy and the HOMO or LUMO energy levels of the

AASOTDALE INOLECULE. ...t b s bbb bbb bbbt 26

Figure 2.13. Chemical doping of graphene via external molecules. Variations in the resistance of a
graphene Hall bar as a consequence of its exposure to different molecules. Adsorbates such
as CO, or NH3 produce n-doping of graphene, whereas other molecules like NO2, or H20,
produce p-doped behaviour on graphene. Image reproduced with permission from [100]. 27

Figure 2.15. (a) Interdependent relation between the Seebeck coefficient, S, electrical conductivity,
o, thermal conductivity, x, and power factor, for different carrier concentrations. Adapted
with permission from [137] (b)Progress of future TE materials. Conventional bulk materials
showing values from 0.01 to around 1. By using nanostructures, values between 0.1 to 2 have
been reported. The solid blue arrow indicates already made progress, while the dotted red
arrow the prospects for further increased ZT. (c) Schematic design of an SnS2 device on a
photo-TE measurement setup. Reproduced with permission from [138] (d)Design of a TE
device based on 2D materials: InSe deposited on a hBN substrate. The micro-heater acts as a
heat source of the system, while the temperature at different spots of the device is measured
by thermometers 1 and 2. Lateral contacts are used to measure the variations in voltage, 4V,
along the device. Reproduced with permission from [139]. ..o 30

Figure 3.1. Structure of the characterisation methods covered in this chapter ... 32

Figure 3.2. Force vs tip-sample distance curve. The attractive and repulsive regimes are specified
by vertical arrows coming out from the x-axis. The contact and non-contact regions are
highlighted with a yellow and pink background, respectively. The different operational modes,
namely contact, tapping and non-contact modes are depicted by red, green and purple dotted

lINES, TESPECLIVELY. couvrevrecerecrrrersssrers s 33

Figure 3.3. (a) Typical AFM set-up, with a feedback mechanism based on the laser-beam deflection
method. (b) Scanning electron microscopy (SEM) image of a silicon cantilever with an

integrated probing tip manufactured by Bruker©. (c) SEM detail of the pyramidal tip from

Figure 3.4. (a) Topography map acquired in tapping mode of a heterostructure formed only by
layers of hBN deposited on top of each other. (b) Extracted profile from the red line in (a).
The thickness of the different layers can be clearly assessed. Other features like bubbles
(blue), contamination or folds (green) are also distinguishable. ........ccoenerneenererseeeseeenns 36
Figure 3.5. Schematics showing the origin of the VCPD. (a) For two separated samples, their work-
function would be defined as the distance between their Fermi levels and the vacuum level.
(b) When the materials are brought into electrical contact, their Fermi levels, EF, aligned.

This happens as the electrons from the material with higher work-function flow to the
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material of lower work-function, leading to the formation of a contact potential difference
VCPD. (c) The VCPD, and so the electrostatic force between both materials, can be minimised

by applying an external bias voltage, VDC = VEPD. .. eeeseeessesseesesesssesssssssessssssssssssssasens 37

Figure 3.6. Schematic diagram of the KPFM set-up, with the electrostatic system represented in

pink, and the force feedback loop represented in BIUE. ........conreinrernrernneeniseesnsesssssssessssesssssssssssnns 38
Figure 3.7. Schematic diagram of the frequency spectrum of an example cantilever. The peak at the
mechanical resonance is placed at fO = 300 kHz and highlighted in yellow. Side-lobes appear
at the sides of the resonance frequency as a consequence of the electrostatic force field with
peaks at f0 + fmod and f0 + 2fmod. The frequency of the oscillating excitation signal
generating the electrostatic force is placed at fmod = 5 kHz, and highlighted in blue. Figure

inspired by Zerweck et al.[11] s 39

Figure 3.8. Standard SThM experimental set-up for resistive probes employed as passive resistance
thermometer. In red the thermal related circuit is shown, while the topography-feedback is
shown in blue. The heat transfer between the sample and the thermal probe is evaluated
using a Wheastone bridge and a lock-in amplifier that measures the variations of the thermal

probe electrical resistance. The force between the probe and the sample is controlled by a

standard force feedDACK 100D, .renieeieesesesssssesssees s ss s ss st ssssses s sssssssassans 40
Figure 3.9. (@) Microscopic tip-sample contact. Different contributions to the heat transfer are
shown as arrows of different colours: pink and orange for the near-field and far-field radiative
transfer, respectively; and blue for the gas conduction. Also, a water meniscus is shown as a
light blue shadow around the tip and sample contact. In (b), a closer detail on tip-sample
contact is shown. The dotted line represents the ideal profile of the tip-apex, while the most

likely rough real profile is shown as a continuous liNe. ... reennrenneeseeeneeeereeseesseesseesseees 41

Figure 3.10. Set-up schematics of an optical system for brightfield (left) and darkfield (right)
microscopy in reflection mode. On top of each schematic, a diagram showing an example flake

imaged with each mode highlights the differences between the two. ......cccoereenreererenneerneeensecenn. 44

Figure 3.11. Scattering process present in Raman interaction. .. 45
Figure 3.12. (a)Raman spectra of pristine(top) and defective(bottom) exfoliated graphene
displaying the main features, i.e. the G(green), the D(blue) and the 2D(red) modes. Adapted
with permission of [41] (b) Representative Raman spectra of epitaxial graphene grown on
SiC(0001), On top, three different spectra are compared: the original spectrum for the SiC
substrate in black, the monolayer graphene (1LG) in blue, and the bilayer (2LG) spectrum in
red. On the bottom panel, the spectra after subtraction of the SiC signal for 1LG in blue and
for 2LG in red are represented. Figure represented with permission of [42]. ....cccoumernreenseeenn. 46

Figure 3.15. Schematics of the two-point probe(2PP) measurement configuration applied to a

graphene device fabricated on top of 300 71 STO2/Si ceeenreeesreersseeesseessseessssessssersssessessss 48
Figure 4.1. Example device formed by several layers of 2D materials, i.e. hBN, graphene and InSe.
The device was fabricated using the methods described in this chapter. More details are

provided 1ater iN SECION 4.8. ...t sssssssssssssssssssssssssssssans 49
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Figure 4.2. Schematic example showing the building process a random heterostructure formed by
bottom hBN, with InSe and graphene sitting on top. As indicated by the blue arrows, a final
layer of hBN will be deposited as the cover of the structure, in order to produce a typical
encapsulated device. Importantly, the aggregation of interlayer contaminants is depicted as
dark blue conglomerates between graphene and InSe. It is important to highlight how the
graphene surface conforms to the shape of this contamination as well as to the shape of the
other layers of the structure (i.e. the InSe flake, for instance). On the top part of the figure,
above the hBN cover layer, environmental species present in the air are also depicted,
showing the variety of molecules that could interact with 2D materials. In the inset, an AFM
image of a flake shows the formed bubbles and ripples with white contrast. This kind of
features are common to all 2D materials, appearing as a result of the transfer process. A
colour-coded legend has been placed at the bottom of the figure to provide visual guide of the
type of materials used. Inset figure adapted with permission from [8] .....cccouermmrerrmrersseernneens 51

Figure 4.3. Schematic flowchart describing the substrate preparation and the mechanical
exfoliation as independent processes only interlinked at the very end. This connection
between the two is shown by the dashed blue line joining the prepared substrate with the
deposition of the materials. For the substrate preparation process (left side), the steps
concerning silicon dioxide and polymers are described in red and grey, respectively. The parts
in green at the bottom are common for both types of substrates. However, the plasma
treatment square is highlighted by a dashed orange border as it can be skipped in certain
cases. For the mechanical exfoliation process (right-side), the steps are described by yellow
squares while the different options per step are shown inside the diamond shaped blocks.54

Figure 4.4. Bulk crystals of graphite, hBN and InSe. Grain boundaries in graphite and InSe can be

observed. Scale bar: 1 cm ... 56

Figure 4.5. Superposition exfoliation process, with hBN shown as an example. (@) Cut two squares
of tape and peel off the backing side to expose the sticky surface of the tape. (b) Deposit a
crystal on one of the tapes, bring both of them together and press them. (c) Peel the tapes off
and bring them back together. Repeat this process until the surface of the tape is fully covered

of material as SHOWN IN (@) c.eoverrerreeieereinreinre s s s ssnnses 57

Figure 4.6. Step by step exfoliation process, with graphene shown as an example. (a) A bulk crystal
is deposited on top of the sticky side of the adhesive tape. (b) Then, the tape is folded on top
of the crystal and pressed down. (c) When peeling the tape off, few layers of crystal have
attached to it, leaving a mark on the surface. At this point, the crystal is removed. (d) The
marked part of the tape is folded onto itself several times always on top of clean areas. (e)
This leaves marks of thin 2D materials on different locations. (f) The substrate of choice is
placed on top of the desired area and pressed down to enhance the transfer of material to its

LY Dy 7 Lol T T 57

Figure 4.7. Optical contrast of graphene as a function of the wavelength and the silicon dioxide

thickness. Different light wavelengths are represented with respect to the silicon oxide
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thickness. The values of the graphene contrast are calculated using the Fresnel formalism.

Figure represented with permission from [31] ..ceennenesseesssesssessesssessseessesssssssssssssssseens 59
Figure 4.8. Exfoliated hBN on PMMA for different magnification objectives: (a) x5, (b) x20, (c) x50
ANA (A) XLO0. corureeeeerrereersseessssesssesssessisssssesssssssesssssssssssssssssesssssssssssssessssssssassssssssessssssssmssssassssssssnssssssssmsssssssssssssassans 60

Figure 4.9. (a) Bright field image of hBN exfoliated on PMMA. (b) Dark field of the same hBN flake.

In this mode, the folds and contamination appear bright........——. 61

Figure 4.10. Optical images acquired with a x10 objective. (a) Bright field image of InSe with 10%
Fe intercalated. (b) Optical image acquired under white light and using a U-AN360-3 Olympus
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Figure 4.11. (a)Optical image of graphene monolayer flakes exfoliated on top of a PMMA/PVA/Si
substrate. The image has been processed with three different edge detection algorithms:

(b)Sobel, (c)Laplacian filter and (A)SCRATT. ... seesssesssenens 64

Figure 4.12. Transfer station system designed and built for this project. (a) Optical microscope for
flake identification. (b) Copper sample holder able to reach high temperatures and with
incorporated vacuum. (c) xy stage allowing with micrometric step control. (d) Glass slide
holder. (e) Vacuum tube connecting the bottom of the sample holder with the vacuum pump.
(f) xyz micromanipulator base allowing control of the glass slide position. (g) Current source
providing temperature control of the sample by Joule heating .......cccuoenmienenmeessseenneessneesseeenns 66

Figure 4.13. PPC/PDMS polymer blocks fabrication process. (a) PDMS cured in the Petri dish and
cut into ~1x1 cm2 squares. (b) Drop of PPC on top of the PDMS block prior to spin-coating.
(c) Resulting PPC/PDMS block after spin coating and baking. (d) Process of cutting the
PPC/PDMS into small cubes of ~1 mm?2 . (e) Once the polymer blocks are glued to the glass
slide, these are baked at 110 °C for 5 minutes to improve the adhesion between both polymers.
(f) Schematic view of a glass slide with the PDMS and PPC attached to it......cccoumneennecnniennns 68

Figure 4.14.(a)Schematic diagram showing the PPC/PDMS block entering in contact with the
sample. The position of the PPC frontline is highlighted by a blue dot. (b)Optical image
obtained with a x5 magnification objective. The area in which the PPC has stablished contact
with the sample (top-left corner) presents a different contrast, lighter, than the area in which
the polymer is still away from the surface. The PPC moving frontline has been again

highliIGhted IN DIUE. ..ottt s e s bbb 70

Figure 4.15. Schematic depiction of the PPC/PDMS transfer. Pick-up steps start with: (a) the
material of interest(hBN) exfoliated on the substrate of choicee. g. 300 nmSi02Si. (b) Then,

the substrate is heated up to 55°C, and the PPC/PDMS is brought closer to the surface. (c)
When the PPC is in contact covering the flake of interest, the temperature of the substrate is
reduced to 40°C. (d) The polymer is then removed out of contact by doing a “snap” movement,

picking-up the flake from the substrate. The next step in the heterostructure fabrication is the

drop-down: (e) a suitable graphene flake is found on the substrate and aligned with the hBN

on the polymer. The temperature of the sample stage is set up to ~110°C. (f) Both flakes are
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brought into contact. At this point, the temperature of the sample holder is reduced to 70°C,
and the tape is removed as slowly as possible, so the flakes remain on the surface of the
substrate. (g) The chip is then baked on a hotplate at 170°C for 30 minutes to enhanced the

adhesion between the layers and avoid future delamination. ........eneenseeesneeneesseeens 72
Figure 4.16. Schematic depiction of the PMMA carrying layer method. Step 1. Wafer substrate
preparation. (a)Initial test Si wafer. (b)PVA spin coated on top of the test Si wafer. The PVA
is a water-soluble polymer (c)PMMA spin coated as a final cover layer. Step 2. Cutting the
substrate. (d)Picture of the final PMMA/PVA/Si substrate. (e)Cutting the substrate with
diamond scriber. (f)Final chips ready for exfoliation. Step 3. (g)Exfoliation of the 2D
materials on the PMMA. (h)Find a suitable flake on the surface via optical microscopy. Step
4. (i)Scribing of the PMMA (purple) leaving the PVA exposed (green). (j-K) Process of
hydration of the PVA. (1)Optical micrograph of the PMMA membrane. Step 5. (m) Fishing the
membrane on the water using the plectrum. (n) Plectrum with membrane attached. As shown
in the detail, ideally, the flake should sit on top of the membrane. ........onrnrenniesnesesesenns 75
Figure 4.17. Membrane drop-down and deposition method. (a) Membrane on the plectrum
observed with the x10 objective before contact. (b) Membrane in contact with the substrate.

(c-f) Sequential process of MEMDIrane retraCtion ... e sesssssssssssess 77

Figure 4.18:NGI transfer station placed inside a glovebox. (a) Motorised transfer system. The
sample stage (orange) has a vacuum chuck to hold the substrates in place, heating and
rotating capabilities. The transfer arm (green) is formed by a dedicated plectrum holder arm
with a vacuum chuck and two micromanipulators to control the tilt of the plectrum. The
microscope (blue) allows the optical identification of flakes and alignment. (b) Glovebox
system (c) Micromanipulator controllers, optical zoom adjustment and computer for the

control of the motorised transfer system. .78

Figure 4.19. Example of encapsulated graphene heterostructures fabricated using the methods
discussed here: (a)PPC/PDMS transfer method was used to produce this heterostructure that
was finally employed by Vincent et al.[56]. Scale bar: 10 um. (b)On the other hand, this
heterostructure was fabricated using the PMMA carrying layer method. It was patterned into
a device and used for thermal measurements with SThM, further discussed in chapter 7. Scale
baris: 20 um. (c)Lateral view of the layers forming the heterostructures discussed on (a) and
(b). The colour legend on the right helps differentiating the layers. ......coeennrenseenneeseeennens 81

Figure 4.20. Simplified schematics of common steps undertaken to transform a 2D material based
heterostructure into a device. It is important to highlight that the order of the steps and the
number of repetitions might vary depending on the complexity of the device. ......ccoeurnreerreeenn. 82

Figure 4.21. Schematic of 1D contacts created on: (a)an encapsulated graphene device, and (b)an
InSe device with overlapping graphene. For the contacts, the metal used is represented in
yellow, while the adhesion layer is represented as a dark brown line........ccoomeoneennrernncensecenn. 84

Figure 4.22. (a)Optical image of an encapsulated InSe Hall bar device fabricated on top of a

300 nm Si02/Si wafer (purple-black). The whole chip was mounted on top of an insulating
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mica spacer (white) to avoid direct contact between the Si bottom layer and the conducting
Au layer of the chip carrier. Gold wires connect the Au pads from the device with the Au wires
on the chip carrier, using silver epoxy (grey blobs) as bonding contact. In (b) an optical
micrograph shows the detail on the bonding of the pads performed on the device. ............... 86
Figure 4.23. Flowchart of the fabrication steps followed to produce an encapsulated InSe
heterostructure with graphene finger contacts, employing the PMMA stamp transfer method.
(a)Bottom hBN exfoliated on 300 nm Si02/Si . (b)Graphene fingers exfoliated onto
PVA/PMMA, and surrounded by a white dotted line. (c)Transferred graphene fingers onto
the bottom hBN layer using the PMMA carrying layer method. (d)Top hBN layer exfoliated
onto PMMA/PVA and surrounded by a dark blue line. Final result of the heterostructure
shown in (e)bright field, and (f)dark field. The scale bar in both images is 20 um. (g) A
schematic lateral view of the layers conforming the heterostructure following the colour

legend at the bottom for the different materials. ... sseseses 87

Figure 4.24. Flowchart of the steps followed to transform the heterostructure presented in the
previous figure into a finalised device. (a)AFM scan over the device area showing wrinkles
and bubbles. Scale bar: 5 um (b)AFM image after brooming. The area scanned appears clean
with the dirtiness accumulated at the sides. (c)Alignment marks (surrounded by yellow
circles) created around the heterostructure. (d)Layout editor design of the device, later
exported to .gds format compatible with EBL. (e)EBL and metallisation of the big contact pads.
(f)Detail showing the untouched heterostructure and the Cr/Au contacts deposited around it.
(g)Final device produced after few cycles of resist, EBL, etching and metallisation. The final

device consisted of a Hall bar of 6 arms, with two thermometers and a gold heater. Scale bar:

Figure 5.1. Scheme of the Raman humidity measurements experimental set-up. The Raman scan
parameters are controlled directly from the computer. The different values of humidity
within the LinKam THMS600 environmental stage are achieved via a constant flow of water
drops (blue) produced by a LinKam RH95 humidifier with nitrogen used as carrier gas (red).
As shown in the inset, both gases are connected to the inlet of the chamber, where the sample
is placed. The resulting gas is expelled from the outlet. The flow of gases and the temperature

are controlled via the LinKam RHO5 SYSEEIM. ....oc.eemiernrereeerneessserseessessssesssesssesssssssssssssssssssssssssssssessans 96

Figure 5.2. (a) Optical image of the exfoliated flake on 300 nm SiO2/Si. The region of interest (ROI)
surrounded by a red square presents mainly two distinct regions with a very light contrast
with respect to the bright blue substrate, corresponding to monolayer (1LG) and bilayer
(2LG) areas. (b) The thickness of the flakes in the ROl is confirmed by AFM topography using
profiles from the substrate to 1LG (yellow dotted line), and from the 1LG to 2LG (blue dashed
line). (c) Profile following the yellow dotted line from (b) giving a total thickness of 1LG with
respect to the substrate of t~0.34 nm (d) Profile following the blue dashed line from (b)
giving a total thickness of 2LG with respect to 1LG of t~0.37 nm, and thus a total thickness

with respect to the substrate of t~0.71 MM ———————— 98
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Figure 5.3. (a) Topography and (b) surface potential images of the CVD sample. The KPFM map
shows a homogeneous area mostly 1LG (dark contrast), with higher contrast areas
corresponding to 2LG (green) and 3LG (blue). (c) Topography of the epitaxial graphene
sample displaying the typical terraced surface, and (d) contact potential difference map

showing 1LG (dark contrast), and stripes of higher contrast areas corresponding to 2LG,

typically located at the edges Of the tEITACES .......coererrreeeeereseersessssesee s ssssssssssessans 99
Figure 5.4. Raman maps representing the G-peak integrated intensity for (a) exfoliated, (b) CVD-
grown and (c) epitaxial graphene using 532 nm excitation wavelength. The regions
corresponding to 1LG and 2LG are indicated in each image. The measurements were carried
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Figure 5.5. Representative Raman spectra for (a) exfoliated, (b) CVD-grown, and (c) epitaxial
graphene at varying humidity levels from 0% to 60% RH. In all cases, results corresponding
to 1LG are represented at the top, and results for 2LG at the bottom. Spectra are shifted

vertically for clarity. In (d) and (e) a summary of the peak position variation with humidity is

shown for the of the G and 2D peaks, reSPectiVely. .....eereeerneeeeseessseeseesseeseesseesssessens 102
Figure 5.6. Example of the application of the vector decomposition method. Figure representing
the relation between the 2D frequency versus the G frequency, in which the data is obtained
from fitting the graphene Raman peaks using Lorentzian curves. The position of the green dot
corresponds to free-standing graphene, not affected by strain or doping. Displacement up or
down on the black dotted line results in undoped graphene with an increase of compressive
or tensile strain, respectively. Increases in doping are slightly more complex: movement along
the pink dotted line towards higher frequencies results in strain-free graphene with higher
p-doping, as denoted by the pink arrow; while the n-doping is determined by the curved
trajectory in solid blue, also highlighted with a blue arrow. Inset: decomposition of the effects
of hole doping and strain using a vector model. Any point in the map can be represented as a
vector, OP, which can be further decomposed into two directions: along the OH ‘strain-free’
with hole doping, and along the OT ‘charge-neutral’ for tensile strain. These two lines divide
the space into four quadrants (Q1-Q4). (Note that the data reported here is just an example,
and it is not related to the discussion of the Raman) Adapted with permission from [44] .104
Figure 5.7. Top panel - Exfoliated graphene sample. (a) Raman intensity map of the 2D peak at
0% R.H. This map was employed to distinguish the areas of mono- and bi-layer graphene, as
well as the substrate regions. The red lines show the threshold value of 300 counts used to
discriminate between the graphene region, and the substrate. The white dashed rectangle
indicates the area of interest containing 1LG, and focused on in detail in the maps (c-h). (b)
Raman map of the FWHM of the 2D peak at 0% R.H. This map was used to distinguish between
areas of 2LG and 1LG. The red lines show the threshold value of 40 cm — 1, above which the
graphene was judged to be 2LG. The size of the map in (a-b) is ShOWN...coccrreeererrrrenecrnrecereinnens 105
Figure 5.8. Variation of the holes carrier concentration with respect to varying humidity levels
from 0%RH up to 60%RH for (a) exfoliated and (b) CVD graphene. (c) Schematic diagram of

how the relative humidity affects the work-function of graphene resulting in p-doping....106
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Figure 6.1.(a)Custom made sample holder for electrical measurements in the NT-MDT AURA
system, allowing measurements in different environmental conditions. (b)Custom made TO-

8 ceramic header. As shown in the image, the samples were fit in the centre of the holder and

then connected Via 12 AU PAAS. e sssssssssssssssssssssssssssssssssssssssasssssses 111
Figure 6.2.Ultraviolet photon spectroscopy diagram of the intensity versus the binding energy
extracted and modified from experimental data taken from our Au reference sample. The
valence band electrons area is surrounded by a dashed black circle. The area corresponding
to secondary electron cascade emission is highlighted by a green background. The cut-off
energy is extracted by fitting the sharp region on the curve with a straight line, represented
here as a dashed dark blue line. The Fermi level is represented by a dashed yellow line....114
Figure 6.3.(a)Optical image of one of the calibration samples acquired with the camera of the Aura
NT-MDT SPM system prior to a measurement. The wire bonds performed to the pads for
grounding are visible in the image, as well as the AFM probe with the back reflected laser.

(b)UPS spectra for Au(green) and Pt(blue), representing the intensity versus the binding

2] 41 P 114
Figure 6.4.Calibration sample maps acquired using single pass FM-KPFM providing simultaneous
imaging of the (a)topography and the (c)surface potential VCPD. (b)Profiles extracted from
the blue line in the topography showing a step of ~25 nm height, and (d)VCPD distribution
map over the sample area showing two differentiated regions corresponding to the substrate

(green) and the metal pad (brown). Scale bar: 1 Ui eeneereeeeeseeeeessesssessseesseessseeens 116

Figure 6.5. Trace and retrace profiles for the topography (blue) and the surface potential (red)

acquired over the step between the metal pad and the substrate on the calibration sample.

Figure 6.6. (a)3D representation of the measured contact potential difference superimposed on
the topography of the calibration sample. The substrate is shown in green, the bond pad in
brown and the edge is shown in yellow. The black dashed arrows represent the trajectory
followed by the probe during the measurement. Point-measurements are performed at the
locations highlighted by blue dots. Temporal response of the (b)PFQNE-Al and (d)NSGO03-Pt
probes represented by a black line, with the profiles followed by the X and Y scan directions
represented by full and dotted red lines, respectively. Detail of the response during the first
seconds of measurement for the (C)PFQNE-AI and the (e)NSGO03-Pt probes. .....cccoecnmeererenens 119

Figure 6.7.Effect of varying the (a)amplitude and (b)the frequency of the AC modulation applied
to the probe on the VCPD. As seen in (a), the variation of the VCPD with respect to the VAC
has been tested for both contacts Pt and Au, showing a difference on the contact potential
difference of around 450 mV, similar to the separation between the work-functions obtained
with UPS measurements (~490 mV). In (b), The variations of the frequency have been only

measured for the Au contact, however the contact potential difference changes only ~15 mV

for the total range of frequencies tested (1 — 10 KHZ)couenenmeesmsermeesssssssessesssesssssesssssssssssssess 122
Figure 6.8.(a) Contact potential difference VCPD measured using Pt-coated probes for all the
reference samples: Pt (black), Ti (pink), Au (red) and Ta (blue) as a function of the bias voltage
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applied to the metal pads. The value of the VCPD at VBG = 0 is highlighted in yellow (b)
Comparison of the KPFM work-function results against the UPS measured values for the
different metallic reference thin films (same as in (a)) including HOPG, measured in air and
in vacuum (c) Measurement of Pt and Au work-function using SPARK-350 NuNano probes
with different Pt coating thickness (d) Distribution of work function values for a batch of 20
nominally identical probes (SPARK-350 NuNano, 40 nm coating). .....eeenmeesseessseessseennees 123
Figure 6.9. SEM images of the NSG-03 probes acquired (a)before and (b)after preforming KPFM
measurements. From the image in (b), it is obvious that some damage has been induced to
the coating of the probe, most probably affecting the surface potential values obtained. It is
not possible either to rule out the presence of contamination. Scale bar: 10 pum......cceueeeeee 125
Figure 6.10. Maps of the (a)topography and (c)surface potential of an area with graphene fingers.
Scale bar is 2um, and both images present the same aspect-ratio. Profiles extracted from the
black line are represented for the (b)topograhy and the (d)surface potential.........cccoueerrrens 126
Figure 6.11.(a)Optical image of exfoliated flakes deposited on SiO2 subtrates with pre —
patterned gold contacts. Scale bar: 10 um. (b)Schematic depiction of the hand-made TO-8
headers, with the exfoliated sample placed in the centre, ready to perform bonding to the Au
contact pads, depicted in gold colour. (c)3D topographic view of a graphite flake sitting on
top of two Au electrodes, with the work-function map superimposed. (d)Evolution of the
work-function with respect to the graphite thickness. The results were obtained for 3
different probes, calibrated following the proposed method. The arrows indicate that
graphene work-function tends to ~4.64 eV for monolayer, and to ~4.38 eV for bulk......... 127
Figure 6.12. Schematic design for the narrow channel GFET encapsulated devices. The bottom hBN
is signalled as light green background, the top hBN with a blue square and the graphene is

SNOWI S @ GIEY SEIIPE. cuurreuieternreetrnressesrse s b ss s bs bbb s s bbb bbb 129
Figure 6.13.Selective etching process of the encapsulated graphene heterostructure shown in (a).
(b)hBN etching with SF6 (c)Graphene etching with 02 and (d)Final device after etching 130
Figure 6.14.0ptical images of the devices after the fabrication process with magnification (a) x20

and (b) X5. . 131

Figure 6.15. (a) Electrical schematics of the KPFM experiment with a back-gate voltage applied.
The compensation voltage, VDC, was applied to the tip. The work-function of the sample can
be locally calculated by using the already known work-function of the tip and the measured
VDC. (b) Optical micrograph of the device. Four different devices fabricated in the same
heterostructure are highlighted by orange rectangular shapes. The approaching direction of
the probe with respect to the devices is shown. The electrical connections are represented by

black lines.....ouvvrrerevereennn. 133

Figure 6.16. (@) Topography of the device showing the different layers: the bottom hBN (black sign),
the graphene buried layer(yellow outline) and the top hBN(Blue dotted outline). The contacts
are located in pairs on the sides, showing a dark green contrast. (b) Surface potential maps

of the narrow graphene channel from (c). Two different SP maps are presented for two
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different applied backgate voltages, 0 V (top) and +5 V (bottom). The voltage colour scale has
been normalised for both measurements. Scale bar: 1 [UM.....————— 133
Figure 6.17. (a) Schematic lateral view of the device, showing the substrate formed of Si (light
purple) and 300 nm of Si02 (dark purple), with a graphene layer(black) encapsulated
between hBN layers (green) on top. (b) VCPD line profiles represented for different VBG and
acquired following the white dashed line in figure 6.16(b)...cccccnermrenrerenmeernneenseeesseeseessseessseenens 135
Figure 6.18. Graphene specific potential profile across a 100 nm wide graphene strip fora VBG =
+10V. The downturned brims at the edges originate from quantum capacitance effects
characteristic for graphene. Image adapted with permission from [71] ....cconrennmeersesernneens 135
Figure 6.19.Schematic drawing showing: (a) the concept of AFM brooming, and (b) the effect of
removing the PMMA layers with the consequent accumulation of debris on the sides of the
scan. At the end of the process the PMMA in the central area is fully removed and accumulated
at the sides. (c) Deflection signal showing the effect of the removal of the PMMA layer from
the surface through time. Scale bar: 2 um (d) Larger topography map including the area that
has been broomed, showing the accumulation of the polymer at the edges of the square. Scale
bar: 5 um (e) Deflection detail taken around the dashed green square after the cleaning has

been finished. SCAlE DA 2 UMb ssss s sanees 136

Figure 6.20. KPFM work-function maps of the sample for different back gate voltages. The work-
function of the sample was calculated by using ®sample = ®tip — eVDC. The value of the
backgate voltage applied in each case is specified by the blue labels placed inside the images.
The scale has been normalised and it is common to all work-function maps. On the bottom
left corner, an image of the topography is shown in green with the different layers highlighted:
bottom hBN in red, graphene in yellow, and top hBN in dark blue. Scale bar: 1 um............... 139

Figure 6.21 (a) Measured work function of SLG encapsulated samples as a function of VBG. The

point of VBG = 0V is highlighted in light grey. .. ssessesssssessesssssssssesssssssssens 140

Figure 7.1. (a) System set-up. 1-The electronics rack used to perform the measurements. 2-
Connection box. 3-Vacuum pumps, a rotary, a turbo and an ion pump used to achieve different
vacuum environments. Surrounded by a red squared: the main head of the microscope. 4-
Glass bell to hold the vacuum in the system. 5-Thermal reservoir. (b) Detail of the microscope
in which we can see the 6- NT-MDT head of the microscope and 7-the camera. (c) Detail of
the microscope head in which we can see 8-the sample holder and 9-the suspended base using

SPTINES. worituiesitissssisss bbb bR bR 147

Figure 7.2. (a) SEM image of a KNT Pd coated probe. Figure reproduced with permission of [17].
(b) SEM image of a doped-Si probe from Anasys AN2-200. Figure reproduced with permission

OF [ LB ceverreeerureseessseseessseseessssesesssssesesssssesesss e sss b s RS ES R S R S RS RS S R S R E R 149
Figure 7.3. Schematic set-up employed for all the measurements in the chapter: SThM, STGM and
electrical measurements. ...150
Figure 7.4. InSe exfoliated on (a)300 nm Si02/Si and (D) Si ...ccccomereernreermeemeerseesseesseesssesssessssessessseeens 151

Figure 7.5. (a) Topography and (b) SThM response maps of an area on the sample showing a large

collection of InSe flakes of varying thicknesses on top of a Si02 substrate. Scale bar: 20 um.
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(c) SThM voltage response, where Vout is the voltage on the inner area of the flake, and
V5102 the voltage of the probe measured on the substrate, as a function of the number of
layers. Note that the study only considers flakes with area > 4um?2. Inset: Optical image
showing another area of the sample with a collection of InSe flakes of different thicknesses
exfoliated on top of Si02. Scale bar: 100 um. The maps and optical images were acquired with
the microscope of the nanolR2 system. The KNT probe can be seen in the image with the laser
spot placed almost at its base. Reproduced with permission from [1]....ccooeenmeeneeenseeesseenens 152
Figure 7.6. Schematic diagram of the thermal resistances present in the system: (a) When the
probe is out-of-contact, only the thermal resistance of the probe has an effect on the heat
propagation. (b) However, when the probe is in-contact with the surface, a set of resistances
appear, including: Rtip, Rcontact and Rspread — sub , corresponding to the thermal
resistance of the tip itself, the detail of the contact and the heat spreading ability of the
substrate, respectively. All these resistances are summed together in series under one term,
Rx, which is then added in parallel to the original Rp. (c) Zoom-in detail to the resistances
that conform Rcontact, including RInt, tip — InSe, the thermal interfacial resistance of the
tip and the material; RSpread — InSe the thermal resistance of the heat spread inside the
InSe flakes, and RInt, InSe — subs, the thermal interfacial resistance between the InSe and
the substrate. Note that for (a-b), the heating of the probe is represented as temperature
gradient established between the colder base of the cantilever Tcold, and the hotter part at
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Figure 7.7. Representative example of the measurements acquired for exfoliated InSe in
vacuum ~10 — 7mbar. In the left column, measurements of the InSe exfoliated on Si02
showing in (@) the topography, (b) the SThM response and in (c) the profiles of the
topography and the SThM response depicted together and acquired over the dotted white
line in (b). On the right column, measurements of the InSe exfoliated on Si showing in (d) the
topography, (e) the SThM response and in (f) the profiles of the topography and the SThM
response depicted together and acquired over the dotted white line in (€)....c.ccoueerreerreeersecenne 157

Figure 7.8. SThM response measured in vacuum (~10 — 6 mbar) as a function of the number of
layers for InSe exfoliated on (@) SiO2 and (b) Si SUDSIIates. .....cenmermrennrernneenssessnsessseesssessssesens 158

Figure 7.9. (a) Topography of the graphene encapsulated device (Scale bar: 1um) with different
patterned constrictions: (b) half bow-tie-flat junction top, (c¢) rectangular flat-narrow-flat
central and (d) half bow-tie-flat junction bottom constriction. (e) Schematic of the
experimental set-up for STGM. The probe acts as a local heater, while the thermovoltage
generated on the graphene layer is measured through the Au contacts, highlighted in yellow

1N ThE FIGUIE. oot R e 161

Figure 7.10. Fabrication process of the encapsulated graphene device. In (a), the top panel shows
a bright field image with the bottom hBN, 1LG and top hBN surrounded by light green, grey
and dark blue lines, respectively. In the bottom panel, a schematic lateral view of the layers is
displayed following the same colour convention, with a legend for guidance. In (b), the dark

field microscopy image shows more clearly the contours of the different layers. The scale bar
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both in (a) and (b) images is 20 um. In (c) the design of the device is performed in Layout
Editor. In the left panel, an overview of the whole heterostructure with the design placed on
top is presented, while the right panel shows a more detailed view of the constrictions. (d)
Sample containing the device mounted on a gold chip carrier and wire bonded by hand. (e)
Detail of the bonding on the contact pads of the device. (f) Close zoom-in of the device on the
chip with three alignment marks. The area in which the rest of the heterostructure was placed
is clearly visible as it presents a different contrast than the rest of the surface of the

300 1M Si02 chip. SCale DAT: 50 UM ssssssssssssssssssssssssssssssssssaes 163

Figure 7.11. (a) AFM topography of the encapsulated device. Scale bar: 2 um. The contact pads
have been named as top(T) and bottom(B), stablishing a reference notation for the following
sections. Profiles of the contact and the device are acquired following the red and yellow lines,
and are shown in (b) and (c), respectively. (d) Raman spectrum showing the characteristic
hBN peak (highlighted in orange) and the G and 2D graphene peaks (highlighted in grey).
Inset: Intensity map obtained using the G-peak of graphene. The spectrum was acquired at
the black dot position in the inset (e) Channel resistance versus backgate voltage measured
at room temperature and P = 10 — 7mbar. The measurements were performed using a 2
point-probe set-up (VDSLIA = 0.1V, which resulted in IDS~0.1UA)..comnrcnmrernmerrseersseesnens 164

Figure 7.12. (@) SThM map of hBN encapsulated graphene test device. Darker contrast corresponds
to higher thermal conductivity as expected from the hBN and graphene stack. Scale bar: 1 um.
(b) Comparison of the profiles acquired for the topography (black) and the SThM response
BR=T0 T3V 0 = DTN 165

Figure 7.13 Thermovoltage measurements performed in vacuum (~10 — 7mbar), with the sample
at room temperature ( Ts~293K ), and an excess temperature on the tip of
~50K .Measurements were performed for different backgate voltages: (a) VBG = —6.8V,
therefore showing p-doped behaviour, and at (b) VBG5.7 V, with an n-doped behaviour. In
(c) profiles acquired across grey dotted line in (a) are compared for both p (orange) and n
(green) type doping behaviours. In (d), the p-doped image was inverted, and the n-type

(orange) and inverted p-type (green) profiles were compared in order to assess the symmetry

of the response for opposite charge doping in the device. ..168
Figure 7.14. Thermovoltage measurements performed in vacuum (~10 — 7mbar) and low sample
temperatures (Ts~170K). Almost opposite Seebeck domains can be observed for (a) p-doped
graphene (VBG = —3V) and (b) n-doped graphene (VBG = 3V). (c) Profiles of the p-doped
(green) and the n-doped (orange) maps are compared. The profiles were acquired along the
dotted grey line in (a). The contacts have been labelled as S (source) and D (drain)
corresponding to the top and bottom contacts, reSPECtiVelY......errerseeeresessesessesesseens 170
Figure 7.15. Tip gating effect studied by comparing the signal profiles obtained along the line
shown in the inset. Two heating voltages are depicted, namely VDC = 3V (black) and VDC =
—3V (red) for (a) p-doped graphene (VBG = —6.8V), and (b) n-doped graphene (VBG =
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Figure 8.1. Schematic of beam-exist cross-section polishing (BEXP), in which the Ar ions are
attacking the surface at an angle of 5°, etching the top material and creating a gradient surface
suitable for SPM studies. Image reproduce with permission from [15].....ccoeenmiermmernseeesneennens 181

Figure 8.2. Encapsulated InSe Hall bar devices. The contacts connecting the heater are highlighted
by a green square. Two micro-thermometers were patterned onto the InSe structurem and
their contacts are surrounded by red and orange, for the one closest to the heater and for the
furthest one, respectively. Finally, the contacts connecting the Hall bar are surrounding the

InSe are Shown in lIGht DIUE. ... ses s ss s 182

Figure A.1. Graphical user interface (GUI) developed for the application of edge detection
algorithms to 2D materials. Using the controls in the left section, an image can be opened from
folder. Images will open on the bottom-left corner. On the right side of the menu, options to

modify the values of the filters are available. ... 184
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Glossary and abbreviations

1LG - Graphene monolayer
2LG - Graphene bilayer

AC / DC - Alternating current / Direct

current
AFE - Ambipolar field effect
AFM - Atomic force microscopy
Al - Artificial intelligence

BEXP -

Beam exit cross-sectional

polishing

BP - Black Phosphorous

C - Carbon

CAB - Cellulose acetate butyrate
CB - Conduction band

CCD - Charge coupled device

CL - Closed loop

CMOS - Complementary metal oxide

semiconductor

CNP - Charge neutrality point

CNTs - Carbon nanotubes

CVD - Chemical vapour deposition
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CHAPTER 1

Introduction

“Our modern technology builds on an ancient tradition” [1]

From the rudimentary stone tools used by our ancestors to our modern silicon-based electronic
era, itis undeniable that materials have shaped the evolution of human history. It is so, that even
early ages of civilization are classified by the key material used at the time, i.e. Stone Age, Bronze
Age and Iron Age. However, hundreds, even thousands of years, were spent in order to improve
the properties of the materials, compounds and alloys, structures and processing recipes, as most
of the knowledge was based on empirical observation, with very little understanding of the

chemistry or physics playing in the background.

It was in the latest decades of the 19th century when several scientists, such as A. Matthiessen, G.
Wiedmann, E. Hall and P. Drude among others, took the first steps towards unravelling the secrets
behind the atomic structure and material’s behaviour, building the foundations for the modern
solid-state physics and material science. The 20t century was thus a very exciting era in this
regard. Notably, the attention of the scientific community during this century shifted its focus
from the attainable macroscopic world to its very small constituents. The development of
quantum mechanics and the crystalline theory of solids allowed us to finally start understanding
how the atoms are arranged together, why its different crystalline structures could have such a
huge impact in the properties of solids and what was the behaviour of these small pieces holding

the machinery together at the very core of matter.

However, looking deeper into matter was not an effortless path. When did it happen that our
understanding and capability was able to overcome the micron scale? For many, 1959 is the
revolutionary year in which finally, the seeds that would give birth to nanotechnology were first
sowed. In this year the words that needed to be heard were finally pronounced. In the extremely

broadly cited lecture, “There is plenty of room at the bottom” [2], R. P. Feynman discussed the
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possibilities and challenges of working at reduced scales, even achieving atomic precision. At that
time, the ideas presented in the lecture were still either under development or far from even
being achieved, as all belong to a field that was not even named yet, but that was to flourish soon

like no other.

In 1974, Norio Taniguchi employed for the first time the term nanotechnology in his paper “On
the basic concepts of Nanotechnology” [3]. Since the 1980s, atomic precision and dimensionality
entered the horizons of condensed matter physics. The development of tools such as scanning
tunnelling microscopy (STM) [4] and atomic force microscopy (AFM) [5], together with the
improvement of previously existing techniques like scanning electron microscopy (SEM) or
lithography, opened the path to explore matter at its very core, even achieving atomic resolution.
All these advances combined led to the discovery of low-dimensional (LD) materials, from the
fullerenes in 1985 by Kroto et al. [6], to carbon nanotubes (CNTs) in 1991 by Ijima et al. [7], to
finally, the material covered in this thesis, graphene, reported in 2004 by Novoselov and Geim

with co-authors [8], together with other 2D materials.

The main questions to understand prior to dive in more within the realm of nanotechnology are:
Why these systems are so interesting? What is driving the scientific community to keep investing
time and money on this research? In contrast with the familiar 3D systems, low-dimensional
materials are characterised for having nanoscale size in atleast one of their dimensions. Normally,
this reduction in size is quite dramatic, reaching values that are comparable with the de Broglie
wavelength of the system, and thus leading to unique quantum behaviours, produced by the so-
called quantum confinement effect. Depending on how many dimensions are confined, LD

materials can be divided in three categories:

» Two-dimensional (2D), having only 1 dimension reduced to the nanoscale (e.g. graphene).
» One-dimensional (1D), with 2 of their dimensions reduced (e.g. carbon nanotubes).

» Zero-dimensional (0D), with all of their dimensions in the nanoscale (e.g. fullerenes).

One of the most striking consequences of this confinement, as shown in figure 1.1, is the
discretization of the density of states of the system creating “droplets” of isolated electrons, which
contrast with the continuous density of states of bulk materials. The more the dimensions are
confined, the more the density of states function resembles like that of an atom. Therefore, these
systems with discrete charge states and quantized energy are a perfect testbed for scientist to
play and experiment with all the quantum effects that become important at these scales, such as
electron tunnelling or coulomb blockade, for instance, or the effect of intermolecular like Van der

Waals (vdW) forces [9-11].
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Figure 1.1. Effects of dimensionality on the density of states (DOS) for different systems: (a) 3D Bulk semiconductor, (b)
2D quantum well, (c) 1D quantum wire and (d) 0D quantum dot. Figure inspired by Rogers et al. [12]

From the technological point of view, the possibility to design and tailor the size and shape of
quantum structures opens the path to new applications and possibilities. Following Moore’s law
and the continuous race to miniaturization, the challenge is to do more with less. Using the
established silicon technology, this will be extremely challenging, because of the scale: at some
point the thickness of the transistor’s channel will become greater than the channel length,
ultimately leading to difficulties in the electrostatic control via the transistor gate [13, 14]. Low-
dimensional materials are a perfect fit for this role, due to their atomic thickness, they can fit in
the next steps of miniaturisation without the scaling constrains that silicon technology is facing.
Also, it is important to consider that a 100-fold reduction on the linear size scale translates into
1002 by area and 1003 by volume, meaning that up to one million times more circuitry could be
stuffed into the same volume. Besides that, the reduced size of these kind of systems is also a huge
advantage with respect to conventional electronics, as they allow for more portable and smaller
devices, with improved heat dissipation. Therefore, for all these reasons, the prospects for

technological applications based on LD are extremely exciting [12, 15].

1.1 Scope of the thesis.

Quoting A. Castellanos-Gomez the question that needs to be answered at the starting point of a
doctoral thesis related with 2D materials is: ‘Why all the fuss about 2D semiconductors (and
graphene)?’ [16]. It is undeniable that the experimental and theoretical study of 2D systems,
consisting of individual sheets of atomic thickness, has been one of the main hot-topics in the

condensed matter scenario during the last twenty years. This uppermost interest shown by the



community regarding these materials is due to the unusual physical effects presented by them as

a result of the quantum confinement effect, and the promising technological applications.

The discovery of the existence of 2D materials, starting with graphene, was remarkable as these
systems have been predicted to be thermodynamically unstable at room temperature [17, 18]. In
short, 2D materials are the atomically thin versions of the well-known layered crystals which are
held together by weak out-of-plane Van der Waals forces [19, 20]. Graphene, a semimetal made
out of carbon atoms arranged on a honeycomb structure, was the first material of this kind to be
isolated from a piece of bulk graphite in 2004, by Andre Geim, Kostya Novoselov and their group
in Manchester University [8]. Since then, graphene has been widely investigated showing
outstanding properties, exceeding those obtained for all studied previous materials, and even
reaching some fundamental theoretical limits. Many interesting ideas have been tested so far in
different laboratories around the world, and huge efforts are dedicated to develop technologies
allowing for industrial scale graphene-based products to be commercially available in the near
future. The prospects are wide, with promising applications in many different fields, including
transparent and flexible electronics [21, 22], solar cells and optoelectronics [23, 24], gas sensors
[25, 26] and composite materials [27, 28], among others.
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Figure 1.2. Layered structure (top) and band structure (bottom) diagrams of some 2D materials with different electronic
and optical properties. From left to right, insulating hBN, semiconducting MoS, and BP, and the semimetal, graphene.
Adapted with permission from [23]

Although graphene stood out from the beginning as an extremely promising material, its lack of
natural bandgap was an inherent limit for the development of transistors or photonic devices [29,
30]. Luckily, other 2D materials were also isolated presenting a variety of different atomic
arrangements and bandgaps. Inter alia, it is possible to find insulators as hexagonal boron nitride
(hBN) [31], and wide variety of semiconductors as the transition metal dichalcogenides (TMDCs)
[32], black phosphorous (BP) [33] or indium selenide (InSe) [34]. The atomic arrangement and

the band structure of some of these materials are depicted in figure 1.2.



The expanding family of 2D materials not only allows studying the properties of these exciting
systems in an isolated way, but also their combinations. As represented in figure 1.3(a), the
different layers can be stuck together taking advantage of the vdW interactions between them,
giving rise to the so called vdW heterostructures. The design of complex devices is achievable by
combining materials with different thickness, stacking order or position, and with varied physical
and chemical properties. Furthermore, the combination of new fabrication techniques with
standard processes already developed for the semiconductor industry, have granted access to the
physical properties of these heterostructures via device patterning and contact deposition, as
shown in figure 1.3(b). It is like a whole new materials’ playground, and the possibilities are

endless.

etch

edge contact

Figure 1.3. (a) Illustration of a van der Waals heterostructure composed of layers from different crystals. Adapted with
permission from [35]. (b) Schematic of the fabrication of 1D edge contacts to hBN-encapsulated graphene device. Adapted
with permission from [36]

However, the two-dimensional materials world, full of technological promises is also full of major
challenges. With an estimated number of ~1000 stable 2D materials, plus their possible
combinations into heterostructures, the amount of research areas that remain unexplored is vast.
With the ultimate purpose of bringing 2D materials out of the laboratories into real-world reliable
applications, further understanding of their physical and chemical behaviour is required, even for
graphene [15, 37]. The scope of this thesis is to help the advancement of the field by providing
new insights on the properties and behaviour of graphene and other 2D materials, as well as on
their fabrication and characterisation techniques. Because graphene has proven to have many
characteristics that make it suitable for a wide range of applications, thus by focusing on it, every
new information gathered has the potential of impacting many areas. Special emphasis has been
placed on exploring the electronic behaviour of graphene and its sensing capabilities, as it has
demonstrated to be extremely sensitive to a wide range of environmental molecules. At the same
time, because by creating heterostructures is possible to expand the functionalities of 2D

materials in general, and graphene in particular, the scope is not limited to graphene, but also to



other 2D materials and their combinations (potentially with graphene to expand its capabilities).

To work towards this scope, three different objectives were set:

= The first objective of this thesis is to explore the fabrication techniques for 2D materials
and heterostructures based on mechanical exfoliation and dry transfer methods,
respectively. This is of uttermost importance in order to be able to access new samples,
with minimal contamination, and new 2D materials systems to investigate. To further
develop this topic, another goal is the setup of a facility either at Lancaster University or
at the National Physical Laboratory (NPL) for the reliable production of complex

heterostructures of new vdW materials for which protocols have not yet been established.

= The second objective is the characterisation of the electronic properties of graphene
nanostructures. In particular, two topics will be studied:

o As graphene has demonstrated to be a highly sensitive system to its environment
due to its exposed 7 electrons, the doping effects of varying levels of relative
humidity will be studied for different types of graphene. For this, a novel approach
will be undertaken, employing Raman spectroscopy as a characterisation tool,
looking to provide useful information for future graphene-based gas sensors.

o Application of advanced scanning probe microscopy (SPM) methods, in particular,
calibrated Kelvin probe force microscopy (KPFM) to reliably characterise and
quantify the electronic properties of exfoliated and encapsulated graphene at the

nanoscale.

» The third and final objective of this thesis consists in the characterisation of the
thermophysical properties of layered materials using SPM techniques: scanning thermal
probe microscopy (SThM) and scanning thermal gate microscopy (STGM). The thermal
properties of 2D materials are widely unexplored, here our attention will be focus on
materials with highly promising thermoelectrical properties, such as patterned graphene

and exfoliated InSe.

The specific order and further details on how this research will be structured is provided in the

next section.

1.2 Thesis outline

Here, a brief overview of each chapter is presented in order to give a general idea of the structure

of the thesis and the main topics that will be covered:



Chapter 1 (current chapter) includes an introduction section in which the research topic of
this thesis is developed. Then the research area is narrowed down in the scope of the thesis

section. Finally, the content of the different chapters is outlined in the current section.

Chapter 2 reviews the existing literature regarding the fundamentals of the topics covered in
this thesis. With respect to the materials, the properties and types of graphene, hBN and InSe are
discussed in detail. As for the physics, different doping mechanisms for graphene are reviewed,
together with thermal properties and thermoelectric opportunities in 2D systems. The chapter is
closed with a concluding remarks section in which the main challenges lying ahead of us are

briefly overviewed.

Chapter 3 details the foundations of the experimental methods used to characterise and
measure the samples studied in this project. It includes the basics of scanning probe microscopy
(SPM) techniques, and some advanced modes like KPFM and SThM. Optical techniques such as
bright field and dark field microscopy are explained, together with Raman spectroscopy. Finally,

transport measurements, specifically 2-point probe methods, are described.

Chapter 4 describes all the experimental techniques modified and developed in this thesis that
relate to the fabrication of 2D materials and heterostructures on the course of this work. The
chapter has been detailed as a recipe so anyone could follow it to fabricate 2D materials and
complex heterostructures if having the correct equipment. Firstly, the selection of suitable
substrates and the main exfoliation methods are described in depth, providing plenty of figures
and examples. Secondly, optical identification techniques allowing the selection of suitable flakes
are discussed, including also the use of novel edge detection algorithms. Thirdly, two types of
transfer techniques, the PPC/PDMS transfer and the PMMA carrying layer methods are described
and compared, allowing manufacturing of complex nanostructures including 2D materials of
differing properties, such as graphene, hBN and y-InSe. Examples and figures explaining how to
perform both processes are provided throughout the whole text. Then, an example of the
fabrication of a complex heterostructure is provided. Fourthly, a short overview of the developed
device production methods is outlined. To finalise, the main achievements, conclusions and future

prospects are detailed.

Chapter 5 studies the interactions between graphene and environmental dopant molecules,
specifically H,0. Raman spectroscopy is employed to evaluate the effect of suspended water
molecules on different types of graphene in controlled environments of varying levels of relative
humidity (R.H.). This systematic study compares the response of graphene grown by different
methods, namely exfoliation, chemical vapour deposition and epitaxial growth, and with different

thicknesses, mono- and bi-layer graphene, when the R.H. changes from 0% up to 80%. Then



charge densities are calculated employing a vector decomposition method, and finally, the main

conclusions and future prospects are discussed.

Chapter 6 shows the results obtained using KPFM to characterise complex 2D materials
heterostructures. The chapter is divided in 2 sections. The first one covers the development and
implementation of a KPFM tip calibration procedure, essential to obtain effective and
reproducible measurements. The fabrication and characterisation of the calibration samples is
discussed first, followed by the revision and further optimisation of the KPFM operational
parameters. Then the KPFM calibration procedure is demonstrated using platinum coated probes
and tested against graphene. For the second part of the chapter, the spatial distribution of the
surface potential of encapsulated graphene field effect transistors (GFET) is studied via KPFM.
The potential of this technique to provide sub-surface imaging of buried layers and reliable work-
function values is then discussed. The chapter is then concluded with final remarks, challenges

and directions for future improvements.

Chapter 7 is dedicated to the study of thermal effects in 2D materials at the nanoscale. Two
different experiments are discussed: In the first section, the dependence of the thermal
conductance of exfoliated y —InSe with respect to its thickness is investigated. This is performed
using SThM in different environmental conditions of pressure and thermal conductivity of the
environment (i.e. ambient and vacuum). In the second part of the chapter, the variations of the
local Seebeck coefficient on encapsulated graphene devices with patterned constrictions are
investigated via STGM. The challenges in this area, conclusions and future perspectives are

discussed to finalise the chapter.

Chapter 8 provides a summary of the results presented in this thesis, highlighting the main
achievements and the biggest challenges encountered so far. To finish, possible future work paths

are discussed.



LITERATURE REVIEW

CHAPTER 2

Graphene foundation and

literature review

This chapter presents a short literature review of the fundamental concepts related to graphene,
including its electronic structure and physical properties. The various fabrication procedures
developed for graphene are discussed, making special emphasis on the difference in the final sample
quality and sizes achieved. Furthermore, another section is dedicated to outline the properties of
other 2D material systems that are of interest in this thesis, i.e. hBN and InSe. The unique electronic
properties of graphene, together with its main doping mechanisms (i.e. chemical and electrical) are
then briefly discussed. Finally, a short section is dedicated to thermal properties at the nanoscale

and thermoelectricity of 2D materials.

2.1 Why carbon?

Carbon is the 4th most abundant element in the universe and forms the basis of life and organic
chemistry as we know it. This element was first named by Antoine Lavoisier in his textbook
‘Traité Elémentaire de Chimie’ published in 1789 [38]. However, carbon has been known since
ancient times in many distinct forms or allotropes, such as soot, graphite, charcoal or diamond,
all of them presenting different appearance and physical properties. This incredible variety of
structures emerges as a direct consequence of the bonding flexibility of carbon-based systems,
being able to bind itself to nearly all elements in almost limitless variety of ways. Some of these
forms are depicted in figure 2.1, including low-dimensional systems as the fullerenes or carbon

nanotubes (CNTs), together with the familiar 3D structures, diamond or graphite.

In its atomic ground state, carbon has six electrons in the configuration 1s?2s22p?. The two

electrons in the 1s orbital, located at E = —285 eV, fill the inner shell and are strongly bound to
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the nucleus, thus they do not participate in any bonding reactions. On the other hand, the
electrons located in the second shell (n = 2), the valence electrons, play an important role in the
final hybridization of the system. The 2p orbitals (pr, 2py and sz) are roughly 4 eV higher than
the 2s orbital, so in principle, it is energetically favourable to locate two electrons in the 2s orbital
and the remaining 2 electrons in the 2p orbitals, conforming carbon’s ground state, as shown in
figure 2.2(a). However, in the presence of other atoms, it results more favourable energetically to

excite one electron from the 2s orbital to the third 2p orbital, in order to form covalent bonds[39].

Figure 2.1. Atomic models of different allotropes of carbon. (a) 0D fullerene (buckyball), (b) 1D carbon nanotubes, (c)
diamond, (d) amorphous carbon and (e) 3D layered structure of graphite. Inset: The 2D dimensional form of graphite,
graphene, is composed by just 1 isolated layer. Figures (a-e) are adapted from [40]. The inset is adapted from [41].

Graphene, as depicted in figure 2.2(b), has sp? hybridization!. In this electronic scheme, the 2s-
orbital overlaps with two 2p-orbital, |2p,) and |2py), leading to a trigonal planar structure in the
x-y plane, conformed by three hybridized orbitals each having one electron. The carbon atoms
are held together by strong covalent o (bonding) and o*(antibonding) bonds, making graphene
the thinnest, and yet the strongest material ever measured [42, 43]. On the contrary, the
remaining un-hybridised 2p, orbital is perpendicular to the plane and binds with other
2p, orbitals from neighbouring carbon atoms forming the m and * bands. The electrons on the
half-filled  bands are decoupled from the others, and hence to a great extent, they define and
dominate the electronic transport properties of graphene through the lattice. These properties

will be further discussed in the next section.

1 sp" hybridisation is a quantum-mechanical superposition of the wavefunctions associated with the state |2s), with
the n|2pj> states
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Figure 2.2. (a) Electronic levels of a carbon atom showing the ground state and the sp? hybridization scheme. (b) Model
of the localization of the orbitals in graphene, showing sp? hybridization. The sp? orbitals form o bonds and the p.-orbitals
form m bonds.

2.1.1 Electronic properties of graphene

As described in the previous section, graphene is a one atom thick system composed by sp?-
hybridized carbon atoms arrange in a honeycomb lattice that extends on the same x-y plane. The
hexagonal lattice is formed by the interpenetration of two different triangular Bravais lattices,
hence, its basis is formed of 2 atoms A and B, where A is surrounded by 3 atoms of the sublattice
B, and vice versa, as shown in figure 2.3(a). In Cartesian coordinates, the real space lattice vectors

a4 and a, can be written as:
a a
a;=5(33),  a,=3(3-V3) 1)

wherea = 1.42 A is the nearest neighbour distance?, being the principal vector length or lattice

constant, a = |a;| = |ay| = 1.42-v/3 = 2.46 A . The three vectors connecting the nearest-

neighbour atoms in the basis, A and B, are:

a

6 _a
179

(LV3), & =5(1L—V3), 8 =-a(10) 2

The reciprocal lattice of the triangular lattice is also triangular, with its vectors given by:

21 21
b; =—(1,V3), b, = —(1,—V3 3
1=3-(1,V3) 2 =2 (1,-V3) (3)
With a reciprocal space lattice constant equal to % [44].

2 The nearest neighbour distance a = 1.42 A is an average between the single (C — C) and the double (C = C) covalent
bonds present in graphene, in the same fashion as in benzene.
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Figure 2.3. (a) Honeycomb lattice structure of graphene, made out of two interpenetrating triangular lattices, depicted in
dark and light green. The lattice unit vectors are a, and a,, and §;, i=1,2,3 are the nearest-neighbour vectors. (b) The
reciprocal lattice of graphene represented with the first Brillouin zone grey shaded. High symmetry points are highlighted
with different colours. The Dirac cones are located at the K and K' points.

In the first Brillouin zone, shown in figure 2.3(b), the I’ and M points are located at the centre of
the hexagon and at the mid-point of the edge, respectively. At the corners, there are six high
symmetry K points, reduced to inequivalent pairs, Kand K’, commonly referred to as Dirac points,

with their coordinates given by:

K_(Zn 211) K,_(Zn 211) 4
~\3a’3y3a/’ 32’ 3v3a (4)

The Dirac points are of high importance as at these discrete locations the m-bands meet, resulting
in a vanishing density of electronic states (DOS). The energy dispersion relation of the m-bands is
shown in figure 2.4. This relationship was first calculated by P. R. Wallace in 1947 using a tight-
binding model including nearest- and next nearest-neighbour hopping. A detailed calculation is
out of the scope of this thesis and it can be found elsewhere [45, 46]. However, it is of interest to

mention that close to the Dirac points, the dispersion relation is simplified to3:
E. (k) ~ +hvp k| (5)

where # is the Planck’s constant, vy ~ 10°m/s is the Fermi velocity and q is the wavevector
measured at the Dirac points. Therefore, the charge carriers in graphene behave as massless
relativistic-like particles, Dirac fermions, moving at the Fermi velocity, 300 times smaller than the
speed of light (¢ = 3 - 108 m/s). Furthermore, the energy is linear with the wave-vector direction
and there is no energy dependence with the mass of the charge carriers, unlike other

semiconductors. This makes graphene a semimetal with zero bandgap [47]. All these properties

3 Note that the linear dispersion of graphene is only valid for low energies.
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opened the path to study quantum-relativistic phenomena in graphene, such as the half-integer

quantum Hall effect [48, 49] or Klein tunnelling [50], among others.

Dirac Point

Figure 2.4. Electronic dispersion relation for monolayer graphene. The conduction and valence bands touch at six discrete
non-equivalent K and K’ points located at the vertices of the hexagonal Brillouin zone. Inset: Linear dispersion relation
around the Dirac point. Adapted with permission from [51]

As well as the properties discussed above, there are other characteristics that contribute in
making graphene such a remarkable system. To start, graphene presents high carrier electron
mobilities over a whole range of temperatures, being specially outstanding at room temperature,
where it reaches values of 2.5-10%cm?V~!s™! [52], even exceeding that of InSb, the
semiconductor with the highest known mobility, pj,gp,~7.7 10* cm? V-1s71[53]. The optical
properties of this monolayer of carbon atoms are also interesting, having a visible light absorption
defined solely by fundamental constants, ma < 2.3% (in the infrared limit, where «a is the fine
structure constant) [54]. However, it is important to highlight that the transparency is reduced
with the increasing number of layers. Furthermore, it is one of the strongest materials ever
measured, with a Young’s modulus of 1 TPa and intrinsic strength of 130 GPa [42]. Its thermal
conductivity is also very high, and it has been measured to be above 3,000 W m - K~! [55], making
graphene a good candidate as a heat sink material. To top this cocktail of outstanding properties
ambipolar field effect (AFE) has been demonstrated in graphene, meaning that the carriers can
be tuned from electrons to holes by different strategies such as electrostatic or chemical doping

as will be discussed further in section 2.4.

Thanks to all the properties held by graphene, this material has the potential to be utilised in a
whole range of applications: from energy harvesting [56, 57] and optoelectronics [58], to
composite materials [59], gas sensing [60] or medical applications [61, 62], among others.
However, the jump from fundamental properties to the exploitation in different applications,

requires robust fabrication protocols and device mass production.
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2.2 Types of graphene

Graphene synthesis methods can be split into two main approaches: top-down exfoliation

and bottom-up-based growth.

- Top-down approaches rely in separating the stacked sheets comprising graphite by
overcoming the van der Waals forces that hold the layers together. By doing so, single
graphene layers can be produced, together with flakes of different thicknesses.
Mechanical exfoliation, that will be reviewed in the following section, is a prominent
example of this approach. However, despite of the relatively low interlayer bonding
energy characteristic of layered materials, key challenges such as the low
repeatability and the long times needed to produce the samples, make this approach
unsuitable for mass production of devices.

- On the other hand, bottom-up methods involve synthesising graphene from
alternative carbon containing sources. High levels of graphitisation must be promoted
in order to produce high quality material, therefore high temperatures are required.
These methods offer the possibility to grow large area thin films, although minimising
the presence of defects such as vacancies or grain boundaries is still challenging.
Epitaxial growth and chemical vapour deposition (CVD) reviewed below are examples

of this approach.

The quality and size of the final graphene is highly dependent on the method followed for its

production.

2.2.1 Exfoliated graphene

Mechanical cleavage is a top-down procedure, also known as ‘Scotch tape’, ‘peel-off method’
or ‘exfoliation’, consisting on the direct detach of layers from bulk graphite crystals by means
of an adhesive tape. This technique was firstly employed by Geim and Novoselov in 2004,
allowing them to isolate graphene flakes by peeling-off layers from highly oriented pyrolytic
graphite (HOPG), with Scotch® Magic™ tape [8, 63]. In order to perform the exfoliation, a
bulk crystal is pressed onto the adhesive tape, which is later peeled off. Some superficial
layers of the material remain attached to the tape. As depicted in figure 2.5(a), this process is
repeated until achieving a homogeneous cover of the material on top of the tape,
approximately of the same size as the chosen substrate. Then, the graphene covered tape is
firmly pressed onto a freshly cleaned substrate. Typically, silicon substrates with an oxide

layer of certain thickness are employed for this purpose. Due to light interference effects, the
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thickness of the oxide layer plays a major role in the optical contrast of the 2D materials under
study. Thus, this parameter is carefully selected. In the case of graphene substrates with oxide
layers of 90 nm or 300 nm oxide layers are normally chosen as shown in figure 2.5(b). More
details about optical identification of 2D materials and enhancing the optical contrast are
provided later in chapter 4, section 4.5. Finally, the tape is removed either by peeling it
manually or by dissolving it with a chemical treatment. After the removal of the tape, flakes
of different thicknesses remain attached to the surface of the substrate. Further investigation
of the substrate by optical microscopy, Raman spectroscopy or AFM, allows the confirmation
of the flake thicknesses. An optical micrograph of a flake with different areas of varying

thickness is shown in figure 2.5(b).

Exfoliated graphene samples present the highest crystalline quality among all the fabrication
methods. However, although the process can be optimised for certain crystals and substrates,
its stochastic nature, results in a random distribution of flakes of different thickness that
varies each time, resulting in a low production yield. Furthermore, the size of the flakes
produced by mechanical exfoliation is typically on the order of ~um?, which makes this
technique practically unsuitable for large-scale production. For these reasons, it is mainly
confined to research institutions with the purpose of performing fundamental studies.

Further technical details on exfoliation are provided in chapter 4.

— — ~
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Figure 2.5. (a) Graphene exfoliation on blue tape. (b) White light optical image of a graphene flake deposited on
300 nm Si0,. Areas of different thicknesses in the flake are shown as regions of different contrast. Monolayer graphene is
indicated by a label (1LG).

This technique can also be used to exfoliate other layered materials such as hexagonal boron
nitride (hBN), transition metal dichalcogenides (TMDCs) or indium selenide (InSe), among

others.
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2.2.2 Epitaxial growth

The word epitaxy comes from the Greek roots: epi which means ‘above’, and taxis meaning
‘an ordered manner’. Epitaxial growth is a bottom-up fabrication method that produces high
quality graphene from SiC crystals. The graphitization of the SiC surface has been widely
studied since 1965, although it was in 2006 when the Dirac nature of the charge carriers in
the top carbon layer was first demonstrated by Walt de Heer group [64]. Epitaxial growth
occurs through the sublimation at high temperatures (> 1000 °C) of the top layers of Si
atoms from both of the inequivalent polar surfaces present in SiC (i.e. the Si-face(0001) and
the C-face (0001)), resulting in a carbon rich environment that nucleates in epitaxial
graphene layers [65]. The growth mechanism for the Si-face and the C-face is the same,
however, the surface reconstruction and growth Kkinetics are different for both surfaces,
resulting in different graphene growth rates, morphology and electronic properties [66, 67].
The Si-face presents a slower growth rate, which provides better control of the graphene
thickness and homogeneity, resulting in large uniform monolayer regions with small bilayer

and trilayer graphene islands. In this case, graphene reconstructs with (6v3 X 6v/3)R30°,

typically denominated as 6v/3 for short, forming a first graphene-like atomic arrangement of
C atoms, aligned with the substrate in a manner so that the primitive translation vectors and
SiC enclose an angle of 30°. This first top layer of carbon atoms, also known as interfacial
layer (IFL) or buffer layer, shows a strong interaction with the substrate and remains
partially bonded (~30%) to the SiC surface, as shown in figure 2.6(a). The presence of these
covalent bonds modifies the electronic structure, deviating it from that of graphene in the
region of the -bands. As a consequence, the IFL does not exhibit graphene-like electronic
properties. The latter are obtained for the second and further layers only, which are bound
by weak dispersion forces to the IFL [68]. Monolayer and multilayer graphene are formed on
top of the IFL after further heating at higher temperatures (1,300-2,000 2C). On the other
hand, graphene on the C-face grows much faster, but it generally leads to multilayer graphene
with a significant amount of rotational disorder and defects.

Characterisation of the fractional coverage of a SiC surface, and quantification of the number
of layers can be performed by different techniques such as low energy electron microscopy
(LEEM) [69], electrostatic force microscopy [70], Kelvin probe force microscopy [71] or
Raman spectroscopy [72], among others [73]. Some examples are shown in figure 2.6(b) and
(c). The main advantages of graphene growth on SiC is that the size of the graphene sheet can
be as large as the substrate and that devices can processed on the same fabrication chip, with

no need of transfer [74]. On the other hand, although this technique is able to produce large
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monolayer areas, multilayer regions, such as bilayer or trilayer, are commonly found in the
prepared samples. One of the main reasons is the miscut angle of the SiC wafer, which results
in a substrate governed by terraces, in which the steps act as nucleation centres for graphene

layers, giving formation to 2LG or MLG along them [67].

; Dangling
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Figure 2.6. Epitaxial graphene. (a) Schematics of the epitaxial growth of graphene on SiC. The interfacial layer (IFL) is
covalently bonded to the SiC surface at certain locations, leaving dangling bonds that contribute to n-dope the graphene
layer sitting on top. (b) Topography (Left) and electrostatic force microscopy (Right) maps of epitaxial graphene grown
on the phase 4H-SiC(0001). The topography shows the characteristic terraces of SiC. The electrostatic force microscopy
provides information of the number of layers present in the material, such as the interfacial layer (IFL), monolayer (1LG)
and multilayer (MLG) regions. Scale bars: 2 ym. Adapted with permission from [70] (c) Low energy electron microscopy
(LEEM) of epitaxial graphene prepared on 6H-SiC(0001) showing regions of different thicknesses marked as (1)-(4). Field
of view: 20 um. Electron energy: E,,. = +1.6eV. Adapted with permission from [75] (d) Prototype of R, /200 quantum
Hall array resistance standard fabricated with epitaxial graphene. Micrograph of the entire chip (Left) and a zoom-in
covering an array of 100 Hall bars (Right). Adapted with permission from [74]

2.2.3 Chemical vapour deposition

Chemical vapour deposition (CVD) is another bottom-up fabrication approach used to produce
large-area graphene uniform films. A schematic illustration describing the main steps in the
growth process is depicted in figure 2.7. Firstly, the target substrate is placed within the reaction
chamber and annealed at a high temperature (~1000°C), typically in Ar or H, atmosphere. For
graphene growth, copper (Cu) and nickel (Ni) are commonly used as substrates, acting both as
catalytic material for the reaction and as the platform to hold the thin film [76-78]. This initial
annealing is critical as it removes the cover oxide layer and leads to grain growth and annihilation
of most of the surface defects that might be present. Secondly, precursor species in vapour phase

are introduced in the chamber carried by an inert gas. The most typical carbon sources used are
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methane (CH,) or hexane (CgH;4) [79, 80]. Thirdly, when the carbon source comes into contact
with the hot surface of the substrate, thermal dissociation takes place, breaking down the source
into C atoms and H, molecules. Depending on the carbon solubility of the substrate, the C atoms
will deposit on the surface at specific nucleation sites, without further penetrating the material.
The deposited atoms combine to form graphene islands. Further processing enlarges the size of
these graphene islands finally producing a continuous graphene layer. The H, molecules are
evacuated from the chamber as desorption by-products of the reaction, together with the

desorbed precursors that did not react with the substrate [81].
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Figure 2.7. CVD graphene growth diagram. Precursor species introduced in the reaction chamber are adsorbed by the
metallic surface. A proportion will be desorbed with no further effect, while others will react with the substrate. The thin
film growth starts at nucleation spots and expands to form a uniform layer. The by-products of the reaction are evacuated
from the chamber. Transport of the molecules and the desorption products is performed by an inert carrier gas.

The as-grown graphene can be characterised by scanning electron microscopy (SEM) or angle-
resolved photo-emission spectroscopy (ARPES), as it is grown on a metallic substrate. For certain
applications, such as for GFETSs, CVD grown layers are usually transferred to insulating substrates.
such as Si0,/Si, as shown in figure 2.8(a) [82-85].

The number of layers, their size, morphology, orientation, and the introduction of any dopants or
defects are dependent on a wide range of growth parameters such as temperature, chamber
pressure, carrier gas flow-rate, precursor and substrate purity and composition, and
source-substrate distance [86-88]. In general, the CVD growth technique is highly versatile,
allowing to tailor and produce large area thin films of different characteristics. However, there
are also disadvantages to this method. One of the main problems found is that the thin films are
generally polycrystalline presenting a significant number of atomic defects. Although this can be
minimised by developing and modifying the recipes, the posterior transfer process may also
result in cracks and ripples in the sample [84]. Consequently, the quality of the samples obtained

by this method has been generally lower than the exfoliated materials, presenting comparatively
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higher doping levels and reduced carrier mobility. Furthermore, metal substrates are generally
expensive, making this procedure cost-ineffective.

Besides these disadvantages, CVD growth remains as one of the most promising techniques to
produce large area thin films for electronics and optoelectronics based on 2D materials. Recent
advances in the transfer process by Banszerus et al. [89], have produced high quality hBN
encapsulated CVD graphene heterostructures with mobilities as high as 350,000 cm?V-1s71,
comparable with the ones obtained for exfoliated graphene. Although this method is only suitable
for transferring small flakes with lateral size on the micrometer scale, as shown in figure 2.8(b),
itallows the reuse the copper substrate, reducing the total cost of the production. More details on
hBN are provided in the next section. Additionally, some groups have demonstrated that 30-inch
graphene films can be grown on Cu and transferred onto a flexible substrate by a roll-to-roll
process, presenting a sheet resistance as low as 125 Qsq~! and 97.4% optical transmittance, very
promising to replace indium tin oxide (ITO) as transparent and flexible electrodes [89]. An
example of the roll-to-roll process and the final product is depicted in figure 2.8(c) and (d).

Apart from graphene, other 2D materials such as transition metal dichalcogenides (TMDCs) can
be also grown by CVD methods, showing great potential for the fabrication of semiconducting
thin films, but also, for large-area vertical and lateral heterostructures based on 2D materials [90,
91].
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Figure 2.8.(a)SEM image of graphene on a copper foil with a growth time of 30 minutes (left) and an SEM image of the
same graphene transferred on 285 nm Si0,/Si, showing wrinkles as well as two- and three-layer regions (right). Inset:
Optical micrograph of the graphene film on top of a 285 nm Si0,/Si substrate. Reprinted with permission from [78] (b)
False-color optical image of CVD graphene on copper after a first (top-left) and a second (bottom-Ieft) growth cycle. On
the right-side, a small section of graphene covered by transferred hBN (which will be reviewed in the next section). Adapted
with permission from [89] (c) Schematic of the roll-based production of graphene films grown on a copper foil. The process
includes adhesion of polymer supports, copper etching (rinsing) and dry transfer-printing on a target substrate. (d) A
transparent ultra-large area graphene film transferred on a 35-inch PET sheet. Adapted with permission from [22]
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2.3 Other layered materials electronic properties

In this section, the other materials besides graphene, i.e. hBN and InSe, that will be used in

posterior chapters of the thesis are reviewed.

2.3.1 Hexagonal boron nitride (hBN)

Hexagonal boron nitride (hBN) is a III-V insulator with a wide bandgap of ~6 eV [92, 93]. Its
crystalline structure, analogous to graphene, is formed by layers of nitrogen and boron atoms
occupying the inequivalent A and B sublattices of a honeycomb structure, as shown in figure
2.9(a).In the same manner as graphene, weak out-of-plane van der Waals forces hold the different
layers together, which are covalently bonded within the basal planes. It is important to mention
that even before the advent of 2D materials, boron nitride has been widely used in the pastin its
own right, as a lubricant and as an additive to cosmetic products, amongst other things [94]. As
described in section 2.2.1, hBN can be exfoliated from bulk crystals by mechanical cleavage to
obtain flakes of varying thickness. However, as a result of its large bandgap, hBN exhibits little
contrast (< 1.5%) under white light in most of the substrates. As it will be further discussed in
chapter 4 [95]. Besides this, hBN has also become one of the most popular 2D materials together

with graphene, mainly for three reasons:

First, because it makes an excellent substrate for other 2D materials. Its low roughness,
consequence of its atomically planar surface (figure 2.9(b)), suppresses rippling from 2D
materials, which tend to mechanically conform to the surface holding them. This fact was initially
highlighted by Dean etal. [31]in 2010, demonstrating a three-fold increase in the carrier mobility
for graphene devices deposited on top of hBN with respect to SiO,. Since then, hBN has been
widely employed as the substrate of choice for 2D material-based devices [96]. Second, because
it is an ideal gate dielectric material presenting optical phonon modes with energies two times
higher than those in Si0,, nice dielectric characteristics (e,gny = 3 — 4), high breakdown field
(vl?gN ~ 0.7 Vnm™1), and excellent thermal conductivity up to six times higher than that of
SiO5 [97]. Third and last, because it’s lack of dangling bonds makes of it a good passivation layer.
The lack of dangling bonds or surface charge traps in this material, together with its excellent
impermeability and superior chemical and thermal stability, makes hBN a relatively inert
material to its environment. As it will be further discussed in chapter 4, some 2D materials are
sensitive to their environment, suffering from oxidation, doping or corrosion, which leads
consequently to the degradation of their intrinsic properties. As a consequence of all the reasons
stated above, encapsulation of 2D materials between layers of hBN, creating a sandwich like

structure as shown in figure 2.9(c), has become a common practice in the community. Therefore,
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hBN is almost ubiquitous in heterostructure fabrication, as it helps maintaining clean interfaces
as shown in the right panel of figure 2.9(c), as well as preserving the intrinsic electronic properties

of materials and extending the sample’s lifetime [20, 92, 98].

So far, hexagonal boron nitride has been almost ubiquitous in 2D materials research and
published papers, employed to fabricate field effect tunnelling transistors [99, 100],
optoelectronic emitters in the deep ultraviolet (UV) regime [101], as well as, single photon

emitters from localised defects in the hBN lattice working in the UV and IR regimes [102, 103].
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Figure 2.9. (a) hBN crystalline structure top-view (b) Histogram of the height distribution (surface roughness) measured
by AFM for SiO: (black triangles), hBN (red circles) and graphene-on-hBN (blue squares). The curves show that the
roughness of graphene on hBN is three times smaller than that of Si0,. Solid lines are Gaussian fits to the distribution.
Inset: high-resolution AFM image showing a comparison of graphene and hBN surfaces. Scale bar: 0.5 um. Figure
reproduced with permission from [31] (c) Left: False colour optical image of a graphene flake sandwiched between hBN
flakes, a process known as encapsulation, which protects the 2D material flake from any interaction with the environment.
Right: High-resolution transmission electron microscope image of an encapsulated graphene(hBN/Graphene/hBN) stack.
From this image, it is obvious that the interfaces are atomically sharp and free from impurities. The heterostructure was
produced using the PPC/PDMS method further explained in chapter 4. Reproduced with permission from [104]

2.3.2 Indium selenide (InSe)

Indium selenide (InSe) is a layered IIIA-VIA monochalcogenide semiconductor, with MX (M =
In, X = Se) stoichiometry. As depicted in figure 2.10(a-b), the crystal structure of InSe consists of
In-Se-Se-In covalently bonded layers with an in-plane hexagonal structure held together by out-

of-plane van der Waals forces. Bulk InSe can be found in different polytype forms: f, €, y, defining
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its crystalline structure and physical properties [105]. The InSe crystals used in this thesis were
grown by the Institute for Problems of Materials Sciences (Chernivtsi, Ukraine) using the Bridgman
method from a polycrystalline melt of In; y3Sey 97 [106, 107], resulting in y-phase bulk crystals.
The extraction of thinner layers of InSe is performed by direct mechanical exfoliation from bulk

crystals [108], as it will be detailed in chapter 4.

As shown in figure 2.10(c), the InSe band structure is strongly dependent on the number of atomic
layers, presenting a thickness dependent tuneable bandgap. In contrast with other materials such

as the well-known TMDCs, it undergoes a transition from direct bandgap in its bulk form to

indirect bandgap when its layer thickness is reduced to <6 nm, as the valence band maximum

(VBpax) moves away from the I' towards the K symmetry point [109, 110]. Another interesting
feature highlighted by the band structure is that the conduction band minimum (CB,,;, ) remains
at the I' symmetry point, although it shifts to higher energies as the number of layers is reduced
from 10L to 1L, while the VB, ,, remains at almost the same energy for all the thicknesses, which
results in an increasing of the bandgap as the number of layers is reduced. Therefore, the bandgap

increases from around ~1.24 eV for 10L, to 2.39 eV for monolayer [111].
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Figure 2.10. (a) Side view and (b) top view of InSe crystal structure. Figures modified with permission from [112] (c) DFT
calculations of the band structure of InSe in the first Brillouin zone for 1L, 5L and 10L of atoms. Figure is reproduced with
permission from [113]

It is not surprising then that InSe has created a lot of interest in the 2D materials community in
recent years due to its unique set of physical properties including high broad-photoresponsivity
from the infrared to the ultra-violet range [114-116], or high mechanical strength [117, 118].

Also, the relatively small electron effective masses in the layer plane give rise in this material, to
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high electron mobility at room temperature, with values over 1000 cm?V~1s~! reported in few
layer InSe devices [119, 120]. The combination of these properties makes InSe an ideal material
for the development of innovative device applications in photonics and optoelectronics, as

successfully demonstrated in few-layer photodetectors and field effect devices [112, 116, 120].

Besides its high prospects for optical devices, InSe has also shown promise for thermal
applications, however this topic remains widely unexplored. Earlier experimental works
performed in bulk InSe have demonstrated low thermal conductivity values down to k <
1.2 Wm~1K~1[121], and more recent theoretical papers have explored the thermal properties of
thinner InSe showing values of 27.60 Wm~1K~! at room temperature for 1L InSe [122]. These
low thermal conductivities, together with its high carrier mobility, make of InSe an interesting
candidate for thermoelectric applications, as it will be further highlighted in section 2.5.2. The lack
of experimental research in this area was noted, and initial experiments using scanning thermal
microscopy (SThM) were performed during the development of this thesis. These results will be

discussed further in chapter 7.

It is important to note that, one of the main limitations of InSe is that the performance of the
material can be heavily affected by the presence of impurities or by the exposure to air, light
and/or moisture, eventually oxidising it to In,05 [105]. Although theoretically perfect InSe
crystals are inert, presenting even more stability (i.e. much lower oxygen affinity) than MoS; or
phosphorene, the unavoidable presence of Se vacancies in the lattice dramatically lowers the
adsorption energy towards oxygen, promoting oxidation even at room temperature [123, 124].
To avoid these issues and prevent electronic degradation of the material, encapsulation in inert
environments is generally performed [125, 126], as it will be further discussed in chapter 4 of this

thesis.

2.4 Graphene Fermi level and doping mechanisms

Theoretically, for undoped graphene the Fermi level lies at the Dirac point, where the conduction
and valence bands meet. As previously described in section 2.1.1, at the Dirac point, the carrier
concentration is very low (theoretically, it is zero) as the DOS vanishes. Consequently, the
resistance (conductance) tends to infinity (minimum), creating a characteristic inverted V-
shaped curve, as shown in figure 2.11(b). Experimentally, reaching the Dirac point alongside the
whole surface of a device is unlikely to happen due to the presence of local inhomogeneities, such
as crystal disorder, boundaries, or chemical doping. More commonly, undoped graphene is

divided into electron-hole puddles close to the Dirac point, in the so-called charge neutrality point
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(CNP). In this realistic scenario, the characteristic maximum of resistance is usually found shifted

from its ideal zero position [127, 128].

Fortunately, the electrical properties of graphene, such as its carrier concentration, and thus, its
conductance, can be easily tuned by shifting the position of the Fermi level. Furthermore, the
ambipolar behaviour of graphene allows accessing both the electrons and holes regimes. The
most common doping strategies, electrostatic gating and chemical doping, will be reviewed in the

following sections.

2.4.1 Electrostatic doping

Electrostatic gating is a very common strategy applied to manipulate the carrier concentration of
graphene devices, and thus the electronic properties [129]. For this, graphene is commonly
deposited in substrates covered with thin dielectric films in a GFET configuration as shown in
figure 2.11(a). This architecture acts as a parallel plate capacitor, therefore when a voltage is
applied to the gate (Vpg), it induces charges of opposite sign in the graphene device, achieving n-
type (Vgg > 0) or p-type (Vgg < 0) doping behaviour by shifting the Fermi energy level towards
the conduction or valence band, respectively. The relation between the displacement of the Fermi
energy level (from the charge neutrality point) and the carrier concentration follows a unique

linear trend for monolayer graphene:

SF = \/ﬁhVF (6)

where # is the reduced Planck constant, and vp is the Fermi velocity in graphene which is
~10° m - s71. Using the model of a parallel plate capacitor, the number of charge carriers induced

in the device channel can be described as:

_ CVgg _ £0%r Vg

— (7)

e d e

where e is the fundamental electron charge, V. is the backgate voltage, and C is the capacitance
defined as C = ¢j¢,/d, having g, the vacuum permittivity, €, the relative permittivity and, d, the

thickness of the dielectric layer.

Experimentally, these changes on the Fermi energy, and therefore in the charge carrier
concentration, are typically characterised by measuring the resistance of the device channel while
applying a bias voltage as shown in figure 2.11(b). Also, by doing this, information about the
intrinsic doping of the sample can be obtained by looking at the crossover of the curve with Vg5 =
0V. The main advantages of this method is that it is fast, easy to implement and also, that it allows

the modification of the main charge carriers without introducing defects or disorder in the
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channel [130]. In this thesis, electrostatic doping will be employed in chapter 6 to study the effect
of back-gate in the charge distribution of narrow channel GFET devices, and in chapter 7 to study
the effect of doping in the local variations of the Seebeck coefficient in GFET devices with

patterned constrictions.
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Figure 2.11. (@) Schematic view of a GFET. The graphene channel (black) is located between the metallic electrodes
(vellow), denominated drain and source. All the structure is located on top of a silicon wafer (purple) with a top oxide
layer (pink). (b) Resistivity of pristine graphene as a function of gate voltage. For VVz; < 0 V, graphene is p-doped, and
for Vg; > 0V, graphene is n-doped. Reproduced with permission from [129]

2.4.2 Chemical doping

Another doping method is the chemical doping, which mainly comprises two mechanisms: i)
substitutional doping with heteroatoms and ii) molecular doping. In the first one, some of the
carbon atoms in the graphene lattice are substituted by other species, disrupting the sp?
hybridization scheme and therefore, modifying the chemical properties of the material. This type
of doping will not be further discussed as it is out of the scope of this thesis. More information can

be found elsewhere [131, 132].

Molecular doping, or in the case of 2D materials also called surface transfer doping, is realised as
the transfer of charges between graphene and a certain external adsorbate. This effect was first
demonstrated experimentally by Schedin et al. [25], employing molecular doping, based on NO,,
to modulate the carrier concentration and therefore the resistance of a graphene device. Using
the molecular orbitals (MO) description, the direction of the charge transfer can be determined
by the relative positions between the Fermi level of graphene, ES", and the DOS of the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). The
positions of these levels can be imagined as delta-peaks in the DOS and need to be compared to

the electronic band-structure of graphene.
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Figure 2.12. Schematic representation of the molecular doping of graphene considering: (a) p-doping and (b) n-doping.
The direction of the electron transference is determine based on the difference between the graphene Fermi energy and
the HOMO or LUMO energy levels of the adsorbate molecule.

Thus, as schematically illustrated in figure 2.12, if the HOMO of a dopant is located above E§¥, the
adsorbate will ionize, acting as a donor and transferring electrons to graphene, and thus
increasing its Fermi energy. On the contrary, if the LUMO is placed below ES, then the charge is
transferred from the graphene layer to the dopant, which in this case becomes ionised acting as
an acceptor. Besides this, it is important to remember that molecular adsorption is a dynamic
process happening continuously between individual molecules and the graphene surface, thus it
is a process that evolves in time, and that highly depends on the instantaneous energy state of the
system. Generally, successful adsorption also depends on the molecule having sufficient kinetic

energy to overcome the adsorption energy barrier:

E, = E(molecule+Gr) — Egr — Emotecute (8)

where E;, Emolecule+Gr) Egr and Epolecule are the total energies of the adsorption process, the
relaxed molecule on the graphene system, graphene and the molecule, respectively. For an
adsorption event to occur, E; > 0 must happen. More formal description than the one provided
here is out of the scope of this thesis, however, more information can be found elsewhere[133-

135].

2.4.3 Fermi level characterisation

Changes in the doping levels of graphene, or in other words, in its Fermi level, can be probed by
different techniques such as: Raman spectroscopy [136], FET characteristics [25] (shown in
Error! Reference source not found.(d)) and Kelvin probe microscopy (KPFM) [137], among
others. Some of these techniques are employed in this thesis for the purpose of characterising the

doping levels of the material under study as it will be discussed in following chapters.
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2.4.4 Graphene for gas sensing applications

Improving current gas sensing technologies is essential for a wide range of areas such as
environmental monitoring, R&D, safety in industrial processes and Earth observation, among
others. This diverse range of applications has led to a need for sensors operating with different
parameters such as limits of detection, concentration ranges and response/recovery times.
Current technologies, like metal Oxide semiconductors (MOS) or optical-based methods, present
a different set of challenges such as the requirement of high-temperatures for operation, slow
response, poor limits of detection or bulky equipment[138-140]. In this regard, graphene has
shown potential as a future alternative route with improved capabilities, such as its outstanding

sensitivity to external adsorbates, fast

n-doping

response and recovery times, small size
and its ability for operation at room

temperature[60, 141].

As mentioned above, the first experimental

result confirming the suitability of

Aplp (%)

graphene as a gas sensor was performed by
Schedin et al.[25], whom not only

demonstrated the extreme sensitivity of

v graphene towards NO, down to the single-

p—d?ping molecule level, but also to other gases such
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as NH;, CO and H,0, by measuring the
Figure 2.13. Chemical doping of graphene via external molecules. variations of resistance in a graphene Hall
Variations in the resistance of a graphene Hall bar as a

consequence of its exposure to different molecules. Adsorbates bar. This group also demonstrated that

such as CO, or NH; produce n-doping of graphene, whereas other .
molecules like NO,, or H,0, produce p-doped behaviour on different molecules produced different
graphene. Image reproduced with permission from [25]

types of doping in graphene (i.e. n-doping
or p-doping), as shown in figure 2.13 Since then, several experimental studies have been
performed to understand the interaction of graphene with several gaseous environmental
dopants, and to prove its capability as a powerful sensor towards NO,[26, 142], NH; [143, 144],
and H,0 [145, 146], among many others.

In this thesis, the focus will be stressed in exploring the capability of Raman spectroscopy to study
the interactions of graphene and the environmental dopants. In particular, the effect of H,0 on
different types of graphene in environments of controlled humidity levels. This topic will be

further discussed in chapter 5.
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2.5 Nanoscale thermal conductivity
2.5.1 Thermal transportin 2D materials

Thermal conductivity is a measure of the ability of a material to transfer heat spatially. At the
macroscopic scale, the heat flux from the hotter side of a material to its colder side is proportional

to the temperature gradient and the negative thermal conductivity as expressed by Fourier’s law:

Q@ t) = —k AVT (7, t) 9)
where Q(7, t) is the heat flux density vector, k. is the thermal conductivity of the material, A is
the cross-sectional area and T(7, t) is the temperature gradient stablished within the material.
Within solids, heat energy is mostly transferred by electrons and phonons (i.e. quantised modes
of vibration), however the individual contribution of each carrier depends on the type of material
considered [147, 148]. Regardless of the carrier type, the determination of the thermal
conductivity in materials, specifically for electronic and optoelectronic applications is crucial
to understand energy dissipation and heat management in devices [149].

In the case of 2D materials, current measurement techniques struggle to provide accurate values
of the thermal conductivity mainly due to two reasons: (1) their small lateral sizes, and (2) their
anisotropy. For the first point, techniques with nanoscale resolution are required in order to
provide accurate values of the thermal conductivity. In this regard, scanning thermal microscopy
(SThM), able of achieving sub- um thermal resolution, presents itself as one of the main
candidates to obtain thermal information of nanoscale materials [150, 151]. More details on
SThM that I deployed in this thesis will be provided in chapter 3 and chapter 7. As for the second
reason, as explained previously, in 2D materials covalent bonds hold the atoms in-plane, while
out-of-plane, the layers are held by weak vdW forces. This leads to phonons and electrons
traveling easier in-plane than out of plane, and thus generating anisotropic heat transport, being
in general heat conduction worse across the plane than in-plane [152], and producing a thickness

dependent thermal conductivity [149].

So far, due to the stated above reasons, most of the studies on thermal conductivity of 2D
materials are theoretical, with very few experimental works, mainly focused on graphene[153],
hBN [154], MoS, [155, 156] or InSe [122]. Therefore, more research is required to better
characterise the thermal conductivity of layered materials, which will be of use for thermal
applications, such as thermoelectricity reviewed in the next section. In this thesis, experimental
studies of the thermal properties using SThM have been performed and are discussed in chapter

7.
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2.5.2 Thermoelectricity of 2D materials.

Thermoelectric (TE) devices are energy transducers converting heat to electricity, and viceversa.
Many electrical devices in our everyday lives are powered using thermoelectricity, from solid-
state power generators and refrigerators, to thermal management or energy harvesting systems,
among others. The appeal of TE devices is obvious since they are simple to operate, do not
produce undesirable vibrations or waste, and have long operating lifespans. However, the main
problem shared by current TE materials is that they suffer from poor efficiency [157-159]. The
efficiency of a material to be used as a thermoelectric generator is given by the ratio between the
energy provided to the load (when a load closes the electrical circuit), and the heat energy
absorbed at a hot junction. However, because the efficiency varies depending on the temperature
and its gradient, usually when comparing devices, the maximum value of the efficiency, called

figure of merit, ZT, is given. This quantity can be calculated using:

052
7T = TT (10)

where o is the electrical conductivity, S is the Seebeck coefficient, T is the temperature and  the
thermal conductivity of the heat carriers. Optimisation of the figure of merit is non-trivial due to
the interdependence of the parameters coming into play (o, k, S), as shown in figure 2.14(a). As a
rule of thumb, good TE materials need to have a high electrical conductivity in order to carry as
much heat-bearing current as possible, while preventing Joule heating, and a low thermal
conductivity in order to minimise the heat dissipation, keeping this way the temperature gradient,

and therefore the movement of carriers.

Although theoretically ZT could take infinite value (i.e. Carnot efficiency), the highest
performance that materials available nowadays have achieved for devices that operate near room
temperature reach ZT of about 2.5, like in the case of SnSe (see the timeline of maximum ZT in 2D
materials in [160]). However, normally, the values are around 1 [161-164], and achieving a ZT of
4 has been the goal to reach for many years. This would be equivalent to achieve a 30% Carnot

efficiency (e.g. comparable to home refrigeration) [165]

Luckily, there are theoretical grounds for some optimism in order to overcome this formidable
challenge: In 1993, Hicks and Dresselhaus [166, 167] predicted that the future of improved
Seebeck coefficients and TE responses lied in low-dimensional (LD) materials as shown in figure

2.14(b), mainly as a consequence of two factors:

(i) Quantum confinement (discussed in chapter 1): Contrasting with the smooth DOS
presented by bulk materials, 2D materials often exhibit sharp peaks (i.e. high
dDOS/dE). When tuning the Fermi level to these positions, the large asymmetry
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stablished between hot (E > Er) and cold (E < Er) electrons leads to a higher
Seebeck coefficient without a large sacrifice of the electrical conductivity.
Furthermore, the Fermi level of the layered materials can be accessed much more

easily than bulk materials, by simply applying an external electric field, as reviewed

in section 2.4.1.
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Figure 2.14. (a) Interdependent relation between the Seebeck coefficient, S, electrical conductivity, o, thermal conductivity,
K, and power factor, for different carrier concentrations. Adapted with permission from [168] (b)Progress of future TE
materials. Conventional bulk materials showing values from 0.01 to around 1. By using nanostructures, values between
0.1 to 2 have been reported. The solid blue arrow indicates already made progress, while the dotted red arrow the prospects
for further increased ZT. (c) Schematic design of an SnS, device on a photo-TE measurement setup. Reproduced with
permission from [169] (d)Design of a TE device based on 2D materials: InSe deposited on a hBN substrate. The micro-
heater acts as a heat source of the system, while the temperature at different spots of the device is measured by
thermometers 1 and 2. Lateral contacts are used to measure the variations in voltage, AV, along the device. Reproduced
with permission from [170].

(i) Scattering control: The mean free-path (MFP) of certain carriers can be modified by
engineering the geometry of the devices or controlling feature sizes. In general,
phonons have a MPF of around an order of magnitude larger than the MPF of electrons
in semiconductors (of the order of 100 nm vs 10 nm). But in 2D materials it is possible
to reduce the size of a system below the MFP of phonons, while staying above the MFP
of electrons, allowing for much more tuneability of properties than traditional

semiconductors.
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Based on these prospects, theoretical and experimental studies have been performed in different
systems such as graphene [171-173], twisted bilayer graphene [174], MoS, [175], SnS, [169],
InSe [169, 170] or BP [176], among others, revealing in some cases unprecedented values of ZT,
higher than any bulk material. Unfortunately, because of the difficulty on fabricating large areas
of certain 2D materials, many studies has to be performed in nanostructures, such as the devices
shown in figure 2.14(c) and (d) and heat gradients have to be produced by light-matter interaction
(figure 2.14(c)), nanosized heaters (figure 2.14(d)), or using special atomic force microscope

probes that incorporate heaters (as it will be discussed in this thesis on chapter 7).

2.6 Concluding remarks

This chapter intends to provide the background knowledge needed for the experimental chapters
of the thesis. First, the fundamental properties of graphene were reviewed, followed by the main
fabrication methodologies (i.e. mechanical exfoliation, CVD and epitaxial routes). Then, other
materials of interest, such as hBN and InSe, were analysed covering their main properties, and
applications. To continue, mechanisms of electrostatic and chemical doping of graphene were
studied. Finally, a short description of the nanoscale thermal conductivity and the prospects of
2D materials for thermoelectric applications were discussed. All the concepts covered here will
provide a foundation for understanding all the experimental work presented in the following

chapters.
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CHAPTER 3

Review of characterization

methods

This chapter presents an overview of the fundamental aspects related to the
Relevant SPM methods:

different experimental techniques that will be employed in this thesis. KPFM, SThM

The first section covers scanning probe microscopy (SPM) techniques, which

allow obtaining topographic information, as well as local material properties Optical methods:

. . . i Raman spectroscopy,
mapping at the nanoscale. To start, atomic force microscopy (AFM) working bright/dark field

microscopy
principle will be described, setting up the basics upon which all the other

techniques rely on. Following this, Kelvin probe force microscopy (KPFM) and

scanning thermal microscopy (SThM), will be introduced in this order. Then, Electrical methods:

2 point probe methods

optical methods will be also described, including bright and dark field
microscopy, and Raman spectroscopy. Finally, a short description of electrical Figure 3.1. Structure of
the  characterisation

methods, specifically two- and four-point probe techniques, is included. methods covered in this
chapter

3.1 Scanning probe microscopy (SPM)

Scanning probe microscopy (SPM) is the name received by a family of techniques in which a sharp
tip is used to raster scan the surface of materials, in the same fashion as a gramophone [177],
providing topographic mapping and information of different physical and chemical properties at
the nanoscale [178, 179]. These revolutionary methods allowed overcoming the light diffraction
limit imposed by Abbe’s condition to all optical techniques. In this section, atomic force
microscopy (AFM) is covered, together with other advanced modes, namely Kelvin probe force
microscopy (KPFM), scanning thermal microscopy (SThM), and scanning thermal gate

microscopy (STGM).
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3.1.1 Atomic force microscopy (AFM)

An AFM cantilever is essentially a force sensor; however, it is important to highlight that no forces
are measured directly by it. Instead, the normal force exerted by the cantilever is typically

calculated in first approximation using Hooke’s law by:
Fy= —k-Az (11)

where k is the stiffness of the cantilever, and Az the total normal bending. This approximated
force results from the sum of all the interactions occurring at the tip-sample system, which are
varied in nature and range. The equilibrium is usually reached as a compromise between long-
range attractive and the short-repulsive forces. A variety of scanning modes have been developed
so far by exploiting the tip-sample interactions. Thus, depending on the dominant forces acting
on the tip-sample distance, different AFM modes are considered: contact, tapping and non-
contact modes, as shown in figure 3.2. In this thesis, only contact and tapping mode will be

employed, and will be discussed in the following paragraphs.

Force on
the tip

| Contact mode |

Tip-sample
distance
>

Repulsi
epu SWET |Tapping model

Attractive l

Non-contact mode

Contact  Non-contact region

Figure 3.2. Force vs tip-sample distance curve. The attractive and repulsive regimes are specified by vertical arrows coming
out from the x-axis. The contact and non-contact regions are highlighted with a yellow and pink background, respectively.
The different operational modes, namely contact, tapping and non-contact modes are depicted by red, green and purple
dotted lines, respectively.

A typical diagram of an AFM set-up is represented in figure 3.3(a) [180], with the AFM probe
formed by a sharp tip mounted at the end of a flexible cantilever, as shown in figure 3.3(b) and
figure 3.3(c). For the AFM operation, the probe displacement over the sample’s surface in all three
perpendicular directions, x, y and z, is achieved by a piezoelectric actuator, also known as tube
scanner. These changes in the z-position are tracked using the beam-deflection method and a
closed feedback-loop: a laser beam is reflected at the back end of the cantilever, which is typically

coated with a reflective material, into a four-quadrant photodiode. The changes in the position of
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the laser on the surface of the detector produces an electrical current proportional to the
displacement, which provides information about both the normal bending and the torsion of the
cantilever. This current is then converted into a voltage bias signal which is compared to a fixed
setpoint value via a proportional-integral-derivative (PID) control system. The result of this
comparison dictates if any adjustment the Z-direction piezo is needed (i.e. by elongating or
compressing it) in order to maintain a constant interaction force between the tip and the sample.
This operation is repeated for each point in the sample, generating a pixel-by-pixel image of the

surface topography.

The signal that is measured by the photodiode is different for each of the measuring modes, as

the tip-sample interaction is different:

»> Contact mode: In this mode, the tip-sample distance is kept in the range where repulsive
forces dominate as shown in figure 3.2. The force between both systems is kept constant
via the feedback mechanism: As the tip encounters surface features, the deflection signal
on the photodetector varies and is fed as the error signal to the feedback control, which
then compares it with the setpoint value selected by the user, and re-adjusts the distance
between the probe and sample to keep the force constant. The cantilevers used for contact
mode are rather soft with spring constants typically ranging between 0.01 N/m and
5 N/m. Contact mode is normally used for SPM methods like scanning thermal
microscopy (SThM). It is also commonly employed on its own to obtain the topography of
certain samples, and also to remove dirt or resist from the surface of 2D materials and
vdW heterostructures [181]. Nevertheless, it is important to remark that this mode can
sometimes lead to scratches or damage of the samples, especially if the feedback
parameters are not optimised or if the force set point is selected to be too high. This occurs
due to high normal forces acting on the sample, but also due to the presence of high

frictional and adhesive forces.
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Figure 3.3. (a) Typical AFM set-up, with a feedback mechanism based on the laser-beam deflection method. (b) Scanning
electron microscopy (SEM) image of a silicon cantilever with an integrated probing tip manufactured by Bruker®©. (c)
SEM detail of the pyramidal tip from (b)

» Tapping mode: in this mode, the cantilever is driven to oscillate at a fixed frequency,
typically near or at its resonance frequency, while in close proximity to the surface,
causing it to continuously “tap” (i.e. intermittently contact) the sample’s surface. A lock-
in amplifier (or a phase lock loop (PLL)) connected to the photodiode and operating at
the frequency and phase used for the mechanical excitation is used to monitor changes in
cantilever’s vibrational parameters, being these the amplitude or phase, of the oscillating
probe (or frequency if using the PLL). The image contrast in this case is the extension of
the z piezo, which is varied by a feedback loop that uses the lock-in/PLL output (i.e.
amplitude, frequency shift, or phase) to raise or lower the probe in order to keep a
constant force on the surface. This mode has the advantage of still providing good
resolution with reduced lateral forces due to the intermittent contact, thus reducing the
possibility of damaging or scratching the surface, which makes it ideal for imaging soft
and fragile samples [182]. Note that through this thesis PLL is not used as part of the
tracking mechanism, hence it is only mentioned here as another possibility for operation

of the tapping mode without adding further details.

The main advantages of AFM methods are its robustness, allowing the performance of

measurements in different environmental conditions (i.e. from room conditions to ultra-high
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vacuum or low temperatures), and its versatility, as different nanoscale properties can be studied

with small adjustments to the presented set-up.

AFM is widely employed to study 2D materials and their related heterostructures. One of the most
common applications of AFM is extracting high resolution topographical information such as the
shape and the thickness of the flakes, which is of extreme importance, as 2D materials generally
present thickness dependent physical properties. Additionally, AFM is typically used to assess the
number of fabrication related defects, such as bubbles, cracks or folds (see figure 3.4) that might
be present in the sample of interest, as well as the possible contamination deposited on the
surface, which typically affects the optical and electronic properties of the materials, undermining
device performance. In the next sections we will discuss electrical and thermal AFM modes, less
common AFM modes, that nevertheless can add additional important information when studying

2D materials.
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Figure 3.4. (a) Topography map acquired in tapping mode of a heterostructure formed only by layers of hBN deposited on
top of each other. (b) Extracted profile from the red line in (a). The thickness of the different layers can be clearly assessed.
Other features like bubbles (blue), contamination or folds (green) are also distinguishable.

3.1.2 Kelvin probe force microscopy (KPFM)

Tip-sample interaction are composed of several forces that are varied in nature and range,
including short-range such as chemical or vdW forces, and long-range such as electrostatic or
magnetic forces. Kelvin probe force microscopy (KPFM), first developed by Nonnemacher et al.
[183] in 1991, is a dynamic AFM-based technique which measures the contact potential
difference (Vcpp) of a sample’s surface alongside with its topography [184]. The Vpp arises from
the work-function difference between two conductive materials in electrical contact, as shown in
figure 3.5(b). In KPFM a conductive probe and a sample are brought into electrical contact and

the V.pp that arises is nullified by applying a Vj, as illustrated in figure 3.5(c). There are different
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strategies to detect when the V;pp is nullified by the applied Vp., namely, amplitude sensitive

methods (AM-KPFM), or frequency modulated methods (FM-KPFM). In this thesis, only single-

pass FM-KPFM will be employed, however, more information about the other techniques can be

found in other sources [185-187].
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Figure 3.5. Schematics showing the origin of the V¢pp. (a) For two separated samples, their work-function would be defined
as the distance between their Fermi levels and the vacuum level. (b) When the materials are brought into electrical contact,
their Fermi levels, Er, aligned. This happens as the electrons from the material with higher work-function flow to the
material of lower work-function, leading to the formation of a contact potential difference V:pp. (¢) The V¢pp, and so the
electrostatic force between both materials, can be minimised by applying an external bias voltage, Vpc = V¢pp.

Details of the working set-up used for KPFM are shown in figure 3.6. It is based on tapping mode

imaging as per discussed in the previous section, with an electrical signal applied to the probe

with its own feedback control to null the electrostatic forces between the tip and the sample. More

details are provided in the following:

1.

On the tapping mode part, the probe is mechanically oscillated at, or close to, its resonance
frequency, f,,, which translates into a tapping motion of the tip over the sample. This is
used by a feedback loop to track the distance between probe and surface, lowering or
raising the probe to track the topography of the surface and produce a height map.

The surface potential is obtained applying an AC + DC voltage, V;,,,, to the probe. The AC

part, V¢, has a frequency f,,4, wWhich modulates the total electrostatic force field

19C
between the sample and the probe, F,; = E&Vawz'

where C is the capacitance of the

system, z is the normal to the plane formed by the sample. The modulation allows using a
lock-in technique (if it is amplitude or phase modulated), or a PLL (if it is frequency
modulated) to track the electrostatic force, and decide if to raise or low the applied DC
voltage to null that force. When the force is nullified, the obtained DC voltage, Vpc, maps

the surface potential of the sample. Note that typically, the frequency of the electrical
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excitation is chosen to be much lower than the mechanical excitation frequency, f;,,q <K

fy, to avoid any coupling between both signals.
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Figure 3.6. Schematic diagram of the KPFM set-up, with the electrostatic system represented in pink, and the force feedback
loop represented in blue.

In single-pass FM-KPFM maps of the topography and the Vpp are acquired at the same time in
tapping mode, and changes in the oscillation frequency provide information about the
interactions between the tip and the sample. The changes in oscillation frequency are dependent

on the force gradient stablished between the two, as expressed by:

(12)

1 k — aFel/aZ ( 1 aFel>
— = =)o

fo= o ™ m ~ 2k oz

where k and m”* are the spring constant and the effective mass of the cantilever, and dF,;/dz the
gradient of the electrostatic force in the normal direction with respect to the sample’s surface.
More details on the physical meaning and mathematical development of eq 3.2 can be found in
[182].

The applied AC voltage modulates the electrostatic force between the tip and the sample, F,;, and
with it, dF,/0z as well. It also interacts with the mechanical excitation of the probe, originating
several new peaks in the frequency spectrum of the probe when imaging in tapping mode, which
can be seen on a frequency spectrum of the probe while imaging (as shown in figure 3.7). Figure
3.7 shows the peak due to the AC excitation at fieq, it's second harmonic at twice the frequency,
and the pure mechanical excitation peak at fy. The additional peaks are the sidebands that appear
when the mechanical excitation and the AC excitation are mixed. Because these sidebands only
appear when there is an electrostatic force, they can be used to monitor the electrostatic

interaction. The newly created peaks at f + f;,0q are monitored by a PID feedback loop, and the
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DC voltage is then applied to compensate them. The value of the voltage at which the lobes are

annihilated corresponds to the contact potential difference, Vpp.

fo Figure 3.7. Schematic diagram of the frequency
spectrum of an example cantilever. The peak at the
mechanical resonance is placed at f, = 300 kHz
and highlighted in yellow. Side-lobes appear at the
sides of the resonance frequency as a consequence of
the electrostatic force field with peaks at fy t fimoa
and fy + 2fmoa- The frequency of the oscillating
f3-2f 0 fo+2f 4| excitation signal generating the e(ectt.‘ostaticforce is
placed at f,,,qa =5 kHz, and highlighted in blue.
fo-frmoa fotfined Figure inspired by Zerweck et al.[187]
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One of the advantages of using FM-KPFM is that as the gradient of the force is much more confined
to the tip front end than the force, resulting in higher lateral resolution than AM-KPFM. Also, it is
important to note that the contact potential difference (V.pp) between two materials is affected
by several parameters such as their respective work-functions, the presence of adsorption or
oxide layers, or the dopant concentration in semiconductor, among others. Thus, regardless of
the method employed, the measurement of the V.pp can be used to obtain information
concerning these parameters, but these have to be also considered when interpreting the data
[188-192].

Finally, one of the most important applications of KPFM is that it allows to obtain quantitative
values of the work function of the material (@, 4ce) With nanoscale resolution. For this however,

the work-function of the tip (®;;,) has to be known as expressed by:

Ao 1

Verp = ? = ; ((psurface - (ptip) (13)

where e is the elementary charge of the electron. The calibration of the probe and the obtention

of reliable values of the work-function will be discussed in detail in chapter 6.

3.1.3 Scanning thermal microscopy (SThM)

The Scanning thermal microscopy (SThM) technique, first envisioned and developed by Williams
and Wickramasinghe et al. [193] in 1986 as a thermal profilometer, is nowadays a key method to

study the thermal properties of materials with nanoscale resolution.

The operation of SThM, which is performed in contact mode, requires the addition of few

modifications to a standard AFM system, as shown in figure 3.8. For instance, the probe, which is

39



the key part of the set-up, serves in the case of the work performed in this thesis, as a resistance
thermometer as well as an AFM tip. While scanning across the sample, a closed feedback
mechanism tracks the topographical features of the sample, using a beam-deflection method to
detect the z variations, as explained in section 0. On the other hand, the SThM signal is measured
directly using a Wheatstone bridge connected to a lock-in amplifier (LIA) [194].The probe is
mounted as part of the set of resistors of a Wheatstone bridge, R,,ope, together with other two
known fixed resistors, R; and R,, and a variable resistor R5. Initially, the probe is heated by means
of the Joule effect when passing a very small electrical current, normally as a combination of AC
and DC electrical signals. Before the measurements, and having the tip still millimeters above the
sample surface, and therefore out of contact, the variable resistor is adjusted to null the voltage

across the bridge, V,,,;~0V.
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Figure 3.8. Standard SThM experimental set-up for resistive probes employed as passive resistance thermometer. In red
the thermal related circuit is shown, while the topography-feedback is shown in blue. The heat transfer between the sample
and the thermal probe is evaluated using a Wheastone bridge and a lock-in amplifier that measures the variations of the
thermal probe electrical resistance. The force between the probe and the sample is controlled by a standard force feedback
loop.

Then, when the hot tip is brought into close contact with the surface of the sample, heat transfer
occurs, decreasing the probe’s temperature, and thus leading to a reduction of the probe’s
resistance, AR, . This variation unbalances the bridge output voltage signal, Vy,., that is
continuously monitored by the LIA as shown in figure 3.8 and fed into the microscope controller

to create the thermal image map pixel by pixel.

The corresponding change of electrical power dissipated by the probe resistor, AP =

Rprobe AVous, is proportional to the heat flux towards the sample and its thermal conductivity.

However, it is also influenced by the heat loss from the cantilever with its environment. As shown
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in figure 3.9(a-b), there are several tip-sample heat transfer mechanisms, which become more or

less important depending on the measurement conditions [193, 195].

>

The obvious solid-solid conduction through the tip-sample contact, is the most
important heat transfer channel for SThM, as it can provide information of the thermal
conductivity of the sample. It is present in all conditions.

In ambient pressure, normally a water meniscus is formed around the tip-sample contact
point due to the condensation of environmental humidity, also known as capillary
condensation. This meniscus then becomes another heat transfer channel, with its size
depending on several parameters such as the type of the materials involved, the relative
humidity on the environment, and the temperature of the probe, among others. The
contribution of the water meniscus to the thermal conductance depends on the type of
probe employed, as demonstrated by Assy et al. [196, 197]. This solid-liquid contact is
considered a parasitic contribution, but its influence can be eliminated by increasing the
temperature of the probe above T > 100°C, and also by measuring in vacuum conditions.
Further details on the contributions of the water meniscus to SThM measurements can be

found in the following references [195, 198].
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Figure 3.9. (a) Microscopic tip-sample contact. Different contributions to the heat transfer are shown as arrows of different
colours: pink and orange for the near-field and far-field radiative transfer, respectively; and blue for the gas conduction.
Also, a water meniscus is shown as a light blue shadow around the tip and sample contact. In (b), a closer detail on tip-
sample contact is shown. The dotted line represents the ideal profile of the tip-apex, while the most likely rough real profile
is shown as a continuous line.

>

In dry conditions or when working with hydrophobic surfaces, air conduction becomes
a major component of the tip sample system. Three mechanisms can occur depending on
the heat-sample distance. When considering large distances, air convection transports
heat by gas flow. At distances smaller than a few micrometers, heat diffusion becomes the

dominant mechanism. Finally, when considering a few hundreds of nanometers, ballistic
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conduction occurs as the carrier mean free path of air is around 70 nm It is also
considered a spurious contribution

» Radiation losses are always present in the experiment due to the ubiquitous Planck’s
law. However, in ambient conditions, it is very difficult to assess how important is the
contribution of the heat loss coming from thermal radiation, in comparison with other
contributions, such as air convection or solid-liquid interface. Nevertheless, as the
radiated energy is proportional to the fourth power of temperature, at ambient and lower
temperatures the loss by radiation have been assumed to be negligible. When measuring
in vacuum, near-field radiation is considered to possibly have an effect on the
measurements, however, not much research has been dedicated to this, and it is a topic
still open to debate and clarification in the SThM community. More details on the impact

of radiation losses on SThM can be found elsewhere [198-200].

Therefore, in order to interpret properly and accurately the thermal signals, it is of high
importance to consider the conditions in which the experiment is performed. To eliminate the
parasitic contributions, measurements have to be done in vacuum, in which the solid-solid
conduction and radiation losses are assumed to be the only contributions [195, 201, 202]. SThM
can be a powerful tool to investigate heat transfer in nanostructures, such as thin films on
different substrate or even 2D materials [192, 203, 204]. More on the later will be discussed on

chapter 7.

3.1.3.1 Scanning thermal gate microscopy (STGM)

Scanning thermal gate microscopy (STGM) is a very recently established technique that uses the
similar set-up to SThM. However, as explained in the previous section, SThM is capable of
measuring variation of temperature in the sample by passing a small current thought the probe,
and using it as a thermal sensor. On the contrary, STGM could be seen as the other side of the coin,
in which a larger electrical current is passed through the probe, resulting in a significant Joule
heating, which is used to heat up the sample at the specific points of contact, creating local
temperature gradients. This mode is especially useful for thermoelectric studies: by using
contacts pre-patterned on a sample, and measuring in open-circuit configuration, the
thermovoltage generated by the proximity of the heated probe, allows the characterisation of
local variations of thermoelectric properties as the Seebeck coefficient [203]. This topic will be

discussed in more detail in chapter 7.
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3.2 Optical techniques

The optical methods covered in this section are widely employed in the 2D materials community
to locate areas of interest present in the sample, as for example the presence of flakes after
exfoliation, or specific features in CVD or epitaxial samples. These methods can be also employed
to identify the number of layers of a material, and the presence of any possible contamination or

defects, such as cracks, bubbles or wrinkles.

3.2.1 Bright field microscopy

Bright field microscopy is used for sample characterisation in general. However, it is heavily
employed for flake search and thickness determination in mechanically exfoliated samples [95,
205, 206].

Bright field microscopy can be used either in reflection (also known as epi-illumination) or
transmission mode. As thin layers of 2D materials generally show high transparency, choosing
one mode or the other commonly depends on the optical properties of the sample’s substrate.
Typically, samples deposited on non-transparent substrates (e.g. silicon) are investigated in
reflection mode as shown in the left panel in figure 3.10, while transmission mode is used for
samples deposited on transparent substrates (e.g. polymer). In both cases, a built-in light source
is used for imaging. The light is directed via a system of lenses towards the surface of the sample,
where it can be absorbed, scattered or reflected, producing a variation on the light intensity. The
reflected image contains information of the different optical (e.g. refractive index) and
geometrical (e.g. thickness) properties of the sample at distinct points. The outgoing light, either
reflected or transmitted, is collected by a sensor, typically a CCD or CMOS, and an image is
reconstructed pixel-by-pixel based on the intensity variation in the different RGB channels.
Further adaptations such as the incorporation of light filters or manipulation of the final image
with specific software in real time, are easily included in the set-up, making this technique even
more versatile. Although subjected to the diffraction limit, optical microscopy is still the first tool
used in sample assessment after fabrication. This is mainly due to its capability of providing real-
time imaging over large samples areas with a very simple set-up and with no prior sample
preparation. Optical microscopy is often employed together with AFM as complementary

methods, in order to obtain accurate information of the samples under study.

3.2.2 Dark field microscopy

Dark field (DF) microscopy is commonly applied to identify grain boundaries, defects and

contamination in 2D materials samples, either exfoliated, CVD or epitaxially grown [207, 208].
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For the implementation of DF microscopy, rather than illuminating the sample vertically with a
filled cone of light as for bright field microscopy, a patch stop is placed into the filter holder of the
condenser lens. This way, a hollow cone of light arrives to the sample forming extremely oblique
angles with respect to it. As a result, only the light scattered from the sample is collected back at
the sensor. A schematic set-up of DF microscopy is shown in the right panel in figure 3.10.This is
advantageous in order to image defective areas as rougher elements such as edges, point defects,
dust particles or grain boundaries, ubiquitous in 2D materials, which tend to scatter more light.
In DF images, these elements typically shine bright over a dark background, while they could

remain undetectable in bright field illumination.
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Figure 3.10. Set-up schematics of an optical system for brightfield (left) and darkfield (right) microscopy in reflection mode.
On top of each schematic, a diagram showing an example flake imaged with each mode highlights the differences between
the two.

The popularity of DF illumination for defect identification in 2D materials is mainly a consequence
of its effectiveness, together with other advantages, such as the requirement of a very simple set-

up, the production of images free of artefacts, and the possibility of real time operation.

3.2.3 Raman spectroscopy

Raman spectroscopy is a well stablished technique employed to non-destructively extract

fundamental information about the 2D materials under study. This method permits the
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differentiation of the number of layers and it is sensitive to defects, excess of charges (doping),
strain, chemical composition, and even, to the atomic arrangement of the edges [209-212]. In this
section, the fundamentals of Raman spectroscopy applied to graphene are briefly reviewed. For

more information the book from A. Jorio et al. [213] is recommended.

In a Raman process, the sample is illuminated with a laser beam. The incident photons, with
energy, E; = Ej; 50 and momentum k; = k;,.. reach the sample and interact with the vibrational
modes (phonons and other excitations) via inelastic scattering. This interaction results in the
generation (Stokes scattering) or annihilation (Anti-Stokes scattering) of a phonon, and in the

emission of a photon of different energy, E;, and momentum, k. The majority of the photons

interacting with the sample Excited
ndergo clasic scatering, 1. 4 T ke
Rayleigh scattering, however this stale
signal is filtered out from the S

collected light. Figure 3.11 displays :Cj

schematically  the  scattering

processes described above. The

remaining scattered photons are Y Y Ground
dispersed using a grating that ' Rayleight Stokes Anti-Stokes  state

scattering scattering scattering
divides the light in its different

Figure 3.11. Scattering process present in Raman interaction.
components, and directs it to a

photodetector. The energy shift of the scattered photons with respect to the incident photons is
then measured and displayed as a characteristic spectrum of the material. Normally, these spectra
are shown as graphs of intensity of counts or photons collected, versus the wavenumber (i.e.

1

inverse of the wavelength) in cm™". The spectral resolution, i.e. how many features can be

resolved, depend on the groove density of the grating, the laser wavelength and the detector.

Typical Raman spectra for different types of graphene are shown in figure 3.12. The position of
the peaks that appear in the Raman spectrum, i.e. the energy shift measured, are independent of
the laser wavelength. In the case of solids, which is what concerns the work presented here, the
peaks are related to the in-plane and out-of-plane vibrations of the crystalline lattice, i.e. the
phonon modes, thus they contain fundamental information of the composition, structure and
behaviour of the sample. It is important to highlight that not all the vibrational modes present in
a sample are always shown in the Raman spectra, some of them are not Raman active due to
symmetry considerations. Further details on this are out of the scope of this thesis, but more

information can be found elsewhere [214, 215]
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In the case of pristine monolayer exfoliated graphene, the Raman spectrum contains prominent
features like the G-mode and 2D-mode, as shown in the top panel of figure 3.12(a). These peaks
are commonly characterised by their position, full width at half maximum (FWHM), and their
relative peak intensity (I) with respect to other features. Analysing these features, important
information regarding the graphene samples such as the number of layers, strain, doping, or the

presence of defects can be extracted.
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Figure 3.12. (a)Raman spectra of pristine(top) and defective(bottom) exfoliated graphene displaying the main features,
i.e. the G(green), the D(blue) and the 2D(red) modes. Adapted with permission of [216] (b) Representative Raman spectra
of epitaxial graphene grown on SiC(0001), On top, three different spectra are compared: the original spectrum for the SiC
substrate in black, the monolayer graphene (1LG) in blue, and the bilayer (2LG) spectrum in red. On the bottom panel, the
spectra after subtraction of the SiC signal for 1LG in blue and for 2LG in red are represented. Figure represented with
permission of [217].

The most important Raman modes present and studied in graphene are discussed below:

- G-mode: The G-mode is a first order Raman peak located at ~1585 cm™1. This feature is
common to all sp? hybridised carbon systems, produced by the stretching of the C-C bond.
The intensity of this peak in the Raman spectrum is proportional to the number of layers.
Furthermore, the position of the G peak is related to the doping level of the sample, blue
shifting with increasing electron or hole concentration [136]. This last point will be
further discussed in chapter 5.

- D-mode: The D-band is a second order mode located at ~1350 cm™1

, as shown in figure
3.12(a), bottom panel. It requires a defect for its activation, thus it commonly appears
when measuring at the edge of graphene or in disordered graphene samples, i.e. graphene
presenting some impurities, grain boundaries or vacancies. The intensity ratio between
the D peak with respect to the G peak, I(D)/I(G), is typically used as a reference to
measure the defects in the lattice. Perfect crystalline lattices do not show this feature,
although still preserve the 2D peak [218].

- 2D-mode: The 2D-mode is another second order mode at ~2700 cm™%, corresponding to

the overtone of the D peak (~1360 cm™1). This is a single peak in monolayer graphene,
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while it splits into four components in bilayer graphene. This mode does not need the
presence of a defect for its activation, and thus it is always present. The FWHM and the
position of the 2D peak are good indicators of the number of layers of the sample. As seen
in figure 3.12, the 2D peak is distinctively large with respect to the G peak for monolayer
graphene, and thus, the intensity ratio between the 2D and the G peaks, [(2D)/I1(G), is

commonly employed as a reference to identify graphene monolayers [219-221].

When graphene is grown on different substrates, as for example epitaxial graphene on SiC, the
peaks described above still appear on the Raman spectrum, and can be analysed to extract
information of the layers. However, it is important to note that the position of the peaks or the
line-shape of the spectra might vary due to doping. Also, they graphene common modes might be
masked by the spectrum of the substrate, as shown in figure 3.12(b) for epitaxial graphene [222,
223]. In conclusion, besides giving a high amount of structural and electronic information, Raman
spectroscopy presents several advantages, including its minimal sample preparation, fast data
acquisition time, non-destructiveness and high reproducibility. For these reasons, Raman is one

of the most exploited techniques for 2D materials characterisation

3.3 Electrical transport measurements: 2 point probe method

Electrical measurement techniques, specifically two-point probe (2PP) methods, will be briefly
described here as they will be used in posterior chapters of the thesis. Two-point probe (2PP) is
a method typically employed to determine the total resistance of a certain device under test
(DUT). For its application, a set of two probes or electrical contacts are positioned at both ends of
the DUT, while a controlled current is driven through the circuit. The voltage drop is then
measured at the probes or at some point along the circuit, as depicted in figure 3.13. Then, the

resistance of the DUT can be normally calculated following Ohms law:

V.
RT :%: 2RW+2RC +RDUT (14)

where V5, and [ are the voltage drop and current applied across the terminals; R, is the contact
resistance between the sample and the electrical probes, and Ry, is the resistance of the wires.
Normally, the resistance of the wires is so small in comparison with the rest of the values that it
is not considered. However, it is not possible to determine the value of R, and thus the resistance

of the DUT cannot be obtained from measuring Ry alone.
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Figure 3.13. Schematics of the two-point probe(2PP) measurement configuration applied to a graphene device fabricated
on top of 300 nm Si0,/Si

Despite this limitation, one of the main advantages of this method is that its implementation is
very simple and straightforward, and thus it is used in many situations. For example, like in the
device depicted in figure 3.13, where some connections are reserved to be used for back-gating.
To obtain the values of the contact resistance, R, together with the DUT resistance, Rpy7, other
methods such as three-point probe (3PP) or preferably, four-point probe (4PP) are applied when
possible. However, as they require more than two electrical connections to the device, and
typically the devices studied through this thesis don’t allow having so many connections on to

them, they will not be described in detail here.

3.4 Conclusions

This chapter presented a description of the main experimental techniques that will be employed
in the following sections of this thesis. The first part was dedicated to scanning probe microscopy
methods. The section covered the essentials of AFM, plus two different advanced modes, KPFM
and SThM, which are employed to obtain information of the electrostatic and thermal nanoscale
interactions, respectively. Then, a section was devoted to optical techniques, from bright and
dark field microscopy, widely employed during this project for fabrication of 2D materials, to
Raman spectroscopy, which will be used for characterisation of the interactions between
water and graphene later in Chapter 5, and also for the determination of the number of layers.
Finally, the last section was dedicated to transport measurements, specifically 2-point probe

methods, which were mainly employed to characterise graphene devices.
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EXPERIMENTAL METHODS

CHAPTER 4

Fabrication of 2D

heterostructures and devices

This chapter presents the main experimental

methods 1 employed and developed for 2D

A\ - o -
L\ \ material’s fabrication in this thesis. First, layered
L
™ N\ S\

‘ materials and van der Waals (vdW)

W —
; heterostructures are shortly  overviewed,
together with the concept of air-sensitivity. To
o a
: follow, the substrate selection and treatment,

and the different exfoliation techniques are

W

Figure 4.1. Example device formed by several layers of
2D materials, i.e. hBN, graphene and InSe. The device explained in extensive detail. Next, a description of

was fabricated using the methods described in this
chapter. More details are provided later in Section 4.8. how crystals with different thicknesses can be
identified using optical contrast, and how this can be
further enhanced using a selection of different tools (e.g. band-pass filters), is presented. Image
processing algorithms applied to 2D material’s detection will be also shortly discussed. Following
this, the exciting prospect of stacking various 2D crystals to form van der Waals heterostructures
will be explored. Then, a critical analysis comparing the two main stacking techniques used to

fabricate heterostructure devices in this work will be performed. Finally, an overview of device

fabrication is outlined, and a particular case study is shown.

Acknowledgments: All the processes presented in this chapter including flake exfoliation and
heterostructure production, among others, have been performed by myself unless stated otherwise.
However, I would like to acknowledge all the people that helped me along the way. Initial training

on exfoliation was provided by Professor Oleg Kolosov and Dr Yameng Cao at Lancaster University.
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Further training on heterostructure fabrication using the PPC/PDM dry stacking method was
performed at the Technical University of Denmark (DTU). All the work involving the PMMA carrying
layer method was performed at the National Graphene Institute (NGI), with the initial training on
the technique provided by Dr Daniel |. Terry and Dr Matthew Hamer.

As a special mention, the project described in section 4.5.1 of this chapter, ‘Edge detection algorithms
for flake identification’, started as part of a South-East Physics network (SEPnet) placement. This is
a program in which a student in an organisation belonging to SEPnet works at NPL for three months
during summer|[224]. A first version of a code for image processing of 2D materials was developed
by Catarina Areias(student) in python 2 under my guidance and supervision. Further updates to the
code to python 3, the development of a new GUI and the addition of new features were done by me

later on.

4.1 Introduction

Mechanical exfoliation is a technique that allows achieving mono- and multilayer flakes of high
quality just by peeling off layers from a bulk crystal and depositing them on a new substrate.
However, this method does not allow to deterministically create more complex structures such
as stacks of different types of flakes. To produce such heterostructures in a controlled and reliable
manner, it is necessary to use a completely new type of fabrication process known as ‘2D
materials transfer’. In 2010, C. Dean et al. [31] presented the first demonstration of a vdW
heterostructure formed by a monolayer of graphene transferred onto hexagonal boron nitride.
This relatively simple device was a ground-breaking step forward, first corroborating the
possibility to stack different materials together in a controlled manner, and second, highlighting
the improved electronic quality of graphene deposited on hBN, which shown a 3-fold increase in
electronic mobility with respect to graphene sitting on silicon oxide. Since then, the study of vdW
heterostructures has rapidly expanded, allowing scientist to create complex structures and to
explore intricate new physical phenomena. As briefly discussed in chapter 1, section 2.2, different
methods for 2D materials and vdW heterostructures fabrication have been already explored, as
for example the roll-to roll assembly of CVD grown materials for large scale applications.
Nevertheless, in this work, the attention will be focused on deterministic methods based on
polymeric stamps, which require the use of previously exfoliated flakes to build the stacks. These
methods, typically generating ~um? area heterostructures, have demonstrated to be highly
versatile, allowing to work with almost all known 2D materials, and providing an unprecedent
level of control and accuracy in the manipulation of the individual layers. Clear examples of this
are the intricate light emitting diode (LED) heterostructure produced by Withers et al. [225], with

more than 10 stacked layers, or the elegant Moiré superlattices by Ribeiro-Palau et al. [226] in
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which the twisting angle can be precisely aligned by rotating the top-most layer of hBN on top of

the graphene channel.

Another important quality of these deterministic methods is their adaptability, low-cost and facile
implementation. As for the basic equipment required, a microscope with long-working distance
objectives, some micromanipulators, a polymeric matrix and the 2D materials of interest are
sufficient. However, it is important to highlight that the transfer methods are not techniques
carved in stone. The type of polymers employed, as well as the different methodologies used to
transfer the flakes vary from place to place., presenting variations between research centres, and
even between researchers working within the same laboratories [227-229]. In this thesis, two
different dry transfer methods based on polypropylene carbonate (PPC) and polymethyl
methacrylate (PMMA) were used, and will be described in detail later in sections 4.6.2 and 4.6.3,

respectively.

4.2 Air effects on 2D materials: working in controlled environments

When considering the fabrication of 2D materials and their related heterostructures, it is
important to keep in mind the two most important factors that can affect their performance (e.g.
electrical or optical behaviour) negatively: (1) the presence of interlayer adsorbates, and (2) the

environmental instability of certain 2D materials.
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Figure 4.2. Schematic example showing the building process a random heterostructure formed by bottom hBN, with InSe
and graphene sitting on top. As indicated by the blue arrows, a final layer of hBN will be deposited as the cover of the
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structure, in order to produce a typical encapsulated device. Importantly, the aggregation of interlayer contaminants is
depicted as dark blue conglomerates between graphene and InSe. It is important to highlight how the graphene surface
conforms to the shape of this contamination as well as to the shape of the other layers of the structure (i.e. the InSe flake,
for instance). On the top part of the figure, above the hBN cover layer, environmental species present in the air are also
depicted, showing the variety of molecules that could interact with 2D materials. In the inset, an AFM image of a flake
shows the formed bubbles and ripples with white contrast. This kind of features are common to all 2D materials, appearing
as a result of the transfer process. A colour-coded legend has been placed at the bottom of the figure to provide visual guide
of the type of materials used. Inset figure adapted with permission from [230]

First, interlayer contaminants appear as a result of the exfoliation process and the manipulation
of flakes with polymeric stamps used to create the heterostructures. These residues, typically
formed of hydrocarbon agglomerations, appear in the form of blisters, bubbles or ripples in
between the vdW layers [231-233]. Such contaminants are one of the biggest limiting factors of
the sample quality as they contribute to form an inhomogeneous surface potential, increasing the
impurity scattering, and thus directly affecting the charge carrier mobility [234]. Although the
PPC/PDMS and PMMA methods used in this work have demonstrated to be cleaner than others,
finding interlayer contaminants is practically unavoidable [227]. Removal of the residual bubbles
by contact AFM is a possible strategy, although it poses the risk of damaging the layers. This
process is performed by slowly raster scanning the sample with the tip normal to the surface, and
by increasing the applied force gradually. This way the contaminants are pushed out and
accumulated at the sides of the scan. The force applied and the speed of the process highly depend

on the material and probe employed. A practical example is shown later in Chapter 6[235].

Second, as a consequence of the very nature of 2D materials, composed only by superficial atoms,
they are typically extremely sensitive to their environment. As shown in figure 4.2, our
atmosphere is formed by several different molecules, such as oxygen (0,), nitrogen (N,), water
vapour (H,0), nitrogen dioxide (NO,), carbon dioxide (CO,) or carbon monoxide (CO), among
others. These molecules tend to interact with 2D materials, doping them and modifying their
electronic properties [236, 237]. Some of these changes will be discussed for graphene in more
detail in chapter 5. However, the effect and amount of this modification varies depending on the
material considered. Some cases are quite fast and dramatic, as for example, for black
phosphorous (BP) [238-240], in which the changes are visible even with an optical microscope
in just a matter of minutes after its exposure to air. Although, this is not the case for all 2D
materials, in order to reduce the possible effects of atmospheric molecules to its bare minimum,
all the steps of the fabrication, from exfoliation to deterministic transfer, are typically performed
in cleanroom environments, where the air has been filtered, and the temperature and humidity
levels are monitored, providing a clean, consistent and controlled working environment.
Nevertheless, in order to implement functional devices that could be tested outside the cleanroom,
an strategy that has been proved to work is to fully encapsulate thin layers with hBN, isolating
this way the materials from their environment [241-243]. In this thesis, all the manipulation of

2D materials has been undertaken in cleanroom environments. In the case of InSe, which is highly
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air-sensitive, exfoliation and transfer were performed in an argon filled glovebox (further

discussed in section 4.6.3.4).

4.3 Substrate preparation

The selection of a proper substrate for 2D material’s deposition is critical. As a consequence of
the high surface to volume ratio presented by these materials, the interactions between the layers
and the underlying substrates heavily affect their physical and chemical properties [244, 245]. In
the following, the most common substrates for mechanical exfoliation used in this thesis are

reviewed.

4.3.1 Silicon oxide substrate

Although several materials have been investigated so far to be used as a substrate, thermally
grown silicon oxide on silicon wafers, typically 300 nm or 90nm SiO, /Si, have become a standard
substrate of choice for 2D materials deposition due to its advantageous properties: it can provide
enhanced optical contrast for the thin layers (further discussed in section 4.5), it is pretty inert

chemically, and it can serve as a good dielectric layer for back-gating devices [246].

Normally, prior to the 2D materials’ deposition, a set of pre-treatment steps are applied to the
substrates. First of all, as described in the left panel of figure 4.3, Si0,/Si wafers are cut using a
diamond scriber into smaller chips which are easier to work with. Normally, the wafers used in

this thesis have either 3 or 4 inches in diameter.

Then, the substrates are cleaned. This step aims to avoid any kind of dust or contamination
produced from the shipping, storage or cutting, to accumulate on the surface and therefore, affect
the properties of the materials further deposited. Additionally, it increases the yield and size of
the flakes, and minimises the amounts of trapped water and hydrocarbon species present
between the flakes and the substrate [247]. The cleaning procedure employed in this thesis is
based on the combination of ultrasonic cleaning with liquid rinse. The former is used to scrub the
contaminants, while the latter is employed essentially to rinse away the residue and loosened

particulate matter [248]. The process is performed as listed below:

Ultrasonic bath in acetone [249] at room temperature for 5-10 minutes.
Rinse with isopropyl alcohol (IPA) [250].
Ultrasonic bath in IPA at room temperature for 5-10 minutes.

Rinse with deionised water (DI water)

AR o

Dry with N, gas.
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It is important to note that the transition between step 1 to step 2 should be done as fast as
possible, avoiding the acetone to dry as that leads to the formation of chemical residues on top of
the surface that are very difficult to remove.

If the surface contamination is bounded too strongly, the first step of the method is substituted

by a bath of acetone at higher temperature (~55 °C) for 10 minutes, as rising the temperature of

the solvents increases the effectiveness of the cleaning. These are standard procedures commonly

applied in the semiconductor industry.
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Figure 4.3. Schematic flowchart describing the substrate preparation and the mechanical exfoliation as independent
processes only interlinked at the very end. This connection between the two is shown by the dashed blue line joining the
prepared substrate with the deposition of the materials. For the substrate preparation process (left side), the steps
concerning silicon dioxide and polymers are described in red and grey, respectively. The parts in green at the bottom are
common for both types of substrates. However, the plasma treatment square is highlighted by a dashed orange border as
it can be skipped in certain cases. For the mechanical exfoliation process (right-side), the steps are described by yellow
squares while the different options per step are shown inside the diamond shaped blocks.

Following this solvent cleaning process, a plasma pre-treatment is applied to the chips with a
Diener Electronics-FEMTO plasma asher model E [251], using a O, plasma at ~100W for 5
minutes. This plasma treatment helps cleaning any extra contaminant that could remain on the
substrate surface after applying the solvents, also increasing the adhesion between the materials
and the substrae. The generated high-energy UV radiation splits any macromolecule (i.e.
hydrocarbons) that could remain on the surface, and the oxygen radicals join the free chain ends
of the polymers to form H,0 and CO, residues that are evacuated from the chamber. After the
plasma treatment, the substrates are extracted from the chamber, and the previously prepared
tapes are brought in contact with the exfoliated material facing the plasma treated surface. As the

air normally carries tiny dust particles and other contaminants, it is advisable to bring the tape in
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contact with the substrate as soon as possible, to avoid the re-deposition of contamination on the

surface [252].

4.3.2 Polymer substrate

For certain applications, exfoliation can be also performed on polymeric substrates, especially if
the final goal is to transfer the flakes to build heterostructures. The production of these substrates
usually involves spin coating and baking the polymer on a matrix, typically silicon chips. As an
advantage, exfoliation on polymer usually leads to a higher yield of thin flakes with respect to the
exfoliation on silicon oxide. However, these flakes usually tend to be more contaminated. In this
work, polymethyl methacrylate (PMMA) has been used as a substrate. This procedure will be

further discussed in section 4.6.3.1.

4.4 Mechanical exfoliation

As described in chapter 2, section 2.2, mechanical exfoliation is one of the most widespread
techniques for the production of 2D materials. In this work, graphene and other thin layered 2D
materials (e.g. hBN, InSe, ...) were produced by micromechanical cleavage. However, although the
main principle is the same, the exfoliation procedures vary slightly depending on the material and
substrates considered, hence it is impossible to convey in a single description all the possible
variations. The process used in this thesis, and summarized in figure 4.3, has been optimized for
graphene and hBN, but covers most of the basic steps, and can be easily adapted to other materials.
As it is stated in the figure, the full completion of the process can be divided in two differentiated
parts: the substrate preparation, already discussed in the previous section, and the mechanical

exfoliation of the flakes.

MATERIAL SUBSTRATE TAPE

e EPL-BT-150E-KL#
hBN 90 or 300nm Si0,/Si i ¢ ELP-BT-130E-SL
e Ultron 1007R-6.0°

e ELP-BT-130E-SL
Graphene 300nm Si0,/Si
e ‘Scotch tape’

Graphene PMMA ELP-BT-50E-FR

4 Tapes with reference starting as EPL are purchased from Nitto Denko
5 Ultron tapes are purchased from Ultron systems.
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InSe PMMA EPL-BT-150E-KL

Feln,Se, 300 Si0,/Si ELP-BT-150P-LC

Table 4-1. Tapes used for exfoliation for different 2D materials and substrates

Below, the typical steps performed for exfoliation in this work are listed and described:

1. First, the material to be exfoliated is chosen.

2. Then, a suitable tape is selected considering mainly two factors: the relative adhesion
strength and the amount of residue left on the surface. For this thesis, scotch tape and
different types of ‘blue tape’ (as colloquially known) have been used as summarised in
table 4-1. Specifically, ‘blue tapes’ adhesive films are common in Si industry for wafer
dicing, and consist of a base polyvinyl chloride (PVC) film covered by a micron thick
acrylic adhesive layer on top.

3. Once the desired tape is
selected, two pieces of ~2x2
cm? are cut. Their backing tape

is peeled off to expose the

Graphite

adhesive surface.
4. Abulk crystal (seeﬁgure 4,4) is  Figure 4.4. Bulk crystals of graphite, hBN and InSe. Grain boundaries
in graphite and InSe can be observed. Scale bar: 1 cm
then positioned on top of the
adhesive surface and pressed between the two pieces of tape.

5. After this, both tapes are peeled off from each other, cleaving the crystal approximately in
half. To obtain thin crystals, this procedure is continuously repeated until the material has
spread homogeneously on the tape, with the flakes being smaller and less shiny than the
original bulk crystal. Depending on the material, two different procedures have been
applied during this thesis to exfoliate the crystal, which will be referred from now on as
superposition method and steps method.
= Superposition method: The crystal is continuously exfoliated over areas in which

the material has already been deposited, creating a concentrated area of flakes on the

tape. This process is suitable for materials that do not tend to aggregate and overlap,

such as hBN or graphene.
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Figure 4.5. Superposition exfoliation process, with hBN shown as an example. (a) Cut two squares of tape and
peel off the backing side to expose the sticky surface of the tape. (b) Deposit a crystal on one of the tapes, bring
both of them together and press them. (c) Peel the tapes off and bring them back together. Repeat this process
until the surface of the tape is fully covered of material as shown in (d).

= Steps method: Each new exfoliation of the crystal is performed in a clean area of the
tape, leaving localised patches with material around the surface. This avoids the
excessive superposition of flakes and concentration of debris or small flakes on the
substrate. This procedure is recommended specially for soft materials, such as InSe

or its compounds, which tend to aggregate easily.

Figure 4.6. Step by step exfoliation process, with graphene shown as an example. (a) A bulk crystal is deposited on top of
the sticky side of the adhesive tape. (b) Then, the tape is folded on top of the crystal and pressed down. (c) When peeling
the tape off; few layers of crystal have attached to it, leaving a mark on the surface. At this point, the crystal is removed.
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(d) The marked part of the tape is folded onto itself several times always on top of clean areas. (e) This leaves marks of
thin 2D materials on different locations. (f) The substrate of choice is placed on top of the desired area and pressed down
to enhance the transfer of material to its surface.

6. After exfoliation, the tape with the material is brought into contact with the substrate of
interest, either a pre-treated silicon oxide chip or a polymeric substrate on silicon.
Preparation of the substrate is described in section 4.3.

7. The transfer of materials from the tape to the substrate is enhanced by applying a vertical
pressure downwards, just by pressing with the thumb or the palm of the hand, for
approximately 1 minute. Lateral displacement of the tape during deposition does not lead
to significant improvement in the number of deposited thin flakes. Increasing the vertical
pressure leads to an increase in the total flake density but can damage the surface oxide
layer and leave unwanted dust.

8. The tape is then left in contact with the substrate for several minutes (or even hours) to
allow the materials to relax, increasing even further the adhesion with the substrate.
Depending on the 2D material, tape and substrate considered, it is also possible to anneal
the sample before removing the tape, as an additional strategy to increase the transfer
yield of thin flakes on the surface of the substrate.

9. Finally, the tape is peeled off by pulling it very slowly, while forming an angle of ~10 —
20° with respect to the plane formed by the substrate.

This process usually leaves a random collection of flakes of different thicknesses and sizes, held
to the surface by weak van der Waals forces. The thickness may vary from angstroms to few
microns’ thick crystals. The area of the deposited material is often on the order of few pm?,
reaching exceptionally, sizes of mm?. The recipe for exfoliation can be tailored depending on the
material, substrate and tapes considered, in order to increase the yield of thin materials deposited
on the surface. However, it is worth noting that as a consequence of the random nature of
mechanical exfoliation, the results are different for each attempt, and therefore, although samples

can fit into certain statistics, they are not repeatable.

4.5 Optical identification

Optical microscopy in reflection mode is the most convenient way to find atomically thin flakes
on a substrate. Other imaging techniques such as AFM or Raman spectroscopy, although being
accurate at distinguishing thin layers from thicker ones, present a very low throughput and
therefore they are rather unpractical and time-consuming for the task. In optical microscopy,

crystals of different thickness can be distinctively identified based on contrast, by comparing the
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light intensity reflected from the 2D layer, R,p, with the intensity from the background substrate,

Rgyp- This relationship is typically described with the equation:

— (RSub - RZD)
RSub

c (15)

The value of the contrast depends on several parameters, such as the substrate configuration (i.e.
if it is a single or a multi-layered material), the refractive indices of the different materials, the
wavelength of the incoming light, and the thickness of the conforming layers. The

interdependence of these
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700 parameters and the resulting

contrast have been investigated
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previously by different researchers using multiple interference theory based on Fresnel law. This
formalism provides information on the intensity of the reflected light of a layered system (i.e. a
2D material layer deposited on top of SiO,/Si wafers). A visual example of the interdependence
between the flake contrast, the light colour and the SiO, layer thickness is shown in figure 4.7.
Here, the optical contrast of graphene is represented by a colour scale, with blue being the
maximum value, and yellow the minimum (i.e. invisible against the substrate). Based on this
figure, the fact that 90 nm and 300 nm Si0, /Si substrates have been so widely used can be better
understood as these two thicknesses present maximum contrast for green light, which is also the
peak of maximum sensitivity of the human vision. This reduces the tiredness of the eye during
the time-consuming searching process [253]. The dependence of the contrast on the wavelength
comes from the applied Fresnel formalism, which considers the refractive index of graphene to
be a complex value, while the refractive indices of Si0O, and Si are considered as wavelength
dependent. More details on the mathematical formalism can be found in the following references:
[253-255]. Just as a side note, due to the effectiveness of the Fresnel formalism in providing
information about the contrast of the flakes in certain substrates, it has been widely applied to
different materials besides graphene [95, 256, 257]. However, even in optimal conditions, the
identification of certain thin flakes is still extremely difficult due to their low contrast. As an
example, the wide bandgap insulator hBN, that is typically employed as dielectric substrate or as
cover layer, shows ~1% contrast under white light when deposited on 300 nm SiO, substrates,

making it undetectable under visual inspection [95]. As a reference, figure 4.8 shows hBN
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exfoliated on a multi-layered structure formed by PMMA/PVA/Si for different optical

magnifications. The flake of interest, surrounded by a black circle in figure 4.8(d), with a thickness

of ~ 10 layers presents a very dim contrast, and it is barely visible for low magnifications. It can

be safely assumed that thinner flakes will present even dimmer contrast and will require higher

magnification objectives for their search, which results in increasing the time of exploration of a

single substrate.

Figure 4.8. Exfoliated hBN on PMMA for different magnification objectives: (a) x5, (b) x20, (c) x50 and (d) x100.

In order to tackle these issues (i.e. the low contrast and the long exploration times), several

strategies have been investigated to produce fast and in-situ solutions to increase the contrast:

Narrow bandpass filters are typically incorporated right in front of the light source
of the microscope. These optical elements absorb most of the incoming white light,
allowing the transmission of only a small spectral region (~10 — 20 nm) around a
central wavelength specified by the manufacturer. Optical filter wheels or rails are
commonly incorporated in dedicated microscopes for 2D material’s inspection,
providing access to different wavelengths. In this thesis, green bandpass filters
(~550 nm) and blue bandpass filter (~470 nm) were used for graphene and hBN
identification, respectively.

RGB channels: This technique relies on the modification of the RGB values of specific
pixels or areas within the image of a flake to enhance its contrast. Usually, digital
images are composed of matrices of pixels containing spatial and intensity
information. For colour images, the total intensity channel is divided in 3 components:

red, blue and green. This technique can be done in-situ with a specialised software
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while inspecting the substrate, using the Look-Up-Table (LUT), which employs a
transfer function to map the RGB components. Also, it can be done after the image
acquisition, although this last option is rather unpractical and rarely applied for fast
identification.

» Darkfield (DF) imaging: As explained in chapter 3, section 3.2.2, in dark field imaging
only the light diffracted by the sample is collected to form an image. In the case of 2D
materials, this technique is mainly employed to examine the contamination or cracks
present on the surface of the sample, as any kind of defect emits light with respect to
the main body of the crystal. During this thesis, DF imaging has been widely used with
the purpose of assess the quality and cleaning level of exfoliated flakes as shown in

figure 4.9, especially when these were going to be dedicated for heterostructure

fabrication.

Figure 4.9. (a) Bright field image of hBN exfoliated on PMMA. (b) Dark field of the same hBN flake. In this mode, the folds
and contamination appear bright

Polarised light: In particular, InSe reflectance presents a response to out-of-plane
polarised light that depends on the number of layers. This effect has to do with the the
bandgap transition of few-layer InSe being inactive or extremely weak for in-plane
polarized light. Further details are out of the scope of this thesis, but more information
can be found in [258]. This method is not widely employed[259, 260], but in this thesis it
has been used as shown in figure 4.10.for the identification of thin flakes of InSe, and other

compound materials based on InSe.
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Figure 4.10. Optical images acquired with a x10 objective. (a) Bright field image of InSe with 10% Fe intercalated. (b)
Optical image acquired under white light and using a U-AN360-3 Olympus rotatable analyser.

Following the initial optical identification, the number of layers of the flakes of interest can be
confirmed by complementary techniques such as AFM, Raman spectroscopy or

photoluminescence.

45.1 Edge detection algorithms for flake identification

As mentioned in the previous section, the process of 2D crystal ‘hunting’ under an optical
microscope can be extremely time-consuming and challenging, especially if a flake with certain
thickness or size characteristics is needed for an experiment. For these reasons, there has been a
growing interest in achieving full automatization of the optical searching process. Part of the
research has been dedicated to enhance the contrast of the 2D materials taking advantage of the
digital imaging, specially focusing on the separation of the RGB contributions and the analysis of
the intensity profiles [257, 260, 261]. On the other hand, other efforts were dedicated to the
development of neural network systems, trained with thousands of images of exfoliated flakes, in

order to implement a truly automated searching system [262, 263].

Inspired by some of these publications, a program was developed during this thesis for improved
flake identification, based on the application of different edge detection algorithms to achieve
better contrast of thin flakes of 2D materials. The program consists in a user graphical interface
(GUI) that allows the user to upload an image, apply and tune different edge detection algorithms,
and then save the resulting image. The rest of this section is a brief description of the edge
detection algorithms, details of the Python code and its implementation in Visual Basic can be

found in Appendix 1.

Edge detection algorithms are standard image processing tools, that have proven useful in
different fields such as satellite [264, 265] or medical imaging [266], materials industry [267,
268] or object recognition [269]. Essentially, these algorithms detect the presence of boundaries

or edges by comparing the values of the intensity of the different pixels composing an image, and
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labelling any drastic change in the brightness as an edge. In order to do this, edge detection
methods raster the image applying a specific mathematical transformation to each pixel. The
mathematical transformation is normally a matrix, known as kernel, that is characteristic of the

method employed.

In the case of this thesis, three algorithms (i.e. Sobel, Scharr and Laplacian) were used in the GUI,

as shown in figure 4.11, where they appear together with the optical image of an example flake.

- Sobel operator: This operator rasters a double kernel, one for each direction: x (Sobel,,)
andy (Sobel, ), as the ones shown below, along the image. As an effect, one of the kernels
highlights the horizontal edges or gradients, while the other highlights the vertical.
Combining both contributions using a certain weight function, w, produces a two-
dimensional map of the intensity gradient at each point, as the one presented in figure
4.11(b). This operation can be considered to be equivalent to the calculation of the partial

first derivatives with respect to x and y.

-1 0 +1 +1 +2 +1
Sobel, = (—2 0 +2); Sobel,, = ( 0 0 0 )
-1 0 +1 -1 -2 -1
- Laplacian filter: this filter works by taking the second derivative of the image applying
only one kernel, as shown below. In contrast with Sobel and Scharr, which have two
kernels each this reduces the computing time significantly. When applying the Laplacian
filter the edges are identified as areas of zero-crossing points. It provides very consistent

results; however, it is much more noise sensitive than the other two methods.

0 -1 0
Laplacian=|-1 4 -1

0 -1 0
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Optical image Sobel (D=100)

W

Laplacian filter (G=43)

Figure 4.11. (a)Optical image of graphene monolayer flakes exfoliated on top of a PMMA/PVA/Si substrate. The image has
been processed with three different edge detection algorithms: (b)Sobel, (c)Laplacian filter and (d)Scharr.

- Scharr operator: this operator works similarly to the Sobel operator. It also counts with a
double kernel to scan both directions of the image, x (Scharry) and y (Scharr,). In fact, as
shown below, the kernel shape is exactly the same for both operators, however the
difference lies in the coefficients and therefore in the sensitivity. The resulting images for
each direction are combined with a certain weight after the operation, to produce a final
image, as the one shown in figure 4.11(d). Mathematically, it can be understood as an

approximation of the second derivatives of an image.

+3 0 -3 +3 +10 +3
Scharrx=(+10 0 —10); Scharry=<0 0 0)

+3 0 -3 -3 —-10 -3

These algorithms were tested by implementing a code in Python using Visual Studio. More details

about the graphical user interface (GUI) and code produced can be found in appendix 1.

Regarding the results presented in figure 4.11, it is evident that all the algorithms did a good work
identifying the boundaries of the flake. Similar results were obtained for almost all the images

tested, which were mainly graphene and hBN flakes on two types of substrates: PMMA/PVA/Si
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and 300 nm SiO, /Si. These procedures should be extended to other materials in order to test
their effectiveness. However, there are few common points to all the edge detection algorithms
tested that require attention and further improvement: First, edge detection algorithms work
with grey scale images, as only changes in intensity values are important for this kind of tasks.
This implies that the images of 2D flakes had to be converted to grey scale, discarding the RGB
channels, and therefore losing a lot of information in the process. It would be interesting to
implement another section in the algorithm that could save the RGB values of the images to be
applied for different processes. Second, as these methods work with derivatives, they are
extremely sensitive to noise. This is more evident for the Laplacian operator, as it works with
second order derivatives. One way to minimise this would be to include some pre-processing
steps such as a Gaussian or a 2D median filter to smooth and clean the images prior to the
application of the edge detection process [270, 271]. Third, the inhomogeneous illumination
represents a problem for the application of all the filters, as shown by the concentric circles of
varying intensity present in all the images in figure 4.11(b-c). While writing this thesis, I found
methods for correction of non-uniform illumination based on background subtraction, and this is

the next improvement that would be implemented in the software [272].

4.6 Heterostructure assembly

Deterministic transfer techniques rely on the use of polymer stacks to manipulate thin flakes and
build complex heterostructures based on 2D materials, via ‘pick-up’ and ‘drop-down’ procedures.
Due to their relative simplicity, reduced levels of contamination and versatility, these transfer
methods have become quite popular in recent years. Deterministic transfer techniques are
typically employed for the production of vertical sandwich-like heterostructures, formed by
layers of different materials, achieving yields up to 90%. Besides this high success rate in the
production, this type of transfer is highly time consuming. It includes a significant number of steps
covering from exfoliation to optical identification to the final transfer, that has to be performed
independently for each of the layers. Furthermore, maybe more well-suited as an art than as a
science, transferring of flakes and heterostructure building, typically requires highly skilled users
fully dedicated to it, as each step requires precision, technique and patience. A small mistake in
the transfer of one of the layers could lead to the total loss of the whole heterostructure, meaning
that the whole process must be re-started. During this work, two different methods were used to
fabricate heterostructures: the PPC/PDMS transfer method and the PMMA carrying layer method.

Both procedures will be described in detail in the following sections.

65



4.6.1 Transfer system

Transfer station systems are used to stack 2D materials and produce heterostructures, providing
high stability and accuracy through micrometric control during the building process. For this
work, a dedicated transfer station was designed and built (see in figure 4.12) 6. The system sits on
the base of an Alicona Infinite Focus microscope (figure 4.12(a)) used for visualization of the
flakes. Long-working distance objectives are required in order to leave some space, typically
between 1-2 cm, between the objectives and the sample. This allows straight forward access for

the transfer arm, and provides a large range of movement to perform any of operation.

The sample stage consists of a cylindrical copper piece (figure 4.12(b)), which is screwed into a
micrometer manipulator (Mitutoyo, N° 148 — 205)[273] that provides movement range of the
sample in the XY plane (figure 4.12(c)). A ceramic hotplate is built-in the Cu sample holder
structure providing temperature control up to 150°C via a current source (figure 4.12(g)). The
temperature of the sample holder is measured via a Pt-100 attached to the ceramic hotplate and
connected to a current source. The sample is held in place thanks to a hole drilled in the centre of

the copper cylinder which is directly connected to a vacuum pump.

Flakes are lifted (pick-up) and released (drop-down) with polymer blocks attached to glass slides.
These procedures will be described in detail in the following sections. The glass slides are held by
a by a clamp (figure 4.12(d)), which is mounted on a base with 3 attached micromanipulators

(Mitutoyo, N° 148 — 801) [274] providing range of movement in the XYZ directions (figure
4.12(f).

Figure 4.12. Transfer station system designed and built for this project. (a) Optical microscope for flake identification. (b)
Copper sample holder able to reach high temperatures and with incorporated vacuum. (c) xy stage allowing with

6 The transfer station is in the cleanroom at the National Physical Laboratory (NPL), London

66



micrometric step control. (d) Glass slide holder. (e) Vacuum tube connecting the bottom of the sample holder with the
vacuum pump. (f) xyz micromanipulator base allowing control of the glass slide position. (g) Current source providing
temperature control of the sample by Joule heating

46.2 PPC/PDMS transfer method

In the PPC/PDMS transfer method, also known as vdW pick-up transfer method, flakes of
different 2D materials are lifted (picked-up) and released (dropped-down) with the help of a top
hBN layer held by a polypropylene carbonate (PPC) coated polydimethylsiloxane (PDMS) block,
allowing to construct complex heterostructures[275]. PPC is used because it has a low glass
transition temperature, typically between ~25 — 40°C, allowing the PPC to flow as a viscous
liquid when heated. Moreover, PPC also moulds itself to the surface when cooled down after
heating as it is a thermoplastic, adapting to the shape of the flakes that is covering. This results in
an increase of adhesion between the polymer and the 2D materials, which is highly advantageous
for successful pick-up. The PDMS acts as a scaffolding, holding the PPC coating in place. The
following sections review the fabrication process of the individual polymers, the PPC/PDMS block,

and the transfer procedures.

4.6.2.1 Polydimethylsiloxane (PDMS) preparation

The PDMS is prepared from a two-part clear pack, Sylgard® 184 Silicone Elastomer Kit,
purchased from Dow Corning. Both parts are mixed in a proportion 10:1 (Base:Curing agent). The
thickness of the polymer block highly depends on the weight of the initial components in the
mixture, and the size of the container used to cure it.”? Once both parts are accurately weighted,
they are poured together into small beaker, and mix for 5 minutes using a plastic tool. The
formation of undesired bubbles in the final polymer is avoided by mixing the components
smoothly making circles at a constant speed. Following that, the mixture is degassed in a vacuum
oven at ~107% mbar for 10 minutes. This step allows the removal of any extra air trapped within
the polymer. Then, the mixture is slowly poured into a Petri dish directly from its glassware
container without the help of any extra tool to avoid the introduction of air in the mixture. Further
degassing in vacuum is performed for 1 hour. Once the mixture is ready, it can be cured either at
room temperature for 48 hours or within an oven at 150 °C for 10 minutes. Both procedures were
used during the development of this thesis giving similar results. Once the curing process is
finished, a clear layer of PDMS sits at the bottom of the Petri dish. For further processing, the

polymer is cut using a scalpel in ~1x1 cm? squares as shown in figure 4.13(a).

7 For this work, 6.36 g of base and 0.64g of curing agent were mix together, giving a total of 7g. Pouring the final mixture
in a 3.4 inch inner diameter dish gives as a result a polymer layer with thickness of ~1-1.5 mm.
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4.6.2.2 Poly(propylene carbonate) (PPC) preparation

The PPC is purchased from Sigma Aldrich Chemistry with an average M, ~50,000[276]. The pack
comes as a two-part solution containing anisole, a solvent, and the PPC. Both parts are poured
together in a beaker in a proportion of 10:3 (Solvent:Polymer)3, and then mixed for 48 hours with
a magnetic stirrer at room temperature. The stirring is performed inside a fume cupboard to
evacuate the anisole that evaporates during the process. The resulting polymer is a highly viscous

liquid, which is stored in UV protected bottles at ~4 °C.

4.6.2.3 PPC/PDMS polymer blocks

To start, one of the as-prepared PDMS squares is extracted from the matrix, placed in the centre
a glass slide and subjected to an oxygen plasma treatment using a PVA TePLA plasma processing

system, model [oN40, with 50 W for 10 minutes.

Figure 4.13. PPC/PDMS polymer blocks fabrication process. (a) PDMS cured in the Petri dish and cut into ~1x1 cm?
squares. (b) Drop of PPC on top of the PDMS block prior to spin-coating. (c) Resulting PPC/PDMS block after spin coating
and baking. (d) Process of cutting the PPC/PDMS into small cubes of ~1 mm? . (e) Once the polymer blocks are glued to
the glass slide, these are baked at 110 °C for 5 minutes to improve the adhesion between both polymers. (f) Schematic view
of a glass slide with the PDMS and PPC attached to it.

This process will increase the adhesion between the two polymers, avoiding the PPC from
delaminate during the posterior stacking of 2D materials. Immediately after extracting the PDMS

from the plasma unit, a drop of liquid PPC is deposited on top of the PDMS square (see figure 4.13

8 For this thesis, 100 g of Anisole (the solvent) and 30g of PPC are weighted and mix together.

68



(b)), and spin coated at 1500 rpm for 1 minute. As a result, the liquid PPC spreads forming a flat
layer that covers the PDMS block, which is then baked on a hot plate at 110 °C for ~90 minutes.
This process must be undertaken inside a fume cupboard in order to safely evacuate all the
remaining anisole vapours. Usually, the PPC not only covers the PDMS block but also spreads
around the glass slide. This undesired extra material is removed with a scalpel, after the annealing
process is finished and the sample is brought back to room temperature. The final PPC/PDMS
block is cut in small cubes of ~1 mm? (figure 4.13(d)), which are then stuck into glass slides using
a clear cyanoacrylate adhesive, which in the case of this work was Loctite superglue, purchased
from RS components. The final glass slides are baked at 110 °C for 5 minutes (figure 4.13(e)). After
the completion of this process, the polymer stamps are finally ready to pick-up and deposit 2D

materials.

4.6.2.4 PPC/PDMS pick-up

Pick-up is the action of lifting a flake from the substrate in which it was exfoliated. With the
PPC/PDMS transfer method, stacks are built from top to bottom, meaning that the first flake to be
picked-up, is the top layer of the final stack, typically hBN. Below, the pick-up process for hBN

deposited on SiO, /Si substrate is described. ¢

1. The substrate with the exfoliated flakes is fixed on the sample holder via the vacuum
chuck.

2. The glass slide with the PPC/PDMS block is loaded on the clamp of the transfer arm.

3. The flake of interest is placed in the centre of the field of view of the microscope using the
xy micromanipulators controlling the sample stage. Then, the PPC/PDMS block is
positioned on top of the substrate, almost parallel to it. A small tilt is beneficial for the
transfer, as it helps controlling the process. Before starting the approach of the polymer
block onto the surface, it is important to make sure that the area of the polymer that will
enter in contact with the flake is clean of contamination and free of wrinkles or defects.

4. Once a clean area of polymer has been found, the micromanipulators controlling the
clamp are used to slowly approach the glass slide to the substrate until the both surfaces
enter in contact.

5. Due to the small tilt, one of the corners of the PPC will touch the surface first. The block is
lowered further letting the PPC-sample contact area increase until the PPC front moves
closer to the flake of interest. For this, it is advisable to use a x5 or x10 magnification

objective, in order to visualise the whole area of the sample and the polymeric stamp

9 Note that for different materials the temperatures might vary.
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while entering in contact. The contacted area is clearly visible under the optical
microscope as there is a phase shift in the light passing through the polymer, which results

in a different contrast (see figure 4.14(b))

a
PPC
PPC-Sample frontline

contact

B PDMS | PPC M hBN
Glass slide  Si I SiO2

Figure 4.14.(a)Schematic diagram showing the PPC/PDMS block entering in contact with the sample. The position of the
PPC frontline is highlighted by a blue dot. (b)Optical image obtained with a x5 magnification objective. The area in which
the PPC has stablished contact with the sample (top-left corner) presents a different contrast, lighter, than the area in
which the polymer is still away from the surface. The PPC moving frontline has been again highlighted in blue.

6. Then, the sample holder is heated up to 55°C to increase the adhesion between the flakes
and the polymer block. As a result, the front line of polymer, shown as a dark blue dotted
line in figure 4.14(b), will move further by itself covering the flake.

7. Before pick-up, the area of the polymer in contact with the surface of the substrate is
increased, until the polymer that is in contact with the surface covers an area of ~200um
around the flake. The contact process can be controlled by monitoring the movement of
the frontline away from the flake of interest. It is important that the front-line moves
smoothly as that would mean that the pressure and temperature of the system are
homogeneous.

8. For the pick-up step, the heater is turned off, and when the temperature reaches ~40°C,
the glass slide with the polymer is rapidly retracted using the Z-micromanipulator
controller of the clamping stage (see figure 4.12(f)). It is important that the entire PPC

contact area releases at once leading to a “snapping” motion.

As a result of this process the flake of interest is picked-up and remains on the PPC surface. The
whole process is schematically depicted in figure 4.15(a-d). However, there are certain points

regarding the last step of the method that need to be considered.

Typically, if the whole PPC/PDMS block is brought into contact, it becomes very difficult to snap

the PPC off the chip surface. Therefore, it is advisable to never surpass a contact area of ~50% of
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the block as maximum. Another issue that might appear is that the PPC does not snap, but instead

the front line of polymer retracts continuously or in small steps. When this happens, it is very

likely that the flake is not going to be picked-up. This behaviour of the PPC appears often as a

consequence of heating up the sample at an excessive temperature, moving the glass slide

upwards too slow, or as a consequence of defective PPC, probably due to the fabrication process.

4.6.2.5 PPC/PDMS drop-down

Drop-down refers to the action of releasing a flake from the PPC/PDMS stamp onto a target flake

or substrate. Typically, hBN is used as a top layer and deposited onto other materials, e.g.

graphene, MoS,, InSe, etc, covering and protecting them. Below, the process to release hBN on

top of graphene is explained1°.

1.

The substrate with the exfoliated graphene sample is placed on the sample holder, fixed
with the vacuum chuck and heated up to ~110°C.

Then, the glass slide with the cover hBN is loaded on the clamp and both flakes are aligned
on top of each other using the xy movement of the stage and clamp without establishing
contact. At this stage, the relative position of the crystals with respect to each other can
be adjusted. A schematic representation of the process is shown in figure 4.15(e). It is
important to note that if the edges of the flakes are not aligned when entered in contact,
it is not uncommon for the crystals to re-arrange themselves after the transfer into more
energetically favourable positions, especially if the interfaces between them are clean.
Contaminated interfaces tend to pin crystals in place.

The polymer stamp is brought closer to the substrate using the clamp micromanipulators
until both surfaces enter in contact. As with the pick-up step, it is important to keep the
glass slide slightly tilted at this stage, providing more control over the movement of the
PPC front at high temperatures.

When both surfaces are in contact, the front of the PPC is brought close to the location of
the hBN and graphene flakes by pressing down with the clamp micromanipulator. This
step can be done relatively fast

However, the speed of the PPC front when progressing over the hBN and graphene has to
be very slow. This avoids the formation of bubbles and helps squeezing out the

contamination that can otherwise remain trapped between the hBN and graphene flakes

10 [t is important to note that for different materials, the temperatures used might vary.
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6. Once the flakes are both in contact, the area covered by the polymer is increased by
pushing it down and moving its front-line (i.e. dark blue dotted line in figure 4.14(b))
further away, until the area covered by the polymer is ~200 pm away from the flakes.

7. The stackis then left to rest at high temperature for ~5 — 10 min to ensure good adhesion
between the layers.

8. Finally, the temperature is reduced to ~70°C, as depicted in figure 4.15(f), and the
polymer is removed very slowly, especially when being retracted from the area in which

the heterostructure is located. This process might take several minutes.

Once the polymer is retracted, the heterostructure remains on the surface of the substrate. To
increase the adhesion between the layers, the chip is baked at 170 °C for 30 minutes, either in
environmental conditions or in vacuum, as shown in figure 4.15(g). As a result of this annealing
process, any contamination or air trapped between the layers will aggregate forming localised
clusters and therefore, increasing the flat clean area of the heterostructure. Bubbles are generally
unwanted as they deteriorate the electronic and optical properties of the heterostructures,
compromise the van der Waals interlayer adhesion between the flakes, making further pick-up

steps more complicated, and usually are filled with unknown contamination.

Once the baking process is finished, the pick-up and drop-down cycle is repeated sequentially in
order to add more layers to the heterostructure until it is completed. However, the risk of failure
is naturally increasing with the number of steps undertaken, especially due to unwanted folds or

cracks that can appear on the flakes.

PPC/PDMS Transfer method
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Figure 4.15. Schematic depiction of the PPC/PDMS transfer. Pick-up steps start with: (a) the material of interest(hBN)
exfoliated on the substrate of choice (e.g.300 nm Si0,/Si). (b) Then, the substrate is heated up to 55°C, and the
PPC/PDMS is brought closer to the surface. (c) When the PPC is in contact covering the flake of interest, the temperature
of the substrate is reduced to 40°C. (d) The polymer is then removed out of contact by doing a “snap” movement, picking-
up the flake from the substrate. The next step in the heterostructure fabrication is the drop-down: (e) a suitable graphene
flake is found on the substrate and aligned with the hBN on the polymer. The temperature of the sample stage is set up to
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~110°C. (f) Both flakes are brought into contact. At this point, the temperature of the sample holder is reduced to 70°C,
and the tape is removed as slowly as possible, so the flakes remain on the surface of the substrate. (g) The chip is then
baked on a hotplate at 170°C for 30 minutes to enhanced the adhesion between the layers and avoid future delamination.

4.6.3 PMMA carrying layer method

The PPC/PDMS transfer method is not applicable for thin and monolayer flakes, as thin flakes
both are difficult to pick-up and tend to curl up on the PPC when heated. As an alternative method
to overcome this issue, the PMMA carrying layer method [79] is a recommendable and robust
technique of transfer suitable for flakes of all thicknesses. This method relies on polymer stacks
formed by Polyvinyl acetate (PVA), a water-soluble polymer used as an adhesion layer, spin-
coated on top of a silicon wafer, covered by polymethyl methacrylate (PMMA) as a top layer. The

method, summarised in figure 4.16

4.6.3.1 PMMA/PVA/Si substrate preparation

To start, a 4-inch test silicon wafer is cleaned by rinsing it with acetone, IPA and DI water, in this
order, and then dried with N,. Once cleaned, a layer of 3% 50K PVA, dissolved in H,O0, is spin
coated onto the wafer. This is followed by a baking process at 1302C for 5 minutes. After the wafer
cools down back to room temperature, a layer of 8% 950K PMMA, dissolved in anisole, is then
spun on top of the wafer, covering the PVA layer. Finally, the structure is again baked at 1302C for
5 minutes, and finally, left to cool down back to room temperature. The spin coating recipes are

specified in table 4-2 below, and the steps of the process are depicted in figure 4.16-1(a-c).

POLYMER | SPIN SPEED (rpm) | SPIN ACCELERATION (rpm/s)
PVA 90

3,000 7,000

PMMA 4,400 7,000 120

Table 4-2. Spin coating recipes for PVA and PMMA fabrication

The thickness of the polymer layers was measured using a Bruker’'s DEKTAK®© profilometer,
resulting in a total value of ~640 nm, with individual values of the PVA and PMMA being ~54 nm

and ~580 nm, respectively.

4.6.3.2 PMMA membrane fabrication

The PMMA/PVA/Si wafer is then cut into small chips of ~2 cm? using a diamond tipped hand
scriber, as shown in as shown in figure 4.16-2(d-f). Prior to mechanical exfoliation, the wafer is
re-heated at 1302C for 1 minute to increase the adhesiveness of the PMMA surface. Immediately

after the baking is finished, the tape containing the exfoliated material is pressed onto the PMMA
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surface. For optimal results, follow the exfoliation steps from 6-8 as described in section 4.4. After
the tape is removed, the wafer can be searched using optical microscopy. Identification of suitable
flakes was done using a Nikon Eclipse LV100ND, with the aid of the software NIS-Elements BR.
The exfoliation process is shown schematically in as shown in figure 4.16-3(g-h). Once a flake with
the correct size, shape and thickness has been identified, the polymers are processed in order to

create a membrane.

1. The chip is fixed on an optical microscope’s specially designed sample holder with a
vacuum chuck.

2. The flake of interests is placed in the centre of the field of view of a long working distance
x5 magnification objective.

3. The surface of the PMMA is scratched following the contour if the x5 magnification
objective, forming a circle of exposed PVA of ~5 mm of diameter around the flake, as
shown in figure 4.16-4(i). The scratching is performed using a sharp tool, such as a pair of
tweezers.

4. Drops of DI water are then applied to the exposed PVA, which starts dissolving. As the
hydration process continues, and therefore, the PVA dissolves, the water keeps
propagating underneath the PMMA until a circular membrane is left floating freely. This
step is depicted in as shown in figure 4.16-4(j).

5. After the total detachment of the PMMA membrane from the PVA/Si substrate, the chip is
carefully immersed in a beaker with DI water forming a shallow angle, as shown in figure
4.16-5(m).

6. When the PMMA membrane comes into contact with the water surface, it comes off from
the substrate and remains floating. The rest of the chip is then removed. At this stage, it is
very important to avoid any contact of the water with the upper surface of the membrane,
where the flake is located.

7. Meanwhile, a stainless-steel holder, known as ‘plectrum’, is pre-treated before being used
to pick up the membrane from the water, as shown in figure 4.16-5(n). The thin part of the
plectrum, where the circular hole for holding the membrane is located, is immersed into
liquid 3% 950K PMMA, and then baked on a hotplate at 150°C for 10 minutes to dry the
PMMA. The purpose of this step is to enhance the adhesion between the membrane and
the plectrum.

8. Finally, the membrane is carefully “fished out” using the circular open end of the plectrum
and left to dry on a hotplate at 90°C for ~7 minutes. This helps evaporate any extra water

remaining on the rear of the PMMA membrane, and causes it to tense.
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PMMA Carrying layer method

1. PVA/PMMA/Si substrate
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Figure 4.16. Schematic depiction of the PMMA carrying layer method. Step 1. Wafer substrate preparation. (a)lnitial test
Siwafer. (b)PVA spin coated on top of the test Si wafer. The PVA is a water-soluble polymer (c)PMMA spin coated as a final
cover layer. Step 2. Cutting the substrate. (d)Picture of the final PMMA/PVA/Si substrate. (e)Cutting the substrate with
diamond scriber. (f)Final chips ready for exfoliation. Step 3. (g)Exfoliation of the 2D materials on the PMMA. (h)Find a
suitable flake on the surface via optical microscopy. Step 4. (i)Scribing of the PMMA (purple) leaving the PVA exposed
(green). (j-k) Process of hydration of the PVA. (I)Optical micrograph of the PMMA membrane. Step 5. (m) Fishing the
membrane on the water using the plectrum. (n) Plectrum with membrane attached. As shown in the detail, ideally, the
flake should sit on top of the membrane.
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4.6.3.3 PMMA transfer

After the preparation of the membrane described in the previous section, the next stage is to

transfer it onto a substrate or onto another crystal. As specified above at the beginning of the

chapter, all the PMMA transfers were performed using the transfer station at the NGI.

1.

The plectrum is attached to the specifically designed transfer arm and held via vacuum,
parallel to the sample, and with the flake facing towards it. The tilting of the plectrum can
be accurately adjusted using specifically designed micromanipulators connected to it.
The substrate is mounted below the membrane on the sample holder and fixed using the
vacuum chuck.
The flakes of interest, both on the membrane and onto the substrate, are identified using
the objectives and optical filters available on the microscope. Both crystals are then
aligned using the XY-micromanipulators under the 50x objective. The sample holder also
has the capability to rotate the substrate, providing more accurate alignment.
Furthermore, to help with the transfer process, the relative position of the flakes can be
highlighted using the NIS-Elements BR software, which allows to trace lines around the
contours of the flakes, which highlights any displacement from their initial positions when
approaching and allows to carefully adjust before transferring.
After both flakes are aligned, the hotplate is turned on and the temperature is set to 60°C
to soften the PMMA membrane and help it to stick smoothly to the substrate in a
controlled way. Lower (< 40°C) and higher (> 80°C) temperatures are not
recommended as they lead to jolting effects and melting issues, respectively.
After the system has reached the correct temperature, the plectrum is slowly lowered
using the z-micromanipulator until the two crystals are brought closer, remaining few
microns apart.
A blunt object is then use to gently tap the PMMA membrane down until it sticks to the
substrate. Special care has to be taken on this step as it is fairly easy to break the
membrane apart if there is any kind of shaking or sharp unexpected movement. The
adhesion of the PMMA and the substrate can be clearly observed optically as there is a
phase difference between the contact and out-of-contact areas, as clearly seen in figure
4.17(a-b). Once the PMMA sticks to a specific spot of the surface, the contact area will
expand slowly.
At this stage, there are two possible routes to perform the transfer:

a. The first and cleanest method is known as the “stamp transfer method”. In this

procedure, the membrane is mechanically peeled away, leaving the transferred

crystal on the wafer, in a similar fashion as with the “drop-down step” described
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for the PPC/PDMS method in section 4.6.2. Alternatively, for complex devices, it
might be of interest to pick-up several flakes with the substrate using the same
PMMA membrane. This is performed in a similar fashion as the “pick-up step”
described above, but with the temperature of the hotplate never exceeding 80°C.
This latter option requires the top crystal to be laterally larger than the bottom

crystal to increase the chances of successful pick-up.

b C

E B E

Figure 4.17. Membrane drop-down and deposition method. (a) Membrane on the plectrum observed with the x10 objective
before contact. (b) Membrane in contact with the substrate. (c-f) Sequential process of membrane retraction

b. The other option to produce heterostructures using this method is to essentially
leave the membrane on the substrate once the flakes have entered in contact, and
later remove the polymer using solvents. This method is not as clean as the first
option presented, but it is convenient if there are some issues, i.e. if the membrane
sticks too strongly to the surface of the substrate, if there are too many wrinkles
or inhomogeneities or if the flakes are not transferring properly. Once the flakes
have entered in contact and the membrane is attached to the surface, a pair of
tweezers are used to cut the membrane forming a ring close to the edge of the
plectrum, separating it from its holder. The sample is then beaked at 1302C for 30
seconds to encourage adhesion between the crystals and the substrate. Then, a
thin layer of 3% 950K PMMA is spin-coated onto the surface. The purpose of this
spun PMMA is to cover the curled edges of the PMMA membrane so that during
the dissolving process, solvent doesn’t rush underneath the cut membrane
delaminating the crystals from the substrate. The sample is then placed in a

beaker of acetone at room temperature for 30 minutes. This dissolves the PMMA
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membrane leaving just the transferred crystal on the substrate wafer. The sample
is then placed into IPA to remove the acetone and flash dried with nitrogen to

remove any solvent residue.

4.6.3.4 Air effect on 2D-materials: Work in controlled environment.

In this project to address the problem of InSe degradation, an MBRAUN glovebox was used
to exfoliate and transfer the material. The glovebox set-up, filled with argon, contains a
transfer system (see figure 4.18(a-b)) and everything needed to mechanically exfoliate
crystals including tapes and a hotplate. The environment within the boxes is continuously
circulated through a gas purifier to remove oxygen and water. This purification keeps the
levels of O, and H,0 below <0.1 parts per million (ppm), roughly equivalent to a vacuum of

10~*mbar.

Figure 4.18:NGI transfer station placed inside a glovebox. (a) Motorised transfer system. The sample stage (orange) has a
vacuum chuck to hold the substrates in place, heating and rotating capabilities. The transfer arm (green) is formed by a
dedicated plectrum holder arm with a vacuum chuck and two micromanipulators to control the tilt of the plectrum. The
microscope (blue) allows the optical identification of flakes and alignment. (b) Glovebox system (c) Micromanipulator
controllers, optical zoom adjustment and computer for the control of the motorised transfer system.
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One of the challenges of using a glovebox is that thick gloves (~1mm) are required to
minimise gas diffusion, which highly complicates the manipulation of 2D materials. To
overcome this issue, all the processes are remotely controlled using an external computer
(see figure 4.18(c)), including the selection of optical objectives, the location of flakes and
alignment, and finally the heterostructure stacking, which is done using the PMMA transfer

method.

4.6.4 Comparison between different transfer methods

Both the PPC/PDMS transfer and the PMMA carrying layer methods described above present
advantages and disadvantages. Normally, besides the equipment and resources available,
selecting between one or the other is highly dependent on the characteristics of the final design
of the heterostructure to be fabricated. It is rather difficult to produce a quantitative comparison,
but in order to provide a clearer idea of the capabilities of each method, here a qualitative

comparison is presented, considering different parameters, which are summarised below.

» In terms of difficulty, generally the PMMA carrying layer method requires higher skill in
order to produce and manipulate the membrane throughout the whole transfer process.
Failing in one of the steps could lead to the membrane destruction, meaning that the
whole process from exfoliation, optical identification to membrane production, has to be
re-started from scratch. On the contrary the PPC/PDMS procedure is much more
straightforward. One of the most critical steps is the fabrication of the PPC/PDMS block,
which can delaminate if the polymers are not properly attached. However, besides that,
the technique does not involve higher risks of losing the whole heterostructure. If the user
fails when picking-up or dropping-down flakes, the process can typically be repeated
several times before the polymer degrades, leading to a much safe process and presenting
a higher yield of success in building heterostructures.

» Regarding speed, the situation inverts. While the PMMA carrying layer method can be
performed in a relatively short period of time for a trained user, the PPC/PDMS transfer
drop-down step can take several minutes, even up to hours.

» Considering the cleanness of the method, one of the main advantages of the PPC/PDMS
transfer is that it can create large contamination free regions by pushing away all the
contamination on the surface of the top hBN with the frontline of the PPC just by adjusting
the speed. Furthermore, as only the first topmost layer enters in contact with the polymer,
there is almost none intralayer polymeric contamination. As a counterpart, although the
PMMA carrying layer is relatively clean, almost all the layers enter in contact with the

PMMA, which could lead to intralayer residues. Additionally, the presence of residues on
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the surface can be even higher, especially if the procedure described in section 4.6.3.3-step

8b is applied.

PMMA PPC/PDMS

PARAMETERS carrying Transfer COMMENTS

layer method

The PMMA carrying layer method often
Difficulty High Medium requires high skill for the membrane

production and manipulation.

Although both methods require to undertake
Relatively . several steps, the PMMA carrying layer turns
Speed Fairly slow
fast out to be slightly faster for an experienced

user point of view.

In the PPC/PDMS transfer method only the
Contamination Medium Low top hBN layer enters in contact with the

polymer, leading to low intralayer residue.

While the PMMA carrying layer allows the

Transfer of thin
m x manipulation of flakes of any thickness, the

flakes (<
PPC/PDMS transfer is constrained to work
10 lay ers) with relatively thick flakes.
The PPC/PDMS transfer method requires to
e start the transfer always with an hBN top-
Specific stack order No Yes
layer, limiting the possible heterostructures
to be performed.
Both methods allow the user to work in a
Parallel work No Yes
modular way, saving time and effort.
Success rate ~70% ~78%11

Table 4-3. Comparison between the PMMA stamp method and the PPC/PDMS hot pick-up technique.

» The versatility of the method is another important parameter to consider. It can be
understood as the freedom that the technique gives the user in order to produce new
heterostructures. Here, it is break down in three categories: the ability to manipulate thin
flakes (< 10 layers), the restriction to a specific stack order and the possibility to work in
parallel. In this sense, one of the main advantages of the PMMA carrying layer method is

that it allows to transfer thin flakes (< 5 nm thickness), while with the PPC/PDMS based

11 The percentages provided in the table account for the number of fully finished heterostructures and are based only
in my own experience performing fabrication
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procedure it is not possible to pick-up thin flakes from the substrate. An alternative could
be to directly exfoliate the flakes onto the PPC/PDMS surface, however this often leads to
undesired cracks or folds, and to additional contamination. So, if the future device
application requires a thin layer of hBN or graphene, or any other material, the PMMA
carrying layer transfer should be chosen over the PPC/PDMS method. Another limitation
of the latter is that it requires the top layer to be always a relatively thick layer of hBN,
therefore, limiting the production to encapsulated heterostructures. This is a
consequence of the very nature in which the technique is based, which is taking advantage
of the vdW interaction between the flakes. Finally, both methods are suitable for parallel
work. It is possible for an experience user to prepare several PPC/PDMS blocks or
plectrums with membranes and start transferring in series. In order to save even more
time and effort, higher efficiency could be achieved by working in pairs or teams, with one
of the users preparing the flakes and polymers, and the other just performing transfer.

» Finally, the success rate, as specified in table 4-3, accounts for the number of fully finished
heterostructures fabricated using each of the methods. Note that this is just an estimation
based on a personal experience, and only related to the transfer process. In those numbers

it is not included the success rate on the polymer fabrication, the mechanical exfoliation,

or the successful device fabrication using etching and contact deposition techniques.

@ Bottom hBN

@ iG

@ Top hBN

Figure 4.19. Example of encapsulated graphene heterostructures fabricated using the methods discussed here:
(a)PPC/PDMS transfer method was used to produce this heterostructure that was finally employed by Vincent et al.[277].
Scale bar: 10 um. (b)On the other hand, this heterostructure was fabricated using the PMMA carrying layer method. It
was patterned into a device and used for thermal measurements with SThM, further discussed in chapter 7. Scale bar is:
20 pm. (c)Lateral view of the layers forming the heterostructures discussed on (a) and (b). The colour legend on the right
helps differentiating the layers.

Two examples of encapsulated graphene heterostructures (i.e. hBN/Gr/hBN) produced during
this thesis by the PPC/PDMS transfer and the PMMA carrying layer method are depicted in figure
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4.19(a) and (b), respectively. It is possible to see there that while figure 4.19(b) is relatively clean,
while figure 4.19(a) shows bubbles in the graphene area, and flakes adjacent to the
heterostructure. Note that the encapsulated graphene heterostructure in figure 4.19(a) was
successfully employed by Vincent et al.[277], to study strain in graphene and will not be discussed
in this thesis; while the one in figure 4.19(b) was further processed into a device, and studied via

SThM, and will be further discussed in chapter 7.

4.7 Device fabrication

The next step in terms of complexity is device fabrication from a heterostructure. Device
fabrication consists of a series of techniques applied to achieve electrical connection to a certain
heterostructure, which is also often shaped into a specific pattern or geometry. A simplified
schematic of the steps and the order in which they are typically undertook is depicted in figure
4.20.

Patter
design

Etching

Figure 4.20. Simplified schematics of common steps undertaken to transform a 2D material based heterostructure into a
device. It is important to highlight that the order of the steps and the number of repetitions might vary depending on the
complexity of the device.
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It is important to highlight that depending on the complexity of the device under fabrication,
the steps might be repeated several times with certain adjustments, and not necessarily be
performed just once. In fact, almost any microscale device or structure requires at least more

than one masking step. A general description of the processes is given below:

» e-beam lithography (EBL) Alignment marks: In order to create a device, the exact
position of the heterostructure features must be found and tracked through for each and
every step of the fabrication process. For this purpose, small marks, called alignment
marks, typically made of metal with a specific shape and size are written on the substrate
chip. Normally, the marks are not isolated, but are formed of an array of crosses or circles
around the structure of interest. The size and shape are selected considering the field of
view (FOV) of the microscope on the lithography system used. The marks can be pre-
written on the substrate of choice or can be placed on the substrate after the
heterostructure has been fabricated on a preliminary EBL step. For the latter option, a.gds
file must be created.

» Pattern design: to fabricate a device, the first step is to design its shape and draw the
position of the contacts using a software program. There are many options for the latter
and the selection of one of them is very much up to the researcher’s preference. For this
thesis, all the designs were .gds files made in Layout Editor [278]. To perform the design,
also known as mask, a canvas is first created using a set of optical images of the flake or
heterostructure with different magnifications. These images should include at least one
alignment mark to allow aligning the images in the software, and later on, aligning the
design with the flake during the lithography. Then, on top of the canvas, the design of the
shape of the device and the contacts can be outlined, always taking into consideration the
limitations imposed by the geometry needed and the posterior processing steps.

» Electron beam lithography (EBL): Initially, an electron sensitive resist is deposited on
top of the chip containing the device. After finding the region of interest, the surface is
exposed to irradiation by an electron beam following the pattern designed in the previous
step. The exposure to the electron beam changes the chemical structure and therefore,
the solubility, of the resist, which is then washed with organic solvents called developers.
The resist can be either positive, which means that the regions exposed to the beam will
be selectively removed by the developer, or negative, in which the exposed regions will
remain, and the rest of the resist will be removed. In the case of this thesis, unless stated
otherwise, all the devices have been fabricated using polymethyl methacrylate (PMMA),
which is a positive resist. One of the main advantages of this technique is its resolution,

with systems able to write patterns down to few nanometers. However, one important
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point is that, EBL systems have the potential to damage 2D materials due to scattered
electrons.

Etching: This step serves to physically remove certain materials, finally shaping the
device geometry needed by the experiment. For this, the etching mask is first created by
EBL, and then the etching process is applied. As many of the processes described in
previous sections, the type of etching employed is pretty much material dependent. In this
thesis, two processes were employed to shape the devices:

o Reactive ion etching: this process is generally employed for graphene using a
mixture of Ar and O,, although for hBN, the Ar/0, plasma is not suitable, and
instead CHF; and O, plasma should be used. Further details in RIE etching of
encapsulated graphene heterostructures will be provided in chapter 6.

o lon milling: this is a physical etching technique in which Ar ions generated in a
plasma are accelerated towards a target, removing atoms from the surface of the
sample upon impact. In this thesis, InSe was etched using ion milling due to the
difficulty in etching it using RIE. More details are provided in section 4.8 of this
chapter.

Metallisation: Metallisation is a technique used to deposit certain metals on a surface,

allowing the creation of contacts, the definition of alighment marks, and top gates,

among other @

o Qes 00000000
applications. In the case

LEGEND

of this thesis, the focus O hBN Au
will be set onto the ecC EmCr
creation of high quality ®Iin I Sio,
1D contacts to 2D @Se B Si

interfaces, also known as

edge contacts. This

architecture, first
Figure 4.21. Schematic of 1D contacts created on: (a)an encapsulated
presented by Wang et al. graphene device, and (b)an InSe device with overlapping graphene. For
. the contacts, the metal used is represented in yellow, while the adhesion
[279]: has been Wldely layer is represented as a dark brown line.

employed to achieve Ohmic contacts to graphene. For its fabrication, the sandwich
formed by hBN/Graphene/hBN is etched on the side forming an angle with the normal
to the surface, and the metal was deposited only contacting the edge of the graphene
flake, but not its surface, as shown in Error! Reference source not found.(a). For other
2D materials, such as TMDCs or InSe, in which achieving Ohmic contacts has been a

continuous challenge over the past years, this issue was overcome by overlapping
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graphene together with the material of interest, and creating electrical connection

directly to the graphene in an edge contact architecture as shown in Error! Reference

source not found.(b) [280, 281]. However, regardless of the architecture chose,

normally contacts in this thesis are formed by using gold, with a chromium adhesion

layer. The latter is used to help the Au stick to the substrate, and it is typically very

thin, as shown in Error! Reference source not found.. The specific thickness of the

contact layers will be specified in posterior chapters when discussing the devices

under study.

» Bonding to a chip: The final stage of the fabrication procedure consists in bonding the gold

contact pads of the newly created device to the ones on the chip carrier, normally using

gold wires. In this thesis, two different techniques were used to bond samples:

O

For the first method a wire-bonding machine was used. Essentially, this
technique presses a gold wire into the surface of the contact pad applying a
short ultra-sonic pulse with enough force to cause the wire and pad to adhere.
One of the main advantages of this method is its precision, allowing the bonding
of contacts with separations as small as < 100um. However, one of the main
risks offered by this technique is breaking the oxide insulating layer at the
moment of contact, due to excessive pressure and a very small contact area of
the needle. This can often inevitably lead to the creation of a short circuit
between the contact on the surface and the usually conductive substrate, which
leads to high leakage currents between contacts or the substrate (which can be
grounded or act as a backgate electrode), and essentially kills the device. Due
to this risk, bonding by hand is the preferred method used in this thesis unless

otherwise stated.
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Figure 4.22. (a)Optical image of an encapsulated InSe Hall bar device fabricated on top of a 300 nm Si0,/Si wafer
(purple-black). The whole chip was mounted on top of an insulating mica spacer (white) to avoid direct contact between
the Si bottom layer and the conducting Au layer of the chip carrier. Gold wires connect the Au pads from the device with
the Au wires on the chip carrier, using silver epoxy (grey blobs) as bonding contact. In (b) an optical micrograph shows
the detail on the bonding of the pads performed on the device.

o For the second method, bonding is performed by hand. To start, after the sample
is glued to the chip carrier, silver epoxy is mixed and deposited on top of the gold
pads in the sample. Then, using a small scalpel, pieces of gold wire are cut with
enough length to join together the gold pads in the sample and the pads on the chip
carrier. The gold wires are then joined to the epoxy, and then the system is left
unperturbed until the joint is firm, which pretty much depends on the curing
properties of the epoxy used. Then, the process is repeated for the pads on the chip
carrier: a bit of silver epoxy is deposited on top, and the free ends of the Au wires
are attached to those. The maximum separation of contact pads when hand-
bonding is limited to around 100-300pm depending upon the skill of the bonder.

An example of a bonded device is shown in figure 4.22.

4.8 Example: InSe heterostructure for thermal studies

In this section, the fabrication of a complex heterostructure based on 2D materials is described
with the spirit of serving as an example of how all the techniques described during the chapter
can be applied. The heterostructure chosen was an encapsulated InSe Hall bar with graphene
contacts. Besides the fabrication presented here, plans for future work involving this

heterostructure will be described in chapter 7 and chapter 8.

To start, the heterostructure must be fabricated. For this, the PMMA carrying layer method
(section 4.6.3) was applied. The hBN required for the bottom layer was exfoliated first onto

300 nm Si0,/Si, that was just cleaned with the solvent method described in section 4.3.1. From all
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the flakes exfoliated, only suitable ones were considered. Good candidates for the bottom layer
were the ones with bigger size, high homogeneity and lack of defects. These properties were
checked by using both bright and dark field microscopy. An example of suitable bottom hBN layer
is shown in figure 4.23(a). To create electrical contacts, graphene was selected instead of InSe in

order to minimise the contact resistance as explained in section 4.7.

Exfoliation Exfoliation Transfer Exfoliation Pick-up InSe

bottom hBN | of graphene | graphene | ©ftop hBN § with top hBN

on 300 nm on on top on cloggqthe
PVA/IPMMA | of bottom § PYA/PMMA B Coo ioh

......

Figure 4.23. Flowchart of the fabrication steps followed to produce an encapsulated InSe heterostructure with graphene
finger contacts, employing the PMMA stamp transfer method. (a)Bottom hBN exfoliated on 300 nm Si0,/Si. (b)Graphene
fingers exfoliated onto PVA/PMMA, and surrounded by a white dotted line. (c) Transferred graphene fingers onto the
bottom hBN layer using the PMMA carrying layer method. (d)Top hBN layer exfoliated onto PMMA/PVA and surrounded
by a dark blue line. Final result of the heterostructure shown in (e)bright field, and (f)dark field. The scale bar in both
images is 20 um. (g) A schematic lateral view of the layers conforming the heterostructure following the colour legend at
the bottom for the different materials.
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To facilitate its posterior transfer, graphene was exfoliated onto PMMA/PVA wafers. In order to
create graphene contacts there are two possible routes to follow, which will affect the types of
flakes that are searched for after the exfoliation: (1) Either two different graphene flakes with
similar thickness can be exfoliated and then transferred to serve as contacts, or (2) a flake that is
already divided forming a finger-like structure can be selected. It is important to highlight that in
order to be used as contacts, the graphene doesn’t need to be necessarily monolayer, but it has to
have a specific shape, ideally thin and large. In the case of the heterostructure presented here, the
latter option was chosen as shown in figure 4.23(b). The main reasons to select option (2) above
(1), are that by using only one flake the chances of having homogeneous thickness all throughout
the flake area are increased, plus the number of transfer steps are automatically reduced from 2
to 1, which reduces the risk of damaging the structure. After a suitable flake was selected, a
membrane was created following the procedures depicted in figure 4.16, and then transferred on
top of the selected bottom hBN, as shown in figure 4.23(c). Next, hBN was exfoliated onto
PMMA/PVA substrates to serve as a top closing layer for the heterostructure. In this case, a
suitable flake needed to be at least big enough to cover the InSe flake and part if not all, the
graphene fingers to be used as contacts. Also, in this case, as the intentions for these devices is to
study them with complex microscopic and spectroscopic techniques, the top hBN layer needed to
be as thin as possible to avoid masking the thermal or optical effects of the InSe flake, which is in
reality the main interest. Once a suitable top hBN layer was found as shown in figure 4.23(d), a
membrane was cut with the flake in its centre, then mounted onto a plectrum, and finally

introduced into the glovebox.

Inside the glovebox, the InSe was exfoliated to avoid direct contact with oxygen, and therefore,
any possible degradation, as discussed in section 4.6.3. After finding a suitable InSe flake, which
in the case of this structure were the ones with a thickness of ~6L, it was picked-up directly with
the top hBN flake previously prepared, leaving a stack of InSe/hBN attached to the PMMA
membrane. This step is one of the most delicate during the procedure as the membrane can break
and remain attached to the substrate, which would mean that the whole process has to be re-
started. Finally, the heterostructure was finished by dropping down the InSe/hBN system on top
the bottom graphene/hBN. The alignment of both heterostructures is extremely important in this
stage. The InSe had to fall necessarily on top of the graphene fingers, leaving at least a bit of the
InSe just covered by hBN to become the main channel of the devices. An example of the finished
heterostructure is shown in bright and dark field microscopy in figure 4.23(e) and figure 4.23(f),
respectively. The different layers are highlighted according to the colour scale at the bottom of

the figure.
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To follow, after the heterostructure was finished, the device fabrication could be initiated. The
first step in this case, was to clean the heterostructure as much as possible both from surface
residual polymeric contamination from the transfer process, as well as from hydrocarbons
trapped between the layers. To do this, the AFM brooming technique resulted effective: a soft
AFM tip (i.e. Budget sensors, multi-75G probes with k = 3 N/m [282]) was scanned in contact
over the layers with a very low set-point (i.e. very low normal force), medium speed and low
feedback parameters. Over time, the set-point was gradually increased to eliminate more of the
residues and create a channel area as clean as possible as shown in figure 4.24(b)[181]. The
process is monitored using the friction signal as it provides clearer information on the effect of
the brooming. It can take from minutes to hours depending on the device, but it is important to
keep the set-point as low as possible, to avoid tearing the layers. Another important point to
consider, is to never use new probes, as they can tear the heterostructures. Slightly blunt or used
probes are better for this task. Once this step was completed, the heterostructure chip was placed
in the centre of the field of view of a microscope, and a set of optical images with different
magnifications was taken. Then, these images were all mounted together in a software of choice,
Layout Editor in the case of this thesis, to serve as a canvas for the design of the device and
contacts as shown in figure 4.24(d). Note that the final designs for EBL had to be converted to an
appropriate format (.gds). Following this, as presented in figure 4.24(c) a first step of resist, EBL
and metallisation was performed to place alignment marks around the heterostructure. As
explained in the previous section, these marks are extremely important in order to properly align
the EBL, and therefore to produce accurate designs on the device. Once the design was selected,
several rounds of resist (PMMA in the case of this thesis) deposition, EBL, etching and

metallisation were needed to finalise the devices.

1. First, the big contact pads were drawn and deposited without modifying the

heterostructure as shown in figure 4.24(e) and (f).

2. The next step consisted on the creation of electrical contact to the InSe via the graphene.
For this, PMMA was spin coated again and 1D contacts to graphene were developed via EBL and
the developer, based on the .gds design. Then, RIE etching was used to eliminate the hBN/Gr/hBN
materials to form a tilted plane. Finally, metal was evaporated in the form of an adhesion layer
and the contact metal in the proportions: 1 — 5 nm Cr/20 — 50 nm Au. In this run the heater and

thermometers were also created.

3. Finally, the Hall bar was shaped. For this, another layer of PMMA was spin coated, and
lithography was applied following the etch mask design. To cut through the InSe, ion milling was
employed, defining the Hall bar shape of the final device as shown in figure 4.24(g). This way, also,

the remaining graphene was eliminated, preventing the graphene from short circuiting the device.

89



4. Once the devices were ready, they were wire bonded by hand, as shown in figure 4.22.

Further measurements will be discussed in the section of future work in chapter 8.

Alignment Device EBL &
Cleaning marks & contacts | metallisation
AFM design LE design in Large
brooming EBL & Layout contacts
metallisation editor deposition

N

S

FINAL DEVICE

EBL:Define
device

Etching
of the layers

Metalisation

Figure 4.24. Flowchart of the steps followed to transform the heterostructure presented in the previous figure into a
finalised device. (a)AFM scan over the device area showing wrinkles and bubbles. Scale bar: 5 um (b)AFM image after
brooming. The area scanned appears clean with the dirtiness accumulated at the sides. (c)Alignment marks (surrounded
by yellow circles) created around the heterostructure. (d)Layout editor design of the device, later exported to .gds format
compatible with EBL. (e)EBL and metallisation of the big contact pads. (f)Detail showing the untouched heterostructure
and the Cr/Au contacts deposited around it. (g)Final device produced after few cycles of resist, EBL, etching and
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metallisation. The final device consisted of a Hall bar of 6 arms, with two thermometers and a gold heater. Scale bar: 20
um

As it can be seen from the example presented above, the process of fabricating devices out of 2D
materials is not a simple one. Many steps are involved in the production of a final device, and each
of them poses a risk to the integrity of the end result. Besides this, the lack of automation present
in the field so far, means that each step must be undertaken by a trained user, making the process

still expensive and specially, extremely time-consuming.

4.9 Conclusions

In this chapter, the fundamental techniques for fabrication of 2D materials and related
heterostructures used during this thesis were described in detail: from the selection of materials,
to different exfoliation techniques, covering also two different stacking methods for
heterostructure production and, finally, also discussing the steps needed for device fabrication.
At the end of the chapter, an example showing the steps for fabrication of a complex device,

consisting of an encapsulated InSe Hall bar with graphene contacts was presented.

One of the main advantages of the methods discussed here is that their combination allows the
fabrication of several kinds of complex heterostructure and/or devices, and besides EBL,
generally the techniques employed in this chapter are rather inexpensive and can be

implemented at a very minimal cost [283].

Another conclusion that can be extracted from this chapter is that even after all the years that
have passed since the first discovery of graphene, still the process of production of 2D materials
heterostructures relies heavily on the experience of the researcher and his/her skill undertaken
it, in a way, similar to a craftmanship. Part of this is due to the random nature of the exfoliation
process. Although there are some methods that statistically lead to a higher yield of flakes, the
lack of repeatability in terms of thickness and sizes, makes the process of flake finding extremely
time-consuming. On the other hand, the process of heterostructure stacking is a very delicate one,
and every little misstep can ruin the whole fabrication, forcing the researcher to re-start from the
beginning. For these reasons, the current ‘handmade-nature’ of device fabrication can be seen as
a bottleneck for the production of devices, and therefore, the exploration of different physical
properties. It makes the process time-consuming, expensive and extremely lengthy. To sort out
this issue, one of the next steps to undertake is the automation of all these processes: from
exfoliation, to flake identification, to finally heterostructure production. The group of Masubuchi
etal. [262, 263] has already published papers in this direction, and it is clear that in the incoming
years the automation processes will be a great deal in the papers related to fabrication of 2D

materials, exploring different Neural Network implementations for the identification of 2D
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materials in different substrates, to the use of robots inside gloveboxes to produce

heterostructures.
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CHAPTER 5

Understanding the effect of
water adsorption on graphene
doping via Raman spectroscopy
in environments of controlled

humidity

FP>POR-T0

Z2p 2P A

The purpose of this chapter is to explore the interactions
between adsorbed water and graphene in environments of
controlled humidity levels. For this, Raman spectroscopy is
employed to characterize how graphene behaves under varying
levels of relative humidity. Samples prepared by different
methods: exfoliated, CVD and epitaxial, are considered, as well
as samples with different thicknesses: monolayer graphene
(1LG) and bilayer graphene (2LG). The changes in the main
Raman graphene peaks, the G and 2D peaks, are systematically
extracted and compared for the different conditions and
samples. Finally, the carrier concentrations of the exfoliated and
CVD monolayer samples are calculated and compared with

previous data.
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carrier concentration extraction with the Raman data using an algorithm adapted from refs [285,
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286]), Olga Kazakova (leadership, discussions), Cristina E. Giusca (leadership, supervision,
discussions and writing) and myself (supervision, fabrication of exfoliated graphene samples, Raman
measurements, data interpretation, writing). The CVD samples were prepared by Graphenea, while
the epitaxial graphene samples were fabricated by Dr Kurt D. Gaskill’s group at the Naval Research
laboratory in Washington.

5.1 Introduction

Due to its outstanding electronic properties graphene has shown great promise for many
applications such as gas sensing [287-289], transparent conducting electrodes [290, 291], or
energy storage [292], among others. To face the demands of such a wide variety of fields, great
efforts have been dedicated to improve the synthesis techniques of graphene from mechanical
exfoliation, which is often employed for research purposes; to epitaxial growth or chemical
vapour deposition (CVD), which actually hold the promise of achieving mass-production of
graphene devices [293]. However, regardless of the fabrication route, the electronic properties of
graphene are known to be eminently sensitive to changes in the environment. This is a positive
feature for certain applications such as graphene sensing, but it can become a challenge when the

doping is unwanted and unavoidable.

In this sense, the presence of water can be problematic. It exists in the atmosphere mostly in
gaseous form, and it is continuously cycling, always present in varying concentrations (i.e. levels
of relative humidity (R.H.)) very dependent on the geographical location. Relative humidity has
proven to dope graphene, and although it is not the strongest environmental dopant, its
contribution is still non-negligible [137, 288]. Some studies have highlighted the potential of
graphene as a humidity sensor [146], while others have demonstrated how relative humidity can
obscure the performance of non-encapsulated graphene based devices [294, 295]. Early
experimental research demonstrated that water molecules act as loosely bound p-dopants when
physisorbed by graphene [25, 296]. These results are supported by DFT calculations, which
suggest that although free-standing graphene should be inert to water, the experimentally
observed induced doping is related to interactions with the substrate, at least for samples lying
on Si0,, and the possible formation of dipoles of the water molecules[297, 298]. For this reason,
different responses to the humidity exposure can be expected for types of graphene prepared by
different methods, as well as for varying number of layers. However, although some research has
been performed on the effect of humidity on specific configurations, there are no previous studies
comparing the response of different types of graphene, considering the effects of the underlying

substrate and the number of layers.
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In order to tackle this gap in the research, here a systematic study comparing the doping effects
of varying levels of relative humidity on different types of graphene (i.e. exfoliated, CVD and
epitaxial), with varying thickness (i.e. 1LG and 2LG), is performed via in-situ Raman spectroscopy.
This technique has been selected as it has proven to be fast, non-invasive and capable of providing

realistic estimations of the doping levels of graphene.

5.2 Experimental methods
5.2.1 Sample description and characterisation

The effect of varying levels of humidity has been investigated for three different graphene
samples: CVD, epitaxial and exfoliated graphene. These have been prepared following different

synthesis procedures as summarised below:

= CVD samples were synthesised at high temperatures (~1,000 °C) using Cu foil as catalyst
as described by Li et al. [78]. The graphene was removed from Cu by spin coating a layer
of polymethyl-methacrylate (PMMA) and then wet etched of the Cu substrate. The film
was cleaned with distilled water several times and transferred onto 300 nm SiO, /Si
substrate annealed at 450 °C for 2h in N, to remove PMMA.

» Epitaxial graphene was fabricated on (0001)6H-SiC substrates via Si sublimation from SiC,
as explained in chapter 2, section 2.2.2. The substrates were etched in H, at 200 mbar
using a ramp from room temperature to 1580°C. At the end of the ramp, the H, was
evacuated and Ar added to a pressure of 100 mbar and the graphene was synthesised at
1580°C in the Ar. More details can be found here [299].

» The exfoliated graphene was fabricated in-situ on top of 300 nm SiO,/Si substrates

following the superposition method explained in chapter 4, section 4.3.

5.2.2 Environmental chamber and Raman system set-up

Raman measurements were performed in-situ using a Renishaw inVia Raman microscope system
equipped with a THMS600 Linkam temperature and environmental chamber [300], where the
samples were placed. To precisely control the environment and achieve different humidity and
temperature conditions the chamber was connected to a Linkam RH95 humidity controller [301].
Raman maps were acquired using an excitation wavelength of A = 532 nm and a diffraction
grating of 1800 lines/mm. The light beam was focused with a 50x long-working distance
objective in order to have enough space to place the environmental stage containing the sample.

A schematic picture of the set-up is presented in figure 5.1. Prior to the measurements the system
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was calibrated using the main peak of an internal silicon sample (~520 cm™?!) that serves as a

reference.

Initially, Raman spectra were acquired in ambient conditions at a temperature of T = 21 °C and
a R.H. of 40%. Following this, the samples were annealed at 150 °C for 1 h under a continuous
flow of N, gas (BOC research grade: 99.9995% purity [302]) at atmospheric pressure. This
annealing step was performed between measurements in order to recover the initial state of the
graphene’s surface by producing the desorption of the water molecules [287, 303]. After the
annealing, the samples were cooled down back to room temperature and exposed to different
concentrations of water vapour balanced with N,. For the exposure, the R.H. was increased in a
stepwise manner from 0% to 60%, and the Raman maps were recorded immediately after
reaching the target humidity level. The step size was 10% R.H. for exfoliated and CVD graphene,
and 20% R.H. for epitaxial graphene. The Raman maps were started immediately after the

exposure of graphene to each humidity concentration.
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Figure 5.1. Scheme of the Raman humidity measurements experimental set-up. The Raman scan parameters are controlled
directly from the computer. The different values of humidity within the LinKam THMS600 environmental stage are
achieved via a constant flow of water drops (blue) produced by a LinKam RH95 humidifier with nitrogen used as carrier
gas (red). As shown in the inset, both gases are connected to the inlet of the chamber, where the sample is placed. The
resulting gas is expelled from the outlet. The flow of gases and the temperature are controlled via the LinKam RH95 system.

As a consequence of this type of set-up, the measurement parameters had to be carefully adjusted
in order to avoid the presence of artefacts in the final Raman maps that could lead to inaccurate

results. To minimise lateral sample drift in the humidity chamber during mapping, short
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acquisition times of 0.3 s/pixel were employed. Additionally, a laser power of 0.5 mW was used
to keep thermal effects to a minimum and to achieve a suitable signal-to-noise ratio. This value
was selected for the power as a compromise: Lower laser powers would require longer
acquisition times, which would lead to excessive lateral drift in the sample due to the nature of
the measurement set-up. On the other hand, using higher laser power could induce small offset
within the measured doping values. In this respect, it is important to highlight that in the case
that any offset was present in the measurements of the samples, it would be constant across all

maps, and therefore, all humidity-induced trends observed would still be valid.

5.2.3 KPFM set-up

Kelvin probe force microscopy (KPFM) measurements were acquired with a Bruker Dimension
Icon AFM under ambient conditions. Maps of the topography and the contact potential difference
were acquired simultaneously in single-pass frequency-modulated Kelvin probe force
microscopy (FM-KFPM). For this purpose, highly doped Si probes (PFQNE-AI) were employed,
having f, = 300 kHz and k ~ 0.8 N- m~1 [304].

5.3 Humidity effects on different graphenes
5.3.1 Morphology studies of various types of graphene

Prior to the Raman measurements, all the samples were characterised by different methods:
optical microscopy, AFM or KPFM, in order to assess their morphology and the number of layers

of the different graphene samples. Representative results are summarised in figure 5.3.

In the case of the exfoliated sample, the optical image (figure 5.2(a)) shows two different flakes
with a wide distribution of areas of different thicknesses, t. These domains are identified with
respect to the bright blue substrate based on the contrast: light blue regions correspond to
thinner flakes, whereas darker blue regions are the result of a higher number of flakes stacked
together. An area that seemed to contain the desired thicknesses (1LG and 2LG) was identified
and surrounded by a red square (denominated as region of interest, ROI). In order to clearly
identify the thickness of the flakes contained in the ROI, an AFM scan was acquired over the area
as a complementary technique. The resulting topographical map (figure 5.2(b)) shows variations
of the thickness of the flake as expected. The quantitative values have been confirmed by taken
profiles on figure 5.2(b) following the yellow dotted line for 1LG with respect to the substrate, and
the blue dashed line for 1LG with respect to 2LG. The profile showing the thickness of 1LG with
respect to the substrate is shown in figure 5.2(c) giving t11,c~0.34 nm, while the profile for 1LG

with respect to 2LG is shown in figure 5.2(d) giving t,;g_1.c~0.37nm, which is a total of
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ty1.g~0.71 nm of 2LG with respect to the substrate. These quantitative results confirm the initial

assessments of the thickness of the flakes performed using the optical image.
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Figure 5.2. (a) Optical image of the exfoliated flake on 300 nm SiO,/Si. The region of interest (ROI) surrounded by a red
square presents mainly two distinct regions with a very light contrast with respect to the bright blue substrate,
corresponding to monolayer (1LG) and bilayer (2LG) areas. (b) The thickness of the flakes in the ROI is confirmed by AFM
topography using profiles from the substrate to 1LG (yellow dotted line), and from the 1LG to 2LG (blue dashed line). (c)
Profile following the yellow dotted line from (b) giving a total thickness of 1LG with respect to the substrate of t~0.34 nm
(d) Profile following the blue dashed line from (b) giving a total thickness of ZLG with respect to 1LG of t~0.37 nm, and
thus a total thickness with respect to the substrate of t~0.71 nm.

For the CVD and epitaxially grown samples, optical contrast is typically not well-suited to provide
information about the layer thickness, and therefore it is more convenient to use other techniques
such as KPFM [288, 305, 306]. For the CVD sample, the topography (figure 5.3(a)) shows
relatively homogenous graphene domains (dark contrast) separated by ridges. It is quite relevant
to note that although in the topography there are no signs of different thickness distributions
across the graphene, the contact potential difference map (figure 5.3(b)) reveals the presence of
higher surface potential areas (high contrast based on our scale) corresponding to 2LG and 3LG

patches, indicated by green and blue arrows, respectively.
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Figure 5.3. (a) Topography and (b) surface potential images of the CVD sample. The KPFM map shows a homogeneous
area mostly 1LG (dark contrast), with higher contrast areas corresponding to 2LG (green) and 3LG (blue). (c) Topography
of the epitaxial graphene sample displaying the typical terraced surface, and (d) contact potential difference map showing
1LG (dark contrast), and stripes of higher contrast areas corresponding to 2LG, typically located at the edges of the
terraces

For the epitaxial graphene, the topography (figure 5.3(c)) shows the typical terraced surface with
mostly parallel edges, consistent with the morphology of the underlying SiC substrate, as
explained in chapter 2, section 2.2.2. As with the CVD sample, the contact potential difference map
(figure 5.3(d)) revealed the presence of two different types of regions, not obvious in the
topography. In the same manner, the areas with higher surface potential are associated with 2LG,
which in this kind of sample typically grows at the edges of the terraces. The regions of lower
surface potential (dark contrast) correspond to 1LG which typically grows on the centre of the

terraces [137, 288].

5.3.2 Raman results in environments of varying humidity

Raman spectroscopy is an optical technique typically employed to determine the number of layers
of a given graphene sample, as explained in chapter 3, section 3.2.3. Furthermore, it has also proven

to be an excellent tool for studying the effect of external perturbations such as doping on the
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electron-phonon interactions in graphene. Early research showed that the characteristics G and 2D
graphene peaks were strongly influenced by changes in the doping, achieved either by electrostatic
gating or charged impurities, or even both [307-309]. However, no systematic studies were found
assessing the doping of graphene due to environmental factors via Raman spectroscopy.

Here, representative Raman maps of the three different samples acquired in ambient conditions
are presented in figure 5.4. These are generated by measuring the individual Raman spectrum at
specific pixels separated by 0.2 um, and then using the integrated signal of the G-peak intensity to
represent each point. As the intensity of this peak is directly proportional to the number of layers,

the areas containing higher green intensity values correspond to 2LG [210].

EXFOLIATED CVD EPITAXIAL

Figure 5.4. Raman maps representing the G-peak integrated intensity for (a) exfoliated, (b) CVD-grown and (c) epitaxial
graphene using 532 nm excitation wavelength. The regions corresponding to 1LG and 2LG are indicated in each image.
The measurements were carried out in ambient.

In order to understand the rest of the contrast in the images it is convenient to divide the samples

in two groups:

» The CVD and epitaxial graphene samples, can be considered thin films, with the areas
examined being comparatively small with respect to the whole wafer size. This means
that no parts of the bare substrate are imaged in the maps, and therefore, the regions
presenting lower intensity (less saturated green or black) correspond to 1LG.

» Onthe other hand, for the exfoliated sample, the 300 nm SiO, /Si substrate is also mapped,
appearing in black in figure 5.4(a), and thus creating a sharper contrast with respect to

the 1LG.

Using this layer information from the acquired maps, individual Raman spectra were extracted
on the different 1LG and 2LG regions for each of the samples. The main parameters of the G and
2D characteristic graphene peaks (i.e. the position and the full-width half maximum (FWHM))
were then obtained by applying Lorentzian fittings.

Table 5.1 summarises the averaged results acquired over 1LG and 2LG in ambient conditions. The
general values observed for all the samples coincide with previous experimental data: the FWHM

of the 2D-peak increases quite noticeably in all cases for 2LG with respect to 1LG, and it is possible
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to fit it with 4 Lorentzian components as expected from a double-resonance process (see chapter
3, section 3.2.3 for more details) [310]. Additionally, for the G-peak the FWHM widens and
becomes more intense for 2LG compared to 1LG, as expected with the evolution of the electronic

bands on the transition from one to two graphene layers.

Graphene type || XONMH | CVDarown [ RRERE

G peak (cm™1)
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G peak (cm™1)
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13 15 13 24 25 36
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Table 5.1. Characteristic averaged values for the position and FWHM of the G and 2D peaks recorded in ambient
(T = 21°C, RH = 40%). The spectral resolution of the Raman spectrometer is specified in the table as +2 cm™*

Another detail of interest is that for the exfoliated and CVD types, the G peak experiences a slight
red-shift, when passing from 1LG to 2LG, which has been already addressed in literature by Gupta
et al. [311]. Regarding the position of the peaks, it is also noticeable that CVD and epitaxial
graphene show a clear blue-shift of the G and 2D-peak positions with respect to the exfoliated
type. This is justified as the phonon frequencies of graphene can be influenced by different factors
such as doping, both from the environment and the substrate, and by mechanical strain. Local
variations of the strain are practically unavoidable as these are induced in the graphene lattice
upon deposition on a substrate [312-314], thermal annealing [315, 316] and stacking with other
2D materials [317, 318]. The deconvolution of both quantities will be further discussed in the
next section. Besides this, it is also important to highlight that as shown by Casiraghi et al. [309],
although the general trends observed for certain graphene types in certain specific conditions are
reliable, there is always an unavoidable variability between nominally identical samples (i.e.
fabricated following the same procedure) in terms of doping induced by the substrate that must

be taken into account when comparing Raman results.

In order to visualise how the humidity affects the different graphene samples, representative
spectra recorded at humidity levels ranging from 0 to 60% R.H. are displayed in figure 5.5(a-c)
both for 1LG (top) and 2LG (bottom):
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Figure 5.5. Representative Raman spectra for (a) exfoliated, (b) CVD-grown, and (c) epitaxial graphene at varying
humidity levels from 0% to 60% RH. In all cases, results corresponding to 1LG are represented at the top, and results
for 2LG at the bottom. Spectra are shifted vertically for clarity. In (d) and (e) a summary of the peak position variation
with humidity is shown for the of the G and 2D peaks, respectively.

There is a clear observed shift in the position of the Raman peaks. For exfoliated (figure 5.5(a)) and
CVD (figure 5.5(b)) graphene the 2D peak presents a blueshift with increasing humidity levels,
more pronounced in both cases for 1LG. In contrast, the G-peak varies much less noticeably, with a
very slight blueshift for all the curves, remaining almost constant for the 2LG exfoliated sample.
For the epitaxial (figure 5.5(c)) graphene sample, the G peak position for 1LG redshifts with
increasing humidity and remains unaffected for 2LG, whereas the 2D peak displays a pronounced
red shift with increasing humidity both for 1LG and 2LG. Another important feature to highlight for
the exfoliated and CVD samples is the absence of the disorder-related D peak near 1350 cm™?!
which is the most salient feature of defect-free graphene [310].

In order to bring some clarity to these observations, the position of the G and 2D peaks are
calculated using Lorentzian fittings and plotted as a function of humidity in figure 5.5(d) and figure
5.5(e), respectively. Positive and negative values of the y-axis (peak-shift) correspond to blue-shift

and red-shift, respectively. Based on these curves it is more evident that the exfoliated and epitaxial

1LG are the samples showing the highest variations in the position of both peaks, presenting a
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monotonic trend, upward (blue-shift) and downward (red-shift) respectively, in which the shift
increases for higher humidity levels. Additionally, for both of them as well the shift is bigger for the
2D peak being ~15 cm™!, while the G-peak displacement was ~10 cm™? for the exfoliated sample
and ~ — 6 cm™?! for the epitaxial. These results also highlight that the doping produced by the
humidity shown by exfoliated and epitaxial graphene is thickness dependent, as the 2LG does not
change as drastically as the 1LG. Interestingly, for the CVD sample, 2LG shows a similar blueshift
of both, the G and 2D peaks of ~6 cm™1, while 1LG presents a very pronounced shift only for the
2D peak of ~12 cm™1.

With water acting as a p-dopant of graphene [25, 298], our observations of the Raman shifts agree
with previous experimental data: Pisana et al. [319] and Das et al. [307] employed electrostatic
gating to dope exfoliated graphene samples sitting on SiO,, and reported a blue-shift both for the
G and 2D peaks when p-doping the graphene. Same trends were observed for CVD graphene by
Kominkova et al. [320] using an electrochemical approach. In the case of the epitaxial graphene,
the effect of the water doping results in quite a noticeable red-shift of both the G and the 2D peaks,
also demonstrated by Yang et al. [321] employing substrate induced doping. The different in
shifting direction of the phonons observed for exfoliated and CVD (i.e. blue shift), and for epitaxial
(i.e. red shift), might be attributed to the different substrate induced doping in the samples, which
lead to p-doping induced from SiO, for exfoliated and CVD, and to n-doping induced from the
interfacial layer in epitaxial graphene.

In general, the cumulative doping of a sample accounts for different components such as the
substrate induced doping, environmental doping (in the case the sample is not encapsulated
between hBN) or electrostatic gating. This is important because as the electron-phonon coupling
is strong in graphene, these components will also contribute to the observed Raman shifts.
However, the variations of the G and 2D peaks are not only related to doping, but also, they can be

a result of strain induced in the lattice. This correlation is explored in the following section.

5.3.3 Caorrelation of strain and doping

Changes in the lattice constants lead to variations in the phonon frequencies, therefore, the shifts
experienced by the 2D and G peaks in graphene are a result not only of the doping mechanisms,
but also of the strain present in the sample. Strain in the lattice can be induced uncontrollably

through different processes such as the polymeric transfer or thermal treatments [322, 323].

In principle, due to the natural convolution of the strain and doping, obtaining quantitative values
of one of the two properties, would require the prior knowledge of the other. However a method
first proposed by Lee et al. [285], and further developed by Froehlicher and Berciaud [324],

allows separating the contributions of strain and doping for Raman measurements, by correlating
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the G and 2D peak positions with respect to an empirical trusted reference showing no strain and
no doping (i.e. 1LG on SiO, measured by Bruna et al. [325]), via a vector decomposition method,

illustrated in figure 5.6.
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Figure 5.6. Example of the application of the vector decomposition method. Figure representing the relation between the
2D frequency versus the G frequency, in which the data is obtained from fitting the graphene Raman peaks using
Lorentzian curves. The position of the green dot corresponds to free-standing graphene, not affected by strain or doping.
Displacement up or down on the black dotted line results in undoped graphene with an increase of compressive or tensile
strain, respectively. Increases in doping are slightly more complex: movement along the pink dotted line towards higher
frequencies results in strain-free graphene with higher p-doping, as denoted by the pink arrow; while the n-doping is
determined by the curved trajectory in solid blue, also highlighted with a blue arrow. Inset: decomposition of the effects of

hole doping and strain using a vector model. Any point in the map can be represented as a vector, OP, which can be further

decomposed into two directions: along the OH ‘strain-free’ with hole doping, and along the oT ‘charge-neutral’ for tensile
strain. These two lines divide the space into four quadrants (Q1-Q4). (Note that the data reported here is just an example,
and it is not related to the discussion of the Raman) Adapted with permission from [322]

The position of the measured points with respect to the experimentally chosen reference, that is,
their position within the quadrants formed by the strain-free (pink dotted line in figure 5.6) and
doped-free (black dotted line in figure 5.6)) provides information of the level of doping and strain
present in the sample. One of the main disadvantages of this procedure is that it is not applicable
to thicker graphite or other materials, as it is based on experimental values taken from monolayer
graphene. Additionally, as a result of the non-linearity in the 2D and G peaks position for n-doped
samples such as epitaxial graphene, the method is restricted to p-doped samples, in which the
trend remains linear [306]. The technical details of this approach are out of the scope of this thesis,

but more information can be found in references [44,45,48].

For our study presented here, the data extracted from this method was employed to produce

quantitative maps of the doping of the samples with respect to the relative humidity for the
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monolayer regions on the p-doped graphene samples (i.e. exfoliated and CVD), as shown in the

figure 5.7 below:

Exfoliated Graphene

_1 2D height / counts

z-W2 70T/ U

2D FWHM / cm

G height / a.u.

-W3 10T /U

4.0

Figure 5.7. Top panel - Exfoliated graphene sample. (a) Raman intensity map of the 2D peak at 0% R.H. This map was
employed to distinguish the areas of mono- and bi-layer graphene, as well as the substrate regions. The red lines show the
threshold value of 300 counts used to discriminate between the graphene region, and the substrate. The white dashed
rectangle indicates the area of interest containing 1LG, and focused on in detail in the maps (c-h). (b) Raman map of the
FWHM of the 2D peak at 0% R.H. This map was used to distinguish between areas of 2LG and 1LG. The red lines show the
threshold value of 40 cm™*, above which the graphene was judged to be 2LG. The size of the map in (a-b) is shown

by the scale bar in (a). (c-h) Sequence of spatially resolved doping maps collected from the exfoliated 1LG area, while the
humidity was changing from 0% RH to 60% RH, as indicated in each image. The scale bar in (c) is shared for all (c-h) maps.
Light grey areas in (c-h) maps have been masked out of the analysis. Bottom panel - CVD graphene sample. (a) Map of
the G peak intensity at 0% R.H., used to exclude bilayer regions from the analysis. The red lines show the threshold value,
of 1.05 X the median height of the map, above which the graphene was judged to be 2LG. (b-h) Sequence of spatially
resolved doping maps collected from the same region of the CVD grown graphene, while the humidity was changing from
0% R.H. to 60% R.H., as indicated in each image. The scale bar in (a) is common for all images. Light grey areas in the
maps have been masked out of the analysis using the threshold value as shown in (a). These figures have been reproduced
with permission from [284].

In order to produce these maps, the positions of the 2D and G peaks were found for each
individual spectrum comprising a confocal Raman map by applying single Lorentzian fits and
then, the aforementioned vector transformation plots were constructed. For both samples, it is
evident from the maps that the hole carrier concentration (n) is higher in environments with
higher concentration of relative humidity, thus presenting an increasing trend. In order to
quantify this change, the doping level for each humidity concentration was calculated by

averaging over the maps. These values have been represented versus the R.H in figure 5.8.
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Figure 5.8. Variation of the holes carrier concentration with respect to varying humidity levels from 0%RH up to 60%RH

for (a) exfoliated and (b) CVD graphene. (c) Schematic diagram of how the relative humidity affects the work-function of
graphene resulting in p-doping.

For the exfoliated graphene, the average value of doping increases from ~2.2 - 1012 cm™2 at 0%
RH. to ~3.6- 102 ¢m™2 at 60% R.H., while for the CVD sample the values change from ~6.6 -
1012 cm™2 at 0% R.H. to ~7.5 - 102cm™2 at 60% R.H. As it is clear, the CVD graphene displays
the highest overall doping, however the change in doping with increased humidity is greater for
the exfoliated sample, as expected from the shift of the Raman peaks presented in the previous
section. Similar orders of magnitude for the carrier density values reported here are found in
previous van der Pauw studies of CVD graphene where the carrier density determined ~9.9 -
1012 cm™=2 for 20% R.H. [305]. This agreement between techniques suggests that the Raman

method provides a good estimate of the order of magnitude of the level of doping in a graphene

sample.

5.4 Conclusions

In this work, an in-situ Raman spectroscopy study was performed evaluating the effect of varying
humidity levels on graphene samples of different types (i.e. exfoliated, CVD-grown and epitaxial)

and thicknesses (i.e. 1LG and 2LG). For this evaluation, the G and 2D characteristic graphene
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peaks were systematically analysed and compared for all the different environmental conditions.
Additionally, a vector decomposition analysis method was applied to the p-doped 1LG samples
(i.e. exfoliated and CVD) to extract the doping values, which were then compared with those

obtained from previous studies.

From the measured Raman data, a clear shift of the G and 2D peaks for all the samples was
observed under varying levels of humidity, confirming previous observations of the sensitivity of
the electronic properties of graphene towards humidity. In our case, 1LG exfoliated and epitaxial
samples showed the highest shifts both for the G and 2D peaks. However, generally, the
dependence of the position of the peaks in all cases was increasing monotonic, showing blue-shift
of the frequency for the exfoliated and CVD samples, and red-shift for the epitaxial sample.
Additionally, layer dependency was observed, with the position of the peaks for 2LG of exfoliated
and epitaxial graphene showing smaller change than 1LG. The same behaviour is observed for the

2D peak position for 2L CVD graphene.

These results demonstrate the potential of Raman spectroscopy as a non-invasive, fast and
reliable characterisation method for the environmental doping effects in graphene. Additionally,
as presented here, there is a clear route to quantify the effect of humidity in terms of carrier
density change for monolayer exfoliated and CVD graphene via the vector decomposition method.
The values obtained here were in agreement with previous experimental results performed by

an alternative method, highlighting the robustness of our Raman based procedure.

107



CHAPTER 6

KPFM studies: calibration method
and its application for the

caracterisation of GFET devices

This chapter is dedicated to the study and
characterisation of the local electronic properties
of graphene via Kelvin probe force microscopy
(KPFM). The first part of the chapter describes a
calibration protocol for KPFM covering different
aspects: from the fabrication of the reference
samples and their UPS characterisation, to the

adjustment of the KPFM parameters, which are

important to minimise the feedback effects
ubiquitous in close-loop (CL) operation. Then, the tip calibration protocol is demonstrated for a set
of probes with Pt coatings of different thickness, and the results are employed to find out the optimal
Pt coating thickness. Finally, this part of the chapter is concluded by studying real samples of
exfoliated graphene flakes of varying thickness, and obtaining the quantitative values of their work-
function using the calibration protocol described. After this, in the second part of the chapter, the
effect of the edge disorder in the charge transport of narrow channel gated graphene field effect
transistors (GFET) is studied with KPFM. To start, the fabrication of the devices is discussed. Then,
the KPFM response is analysed. Finally, the potential of KPFM as a non-invasive visualisation and
characterisation technique for buried layers is discussed. The calibration protocol developed in the

first section is used to extract maps of the work-function of the GFET devices.

Acknowledgments: The first part of this chapter (section 6.3) is a slightly modified version of the
article ‘Calibrated Kelvin-probe force microscopy of 2D materials using Pt-coated probes’ [327]

published in Journal of Physics Communications in 2020, and has been reproduced here with the
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permission of the copyright holder. The results presented are a joint work performed between Dr
Alexander Ferndndez Scarioni and Dr Hans W. Schummacher (fabrication of the calibration samples
at PTB), Dr Steve Spencer (UPS measurements at NPL), Dr Richard Perry and Dr James A. Vicary
(fabrication of tailored probes at NuNano), Dr Charles A. Clifford, Dr Hector Corte-Leon and myself
(KPFM measurements at NPL). The second part of the chapter (section Error! Reference source
not found.) includes results from a collaboration with DTU (Technical University of Denmark)
researchers in which encapsulated narrow GFET channels were produced by Dr Xiaojing Zhao and
Dr Jose Caridad, while KPFM measurements were performed at NPL by Dr Christos Melios, Dr Hector

Corte-Leon and myself.

6.1 Introduction

With devices evolving continuously towards smaller sizes, and especially after the advent of 2D
materials, the ability to reliably characterise the surface electronic properties of materials at the
nanoscale became extremely important. In this sense, Kelvin-probe force microscopy (KPFM) is
an ideal technique able to provide maps of contact potential difference V¢pp with high resolution.
Through the Vqpp information of different electronic characteristics of the sample can be
extracted, including local spatial distribution of the dopant species [328, 329], information about
defects, dislocations and grain boundaries [330, 331], or about interfacial charge transport in
heterojunctions [332-334], to name a few. Furthermore, KPFM allows to obtain quantitative
values of the work-function of the sample when characterising the work-function of the tip using
a calibration method, as stated by:
(Prip — Psampe)

v = 16
e - (16)

where e is the fundamental charge of the electron, and @4, and @y, are the work-functions
of the sample and the tip, respectively. The work-function (), defined as the energy difference
between the highest occupied electronic energy level (i.e. the Fermi level) and the vacuum level,
is an extremely important property, strongly dependent on the condition of the surface under
investigation, and the environmental conditions. The presence of minute amounts of
contamination, or the occurrence of surface reactions can change the work function substantially.
This makes the experimental determination of the work-function (®) extremely challenging,
however, it is an exceedingly important property to be characterised as it can provide important
information about the surface of a material, can help to predict and understand the energy
distribution channels over a surface, and also when the KPFM has been calibrated (i.e. the work-
function of the tip is known), it is a quantity that can be easily comparable among different

laboratories [187, 335, 336].
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For the reasons stated above, KPFM has become extremely important in different fields such as
the semiconductor industry [337, 338], energy applications [339, 340] or optoelectronic devices
[341], among others. In recent years, KPFM became important in the growing field of2D materials,
providing information about the number of layers [342], the band alignment in 2D material
heterostructures [343-346], and even about the doping levels in different environmental

conditions [137, 287].

However, there are still some challenges lying ahead regarding the acquisition of accurate work-
function values. Specially for 2D materials, there are several areas in which the opportunities of
KPFM characterisation have not been explored yet. In this chapter, both these issues are tackled,

and some insights are provided to advance the field in these two directions:

First, despite all the collective effort from the community, proper calibration of the technique to
obtain reliable and consistent work-function values is still challenging. This is a consequence of
the effect of certain factors such as the great dependence of the V¢pp of the sample on external
and chemical factors [334], the status of the probe while scanning or parasitic influences such as
capacitive coupling, among others. For this reason, the first half of this chapter is dedicated to the
discussion of how to optimise the measurement conditions to minimise the effect of undesired
parasitic contributions in frequency-modulated Kelvin probe force microscopy (FM-KPFM). Then,
improvements will be developed over a currently existing method [347] with the goal of reducing
the uncertainty of the obtained work-function. Finally, the robustness of this approach will be

tested against real samples, exfoliated graphite/graphene flakes on top of gold contacts.

In the second half of the chapter, KPFM is employed to visualise the effect of edge disorder in the
surface potential and charge transport of gated narrow channel encapsulated GFET devices. Also,
the capabilities of KPFM as a non-invasive characterisation tool for buried layers is explored,
using the calibration procedure developed in the first part of the chapter to obtain quantitative

values of the work-function of the GFET devices.

6.2 Experimental methods

In this section, the experimental KPFM set-up, which is common for both parts of the chapter, is

described, together with a short description of the samples studied.

6.2.1 KPFM set-up

The experiments were carried out on a NT-MDT Aura SPM system using FM-KPFM with the
topography and surface potential images acquired simultaneously in single-pass mode [348].

This method takes advantage of the Coulombic force gradient between the tip and the sample to
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compensate the contact potential difference, Vcpp, as explained in chapter 3. The measurements
were performed in vacuum at ~107° mbar and room temperature, with no prior surface
conditioning of the samples, unless stated otherwise. In total, three different probes were

employed as listed in the table 6.1 below.

k(N - Tip height | Tip cone | Curvature
MODEL | SUPPLIER | MATERIAL | f,(kHz) 1 . REF
m) angle radius

[349
NSG03  TipsNano Pt-coated ~70 1.74 14 —-—16um | 10 —30° ~35 nm :
PFQNE- Highly [350
Bruker ~300 0.8 25—-8um  15-—25°  ~5-12nm
Al doped Si ]
SPARK [351
350 NuNano Pt-coated ~350 42 5—8um 15 — 40° ~18 nm |

Table 6.1. List of the probes employed during the development of a KPFM calibration procedure

In order to perform KPFM measurements reliably, the samples must be grounded. In the case of
the experiments discussed in this chapter, the samples were grounded by stablishing electrical
connection with the NT-MDT Aura SPM system (which is directly connected to ground). This was
done via a custom-made sample holder as the one shown in figure 6.1(a), that was connected to
the system. The samples were mounted and bonded into custom-made ceramic TO-8 headers, as

the one shown in figure 6.1(b), which were then fit into the sample holder.

Figure 6.1.(a)Custom made sample holder for electrical measurements in the NT-MDT AURA system, allowing
measurements in different environmental conditions. (b)Custom made TO-8 ceramic header. As shown in the image, the
samples were fit in the centre of the holder and then connected via 12 Au pads.

Different samples were investigated in this chapter:

» For the first part (section 6.3), two custom calibration samples for KPFM were designed
by NPL and fabricated at Physikalisch-Technische Bundesanstalt (PTB) in Germany, in
order to develop a calibration protocol for KPFM. Additionally, in order to test the
calibration protocol, exfoliated graphene samples were fabricated following the

‘Superposition method’ described in chapter 4, section 4.4, and deposited on top of pre-
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patterned substrates with metallic contacts. The metallic pads in the sample were wire
bonded onto the chip carrier for grounding purposes, as explained above.

» For the second part (section Error! Reference source not found.), encapsulated narrow
channel GFET devices with patterned constrictions were fabricated following the
‘PPC/PDMS transfer method’, explained in chapter 4, section 4.6.2 on top of 300 nm SiO,/
Si substrates at DTU.

6.3 KPFM calibration methodology

As mentioned in the introduction of the chapter, one of the main purposes of KPFM is to provide
reliable quantitative work-function values of the samples under investigation. Essentially, this
depends on the correct determination of two parameters: (1) the contact potential

difference (V¢pp) and (2) the work function of the tip used (®@y;p ).

Regarding the first point, it is relatively challenging to obtain accurate results of the Vcpp. This is
so, because the value of the Vopp depends on several parameters: from the status of the surface,
to the measurement environment [352, 353], including the tip geometry [354], instrumentation
and feedback effects [355], or even signal crosstalk [356, 357], common in close-loop (CL) KPFM
operation. These deviations in the recorded Vcpp values difficult the comparison between
measurements from different groups, or with theory. Correct selection of scanning parameters,
that could minimise all these aforementioned artefacts, crosstalk and parasitic effects, are more
often than not overlooked in published papers. For this reason, they will be analysed in detail in

following sections.

Regarding the second point, the determination of the work-function of the tip, also known as tip
calibration, can be done using a reference sample and rearranging the fundamental relation (eq.

6.1) as:

cI)tip = q)Ref_Sample —eVepp (17)

The two points described above highlight the need of having a robust calibration sample with a
stable surface that does not oxidised over time or that is easy to clean. This will reduce the
variability of the surface properties during the measurements, which in turn, would lead to
reduced uncertainty in the resulting Vepp or @gef sample measured. In previous studies, the
calibration of the tip is normally performed only against one material, typically Au or HOPG. On
one hand, Au is employed as it is a noble metal presenting high resistance to oxidation, while
HOPG presents the advantage of being easy to peel-off, exposing a clean surface each time [331,

358]. Also, in many cases, the work-function of the reference material is not measured with an
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alternative technique such as ultraviolet photon spectroscopy (UPS), but just taken from
tabulated values. Based on the high variability of the contact potential difference with the status
of the surface, these procedures are likely to introduce high values of uncertainty, and provide
inaccurate results of work function of the sample. To overcome this, a calibration method is
developed here as a robust and reliable solution: For this, the work-function of the tip is measured
against several metallic surfaces, which are previously characterised by UPS. In total, two

different calibration samples, including four metallic surfaces, were designed and fabricated:

= A first sample containing thin film squared pads of Au/Ti (20 nm/5nm), and Pt/Ta
(20nm/5nm) deposited on a Si substrate

= Another sample of thin film squared pads of Ta (30 nm) and Ti (30 nm) on 2 um SiO, /Si.

These metals were selected based on the varied range of work-function values that they cover
(see table 6.2), as well as for having high resistance to oxidation(corrosion), or because they
develop a passivation oxide layers that stabilizes their surface [359-361]. Additionally, the
metallic thin films were electrically connected, allowing the application of a certain bias to the
pads. By doing this, the carrier density of the metals was affected, varying their work-function,
and providing more than one measurement point per sample. This way, the final metal work-
function was obtained by applying a linear fitting through several points, rather than a single

measurement, and thus reducing the error associated with the measurement.

In the following sections, we will cover all the details related to the calibration method: UPS
characterisation of the calibration samples, correct determination of scanning parameters,
calibration of different probes using the fabricated samples and the result of characterising a

sample of exfoliated graphene following the procedure described.

6.3.1 Ultraviolet photon spectroscopy (UPS)

Prior to the KPFM measurements, the work-function of the calibration samples (i.e. different
metallic thin films) was characterised by ultraviolet photon spectroscopy (UPS). This technique
takes advantage of the photoelectric effect to extract electronic information of the samples. The
surfaces under study are irradiated with an ultraviolet photon beam generated by a gas discharge
lamp filled with Helium, which produces photons with energies ~21.2 eV (He I). The impact of
the photons on the surface results in the emission of photoelectrons which are then captured by
an energy analyser providing information of the valence-band electronic structure of the sample

and its work-function, as shown in the representative UPS spectra in figure 6.2.

The work-function is determined from the higher part of the binding energy spectrum (i.e. low

kinetic energy), which is dominated by inelastically scattered electrons forming a high intensity
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tail with a sharp cut-off. This former feature corresponds to the electrons that have just enough

energy to leave the sample.

= UPS Au spectra
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Figure 6.2.Ultraviolet photon spectroscopy diagram of the intensity versus the binding energy extracted and modified from
experimental data taken from our Au reference sample. The valence band electrons area is surrounded by a dashed black
circle. The area corresponding to secondary electron cascade emission is highlighted by a green background. The cut-off
energy is extracted by fitting the sharp region on the curve with a straight line, represented here as a dashed dark blue
line. The Fermi level is represented by a dashed yellow line.

Fitting this part of the curve (i.e. blue dashed line in figure 6.2) and extracting the intersection

with the x-axis provides the cut-off energy, E. t_ofr, needed to calculate the work-function as

follows:

q)yfrflple = Eincident photon — Ecut—off =212eV — Ecut—off (18)

Optical images and UPS representative spectra of the Au and Pt reference samples are presented

in the figure 6.3 below.
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Figure 6.3.(a)Optical image of one of the calibration samples acquired with the camera of the Aura NT-MDT SPM system
prior to a measurement. The wire bonds performed to the pads for grounding are visible in the image, as well as the AFM
probe with the back reflected laser. (b)UPS spectra for Au(green) and Pt(blue), representing the intensity versus the
binding energy.
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The values of the work-functions obtained by UPS for all the different thin films reference samples

are summarised in the table below:

Metal | DR gy, H0.01(eV) | @RI (o) 330)

Pt 4.84 5.40
Ti 4.43 4.10
Au 4.35 5.32
Ta 4.00 4.22

Table 6.2. Work-function values for the different selected metals obtained via UPS and from a tabulated reference[339].

According to eq.6.2, the work-function of the tips used for the KPFM measurements can now be
determined just by considering the work-function values of the reference thin film samples
calculated by UPS, as well as by measuring their respective Vcpp. For this, the samples are brought
into vacuum(10~®mbar) inside the NT-MDT AURA system and scanned with the selected KPFM
probes. Before continuing to the next section, it is important to highlight the fact that the work-
function values obtained from the UPS measurements are not close to the theoretical tabulated
values obtained from the reference [339]. This could be related to different reasons, as for
example, having some contamination on the surface, the presence of defects, having a different
crystallographic plane with respect to the tabulated values, or even having polycrystalline films.
Further experiments would be required in order to confirm these hypotheses. However, the
deviation observed here, just highlights the importance of being able to use a second technique
to obtain the work-function of the reference sample, rather than just rely on theoretical, tabulated

or previously obtained values.

6.3.2 KPFM parameters optimisation

In this section, using the as-fabricated calibration samples, the main sources of error, parasitic
signals and parameter optimisations methods for KPFM are analysed, as part of the first step of

the calibration method.

Since FM-KPFM is an AFM based technique, operated in tapping mode and single-pass (at least,
in this case), its operational methods involving a LIA and bias feedback could introduce some
parasitic effects, related to the feedback gains and the stray capacitances. The net effect of these
factors is that the input signal arriving to the feedback loop might contain contributions which
are not associated with the electrostatic tip-sample forces. Therefore, not accounting for them
may essentially result in unpredictable systematic errors up to hundreds of millivolts, heavily

affecting the sensitivity and reliability of the measurements.
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Feedback gains

As mentioned previously, the simultaneous acquisition of the topography together with the
surface potential means that both signals must be optimised at the same time (figure 6.4), as poor
calibration of one of the signals could potentially induce undesired crosstalk effects between
them. Although it is rarely discussed in experimental methods section of papers, incorrect
scanning gains can easily result in deviations of surface potentials corresponding to 100s of mV,
therefore the selection of an optimal parameter configuration is of uppermostimportance for true

measurements using KPFM [357].
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Figure 6.4.Calibration sample maps acquired using single pass FM-KPFM providing simultaneous imaging of the
(a)topography and the (c)surface potential (V¢pp). (b)Profiles extracted from the blue line in the topography showing a
step of ~25 nm height, and (d) V.pp distribution map over the sample area showing two differentiated regions
corresponding to the substrate (green) and the metal pad (brown). Scale bar: 1 um

Therefore, the first parameters to consider are the individual gains both for the mechanical and
electrostatic loops. Due to the huge variations between systems, the effect of the PID specific
values will not be discussed here!2. Alternatively, a more general and straight forward procedure

based on basic AFM principles can be applied instead, which is valid for all kinds of systems.

12 For more information, consultation of the specific manuals of the AFM system used in each case is recommended.
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Most commercial AFM systems scan twice for each profile including the trace scan and the retrace
scan, also known as forward and backwards scans, respectively. As demonstrated by previous
studies, the correct selection of feedback parameters and line scanning rate leads to coinciding
trace and retrace signals [362, 363]. The reason is that the feed between the trace and the retrace
is very small, excluding the inherent mechanical hysteresis of the scanner, which results in the
scanned topography by both scans almost in the same position. If the difference between the trace
and retrace scans is big, it means that the tip does not trace the sample surface very well and the
measurement results are poor. Thus, monitoring the trace and retrace, and using how much they
match as a measure of how optimized is the system, is a good way of adjusting the gains. In the
case of KPFM, it relies on long-range electrostatic forces, which means that normally the signal
acquired is a weighted average of a certain region under the tip. This region is typically larger
than the region covered by the topography, as the latter relies on the gradient of the van der Waals

forces which is of shorter range

than the electrostatic forces, 3/ —;fffaipﬁ;g;;;yphy I | .
however, the same criteria as for 30 ||~ remece AR ATV,

the topography is valid, and thus ;’f = I
monitoring trace and retrace and I

looking for their match when

adjusting gains is also a good way

of optimizing the parameters. In

this regard, one of the main

advantages of the prepared [0°
calibration samples is that they -5 ; 1 T . :
present two clearly differentiated X(um)

. . Figure 6.5. Trace and retrace profiles for the topography (blue) and the
topographical and potential areas, surface potential (red) acquired over the step between the metal pad and

. . the substrat: the calibrati le.
namely the thin film and the e substrate on the calibration sample

substrate, separated by a sharp edge. This clear feature (i.e. a step change) has been used as a
typical potential profile in different simulations as it helps providing information of any possible

cross-talk, or inconsistencies [348, 364].

Therefore, to ensure the proper functioning of the system, both topography and surface potential
signals are continuously acquired while scanning across the sharp boundary, as shown in figure
6.5. The gains and scanning rate/speed are then adjusted until the signal to noise ratio is reduced

to its minimum and both trace and retrace signals match.
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Type of probe and the scanning speed

As it has already been discussed in previous literature, the geometry of the tip and the design of
the whole cantilever is the most critical factor defining the resolution and accuracy of the
acquired surface potential maps [334, 354]. Here, following the research by Jacobs et al. [357],
the settling time, together with its influence on the scanning speed, is tested for two types of
probes: NSG-03 probes with a Pt coating, and PFQNE-AI which are highly doped silicon probes.
The settling time can be defined as the time delay between the tip potential measurement and the
application of the compensating external potential. This parameter depends on the tip-sample
capacitance, the gain in the feedback and the contact resistance of the tip-sample system.
Furthermore, the variation of the settling time directly affects the scanning speed, a scanning
parameter which is often overlooked. It is highly important to optimise this parameter as
incorrect scan speeds (i.e. too fast scans) could lead to poor image quality, damage of the tip or

the sample, or even artifacts, and therefore missleading or incorrect results of the Vcpp.

In order to find the fastest scan speed possible, stationary measurements were performed
between the metal pad and the substrate alternativaly, displacing the tip in non-contact between
the measurement spots, as depicted in figure 6.6(a). All the measurements where performed after
optimizing the topography and KPFM signals using the step method described earlier.The results
of the settling times obtained for the PFQNE-AI are presented in figure 6.6(b-c), while for the NSG-
03, these can be seen in figure 6.6(d-e). In the figures, the changes in the X and Y piezo positions
of the tips are shown in red full and red dashed lines, respectively, with the measured V¢pp signal
depicted in black. The time spent measuring on top of the metal pad is highlighted in brown and
the time on top of the substrate in green. Analysing the data, specially the zoomed-in details
presented in figure 6.6(c) and (e), it is obvious that the PFQNE-AI probe presents a higher settling
time, needing up to ~140 ms for the V¢pp to settle to a constant value, whereas the response of
the NSG-03 probes seems to be much shorter, with settling times down to ~30 ms. This noticeable
difference in settling times, assuming that the gains were optmized to the best values in both
cases, is attributed mainly to two factors: (1) the material of the probe, and (2) the radious of
curvature, both of which affect the probe-sample capacitance. Regarding the first point, the
PFQNE-Al probes are formed of highly n-doped silicon and have a high concentration of electrons.
However, the charges in a semiconductor are not localised at the surface, instead they are
distributed inside the whole semiconductor, and they react to the applied V, modulation. This
means that although for certain measurement conditions the system could be approximated as a
capacitor (i.e. metal-insulator-metal), in the case of the measurements performed here, it is
possible that the system is behaving in a more complicated manner (i.e. metal-insulator-

semiconductor). Considering the latter, the observed delayed response could be a consequence
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of having the charges in the probe subjected to the effect of the varying tip-sample distance and
the varying excitation voltage V. applied [185, 365]. Also, the presence of an oxide passivation
layer over the highly doped silicon surface, and the presence of trapped charges in the
semiconductor material could potentially have an effect on this response delay [366]. In this
sense, the metal coating of the NSG-03 probes is probably an important factor to its shorter
settling time, as it ensures the formation of a true capacitor between the sample and the tip (i.e.
metal-insulator-metal). With respect to the radious of curvature(see table 6.1), previous studies
have demonstrated that higher values like the one presented by the NSG-03 probes produce
steeper and faster reponses in agreement with our findings [354]. In the following sections only

probes with metallic coatings are employed.
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Figure 6.6. (a)3D representation of the measured contact potential difference superimposed on the topography of the
calibration sample. The substrate is shown in green, the bond pad in brown and the edge is shown in yellow. The black
dashed arrows represent the trajectory followed by the probe during the measurement. Point-measurements are
performed at the locations highlighted by blue dots. Temporal response of the (b)PFQNE-Al and (d)NSGO03-Pt probes
represented by a black line, with the profiles followed by the X and Y scan directions represented by full and dotted red
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lines, respectively. Detail of the response during the first seconds of measurement for the (c)PFQNE-Al and the (e)NSG03-
Pt probes.

KPEM parameters

The other two parameters that require attention, which are specifically KPFM related, are the
amplitude, V¢, and the frequency, f, ¢, of the modullation voltage applied to the probe. These two
parameters affect more the quantitative values measured than the settling speed. As explained in
chapter 3-section 3.1.2, the electrostatic force between the tip and the sample is separated from
the Van der Waals forces by applying a V5 modulation bias together with the compensation Vp.
The total electrostatic force experienced by the system can be written as[185, 187, 367]:

10C 2 1aC .
Fop = a7 [Vtip - V.S‘ample] =592 [((Voc — Vepp) + Vac sin(wt)]? (19)

Where C is the capacitance of the system, and the dC/dz term corresponds to the capacitive
gradient between the cantilever and the sample. By expanding the square in eq.6.4, the final

expression of the electrostatic force gives:

2

AC [(Vpe = Vepp)? Va2l ac v
_ €| Wbe = Vepp)” | Vac” + = W = Vepn)Vac sin(@t) — =~ cos(201) (20)

¢t 0z 2 4
The resulting eq.6.5 can be also divided in three spectral components as:
Fei = Fpc + Fy, + Fap (21)

where Fp corresponds to the static term, and F, and F,, correspond to the modulated forces
on the first and second harmonic, respectively. These three different terms are shown

individually below:

_ 9C|(Vpc — Vepp)? 4 Vic

-— 22
DC™ 92 2 4 (22)
ac _
Fy, = ™ (Ve = Vepp) Vac sin(wt) (23)
aC Vi,
Fy, = ———cos(2wt) (24)
Jz 4

Here, eq.6.7 refers to the additional static force contributing to the topography output signal, Fp.
Eq.6.8 is the first-harmonic of the force at the AC frequency that it is used to adjust the V¢pp in
KPFM Finally, eq.6.9 is the second harmonic of the force at the AC frequency, which contains

information of the gradient capacitance between the tip and the sample.
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In an ideal situation, the PID controller dedicated to the KPFM looks at the deflection of the probe
at frequency w, which is proportional to F,,, and adjusts Vp. until the deflection becomes zero,
thus nullifying the term F,,. Since the F,,, according to eq.6.8, only nullifies when Vy-=V;pp, the
KPFM assumes that the value of the V. is equal to the contact potential. Under this assumption,
the measured contact potential difference can then be determined independently from

parameters such as the V- bias amplitude or frequency, fy.

However, this is a consecuence of assuming that the capacitive coupling between the probe and
the sample doesn’t change due to the probe’s oscillations. If the capacity does change periodically
due to the oscillating probe, then the condition to minimize the force between the probe and the

sample stated in eq.6.8 becomes more complicated:

loc dCjoc Avg dCeant
V. JcPp gz + Verd —gy, N 8 25)
be dCloc dCcant \Y (dcloc_l_dccant)
dz dz AC\ dz dz

Where & is some finite term accounting for the feedback effect and electronic offsets; V(% and
Cjoc are the local contributions from the surface potential and the cantilever capacitance; and
V{;‘,’g and Cg, are the average contributions from the surface potential and the cantilever
capacitance. In this way, a dependence with V¢ appears in the formula for the minimisation of
the Vepp when first order errors in capacitive compensation are considered. This also means that

the role of the voltage is, in principle, more predominant than that of the excitation frequency.

Kalinin et al. [368] already studied the dependence of the feedback effect and the AC amplitude
for different distances in dual-pass schemes. Here, the case of single-pass KPFM is analysed. For
this, the dependence of the Vpp with the modulation amplitude is studied against the Au and the
Pt electrodes of the reference sample, with the results being represented in figure 6.7(a). It can
be seen that the V.pp measured for Au and for Pt tends to constant values for AC voltage
amplitudes between 3 V and 6 V. It is safe to consider that within this interval the feedback effects
will be minimised, leading to measurements that are just purely a result of the electrostatic
interaction. It is important to note that the point located at V,c = 2 V does not fit within the
constant value, following instead a diferent trend, therefore this amplitude of the AC voltages was

avoided in our measurements.

Additionally, as a secondary test, the difference in Vopp measured for the two metals only matches
the results obtained using UPS for amplitude values above V5 = 3V, indicating that the voltage
should be kept at least higher than this value to minimize the error introduced by uncompensated

electrostatic interaction. Finally, as discussed by Glatzel et al. [185], although it is important to
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keep the V¢ as low as possible to reduce any effect on the sample, as for example band-bending
in semiconductors [184], higher voltages (V¢ = 3 V) are advisable in order to improve the signal

to noise ratio.
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Figure 6.7.Effect of varying the (a)amplitude and (b)the frequency of the AC modulation applied to the probe on the V¢pp.
As seen in (a), the variation of the V-pp, with respect to the V. has been tested for both contacts Pt and Au, showing a
difference on the contact potential difference of around 450 mV, similar to the separation between the work-functions
obtained with UPS measurements (~490 mV ). In (b), The variations of the frequency have been only measured for the Au
contact, however the contact potential difference changes only ~15mV for the total range of frequencies tested (1 —
10 kHz).

As for the effect of the excitation frequency, f5c, on the measured sample, results are presented
in figure 6.7(b). This data are acquired by measuring a single electrode while keeping the
Vac amplitude constant and changing the excitation frequency fa¢, between 1 kHz and 10 kHz.
Typically, for single-pass FM-KPFM, the lower limit of the frequency is dictated by an increasing
cross talkbetween the Vepp and the topography signal. The higher the frequency the lower the
coupling between the topography and the surface potential, however, the bandwidth of the
modulator determines the upper limit of the frequency range. In this case, the Vcpp presents a
total deviation of ~25 mV, with a slight upward monotonic variation. It is important to highlight
that the variation is much smaller than that produced by changes in the amplitude of V¢, and

therefore its contribution is minimal as expected from eq.6.10 [369].

6.3.3 Probe calibration and performance test

After analysing and optimising the scanning parameters, the calibration protocol was tested using
SPARK 350 NuNano probes, made of Si with a coating of 40 nm Pt. As shown in figure 6.8(a), the
values of theV:pp were determined for all the reference metals with different bias voltages: For
the tantalum (black) and titanium (red) samples the Vcpp has been measured with an applied bias
between -1.5and 1.5 Vin 6 steps of 500 mV, while for the gold (pink) and platinum (blue) samples,

the bias has been applied between -1 and 1 V in 8 steps of 250 mV. Each material follows a linear
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trend where the interceptis given by Intercept = Vpp

eq.6.2.
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Figure 6.8.(a) Contact potential difference (V¢pp) measured using Pt-coated probes for all the reference samples: Pt
(black), Ti (pink), Au (red) and Ta (blue) as a function of the bias voltage applied to the metal pads. The value of the V:pp
at Vge = 0 is highlighted in yellow (b) Comparison of the KPFM work-function results against the UPS measured values
for the different metallic reference thin films (same as in (a)) including HOPG, measured in air and in vacuum (c)
Measurement of Pt and Au work-function using SPARK-350 NuNano probes with different Pt coating thickness (d)
Distribution of work function values for a batch of 20 nominally identical probes (SPARK-350 NuNano, 40 nm coating).

Therefore, in order to know the intercept, the results were fit using a linear regresion, and the

summary of the data is presented in the table 6.3 below:

. Intercept standard | ®L77 ¢ mpie £0.01
Material Intercept (V) error (V) /- (ef/) Pprobe (V)
Pt -0.4341 0.007 4.84 4.41
Ti -0.0385 0.008 4.43 4.39
Au 0.0329 0.009 435 4.38
Ta 0.3665 0.003 4.00 4.37

Table 6.3. Data extracted from figure 6.8(a): the intercept from the linear fitting, its error, the work function measured
using UPS, and the calculated probe work-function based on the KPFM measurements using eq.6.2.
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Since ¢ref sample Was known via UPS, the work function of the probe was calculated from the data
in the table giving an average value of ~4.39 eV, with a standard deviation of 14 meV. This result
already improves the ones presented by other methods in which the errors typically shown are
on the order of 20-100 mV, and are obtained using only based on one reference material, typically
highly oriented pyrolytic graphite(HOPG) or Au [71, 184]. At this point, it is important to note
that HOPG has been used as the preferred reference sample by many authors due to its low cost,
easiness of manipulation, flatness and excellent electrical properties. However, it was not used
for us as a calibration sample in this study as its work-function values measured in different
previous studies present a large dispersion, both in air and vacuum, with values ranging from 4.5
eV up to 5 eV [184, 353, 370]. These discrepancies might be due to surface contamination,
inhomogeneities, or rapid reactivity with the environment, regardless they make this reference

sample unreliable.

Another advantage presented by the method here is that the results are cross-correlated with
respect to another technique (i.e. UPS). To test the similarity or disparity between both methods,
the KPFM work-function values for all the reference thin films (Ta, Ti, Pt, Au) tested were then
compared back with the values obtained for the UPS measurements, using the newly found
probe’s work function, and as summarised in figure 6.8(b). Besides the reference samples already
tested, the calibration protocol proposed here was used to calculate the work-function of HOPG,
in order to check if the values in air and vacuum present such a high variability as found in the

literature. For this, two different sample preparation protocols were followed:

- The HOPG sample was cleaved in air, left it exposed to air for a short period of time
(~10 min) and then placed it into the vacuum system (~10~° mBar) to measure. This
measurement is denominated as HOPG Air in figure 6.8(b).

- The sample was cleaved and directly introduced in vaccum ready for the measurements.

It is referred as HOPG vac in figure 6.8(b).

It is possible to see that for all the thin films tested except Pt, the work function measured with
KPFM provides generally slightly lower values than the WF calculated by UPS, however all of them
are in the expected range, showing very good agreement between both techiques. However, for
the HOPG there is a difference of ~1 eV between the air cleaved sample and the vacum cleaved,

as it has been pointed out previously [184, 371].

As in the previous section, the Pt coated probes demonstrated faster settling times with respect
to the highly doped silicon ones, further studies were performed to characterise the response of
Pt-coated probes (SPARK 350, NuNano) with different coating thicknesses (20 nm, 30 nm, 40 nm

and 50 nm). For this, the probes were calibrated against the Au and Pt pads. The results are shown
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in figure 6.8(c). It can be seen that the difference between the measured work-function of the two
metals vary significantly (as expected from eq.6.10 when there is capacitive coupling). The probe
with 30 nm Pt coating shows the maximum deviation from the ideal values, measuring a work
function difference between Au and Pt of ~1.5 eV. Additionally, the probe covered with 20 nm
thick Pt presents a difference between the measured Au and Pt values of around 0.004 eV, which
is is a deviation of ~5% with respect to the expected difference. Meanwhile, the values measured
for the probes with 40 and 50 nm thick-coverage present a maximum deviation of only 2% with
respect to the UPS-measured values. Typically, for KPFM, metal-coated tips are very popular as
they are commercially available and easy to produce. Unfortunately, this type of probes could
exhibit poor stability, and it is not uncommon for the metallic coating to get damaged er-evesn-to

fall off during measurements_or even capture contamination, as shown in figure 6.9.

Figure 6.9. SEM images of the NSG-03 probes acquired (a)before and (b)after preforming KPFM measurements. From the
image in (b), it is obvious that some damage has been induced to the coating of the probe, most probably affecting the
surface potential values obtained. It is not possible either to rule out the presence of contamination. Scale bar: 10 ym.

This degradation directly affects the surface potential measured, producing variations up to 350
mV, as highlighted by Jacobs et al. [357]. From the results presented in figure 6.8(c) seem to point

out to better stability and less degradation happening for the probes with thicker coating.

However, it is also common to find variability between probes coming from the same batch. This
is explored here by using the calibration protocol developed here to compare the work-function
of 20 nominally identical probes with 40 nm Pt coating SPARK 350 probes. The results, presented
in figure 6.8(d), show that the average work function of the 20 probes is ~4.41 eV with a standard
deviation of 0.15 eV. This value of the work function presents a 3% deviation with respect to the
first probe tested. Although the deviation is relatively low within the same batch, showing very
small variability due to fabrication, this deviation must be taken into account as it also adds to the

uncertainty of the KPFM final results.
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6.3.4 Caracterisation of the KPFM spatial resolution

The resolution of the probes, both in terms of topography and contact potential difference, is
characterised using the so-called graphene fingers sample. This sample consists of epitaxial
graphene grown from a SiC substrate by stoping the development before a continuous graphene
monolayer was developed through the whole substrate. The name of graphene fingers is used due
to the characteristic shape of the monolayer, which forms long thin stripes similar to fingers (See
[372] for further details). The sample was chosen for this task due to the small topographic
features it presents, which minimize the effect of topography in the KPFM signal[364], and the
relative big difference in work function from the graphene to the substrate needed for a good

quantification of the KPFM spatial resolution [373].
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Figure 6.10. Maps of the (a)topography and (c)surface potential of an area with graphene fingers. Scale bar is 2um, and
both images present the same aspect-ratio. Profiles extracted from the black line are represented for the (b)topograhy
and the (d)surface potential.

Figure 6.10(a) shows the topography of an area with graphene fingers, with a cross-section profile
of the height aquired over several fingers shown as a black line. By using the 20-80 rule of Edge
Spread Function defined in Standards on Lateral Resolution [374], the spatial resolution of the
probes was estimated to be ~ 3 nm. FIGURE 6.10(c) shows the Vqpp measurements of the same
area as in figure 6.10(a). A profile of the surface potential acquired across the black line in figure

6.10(c) over several fingers shows that the spatial resolution of the KPFM is ~ 20 nm for these
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probes. By measuring the standard deviation of an homogeneous area (dashed square in figure

6.10(c)), the noise of the KPFM measurements was measured at ~10 mV.

6.3.5 Example: work-function vs thickness dependence

In this last section, the reliability of the proposed calibration protocol was tested against a real 2D
material’s-based sample using different probes. The assumption is that by following the calibration
protocol, different probes should be able to reproduce certain measurements, and be consistent and
accurate in the Vepp values measured. To test this, the work-function of a set of exfoliated graphite
flakes of different thicknesses were studied using different probes, SPARK 350 NuNano, calibrated

following the procedure described in the previous section.
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Figure 6.11.(a)Optical image of exfoliated flakes deposited on Si0, subtrates with pre — patterned gold contacts.
Scale bar: 10 um. (b)Schematic depiction of the hand-made TO-8 headers, with the exfoliated sample placed in the centre,
ready to perform bonding to the Au contact pads, depicted in gold colour. (c)3D topographic view of a graphite flake sitting
on top of two Au electrodes, with the work-function map superimposed. (d)Evolution of the work-function with respect to
the graphite thickness. The results were obtained for 3 different probes, calibrated following the proposed method. The
arrows indicate that graphene work-function tends to ~4.64 eV for monolayer, and to ~4.38 eV for bulk.

For the fabrication of the samples, graphite flakes were exfoliated onto pre-paterned metal
electrodes on a Si/SiO, subtrate following the ‘Superposition method’ explained in chapter 4,
section 4.4, which led to a random distribution of flakes over the surface, as shown in figure

6.11(a). Then, optical inspection was performed to see if any suitable flake was deposited onto
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one or two electrical Au contacts. If so, the sample was mounted on the previously described TO-
8 headers, as depicted in the schematics shown in figure 6.11(b), and then contacted electrically
trhough wire-bonding. This procedure was repeated several times in order to obtain a collection
of contacted graphene/graphite flakes of varying thicknesses. The samples were then measured
using KPFM in vacuum (10~®mbar) as shown in figure 6.11(c), using the three different probes
already calibrated. As shown in figure 6.11(d), it is possible to see there that there is a correlation
between the number of layers (i.e. thickness), and the work funtion of graphene. Also it can be
seen that the results obtained using three different probes match each other allowing to
reconstruct the thickness dependence. The experimental results were fitted with an exponential
curve (no theoretical justification, just one of the curves that best fits the results), with arrows
showing that for thin flakes the values approached to ~4.64 eV, while for bulk the workfunction
tended to ~4.38 eV. These values are slightly different from what was measured in previous
studies which presented work-functions of 4.55 eV [71] and 4.48 eV for monolayer and bulk
graphite, respectively. This difference can be attributed mainly to variations of the work-function
of graphene due to the type of substrate and the fabrication method employed, which has proven
to be able to introduce variations up to ~ 0.25-1.02 eV [375-378], mainly as a result of the
different doping mechanism. However, what is clear from these measurements is the value of a
good calibration procedure, as it allows comparing results taken at different moments in time,

and even with different probes.

6.4 KPFM studies of gate electrostatic on GFET devices

In this section, graphene field effect transistors (GFET) were studied as part of a collaboration
with Denmark Technical University (DTU). The main idea behind the experiment was to
investigate the effect of the edge disorder in the charge transport profiles of narrow graphene

devices for different back-gate voltages (Vgg)-

In general, the relation of Vg and the local distribution of the induced carrier density in graphene
devices is complicated, and still nowadays remains largely unexplored. The relationship between
the two quantities arises from classical electrostatic interactions together with quantum
mechanical effects related to modifications in the graphene band structure under gating. But not
only that, Vg (n) is also sensitive to other factors such as the device geometry, edge morphology
and external conditions. Previous theoretical studies have predicted the macroscopic charge
accumulation along the boundaries of graphene stripes of mechanically exfoliated graphene films
as a consequence of the hard wall potential boundaries, leading to an inhomogeneous charge
distribution of classical origin [379]. More recent magnetoconductance experiments have

demonstrated that edge disorder has an extremely important effect on the level of charge
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accumulation on the devices. For devices with large edge disorder (> 5 nm roughness) nearly
homogeneous capacitance profile across the device channel has been observed, very close to the
ideal parallel plate capacitor model. However, in contrast, devices with lower edge disorder (>
1 nm roughness) have shown a larger effective capacitance profile, strongly influenced by the
fringing electrostatic field present at the graphene boundaries, meaning that the charge
distribution on a graphene narrow channel would be highly dependent on the type of edge

present in the device [380, 381].

As there are no experimental visualisations of the effects described above to the best of our
knowledge, the experiment presented in this section was designed to provide further details of
the charge transport profiles of gated systems with abrupt potentials and with the presence of a
Vgg. For this, GFET devices were fabricated with a very specific architecture. All the theoretical
and experimental observations described above were performed with narrow graphene stripes,
therefore, the devices studied here consisted on graphene stripes with typical lengths of ~3.5 —
5 um and widths ~1.5 um, with a constriction section of ~1 um width as shown in the schematic
design of figure 6.12. To avoid having any kind of external disruption in the electrostatic potential,
whether coming from substrate-induced random potentials or environmentally adsorbed species,
the graphene devices were all fully encapsulated with hBN. To apply the gate, the devices were
deposited on top of 300 nm SiO, /Si. To be able to study both, edges with low disorder (LD), called
natural edges from now on, and edges with high disorder (HD), denominated as etched edges in
the following, special considerations and techniques were applied during fabrication, as it will be

discussed in the next section.

Low disorder 1LG
edge (Natural)

Top hBN
Source Drain
High disorder 1LG
Bottom hBN edge (Etched)

Figure 6.12. Schematic design for the narrow channel GFET encapsulated devices. The bottom hBN is signalled as light
green background, the top hBN with a blue square and the graphene is shown as a grey stripe.

As a visualisation technique, FM-KPFM was used to obtain maps of the surface potential, V¢pp,
across the channels for different values of the back-gate. This allowed the study of the profiles of
the surface potential and therefore of the induced modulation of the carrier concentration and

the charge accumulation with varying V. The system was calibrated following the procedure
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described in the previous section to obtain quantitative information of the surface potential
fluctuations and local work-function distribution of our devices. FM-KPFM was selected as the
imaging tool due to its high resolution (< 20 —25nm) and its non-invasiveness nature

compared with other techniques [187, 358].

6.4.1 GFET device fabrication

The encapsulated graphene devices (hBN/1LG/hBN) were fabricated following the exfoliation
methods and the PPC/PDMS transfer procedure previously explained in chapter 4, section 4.6. It
is important to highlight that, in order to create the natural edge (i.e. low disorder edge), graphene
flakes showing one straight edge directly after fabrication were selected to create the
heterostructures, while the rough edge was produced by etching the other side. The process of
patterning the shape of the GFET devices used here is quite unique, as it allowed patterning
several devices for each heterostructure created. The details of the process are explained below:

1. Resist deposition: A layer of 4wt% PMMA 996K, purchased from Sigma-Aldrich, was
spun-coated on top of the chip containing the heterostructure at a speed of 2000
revolutions per minute (rpm) for 1 minute with an acceleration of 500 rpm.

2. Shape patterning: Then, the resist was cured using e-beam lithography (JEOL ]BX-
9500FS) following the desired geometry for the devices with a current of 6 nA and a dose
of 800-1000 uC/cm?. The PMMA was used as a high-resolution positive resist, therefore
the areas exposed to the electron beam experienced a change in their molecular weight

and were subsequently removed during the developing process.

a Heterostructure assembly b hBN etching with SF,

B ren [ Graphene [l PMMA B SFs I O;

Figure 6.13.Selective etching process of the encapsulated graphene heterostructure shown in (a). (b)hBN etching with
SFg (c)Graphene etching with O, and (d)Final device after etching
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Developing: A weak developer formed by IPA:H;0 in a proportion 3:1 was used in this
case. The chip was immersed and swung in the developer for ~1 minute, which resulted
in the removal of all the PMMA cured by the electron beam. Following this, the chip was
rinsed with IPA and blow with dry with N, to eliminate any further contamination from
the surface.

Etching: To finalise the pattern shaping, the top hBN and the graphene layers were
etched. For this, highly selective etching techniques were applied, attacking the layers
individually in a two-step process performed in an SPTS ICP etcher. The hBN was initially
etched using sulfur hexafluoride (SF¢) at a flow rate of 40 sccm, with pressure of 80
mTorr and a coil /platen power of 0/75 W during 5 seconds, as shown in figure 6.13(b).
Then, the graphene layer was etched using a mixture of O, /Ar at flow rates of 5/15 sccm
with 80 mTorr and a coil /platen power of 0/20 W during 10 seconds, as depicted in figure
6.13(c). Monolayer graphene is not etched by the SF¢, working as a mask for the bottom
hBN. However, as a result of this process the graphene becomes fluorinated. The bottom
hBN layer was not etched in order to minimise the effect of the substrate during KPFM
measurements.

PMMA mask removal: After the etching, the rest of the PMMA mask was removed by
rinsing the chip in acetone, IPA and DI water, and finally dried with N.

Annealing: To follow, the structure was annealed at 180 °C for a duration of 5-10 min.
Resist deposition: a new layer of resist, in this case consisting of 6wt% PMMA, was spun
coated on top at a speed of 2000 rpm, during 1 minute, with an acceleration of 500 rpm.

The structure was baked at 180 °C for 2 minutes.

Figure 6.14.0ptical images of the devices after the fabrication process with magnification (a) x20 and (b) x5.

8.

Shaping the contacts: EBL was then used again in order to create a mask with the
suitable shape of the contacts with the same current and dose as for the previous process.
PMMA evaporation and metallisation: After developing the resist, the contacts were

deposited, by evaporating first an adhesion 10 nm layer of chromium at a rate of 1 A s71,
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and second a 100 nm layer of gold to be used as the contacts at a rate of 3 A s~ Here, 1D
contacts as the ones explained in chapter4, section 4.7 were employed.
10. Resist removal: the sides of the carrier chip were carefully scratched using a pair of

tweezers in order to favour the successful removal of the resist during the lift-off process.

Then, the chip was immersed in acetone until the surface of the top metallic layer that was

deposited became corrugated. Finally, a pipette was used to gently spray the acetone at

the wrinkled metal to speed up the process.
After all this process, the graphene heterostructures were patterned as shown in the optical
images in figure 6.14. As it can be seen, one of the advantages of this fabrication technique is that
it allowed patterning several devices on the same heterostructure, maximising the output and
efficiency of the fabrication method, and highly minimising the fabrication time. Additionally,
another important point to highlight from the fabrication procedure is the use of oxygen plasma
ashing to edge the graphene rather than other alternatives, such as RIE argon. This choice was
done so based on previous studies which have demonstrated that plasma ashing led to rougher
graphene edges than other methods (i.e. high disordered edges), enhancing this way the
difference between the natural (i.e. low-disorder) and the etched (high-disorder) edges [381-
383].
In the case of this experiment, several sets of samples were measured. For the initial set of
samples wire bonding was employed to stablish electrical connection between the sample and
the chip carrier. However, as explained in chapter 4, section 4.7, the leakage current observed in
some cases was high, meaning that the samples were shorted as the wire bonding pierced through
the oxide layer. In order to avoid this issue, for following sets of samples, the metallic pads of the
samples were connected to the chip carrier pads using silver epoxy instead. The results presented

in this chapter correspond to this last set of measurements.

6.4.2 KPFM measurements

The study of the local surface potential and charge distribution of the GFET devices was
performed using FM-KPFM. Quantitative work-function values were extracted as the work-
function of the tip was obtained following the calibration procedure developed in the previous
part of the chapter (section 6.3). The schematics of the experimental set-up are depicted in figure
6.15(a), with the compensation voltage, Vpc, applied to the tip in this case, and with the work-
function of the sample calculated following eq.6.1. As highlighted in orange in the optical

micrograph in figure 6.15 (b), four devices were fabricated on the same heterostructure.
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Dgampre = Prp - VDC

EEhBN EEILLG
BRSO, WaSI

Figure 6.15. (a) Electrical schematics of the KPFM experiment with a back-gate voltage applied. The compensation voltage,
Vpc, was applied to the tip. The work-function of the sample can be locally calculated by using the already known work-
function of the tip and the measured V. (b) Optical micrograph of the device. Four different devices fabricated in the
same heterostructure are highlighted by orange rectangular shapes. The approaching direction of the probe with respect
to the devices is shown. The electrical connections are represented by black lines.

Also, and very importantly, the probe was approached from the left side of the devices in order
to avoid scanning on top of the contacts, which could induce additional parasitic capacitance
effects in the KPFM measurements. Details of the topography of the heterostructures are
presented in figure 6.16(a), with the bottom hBN layer showing a light green contrast, and also,
signalled by black letters. The encapsulated graphene is surrounded by a yellow dashed line,
while the top hBN is highlighted by a dark blue dotted line. The Cr/Au contacts are located in
pairs at the sides of the graphene channel, showing a thickness of ~110 nm, and therefore
presenting darker green contrast. The surface potential acquired over the same area is shown in
figure 6.16(b) for two different values of the backgate voltage, having on the top, Vgg = 0V, and
on the bottom, Vg = 5V.

Topography  nm Surface potent|a|

1.5

-0.5

~2.5

Figure 6.16. (a) Topography of the device showing the different layers: the bottom hBN(black sign), the graphene buried
layer(yellow outline) and the top hBN(Blue dotted outline). The contacts are located in pairs on the sides, showing a dark
green contrast. (b) Surface potential maps of the narrow graphene channel from (c). Two different SP maps are presented
for two different applied backgate voltages, 0 V (top) and +5 V (bottom). The voltage colour scale has been normalised for
both measurements. Scale bar: 1 um.
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Changing the values of V¢ applied to the degenerately doped Si substrate can be translated into
a modification of the charge carrier density in the graphene layer, and hence in the surface

potential of the sample following:

U(x) = —hvp/mng (x) (26)

where U(x) is the electrostatic potential associated with the applied electric field, & and vy are
the reduced Planck constant and Fermi velocity, respectively; n,;(x) is the effectively injected
charges which are position-dependent, and x is the planar position across the graphene channel.
The changes on the surface potential for different values of the Vg are obvious when comparing

the top and bottom images of the Vqpp shown in figure 6.16(b).

Another very noticeable feature that can be observed directly when comparing figure 6.16(a) and
(b) together is that, although the sandwiched graphene layer is not distinguishable in the
topography map due to the top hBN covering it, it becomes clearly visible in the surface potential
map, especially for Vg = 0V, with the graphene layer showing higher surface voltage than the
dielectric background. Taking advantage of the clearer contrast observed for the buried graphene
layer on the surface potential images, the outlines corresponding to the etched (high disorder)
and natural (low disorder) edges are highlighted in red and grey, respectively, in the bottom

figure 6.17(a).

In order to study the surface potential distribution, and quantify if there is charge accumulation
at the two different edges present in the device, etched vs natural, line profiles of the Vqpp were

acquired following the white dashed line in figure 6.16(b), and represented in figure 6.17(b). As
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mentioned in the introduction of this
section, recent theoretical and
experimental studies have pointed out that
due to the small DOS in graphene, the in-
plane charge density for narrow graphene
channels should follow a non-monotonic
trend, varying as a function of the position,
x, across the device. Especially at the edges,
the accumulation of charges is expected to
be higher than in the centre of the device.
Furthermore, it is expected that low-
disorder edges, natural in our case, would
have higher concentration of carriers than

high-disorder edges (etched edges).

Figure 6.17. (a) Schematic lateral view of the device,
showing the substrate formed of Si (light purple) and 300
nm of Si0, (dark purple), with a graphene layer(black)
encapsulated between hBN layers (green) on top. (b) Vcpp
line profiles represented for different Vg; and acquired

following the white dashed line in figure 6.16(b).

Based on this, the potential profile that is expected for a graphene stripe like the one studied here

is similar to the one presented in figure 6.18. It is formed by a U shape section, typically present

for metals shaped in this geometry and subjected to an external electric field, and with

downturned brims appearing at the edges due to the charge accumulation. This latter element is

considered “graphene-specific” and it is exactly what we are trying to visualise with this

experiment.

As can be observed in figure 6.17(b), the
potential lines across the graphene channel,
denoted as 1LG, in the figure present a very clear
ambipolar behaviour when shifting Vgg .
However, no relevant features were observed
near the edges, but just smooth transitions of the
Vepp - Several GFET devices with the same
architecture were investigated following the
same procedure, but no clear change of the surface

potential was observed in any of them.
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Figure 6.18. Graphene specific potential profile
across a 100 nm wide graphene strip for a Vgg =
+10V. The downturned brims at the edges originate
from quantum capacitance effects characteristic for
graphene. Image adapted with permission from
[439]




The resolution of KPFM, down to < 20 nm should be enough to allow the visualisation of the
effect. Therefore, the absence of accumulation of charge around the boundaries is attributed, in
this case, to the dirtiness trapped between the layers of the heterostructure, probably polymeric
residues result of the transfer process (which can be seen as dark grains in the graphene area in
figure 6.16(b)). For this type of effect to be observed it is extremely important to have a pristine
graphene surface as the transport needs to be ballistic. Any trapped contamination or p-dopants
such as oxygen or water, would act as scattering centres and affect the charge distribution of
graphene[384, 385]. Unfortunately, this contamination was common to all the devices
investigated for this experiment. Generally, the PPC/PDMS method is relatively clean, however,
it can happen that contamination is trapped between the layers. This is normally a consequence
of rushing up the transfer process, using fast speeds that don’t leave time to the PPC front (as
shown in chapter 4) to push the dirtiness away, or even, a consequence of using the wrong
temperatures during transfer. It can also be just part of statistically defective stacks. In order to
try to still visualise the effect of the charge accumulation at the edges, there are two possible

routes to undertake:

a b . S—
AFM tip motion AFM tip
Applied motion
force
BB sic @ Graphene PMMA

65.0nm @ =f
N

Figure 6.19.Schematic drawing showing: (a) the concept of AFM brooming, and (b) the effect of removing the PMMA layers
with the consequent accumulation of debris on the sides of the scan. At the end of the process the PMMA in the central area
is fully removed and accumulated at the sides. (c) Deflection signal showing the effect of the removal of the PMMA layer
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from the surface through time. Scale bar: 2 um (d) Larger topography map including the area that has been broomed,
showing the accumulation of the polymer at the edges of the square. Scale bar: 5 um (e) Deflection detail taken around
the dashed green square after the cleaning has been finished. Scale bar: 2 um.

» Use the brooming process with contact AFM to try to remove the dirtiness accumulated
in between the layers, as shown in the example in figure 6.19, in which contact mode was
used to remove the protective PMMA layer of epitaxial graphene devices.

» Build new stacks and design new devices, making sure prior to the KPFM measurements
that the devices are completely clean with no accumulated contamination between the

layers.

Coming back to the contact potential difference profiles presented in figure 6.17(b), the profiles
observed from the insulating regions are also of interest. As a result of the unscreened electric
field from the back-gate, the value of Vpp tends to increase to values comparable to V. However,
there is a clear asymmetry between the two insulating regions considered in our device. The area
with a dielectric layer formed by air/bottom hBN/SiO, /(see lateral view of figure 6.15(a)),
presents a lower increase on the Vqpp with respect to the area formed by air/top hBN/bottom
hBN/Si0,. This notable variation is attributed to the position of the tip during the measurement.
While measuring latter, the probe is only placed over a dielectric, therefore experiencing long-
range unscreened electrostatic forces directly from the Si back-gate. The former was measured
with the probe positioned on top of graphene, which partially screened the electrostatic forces
from the back-gate, reducing its effect on the Vqpp measured in that area. A simple solution to test
if this interpretation is correct would be to rotate the devices 180°. However, for these devices,
this test could not be applied, as rotating the devices would imply scanning on top of all the
metallic contacts, which would result in strong capacitive coupling effects between the probe and
the contacts. Another solution would be to produce a design for the heterostructures with

contacts placed at the top and the bottom, leaving the possibility of rotating the devices 180°.

At this point, although the main results expected from the experiment were not observed, there
was another aspect of the measurements that seemed outstanding and worth further exploration:
the capability of imaging buried layers provided by KPFM. As discussed in previous chapters, hBN
encapsulation has become a paramount procedure in order to preserve and protect the
properties of 2D materials. However, while encapsulation offers unparalleled performance
advantage, it obscures the sample characterization. Accessing the buried layers to characterise
their position within the stacks, the levels of contamination, the number of layers, or their flatness,
is of vital importance. Currently, Raman spectroscopy can be employed for this, and can provide
information of the number of layers, doping, defects and strain, as discussed in the previous
chapter. On the other hand, dark field microscopy can also be employed to image buried layers,

but only for thin top layers. However, the main disadvantage of these optical techniques is that
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their resolution is hugely limited by diffraction down to ~500nm — 1pum. As an alternative AFM,
which has resolution in the nanoscale range, can only provide information of the thickness of the

layers, but only in the best-case scenario [386, 387].

In this sense, KPFM seems to be the perfect tool to overcome all these challenges. It has proven to
be a fast, effective and non-invasive technique to find the position of the buried layers, identify
the presence of interlayer contaminants and map the local surface potential variations with high
resolution, competing in versatility with the already stablished techniques, such as Raman and
AFM. This can be observed in the collection of maps acquired for the different back-gate voltages
(labelled in blue) presented in figure 6.20. Also, note that these are work-function maps, rather
than Vepp. As mentioned in the beginning of the section, the tip was calibrated using the
procedure developed in the first part of the chapter, allowing the calculation of quantitative

values of the work-function of these devices following ®gqmpie = Prip — €Vepp-
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Figure 6.20. KPFM work-function maps of the sample for different back gate voltages. The work-function of the sample
was calculated by using @sqmpie = Pripy — €Vpc. The value of the backgate voltage applied in each case is specified by the
blue labels placed inside the images. The scale has been normalised and it is common to all work-function maps. On the
bottom left corner, an image of the topography is shown in green with the different layers highlighted: bottom hBN in red,
graphene in yellow, and top hBN in dark blue. Scale bar: 1 ym

From direct observation of the contrast of the @4, for different Vgg, we corroborate what was
observed for the line profiles. The work-function of graphene shows a slight variation while the
area of the hBN follows the voltage of the back-gate. The contamination is more clearly visible for
Vg = —9V, showing patches and dots with darker contrast, which means higher work-function,
and therefore, more p-doping, which could be expected from hydrocarbon contamination [388,

389].

In order to quantify the variations in the work-function of graphene, statistical distribution curves

were taken for each of the maps acquired for each individual Vgg. The peaks were fitted with
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Gaussian distribution profiles to obtain the values of the work-function of graphene, together
with its standard deviation, for each back-gate voltage applied. The quantitative values of the

work function, or Fermi level modulation, achieved by varying the Vg for each of the devices are

shown in figure 6.21.
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Figure 6.21 (a) Measured work function of SLG encapsulated samples as a function of Vgg. The point of Vg = 0V is
highlighted in light grey.

The work-function values were lying within the range between 4.2 eV and 5.7 eV, and all four
devices present the expected trend for the measured work-function. For Vgg > 0V typically
electrons are injected within the device, resulting in n-doping, rising the Fermi level, and reducing
the work-function. On the contrary, when Vg < OV the electrons flow from the graphene layer
to the Si backgate, p-doping it, and resulting in higher values of the WF. This is all in agreement
with the curves presented here: Interestingly, devices 1-3 show almost the same response and
shape of the curve, whereas device 4 seem to follow a more linear trend, also presenting lower
work-function values (i.e. comparatively more n-doped behaviour than the other devices).
Quantitative values of the WF were extracted for Vgg = 0V and summarised in the table 6.4. work-

function measured values for the encapsulated graphene devices for Vg; = 0
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1 5.1
2 5.1
3 5.2
4 4.6

Table 6.4. Work-function measured values for the encapsulated graphene devices for Vg = 0

The value obtained for the work-function for the device 4 is in good agreement with the WF values
from previous studies, typically reported to be between 4.5 eV and 4.8 eV for single layer
graphene [71, 137, 331]. However, for the other three devices, the value of the work-function was
significantly larger showing values of 5.1 eV and 5.2 eV, which indicates the presence of p-doping
in the graphene layer. As mentioned before, this is attributed to the presence of different levels of
inter-layer contamination in the encapsulated devices [342]. However, further experiments
would be performed in the future employing the brooming technique to verify this hypothesis, as

detailed in chapter 8.

In summary, KPFM has proven to be an excellent tool, fast and non-invasive, to visualise and
characterise encapsulated or buried layers, which are very difficult to image otherwise. Also, by
employing the calibration protocol for the tip, the work-functions of the encapsulated graphene
were obtained with high accuracy, providing information about the doping levels. On the other
hand, KPFM results were inconclusive for the charge inhomogeneous distribution around the
edges of graphene. This challenge still remains open and different strategies can be applied to

ensure better conditions for the visualisation.

6.5 Conclusions

In this chapter, several directions were explored regarding both the improvement of the KPFM
measurement methodology and the characterisation of the electronic properties of 2D materials

at the nanoscale.

To start, a further improvement over a currently existing method [347] for KPFM calibration has
been developed providing higher accuracy on determining the probe’s work-function, and thus,
helping to overcome the constant challenge of obtaining reliable values of the sample’s work-
function. For this, custom-made reference samples were created using four metals with high
resistance to corrosion and/or high stability: Au, Pt, Ti and Ta. The thin film pads, which were
deposited on Si and SiO, substrates, were also electrically connected, which allowed us to obtain
several points of the Vpp per sample, just by applying some gating. Therefore, the work-function

was calculated from several points for each sample, reducing the standard deviation of the final
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result, and therefore the uncertainty. Furthermore, a complementary technique, ultraviolet
photon spectroscopy (UPS), was employed to obtain the values of the work-function of the
reference samples. To be highlighted as well is the section dedicated to the optimisation of
parameters for KPFM, which are often overlooked in literature, however, the proper selection of
the feedback parameters, and the type of probe employed for the measurements is extremely
important. In this last regard, although highly doped silicon probes provide better spatial
resolution, as a result of their smaller radius, here we demonstrated that Pt coated probes have
lower settling time, and therefore higher responsivity and faster scanning times. However, as
metallic coatings have proven to be unstable under certain scanning conditions, wearing and
presenting variations of the V.pp up to hundreds of mV, here we also studied the robustness in
the response of probes with coatings of different thicknesses (20 nm, 30nm, 40nm, and 50 nm).
Thicker coatings (40 nm) resulted to be more accurate in the results provided, probably due to a
thicker protection and resistance of the coating to fall off. Then, to estimate the homogeneity of
the probes coming from the same batch, a set of 20 probes with 40 nm Pt-coating were studied
following the calibration protocol, resulting in a total deviation up to 3% of the Vcpp provided.
Finally, in this section, the robustness of the calibration protocol was tested against a real sample
produced by exfoliation of graphene flakes on top of pre-patterned substrates. Three different
probes were calibrated and employed to measure independent set of flakes of different
thicknesses to obtain the work-function dependence of the graphene with the thickness. The
results show how robust is this calibration method, allowing to use completely different probes
and still providing results following the same trend. For the graphene flakes, consistent values of
the work-function were obtained, with thin flakes approaching ~4.64 eV, while for bulk, the
workfunction tended to ~4.38 eV. The slight discrepancy with values measured from other
authors is attributed to the existing statistical variation between similar samples produced by the

different doping mechanisms between the substrate and the flake.

In the second part of the chapter, KPFM was employed to explore the relationships between the
gate dependent charge carrier concentration in GFET devices, as well as the charge distribution
inside the 1LG channel, and the dissimilar accumulation of charges at low-disordered versus the
high-disordered edges. This complex topic has been studied theoretically in the literature, and
although charge modulation through back-gating is commonly used in laboratories around the
world, the inhomogeneity of the charge distribution inside the devices is an area that remains
largely unexplored. Visualisation of the distribution of the electrostatically-induced charges is of
paramount importance to compare the spatial charge distribution with theoretical models, and
ultimately understand electronic transport in gated graphene devices. To tackle this, a novel

technique was employed to fabricate the devices, allowing the presence of four devices within the
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same heterostructure, and the presence as well of a natural (low-disorder) and etched (high-
disorder) edges. The surface potential of these devices was then studied with KPFM in vacuum
for different gate voltages Vp. Line profiles were then extracted across the devices to study the
presence or not of bumps at the edges of the surface potential maps. Although several devices
were studied with this technique, the effect was not observed. This was attributed to the high
amount of contaminants trapped between the layers, which obscured any kind of transport,
acting as dopants and scattering centres. Normally, when using the PPC/PDMS method described
in chapter 4 section 4.6.2, clean interfaces between the layers are likely to be obtained, but only
when employing certain speeds and temperatures in the fabrication. These last two factors could

have affected the level of dirtiness present in the heterostructures.

Additionally, one strong capability of KPFM for the exploration of 2D materials was identified
while performing this experiment. Normally, the obtention of data from the buried layers in
heterostructures is performed via Raman spectroscopy or other optical techniques, which have a
diffraction limited resolution. Here to demonstrate the capabilities of KPFM, maps of the work-
function were produced for different backgate voltages. The quantitative values of the graphene
work-function were between 4.6 eV and ~5.2 eV for all the devices, indicating a p-doped graphene

layer, probably due to the contamination between the layers.
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CHAPTER 7/

Thermal nanoscale characterisation of

2D materials with advanced SPM

In this chapter, the nanoscale thermal
properties of 2D materials are studied using
advanced SPM methods. In the first section,
the thermal conductance of exfoliated InSe on
different substrates and environments is
studied using scanning thermal microscopy

(SThM). To follow, encapsulated graphene

heterostructures patterned with constrictions
are employed to study the local variations of the thermovoltage and thus, the Seebeck coefficient,

with scanning thermal gate microscopy (STGM).
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and guidance.

7.1 Introduction

During the 20t century, thermoelectric (TE) devices were confined to very niche applications,
such as thermocouples, small scale Peltier coolers or thermoelectric generators for space
exploration. However, since the 1990s, there has been a renewed interest in TE materials, due to
the increasing social needs for renewable energy, and the new prospects in increased efficiency

in thermal control coming from the advances in nanoscale science [390, 391].

As briefly discussed in chapter 2, section 2.5, the thermoelectric performance of a material is
. . . 52 .
characterised by the figure of merit, ZT = TGT, where S, g, k and T are the Seebeck coefficient,

the electrical conductivity, the thermal conductivity and the temperature, respectively. Increasing
ZT is essential as higher values of the ZT correspond to higher energy conversion from heat to
electricity, and vice versa. In this sense, from the expression of the ZT, it is clear that large Sand o
are needed, along with a small value of k. The first TE generators reached values of ZT~0.7, and
still, most of the commercially available TE devices nowadays present values of ZT~1,
significantly less that the corresponding ideal Carnot engine. This small increase in the efficiency
of standard TE materials such as Bi,Tes, PbTe or SiGe is related to the inter-dependence that
exists between the thermal and the electrical conductivities for classical semiconductors.
However, after the 1990s this value was enhanced by the use of nanostructures up to ZT~1.5 —
2.5. Essentially, this quantitative jump could be achieved via two effects: (1) the quantum
confinement which enhanced the so-called power factor, S?c; and (2) the reduction of the
thermal conductivity by promoting phonon scattering while preserving the electron conductivity.
This second strategy is normally achieved by introducing controlled scattering centres or by

nanopatterning [392-394].

Based on these reasons, 2D materials are promising candidates for TE applications. However,
even with all these prospects, the realm of thermal properties of 2D materials remains still widely
unexplored. In order to achieve real-life working TE devices based on them, a detailed
understanding of the behaviour of the thermal conductivity and Seebeck coefficient in these
systems is needed. Here, different thermal properties of graphene and InSe, which are materials
that have presented extremely good prospects as components for TE applications, are studied via
advanced SPM methods:

> Indium selenide (InSe) presents itself as an extremely good candidate for

thermoelectric applications. Among all the members of the chalcogenides family, it has
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shown the highest carrier mobility, reaching values of ~10% cm? V~1s~* for few layer
InSe (~6L) at room temperature [119, 120]. With respect to the thermal properties of
this material, earlier experiments performed in bulk crystals have already showed that
InSe exhibits low thermal conductivity reaching values of k < 1.2 Wm~'K™! and large
Seebeck coefficients up to —400 pV/K [121, 395]. However, although theoretical studies
of the TE properties of 2D InSe have been already performed showing promising results
[122, 396], there is a lack of experimental research on the dependence of the thermal
conductivity with the thickness of the material, or the values of the Seebeck coefficient.
Here we present results studying the dependence of the thermal conductance of
exfoliated InSe with respect to the thickness of the flakes. The measurements are
performed via SThM in ambient [106] and in vacuum environments (section 7.3). Further
characterisation of the Seebeck coefficient of more complex InSe heterostructures
patterned into Hall bar devices will be discussed as part of future work in chapter 8.

» Local variations of the Seebeck coefficient in graphene devices with nanopatterned
bow-tie constrictions and mono-bilayer junctions have been studied in recent
experiments [397, 398]. Due to its importance, we further study this topic here, exploring
this new phenomenon for the first time on encapsulated graphene with nanopatterned
constrictions of different geometries. Adding to the previous studies already mentioned,
we are going to investigate the effect on the local Seebeck response on graphene
produced by the device geometry, the back-gate voltage (i.e. the sign of charge carriers),
and the local gating effect produced by the probe. In order to do this, we employ a novel
technique called scanning thermal gate microscopy (STGM) [397, 398] in vacuum at

room temperature and at low temperature T¢~170 K (section 7.4).

7.2 Experimental methods

The procedures explained in this section are common for all the experiments described in the

chapter unless stated otherwise.

7.2.1 Custom microscope set-up

The experimental set-up employed for all the measurements presented in this chapter is depicted
in figure 7.3. It consists of an NT-MDT Smena microscope in-house adapted for studying thermal
properties at the nanoscale. A general view of the system can be seen in figure 7.1(a), with details

presented in figure 7.1(b) and figure 7.1(c).
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Figure 7.1. (a) System set-up. 1-The electronics rack used to perform the measurements. 2-Connection box. 3-Vacuum
pumps, a rotary, a turbo and an ion pump used to achieve different vacuum environments. Surrounded by a red squared:
the main head of the microscope. 4- Glass bell to hold the vacuum in the system. 5-Thermal reservoir. (b) Detail of the
microscope in which we can see the 6- NT-MDT head of the microscope and 7-the camera. (c) Detail of the microscope
head in which we can see 8-the sample holder and 9-the suspended base using springs.

In figure 7.1(a)-[1], the rack of electronic equipment surrounded by a green dotted square
comprises different pieces that help functioning the system. The different elements and their uses
will be discussed in the following sections. The custom breakout box, presented in figure 7.1(a)-
[2] and surrounded by a blue dotted square, serves to establish electrical communication with
the devices placed inside the chamber via a special connector and a sample holder shown in figure
7.1(c)-[8]. This piece of equipment is especially important as it allows access to the electronic
properties of the devices under study even when the sample is in vacuum. Behind the grey panel
presented in figure 7.1(a)-[3], a set of 3 different vacuum pumps is kept: a rotary and a turbo
pumps accessed through the valve on the right-hand side, and an ion pump accessed through the
valve on the left side. Finally, the microscope head with the vacuum bell-jar is presented in figure
7.1(a) surrounded by a red dotted square. Details of the inside of the microscope are shown in
figure 7.1(b), with the [6] NT-MDT microscope head and the [7] optical camera, and in figure 7.1(c)
in which the [9] sample holder is shown. It is important to highlight that in order to help heat
propagation the sample holder is made out of copper and it is directly connected via copper braids
to the liquid nitrogen (LN,) thermal reservoir shown in figure 7.1(a)-[5]. The sample holder is
attached to the X-Y microscope stage via low thermal conductivity glass spacers to reduce the
heat transport from the locally controlled sample stage. The whole mechanical frame structure of
the microscope is suspended, held by springs as shown in figure 7.1(c)-[10], with magnetic eddy

current pacifiers to minimise the effects of the external vibrations.
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The measurements presented in this chapter were performed in different conditions of (a)
pressure: ambient and high vacuum (10~”mbar), and (b) temperature: room temperature (RT,
T~293K) and low temperatures (LT, T~170K). The experimental conditions used each time will
be specified when discussing the results. Finally, it is important to clarify that using this same set-
up, different techniques were employed. The details are covered in the sections below, with the

schematics shown in figure 7.3.

7.2.2 Scanning thermal microscopy (SThM) set-up

Two different SThM probes were employed for the experiments presented in this chapter, with
their details described in table 7.1. The AN-200 cantilevers have a similar geometry to a standard
micromachined AFM probe, with two highly doped Si legs connected at their end to a low doped
resistive region, as shown in figure 7.2(b). The tip has a conical shape and a radius of curvature of
< 30 nm, thus providing very high spatial resolution. However, as a consequence of its sharpness,
these tips present a high thermal resistance, whereas when used in ambient conditions, the
effective volume probed is made of a much bigger volume than the one just below the apex due
to heat conductance from the cantilever to the sample. For this reason, these probes cannot
provide reliable measurements in ambient, and vacuum environment is essential These probes

are employed for all the SThM measurements performed in vacuum in this chapter.

k (N - Tip height | Max. | Curvature
MODEL SUPPLIER MATERIAL m1) T(°C) i RV (Kw—1) 13

Anasys
AN2-200 Doped Si 0.1-0.6 3—6um 400 <30 nm 5.18-10%[399] | [400]
Instruments
KNT- SiN-
Kelvin
SThM- Pd thermal ~0.4 10 um 200 <100 nm 7.2 -10%[399] [401]
NanoTechnology
2an sensor

Table 7.1. Thermal probes employed in the experiments described in this chapter

On the other hand, the KNT-SThM-AN200 probes are formed by a silicon nitride cantilever, with
Au contact pads leading to two Pd thermosensitive films that are joint at the end of the tip, as
depicted in figure 7.2(a). This, combined with its triangular geometry, helps better coupling the
temperature of the sample at the tip apex and the thermally sensitive heater, while reducing the
heat transfer through parasitic channels, and thus, making it better suited for operation in
ambient conditions. These probes are employed for all the SThM measurements performed in

ambient environment in this chapter.

13RY¥2¢ js to the thermal resistance of the probes. The values shown here correspond to the ones obtained experimentally
in vacuum conditions in [399]
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Figure 7.2. (a) SEM image of a KNT Pd coated probe. Figure reproduced with permission of [401]. (b) SEM image of a
doped-Si probe from Anasys AN2-200. Figure reproduced with permission of [400].

For reference, the SThM details discussed here are represented by orange lines in the schematics
of figure 7.3. The excitation of the probe (i.e. heating) was produced by a Keithley 3390 Arbitrary
Waveform Generator [402] which sent a harmonic signal directly to the Wheastone bridge, while
the reference signal was fed to the lock-in amplifier (LIA) 3. All the measurements were
performed with f = 91 kHz, VY& = 3V and V&t = 2V, unless stated otherwise. The output
voltage signal from the Wheatstone bridge, AV, which represents the imbalance of the bridge due
to change of the probe resistance as a result of heating, was pre-amplified by an instrumental
amplifier, and then further amplified and filtered using a bandpass SR650 filter [403], with the
high pass filter set to f > 86.8 kHz and 10 dB input gain, and the low-pass set to detect f <
94.7 kHz without any gain. The output from the filter was then measured with the A input of the
LIA 3. The output of the LIA 3 was connected to the external input port of the microscope
controller, Ext3, which permitted us to scan continuously the SThM signal. All the lock-in
amplifiers used here and in following sections are LIA SR830 DSP (Stanford Research Systems,
USA) [404].

As already discussed in chapter 3, section 3.1.3, SThM measurements in vacuum were important
to avoid the formation of the water meniscus and eliminate the contribution of parasitic heat
transfer mechanisms such as conduction through convection, or liquid. In our measurements, the
spatial resolution was limited by the size of the tip-sample contact, which is on the order of tens

of nanometers. Across

7.2.3 Scanning thermal gate microscopy (STGM) set-up

For the STGM measurements, the AN2-200 probe was heated up and used as a source of local
heating while the resulting potential on the device was measured. This “thermal gate” applied by
the probe, generated a voltage drop within the device denominated as thermovoltage. The

generated signal was then extracted by connecting the device to the A and B inputs of a SR650
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low-noise pre-amplifier filter [403], operating as the DC amplifier with a gain of 40 dB and LP cut-
off frequency of 1 kHz. The output of the filter was then connected to the external 1 port, Ext1, of
the microscope controller, and mapped along with the scans. Note that the generated
thermovoltage was also constantly monitored using the LIA 1 in figure 7.3, where the STGM
connections are represented by light blue outlines. The SThM response (orange outline in figure

7.3) can be monitored simultaneously with the STGM signal.

Vae=2V; Vpe=3V: 1=91kHz

LIA 1 (Sg driving)
Waveform out - Sine
generator =0
M0 O A, B @ S =
LIA 3 (Thermal) .
A B Output ref SOISF RZ l
go @ =00 1MQ
! Ry
—%
R3 R4
N — g ‘ 10ka
h —_ -
AV "
—.Aﬂ-
Amplifier
Filter LIA 2 (Current
lHP fiter LP filter Kaithiay 5430 measurement)
Al B outlAB oy DC source i
© 000 © - Al IB outeut ref T
L 00”0 0o
|-
REF
LEGEND
[ Ext 1: Voltage drop. Seebeck signal [ Current through the device

I Ext 2: Current monitoring across the device [ OC source. Backgate voltage
[ Ext 3: Thermal signal

Figure 7.3. Schematic set-up employed for all the measurements in the chapter: SThM, STGM and electrical measurements.
7.2.4 Electrical characterisation set-up

In particular for the encapsulated graphene devices, the position of the Dirac point was
determined by using the 2-point probe method, following the red, green and purple paths in figure
7.3. The LIA 1 was employed to provide the driving current through the device with parameters
set as follows: VLAl = 0.1V, fLIAl = 2 7kHz, T = 100 ms, Harmonic = 1, and sensitivity =
100mV. Two resistances in series were connected between the LIA1 and the device: the first one,
a 1 MQ resistor was used to limit the total constant current through the device up tol = 1 pA;

while the second resistance of 10 k() was employed to monitor the current passing through the
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device. This was done by connecting the two ends of the resistor to the A and B terminals of a

second lock-in, LIA 2.

Back-gating was performed by connecting the silicon substrate to a Keithley 6430 SubFemptoAmp
Sourcemeter [405] which provided DC current, as highlighted by the purple outlines in figure 7.3.

7.3 Study of the thermal properties of exfoliated InSe via SThM

Early research has pointed out the high potential of InSe as a TE material [396, 406]. However, as
mentioned in the introduction, the accurate characterisation of the thermal conductivity
dependence with the thickness for InSe is of uttermost importance for the realisation of TE
applications. Theoretical studies by Nissimagoudar et al. [122] and Shafique et al. [407] have
calculated for InSe monolayers at room temperature thermal conductivities of 27.60 Wm™1K ™1,
and 44.4 Wm™1K ™1, respectively. Also, these two studies have highlighted the size dependent
thermal conductivity as a consequence of decreased phonon mean free path (MFP), and the
increased phonon-boundary scattering. However, dependence of the thermal conductivity on the
thicknesses of InSe was not addressed in these papers. At the time this research was performed,
no experimental results were available studying the aforementioned dependence. Here, in order
to provide some clarity in this topic, the thermal properties of exfoliated InSe were explored using
SThM in ambient environment and in vacuum environment (~10~’mbar). For the latter, the

thermal response was compared for InSe exfoliated in two different substrates: i.e. Si0, and Si.

7.3.1 InSe exfoliation

Following the ‘Steps method’ explained in chapter 4, section 2.2, InSe flakes of various thicknesses

were prepared from the as-grown crystal.

Figure 7.4. InSe exfoliated on (a)300 nm Si0,/Si and (b)Si

The high quality y-InSe crystals were grown in Ukraine employing the Bridgman method from a

polycrystalline source of In, y3Se;97[408]. The InSe was exfoliated using a Nitto ELP-BT-150P-
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LC tape, after removing the top layer from the crystal, to avoid using air-exposed material that
could be degraded. Then, the InSe on the tape was brought into contact with the surface of the
substrate. In this case, two substrates were employed: 300 nm Si0, /Si and Si. In both cases, the
tape was left on top of the substrate for 5 minutes to increase the adhesion of the InSe flakes.
However, for the Si, a final step was added, and the substrate with the tape in contact was heated
up to 40°C for 1 minute, in order to further increase the adhesion between the flakes and the
substrate. Finally, the tape was peeled off from the substrate, and after optical inspection, as
shown in figure 7.4,the chips with the highest variety of flake thicknesses were separated for their

posterior study in the SThM system.

7.3.2 SThM measurements in ambient environment

To start, the SThM results in ambient environment of exfoliated InSe on top of SiO, are presented.
These measurements were performed at NPL with a nanolR2 system from Anasys, and KNT

probes (see section 7.2.2) [106].
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Figure 7.5. (a) Topography and (b) SThM response maps of an area on the sample showing a large collection of InSe flakes
of varying thicknesses on top of a Si0O, substrate. Scale bar: 20 um. (c) SThM voltage response, where V,,,, is the voltage
on the inner area of the flake, and Vs, the voltage of the probe measured on the substrate, as a function of the number of
layers. Note that the study only considers flakes with area > 4um?. Inset: Optical image showing another area of the
sample with a collection of InSe flakes of different thicknesses exfoliated on top of Si0,. Scale bar: 100 ym. The maps and
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optical images were acquired with the microscope of the nanolR2 system. The KNT probe can be seen in the image with
the laser spot placed almost at its base. Reproduced with permission from [106].

Areas with different coverage of flakes were scanned in order to obtain information about the
thermal conductance dependence on the thickness of the material. A topography AFM map
showing a collection of flakes of varying thicknesses sitting on top of the SiO, is shown in figure
7.5(a). The SThM voltage response map of the same area is presented in figure 7.5(b). InSe flakes
presented higher thermal voltage signal values (red contrast) than the silicon oxide substrate

(blue contrast).

In order to interpret this voltage changes in terms of thermal conductance, we must understand
how the heat propagates in the system. Normally, a resistor equivalent model is employed to
describe the heat propagation channels between an SThM probe and the sample under study.
Two different scenarios can be considered depending if the probe is out-of-contact or in-contact

with the surface as follows:

Out o contact

AT, = aVye =Q R, (7.1) AT, = aV, = Q - Req =Q-(i+i)=Q-M (7.2)

Rp = Ry Rp+Ry

Table 7.2. Equations showing the resistor model for heat propagation when the probe is out-of-contact or in-contact with
the sample

where

» T,.temperature of the probe out of contact

= T, temperature of the probe in-contact with the surface
= I, voltage of the probe out of contact

= V. voltage of the probe in-contact with the surface

* ¢ acertain calibration factor

= (Qis the heat transferred

* Ryis the thermal resistance of the cantilever

= R, is the resistance of the contact.

When applying a power load to the probe, its temperature increases due to Joule heating. The
latter is reflected by the output thermal signal voltage measured by the LIA3 (see figure 7.3), as
expressed from the equations presented in table 7.2. However, the relationship between the heat
generated and the variation of temperature, and thus the variation of voltage, is governed by the
thermal resistance of the system considered. When the probe is far away from the surface (i.e.
out-of-contact), only the effective thermal resistance of the probe (cantilever) matters, R, as itis
the only channel for heat dissipation in this case, and includes thermal conductance through the

air for the ambient environment meausurements. However, when the probe is in-contact with the
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substrate, there is an additional heat transfer channel, R,,, which appears as a consequence of the
contact itself, and that is included in the equations as a parallel resistor. In figure 7.6(a) and figure
7.6(b), a schematic diagram of the thermal resistance network is depicted for both scenarios.

d Out-of-Contact T o
Probe

Rprobe

b In-Contact Probe r C Contact of R,

T

RInt, tip-InSe

InSe I:{Spread—InSe T

RInt,InSe-sub

Substrate |

Figure 7.6. Schematic diagram of the thermal resistances present in the system: (a) When the probe is out-of-contact, only
the thermal resistance of the probe has an effect on the heat propagation. (b) However, when the probe is in-contact with
the surface, a set of resistances appear, including: Riip, Rcontact and Rgpreaq—sup, cOrresponding to the thermal resistance
of the tip itself, the detail of the contact and the heat spreading ability of the substrate, respectively. All these resistances
are summed together in series under one term, R,, which is then added in parallel to the original Ry, (¢) Zoom-in detail to
the resistances that conform Rcontact, iIncluding Ryng tip—inse, the thermal interfacial resistance of the tip and the material;
Rspread—imse the thermal resistance of the heat spread inside the InSe flakes, and Ryt imse-sups, the thermal interfacial
resistance between the InSe and the substrate. Note that for (a-b), the heating of the probe is represented as temperature
gradient established between the colder base of the cantilever (T,,;4), and the hotter part at the tip region (Ty,)-

In order to interpret our results, we are interested in the changes of the voltage in-contact and
thus in the effect of the contact resistance R, in the response (see eq. 7.2). This resistance contains

different contributions that can be expressed as a set of three different resistances in series:

Ry = Riip + Reontact + Rspread—sub (7.3)

where Ry;, is the thermal resistance of the tip, and Rgpreqq—sup is related to how the heat
propagates inside the substrate material, while R.,,;4+ Can be also decomposed in different

resistances as shown in figure 7.6(c), and including:
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Rcontact = Rlnt, tip—InSe + RSpread—InSe + Rlnt, InSe—Sub (7-4)

being Ringtip-inse and Rpngnse—sup the interfacial resistance or thermal contact resistance
between the tip-InSe and the InSe-Substrate, respectively. The term Rgpreqa—inse 1S the thermal
resistance related to the heat propagation inside the InSe flake, and ultimately, the quantity of
interest. In the case of InSe, being a highly anisotropic material with different out-of-plane and in-

plane thermal conductivities, the Rspreqq-mse value will account for both contributions.

The thermal resistance of the tip is normally a fixed value characteristic of the probe employed,
and the environmental conditions in which the measurements are performed (see table 7.1). The
interfacial resistance or contact thermal resistance is generally difficult to quantify, as it depends
on both geometrical parameters such as the contact area and also the type of materials brought
into contact. Since we are probing the same material and only the number of layers varies, we can
assume it remains constant. Finally, the spreading thermal resistance is how the heat propagates
inside the material. It strongly depends on its thermal conductivity, and thus, on its isotropic or
anisotropic nature, as explained above. We can assume that the spreading thermal resistance is
inversely proportional to the thermal conductance of the material, Gpgteriqr » aS

Rspreading™ 1/ Gmateriai- Therefore, the changes of the LIA thermal signal voltage in contact can

be assumed to be monotonously dependent on the changes in conductance of the material:

1
Ve —— (7.5)

Gmaterial

Generally, it is not straightforward to decouple all these resistances from our SThM signal
variation, but we can compare the values of the different materials present in our maps to at least

extract the trends of the thermal conductance of the InSe flakes.

Coming back to the measurements presented in figure 7.5(c), the higher the voltage value, the
lower the thermal conductance. Based on this, the signal presented by the InSe flakes, showing
high values of the voltage (i.e. red contrast), would indicate lower thermal conductance than the
Si0, substrate, which presents lower voltage values (i.e. blue contrast). Assuming that the
interfacial thermal resistances between the tip-SiO, and the tip-InSe systems are similar, then it
safe to discuss these in terms of thermal conductivities and not conductances, and stablish that
as observed here, at room temperature, the thermal conductivity of InSe appears to be lower than
that of Si0y, kKipse < Ksip, = 1.4 W - m~1- K~1. However, itis important to highlight that in order
to understand the contribution of the geometrical effects of the tip to the signal, and thus obtain
the real contribution of the interfacial thermal resistance and thermal conductivity, further

modelling would be required [409, 410].
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Following this, the possible dependence between the InSe thickness and its thermal conductance
is studied. However, unlike in the topography maps in which the flakes of different thicknesses
were easily identified by their different contrast (figure 7.5(b)), in the SThM map the thermal
contrast obtained for the InSe flakes of different thickness seemed similar and often
indistinguishable from each other. Therefore, a more rigorous analysis was required to study the
presence of variations in the voltage values. For this, an Otsu thresholding algorithm was applied
to all the SThM maps in order to extract the voltage response of the individual flakes. Then, as the
substrate presented a constant value of the voltage for all the images acquired, it was established
as the reference point. Finally, the difference between the voltage of the flakes and the substrate,
Vout — Vsio,, was represented with respect to the thickness of the flakes, as shown in figure 7.5(d).
Note that larger values of V,,,; — Vsio, correspond to lower values of G, 4teriqr- Therefore, the
trend indicates that the thermal conductance of the flakes increases with the thickness up to
~20L(~16nm), where it stabilises, remaining constant for all increasing thicknesses. Referring
back to eq. 7.4 this means that Rgreqq—mse has reduced to the point where the other two terms
dominate, and since they are independent of the number of layers, and thus constant, the voltage
measured also remains constant. It is important to highlight that for these results only flakes with
an area > 4um? were analysed in order to avoid any size dependent variations of the thermal
conductance. Furthermore, only the data from the centre of the flakes was employed, generally
eliminating the contribution of the edges, while some effect of these may still be present. This was
done to avoid any artefacts affecting the result, i.e. lower thermal conductance at the edges, as
normally the contact area of the probe with the flakes at the edges changes, as it can be
appreciated in the yellow contrast shown by the flakes in figure 7.5(c), more predominant in

thicker flakes.

7.3.3 SThM measurements in vacuum and the effect of the substrate

A very important consideration is that the measurements presented in the previous section were
acquired in ambient environment, in which several parasitic contributions affect the final value
of the thermal signal measured, as discussed in chapter 3, section 3.1.3. Namely, the air conduction
channels, as well as the water meniscus formed around the contact point at the very end of tip
can affect the different resistance channels considered in our model, as for example, they can lead
to a height dependent behaviour of the probe’s resistance R,(z), which was assumed to be
constant so far. Also, they can have an effect in the value of R,, described above, specially in the
interfacial thermal resistance of the tip-sample contact, R¢, tip—sampie- In order to eliminate all
these contributions, a new set of measurements was performed in vacuum (10~ ’mbar), using

doped silicon probes instead of the KNT probes, and freshly exfoliated InSe samples.
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Another important consideration is the choice of the substrate. The thermal response of a system
depends on the interfacial thermal resistance existing between its individual parts and the
spreading thermal resistance of the substrate. Therefore, it is safe to assume that it will also be
reflected on the SThM response via the interfacial resistance term between the flakes and the
substrate, Ryt mse—sub - Previous studies, have demonstrated the strong influence of the
substrate on the thermal response on other 2D materials [203], however there are none
performed on InSe in vacuum. In order to study the influence of the interfacial thermal resistance,
two substrates are employed here: Silicon oxide presenting low bulk thermal conductivity
(Ksip, = 1.4 W -m™'-K~1), and Si with high bulk thermal conductivity (ks = 148 W -m™! -

K~1) with both can be generally treated as isotropic thermal conductors.
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Figure 7.7. Representative example of the measurements acquired for exfoliated InSe in vacuum (~10~"mbar). In the left
column, measurements of the InSe exfoliated on Si0, showing in (a) the topography, (b) the SThM response and in (c) the
profiles of the topography and the SThM response depicted together and acquired over the dotted white line in (b). On the
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right column, measurements of the InSe exfoliated on Si showing in (d) the topography, (e) the SThM response and in (f)
the profiles of the topography and the SThM response depicted together and acquired over the dotted white line in (e).

Several samples were exfoliated and measured for this study. Representative examples of the
measurements are shown in figure 7.7. Both topography images of InSe exfoliated on SiO, (figure
7.7(a)) and Si (figure 7.7(d)), present a varied collection of flakes with different areas and
thicknesses. The thermal response obtained for the InSe on SiO,, (figure 7.7(b)), reveals higher
values of the voltage for the InSe (i.e. orange-yellow contrast) than the ones obtained for the
substrate, which presents a darker contrast. This means that the InSe presents lower thermal
conductivity than the SiO,, in agreement with the results obtained for the measurements in
ambient shown in the previous section[1], even with the presence of parasitic signals in the latter
case. In order to assess the dependence of the thermal response with the thickness, profiles of the
topography and the SThM response were acquired following the white-dotted line from figure
7.7(b), and are shown in figure 7.7(c). There is good correlation between the data from the
topography and the SThM signal, with the thermal response presenting peaks according to the
position of the flakes, and also variations in height depending on the thickness of the flakes. With
respect to the thermal response of the InSe flakes exfoliated on Si (figure 7.7(e)), similar contrast
is observed, with the InSe having higher thermal signal voltage, and therefore lower thermal
conductance than the silicon substrate. Profiles were also obtained as in the previous case for the
topography and the SThM response following the white dotted line from figure 7.7(e). The results
presented in figure 7.7(f), also show an evident thickness dependence of the thermal response. In
order to better represent the dependence of the thermal response with the thickness, the same
method used in the previous section of masking the flakes with Otsu thresholding is employed

here.
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Figure 7.8. SThM response measured in vacuum (~10~° mbar) as a function of the number of layers for InSe exfoliated on
(a) SiO, and (b) Si substrates.
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The results, summarised in figure 7.8, show a decreasing value of the signal of the flakes with
respect to the substrate for increasing thickness. Following the resistance model discussed above,
the decreasing thermal signal can be interpreted as an increased thermal conductivity with
respect to the thickness. This agrees with the data obtained for the ambient environment
measurements presented in the previous section, eliminating the possible topographic effect on
the thermal conductance measurements. However, in this case, the trend is more linear and it
does not stabilise to a constant value for thicker flakes (thickness > 20 nm). This reduction of
the thermal conductance with thickness is in agreement with previous findings for other
materials, as for example Al and Cu [411]. As discussed before, the thickness dependence
indicates which terms dominate in e.q 7.4, and having eliminated the air, most likely reduces the
contribution from Rp¢ tip—inse 1€aving Repreqd—mse dominating the resistance for many more
layers than when imaging in air, and thus explaining the linear behaviour seen in this case. With
respect to the different substrates studied here, variations of k could be expected based on

previous experimental results [106, 412].

In this case, although the trend observed is linear in both cases, the change of the signal with
respect to the substrate for InSe deposited on Si is higher than the variation of the thermal
response for InSe on Si0,. Based on this, the thermal conductivity of InSe on Si appears to be
lower than the thermal conductivity of InSe deposited on SiO,, atleast for the range of thicknesses

studied here.

Another extremely important point to highlight is that the InSe presents a very high anisotropy
in its thermal response. A very recent experimental study, found when finalising this section, has
measured values of the InSe thermal conductivity in-plane and out-of-plane to be x; =
85Wm K tandk, = 0.76 Wm™1K 1, respectively [413]. In this sense, one of the problems of
SThM is that the quantitative separation of both in-plane and out-of-plane contributions of the
measured thermal conductance is non-trivial, requiring specific sample geometries and
modelling to be able to separate them. Thus, it can be assumed that the SThM signals measured
here in both cases, ambient and vacuum environments, are a convolution of the two contributions
up to a certain point. Having clarified this, our measurements suggest that out-of-plane thermal
conductance dominates the SThM response obtained here, at least for thin flakes, as the values of
the thermal conductivity are even lower than the thermal conductivity of SiO,. Also, the observed
increase of the thermal conductivity for thicker flakes could be attributed to an increasing
contribution also from the in-plane component in the SThM signal. In the “future work” section
presented in chapter 8 at the end of the thesis, we are suggesting approaches that may help to

investigate this anisotropic thermal transport in 2D materials.
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Finally, itis clear from the experiments performed here that SThM presents an advantage in terms
of resolution when compared with other methods for the determination of the thermal properties
at the nanoscale, such as photocurrent microscopy or time-domain thermo-reflectance (TDTR)
[413, 414]. In order to further exploit the unique capabilities of SThM, next steps could involve
the calibration of the SThM probes together with the development of specific modelling for the
system presented here, in order to unravel the value of the interfacial thermal resistance of the
tip-sample junction and to produce quantitative values of the thermal conductivities of InSe with

nanoscale resolution [409].

7.4 Local Seebeck coefficient variations in GFET devices with
patterned constrictions

The thermoelectric properties of graphene have generated great interest due to its extraordinary
electronic and thermal properties, its gate-controlled ambipolar behaviour, and competitive
Seebeck coefficient, S, with respect to bulk TE materials [173, 415, 416]. Furthermore, in recent
studies, the effects of nanostructuring on the enhancement of the TE properties of graphene have
been studied, showing local variations of the Seebeck coefficient [397, 398]. This effect has been
observed previously in thin films stripes and gold nanowires [417, 418], however, achieving
control of the Seebeck coefficient in 2D materials could lead to the development of thermal
management systems with nanoscale thickness. For graphene, the enhancement and control of
the TE properties could lead to the development of single metal thermocouples for temperature

sensing or coolers for thermal load distribution and hot-spot removal with nanoscale dimensions.

The variations of the local Seebeck coefficient in graphene have been attributed to the energy
dependent reduction of the electronic mean-free path (EMFP). Therefore, a common strategy
proposed in order to engineer the value of S relies on increasing the scattering by creating rough
edges, additional interfaces or patterned boundaries. In the previous studies performed by
Harzheim et al., these strategies were exploited by studying a CVD graphene sample with a
nanopatterned bow-tie constriction [397], and a mono-bilayer graphene junction [398]. However,
in both these studies, the thermovoltage measurements were performed on graphene samples
deposited on Si0, substrates, which have surface charge states and impurities that introduce
large potential fluctuations in graphene, p-doping it and inducing electron-hole puddles in the
vicinity of the charge-neutrality point. This results in reduced value of the Seebeck coefficient,
and thus, of the thermovoltage, as shown by previous studies [416]. Additionally, the lack of a
passivation layer covering these devices (e.g. hBN encapsulation), could lead to electrical doping
and charge transfer directly from the tip which is always in direct contact with the sample. Finally,

as only one geometry was studied in each of the two cases presented above, the effect of the
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symmetry on the geometrical and the electrostatic gating on the TE phenomena was not fully

characterised.

Here, we tackled these issues by studying the spatial distribution of the thermoelectric voltage in
encapsulated graphene devices using electrostatic back-gate to control the charge doping.
Different constrictions with asymmetric geometries and varying widths were patterned, as
shown in figure 7.9(a-d), allowing to study the effect of symmetry in the EMFP and thus, in the
thermovoltage signal. To determine the thermovoltage changes, scanning thermal gate
microscopy (STGM) was employed. This is a novel SPM mode in which a tip is employed as the
local heating source and scanned over the sample in open circuit configuration (figure 7.9(e)),

creating thermovoltage maps with nanoscale resolution as described above.

v& ' Bottom(B)

Figure 7.9. (a) Topography of the graphene encapsulated device (Scale bar: 1um) with different patterned constrictions:
(b) half bow-tie-flat junction top, (c) rectangular flat-narrow-flat central and (d) half bow-tie-flat junction bottom
constriction. (e) Schematic of the experimental set-up for STGM. The probe acts as a local heater, while the thermovoltage
generated on the graphene layer is measured through the Au contacts, highlighted in yellow in the figure.

7.4.1 Graphene device fabrication

The encapsulated graphene was fabricated following the PMMA carrying layer method, explained
in chapter 4, Section 4.6.3. The exfoliation of the bottom hBN was performed on a 90 nm Si,0/Si
chip, and the flake finally selected for the heterostructure was relatively big in size, clean and
homogeneous (i.e. with no obvious folds or cracks), as the one shown in figure 7.10. Then, the top
hBN and the graphite were exfoliated separately in different chips of PMMA/PVA/Si. For the top
hBN layer, a homogeneous and thin layer (i.e. ~10L) was selected, cut into a membrane and
separated. Once a suitable 1LG film was selected, the top hBN flake was used to pick up the
graphene leaving both flakes hBN/1LG stuck to the membrane. The only requirement for this is
that the top hBN has to be larger than the 1LG flake. Finally, the system of Top-hBN/1LG is aligned

with the bottom hBN and transferred, creating an encapsulated graphene heterostructure as
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shown in figure 7.10(a). The different layers, together with any specific contamination or defects

are more clearly visible in dark field mode shown in figure 7.10(b).

A device formed of three constrictions, two external half bow-ties-flat junction and an internal
rectangular flat-narrow-flat constriction, was designed using Layout Editor to fit into the area
covered by graphene, as shown in figure 7.10(c), and then fabricated following the procedures
explained in chapter 4, section 4.7. One-dimensional(1D) electrical contacts to the device were
created by a chromium adhesion layer (between 1 — 5 nm) followed by a thicker film of gold
(~50 nm). Then, the chip in which the device was fabricated was cut in a smaller sized piece for
easy handling. In order to do the measurements, the device was placed on a gold chip carrier
suitable for the NT-MDT microscope used in the following sections. As shown in figure 7.10(e), a
mica spacer was placed between the bottom Si surface of the substrate and the Au coated surface
of the chip carrier to avoid shorting. Bonding to the contact pads was performed by hand
following the method described in chapter 4, section 4.7. For this, a two-part epoxy (EPO-TEK®
H21D [419]) was used. First, the epoxy was mixed in a 10:1 ratio, and then, after mixing the two
parts, small blobs were dropped on the gold pads of the device. While the epoxy was still wet, Au
wires were cut with appropriate length and stuck onto the epoxy. In order to harden the mixture,
the device was annealed at 80 °C for 90 minutes. Then, a bit of silver paint was used over the
hardened epoxy contacts to ensure proper electrical connection. The final shape of the contacts
can be seen in figure 7.10(e). The process is repeated for the contacts on the chip carrier,

connecting there the opposite ends of the wires.
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Figure 7.10. Fabrication process of the encapsulated graphene device. In (a), the top panel shows a bright field image with
the bottom hBN, 1LG and top hBN surrounded by light green, grey and dark blue lines, respectively. In the bottom panel, a
schematic lateral view of the layers is displayed following the same colour convention, with a legend for guidance. In (b),
the dark field microscopy image shows more clearly the contours of the different layers. The scale bar both in (a) and (b)
images is 20 um. In (c) the design of the device is performed in Layout Editor. In the left panel, an overview of the whole
heterostructure with the design placed on top is presented, while the right panel shows a more detailed view of the
constrictions. (d) Sample containing the device mounted on a gold chip carrier and wire bonded by hand. (e) Detail of the
bonding on the contact pads of the device. (f) Close zoom-in of the device on the chip with three alignment marks. The area
in which the rest of the heterostructure was placed is clearly visible as it presents a different contrast than the rest of the
surface of the 300 nm SiO, chip. Scale bar: 50 um.

7.4.2 Graphene device characterisation

Prior to the STGM measurements, the graphene device was characterised using different
techniques. As shown in figure 7.11(a), AFM maps were initially performed to study the
topography of the device. Profiles of the Au contacts (figure 7.11(b)) and of the encapsulated
graphene(figure 7.11(c)) revealed thicknesses of ~45 nm and ~25 nm, respectively. The contacts
are separated a distance of ~4.2um, which corresponds to the length of the device. The width of
the graphene was ~1.5 pm, narrowing to ~400 nm for the two outer half bow-tie constrictions

and ~250 nm for the central rectangular constriction.
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Figure 7.11. (a) AFM topography of the encapsulated device. Scale bar: 2 pm. The contact pads have been named as top(T)
and bottom(B), stablishing a reference notation for the following sections. Profiles of the contact and the device are
acquired following the red and yellow lines, and are shown in (b) and (c), respectively. (d) Raman spectrum showing the
characteristic hBN peak (highlighted in orange) and the G and 2D graphene peaks (highlighted in grey). Inset: Intensity
map obtained using the G-peak of graphene. The spectrum was acquired at the black dot position in the inset (e) Channel
resistance versus backgate voltage measured at room temperature and P = 10~"mbar. The measurements were
performed using a 2 point-probe set-up (V5 = 0.1V, which resulted in I,s~0.1uA).

Raman maps were acquired over the area of the heterostructure before patterning the device
with a Renishaw InVia using A = 532 nm. This technique was employed as the only way to
evaluate the thickness and quality of the graphene prior to the final steps of the fabrication. An
example map showing the graphene G-peak intensity of the area is displayed in the inset of figure
7.11(d). A representative spectrum is displayed in figure 7.11(d), with the characteristic G and 2D
peak of graphene highlighted in light grey, together with a symmetric peak at ~1360cm™!
corresponding to the presence of hBN, highlighted in orange. The ratio of intensities between the

2D and G peaks, I(2D)/I(G) > 1, is attributed to the presence of monolayer graphene.

Using the set-up described in section 7.2.4, the resistance of the graphene contacts was measured
using a 2-point probe configuration giving a total value of ~22.0 kQ, which is acceptable for this
type of devices, especially considering that this value includes the contact resistance as well as
the device resistance. Additionally, the variation of the resistance of the graphene channel with
respect to the applied back gate voltage was measured at room temperature and P = 10~ "mbar.
As shown in figure 7.11(e), the Dirac point was found to be at Vp; 5.~ — 1.16V, revealing slightly

intrinsic n-doping on the device.
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The device was also studied using SThM in vacuum conditions (10~7mbar) with AN2-200 doped
silicon probes (as in Section 7.3.3). A representative SThM map is displayed in figure 7.12(a). The
surface of the device shows the lowest contrast of the map, i.e. darker colour, thus indicating
higher thermal conductivity than the neighbouring regions (i.e. the SiO, substrate and the Au
contacts, as indicated in the figure). This agrees with previous measurements which estimated a
thermal conductivity for graphene encapsulated heterostructures supported on SiO, as high as
~850 Wm~™1K~! [420], in contrast with the values reported for SiO, and Au, being
~1.2 Wm 'K 1and ~314 Wm™1K 1, respectively [421, 422].
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Figure 7.12. (a) SThM map of hBN encapsulated graphene test device. Darker contrast corresponds to higher thermal
conductivity as expected from the hBN and graphene stack. Scale bar: 1 um. (b) Comparison of the profiles acquired for
the topography (black) and the SThM response (red) signals

Another interesting feature observed in the SThM maps is that the different boundaries in the
device present higher SThM voltage which correspond to lower thermal conductivity values. Two
types of boundaries can be distinguished in this case: the natural borders of the device formed by
etching, and the defective areas in which the hBN has been peeled off with the AFM tip. The lower
thermal conductivity values of these areas can be related to the higher scattering occurring at the
edges, as well as to tip artefacts. Just for the purpose of visualising these effects, profiles of the
topography and the SThM response were acquired following the white dotted line from the point
A to the point B in figure 7.12(a) and represented in figure 7.12(b). The areas corresponding to
defects (i.e. peeled off hBN) and device edges, effectively present higher voltages (i.e. lower
thermal conductivity) than the graphene device area as highlighted in figure 7.12(b) by blue and
green backgrounds, respectively. This is especially noticeable for the later, i.e. the clean edge,
which presents a tall sharp peak. However, as mentioned above, the deconvolution of this signal
into the contribution corresponding to either the edge or the probe, requires modelling as the

interaction of the tip with the edge of a material is more complex than the normal contact
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occurring on the surface. Further analysis on this topic is out of the scope of this research, but it
is an interesting route to explore edge effects, and scattering mechanisms that could affect 2D

material’s based devices performance.

7.4.3 Probing TE response of encapsulated graphene nanostructures via STGM

The thermoelectric voltage (V) difference created between the contact leads of the patterned
device is given by the convolution of the distribution of the thermal gradient and the spatial

distribution of the Seebeck coefficient along the direction of the potential difference:
Xr
Vi = — f SGT) - VT (x)dx (7.6)
XB

where x5 and x; represent the position of the bottom and top contacts, S is the position and
temperature dependent Seebeck coefficient, and VT the local gradient in the temperature created
by the hot tip. In the configuration studied here, the device is heated at particular point on the
device surface with the contact leads kept at identical temperatures. Assuming that VT (x) is a
symmetric function (given that heat diffusion through the substrate likely dominates any
asymmetries the graphene could have), eq.7.6 shows that V;, reflects the local variations
(asymmetry) of S around the position of measurement, x,, within a length scale given by the
thermal resistances of the sample. Therefore, in the areas where the Seebeck coefficient is
constant, the overall thermovoltage signal measured would be zero, whereas in the areas where
the Seebeck coefficient is asymmetric, hence with a spatial gradient (e.g. above the junction of
two dissimilar materials with different Seebeck coefficient) the resulting thermovoltage would

be non-zero.

As mentioned previously, at the nanoscale, the value of S can be locally modified by changes in
the EMFP. For encapsulated graphene the EMFP is on the order of hundreds of nanometres, even
reaching micrometre values [36, 423]. However, the value of the EMFP is not only influenced by
the carrier density or the temperature, but it is also heavily affected by various scattering
mechanisms as for example, surface trapped charges, defects in the lattice or defect potentials
stemming from rough edges, or trapped charges, among others [424, 425]. Here, the presence of
patterned constrictions enhances the scattering produced by the rough edges. This scattering
mechanism becomes more dominant as the size of the constriction reduces, thus leading to a
position dependent mean free path as expressed by:

-1

l n
1) = Iy [1 v () ] (27)
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Where [, is the bulk mean free path, c,, and n are numerical coefficients specifying the transport
regime and the influence of scattering in the EMFP (c,,n € R), and Ay(x) is the position
dependent width of the device. The variation of the Seebeck coefficient with the device width, and
thus with the EMFP, can be obtained by applying the Mott formula for metals. In Harzheim et al.
[397] a full derivation of thermopower dependence on Ay(x) can be found for bare graphene
with a patterned bow-tie constriction, predicting the decrease of the Seebeck coefficient with the

width of the channel, leading to regions with different effective Seebeck coefficient.

With the devices studied here, the encapsulation should lead to an enhanced thermovoltage signal,
however, we expect to observe similar responses in the areas close to the constrictions. In order
to test this, STGM measurements were acquired in vacuum with the sample at room temperature,
Tsampie~297K, and an excess temperature on the tip apex of ATy, =~ 50K, to locally heat the
surface. The excess temperature of the tip has been calculated using a calibration performed on
similar probes allowing the transformation of the applied signal to the probe (i.e. a combination
of AC and DC signals) to a certain temperature. Also, the charge carrier distribution was
controlled by a global back-gate, and thermovoltage maps were acquired at two different

positions of the backgate: for p-doped, and n-doped graphene channel.
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Figure 7.13 Thermovoltage measurements performed in vacuum (~10~"mbar), with the sample at room temperature
(Ts~293K), and an excess temperature on the tip of ~50K.Measurements were performed for different backgate voltages:
(a) Vg = —6.8V, therefore showing p-doped behaviour, and at (b) V5.7 V, with an n-doped behaviour. In (c) profiles
acquired across grey dotted line in (a) are compared for both p (orange) and n (green) type doping behaviours. In (d), the
p-doped image was inverted, and the n-type (orange) and inverted p-type (green) profiles were compared in order to assess
the symmetry of the response for opposite charge doping in the device.

In figure 7.13(a) and (b), thermovoltage maps (V) are presented for p-doped (Vz; = —6.8V)
and n-doped (Vg; = 5.7 V) graphene, respectively. In both maps, local variations of the measured
V:n polarity are observed around the rectangular central constriction, which could be related to
the local variation of the Seebeck coefficient in that area. It is particularly interesting that for the
n-doped case, the Vy, is inverted again before the half bow-tie constrictions, leading to opposite
polarity of V; than for the p-doped case on the Au contacts-graphene area. In order to study these
responses in more detail, profiles were acquired for both p- and n-doping cases following the
dotted line in figure 7.13(a), and represented in figure 7.13(c). The highest relative thermovoltage
signal happens at the rectangular constriction, and at the bottom half bow-tie constriction, for
both cases: p-doped (green line) and n-doped (orange line) graphene, although showing opposite
polarity. These observations would agree with the initial assumption that the Seebeck coefficient

depends on the variations of the electron mean free path, and thus in the disorder of the area and
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the geometry. This is especially notable when comparing the two half-bow-tie constrictions: even
having the same width(~400 nm), the bottom half bow-tie constriction presents higher V;; than
the top half bow-tie constriction. This is attributed to the higher levels of disorder present in the
bottom half-bow-tie constriction, as shown in figure 7.9(d), compared to the top half-bow-tie
constriction shown in figure 7.9(b) which remains almost pristine. The disorder is caused by the
fact that the hBN in the bottom half-bow-tie was unintentionally peeled by the tip while scanning,
creating folds which act as scattering centres. The same happened in the area close to the central
constriction, as shown in figure 7.9. Finally, the similarity of the V;, signals was tested by
comparing the n-doped profile response with the p-doped profile obtained for an inverted image,
as shown in figure 7.13(d). The observed similarity between both signals, highlights the symmetry
in the device response obtained for almost opposite charge doping profiles. In both cases, the Au-
graphene contacts present a constant value of V;;,, with opposite polarity for top (T) and bottom
(B) contacts, and regions of opposite polarity appear through the device with maxima of V at

the constriction location.

In order to enhance the Seebeck response, S, and verify these initial observations, another set of
measurements were performed in vacuum (~10~’mbar) with a higher applied temperature
gradient, VT. For this, liquid nitrogen was poured into the thermal reservoir of the system (figure
7.1-5), which is connected to the sample, leading to the reduction of the sample temperature down

to Ts~170K . Keeping the temperature of the probe the same, Tp~340 K, the temperature

difference between both systems changed from AT{fg ~50K at room-temperature, up to
ATtLl-g~17OK at low-temperature. Thermovoltage maps performed for p-doped and n-doped
graphene are presented in figure 7.14(a) and (b), respectively. The thermovoltage response signal
in this case is much higher reaching values up to 1mV, while for the measurements with the

smaller VT presented in figure 7.13, we obtained values of the V;;, signal around 200 uV.
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Figure 7.14. Thermovoltage measurements performed in vacuum (~10~7mbar) and low sample temperatures (T;~170K).
Almost opposite Seebeck domains can be observed for (a) p-doped graphene (Vgz; = —3V) and (b) n-doped graphene
(Vge = 3V). (c) Profiles of the p-doped (green) and the n-doped (orange) maps are compared. The profiles were acquired
along the dotted grey line in (a). The contacts have been labelled as S (source) and D (drain) corresponding to the top and
bottom contacts, respectively.

Besides the aforementioned difference in V;;, signal strength, the observed polarity of the V;,
‘domains’ for both p-doped and n-doped cases, remains the same at low sample temperatures
(figure 7.14) than at room sample temperatures (figure 7.13). Finally, when comparing the
profiles for the p-doped and n-doped cases with a low sample temperature, as shown in figure
7.14(c), the highest V;;, response is again observed for the central rectangular constriction and

the bottom half-bow-tie constriction as in in figure 7.13(c).
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The results observed here, specifically for the central rectangular constriction which had a width
of 200 nm, 7.5 narrower than the full width of the device of 1.5 um, seem to point out that
nanosized constrictions effectively work in reducing the EMFP, and thus affecting the Seebeck
coefficient. In this sense, it could be understood as having two different materials with different
Seebeck coefficients, S¢, and Sconstriction, for example, leading to the formation of a nanosized

thermocouple.

7.4.3.1 Additional contributions to the measured V;;,

The voltage signal measured can contain different contributions besides the thermovoltage signal
coming from the device, such as additional effects from the probe or Seebeck response of the Au

top contact area. In this section, these contributions are shortly addressed:

Heating the tip is achieved by applying a combination of AC and DC current to the probe. As the
STGM measurements are performed in contact, this applied ‘heating’ can potentially influence the
device response if the tip contacts the sample. It was observed that at the edges, in areas in which
the hBN was peeled off, and on top of the metallic Au contacts occasional spikes appeared while
measuring, indicating electrical connection, “shorting” between the tip and a device. Despite these
observations, this was notan issue during the measurements due to the presence of the hBN cover

acting as a passivation layer and protecting the graphene.
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Figure 7.15. Tip gating effect studied by comparing the signal profiles obtained along the line shown in the inset. Two
heating voltages are depicted, namely Vp. = 3V (black) and V. = =3V (red) for (a) p-doped graphene (Vz; = —6.8V),
and (b) n-doped graphene (Vg; = —5.7V)

Besides shorting the device, the tip can act like one plate of a parallel plate capacitor, being the
conductive graphene the other one, leading to charge accumulation while scanning. In order to

study the effect of the probe on the measured V;;, response, scans were acquired for different
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graphene doping levels while the DC voltage applied to the probe was modified from negative to
positive. In figure 7.15, representative profiles are compared for Vp = 3V (black line) and Vp =
—3V (red line), for p-doped graphene with an applied Vz; = —6.8V (figure 7.15(a)), and for n-
doped graphene with Vg; = 5.7V (figure 7.15(b)). The results show very similar responses in
both cases, with small deviations that are statistically acceptable. From this, it can be concluded
that the tip gating has very little influence in the measured thermovoltage signal for encapsulated

graphene devices.

Another element that could also contribute to the measured V;;, signal are the Au contacts. In
previous studies, the graphene underneath the contacts was demonstrated to be shielded from
the global backgate, leading to strong V;;, on the contact region which could lead to charge doping
from the contacts to the graphene, thus adding an extra contribution to the measured
thermovoltage and Seebeck coefficient [398]. However, in the measurements presented here the
scenario is not exactly the same as 1D contact is stablished between the Cr/Au layer with
graphene, and there is no other direct contact between the two materials, as the graphene is
encapsulated with hBN. Here, a slightly high thermovoltage signal can be observed around the
metallic contacts, as for example shown in figure 7.13, although not as strong as the one observed
by Harzheim et al. [398]. The origin of this thermovoltage build is not fully understood, and
modelling or further experiments would be needed to clarify the origin of the observed charge

build-up.

7.5 Conclusions

This chapter includes different studies of nanoscale thermal properties of 2D materials. In the
first section, SThM measurements were performed on exfoliated InSe both in ambient and
vacuum conditions for the first time, providing important insights on the local thermal

conductivities and interfacial thermal resistance of the InSe nanoscale layers.

One of the first things that became apparent from this study is the importance of the thermal
anisotropy present in this material. Previous studies on bulk y — InSe have demonstrated an in-
plane thermal conductivity six times larger than the corresponding out of plane, being
Kin—piane = 10.42 Wm™ K~ and koy¢—of—piane = 1.74 Wm™1K~*. Comparing these values with
the results presented here, it seems that the SThM responses obtained are mainly linked to the
cross-plane thermal conductivity, especially for thin flakes, with an increasing contribution of the
in-plane thermal conductivity for thicker flakes. In principle, SThM cannot distinguish between
both components, thus the results obtained here are a convolution of the two contributions and

in order to separate them further modelling would be required. Another important observation
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is that the interfacial thermal resistance between InSe and the substrate dominates the thermal
transport and heat dissipation in these nanostructures. To quantify this contribution, a detailed
study of InSe with different thicknesses on different substrates would be needed. One effective
solution for this would be the combination of beam exist cross-sectional polishing (BEXP) with

SThM measurements, as it will be discussed in more detail in chapter 8.

In the second section of the chapter, the thermoelectric voltage (V;;,) in encapsulated graphene
devices with patterned constrictions was studied via STGM for the first time. This experiment was
developed as the following step to previous research which explored the effects of nanostructuring on
the local variations of the Seebeck coefficient on bare graphene devices [397, 398]. Here, two novel
approaches were adopted and studied: (1) the enhancement of the thermovoltage, and thus the
Seebeck coefficient via graphene encapsulation, gate carrier control, and temperature gradient
control; and (2) the creation of local S domains by patterning constrictions of varying geometry,
symmetry and width. The conclusions presented in the following comprise the application of these
two strategies combined: To start, the thermovoltage sign inversion was observed in the devices
confirming the previous measurements in bare graphene, and thus, the effect of nanopatterning
as an effective strategy to modify the thermoelectric properties of this material. Also, the
magnitude, sign and size of the V;;, regions consistently showed strong spatial dependence, often
linked to the presence of the patterned constrictions, which was especially clear for the central
rectangular one. Additionally, the high magnitude of the measured thermovoltage is attributed to
the encapsulation of the graphene channel. In the previous studies, CVD graphene was directly
deposited on top of SiO,. This substrate has demonstrated to present surface charges and
impurities causing Coulomb scattering on the graphene devices, thus limiting the charge carrier
mobility, introducing large potential fluctuations, and leading to the reduction of the total
magnitude of the ;. Therefore, here, by using encapsulation the intrinsic electronic properties
of graphene were better preserved, isolating it from external contributions from the substrate,
and therefore, leading to an enhanced TE intrinsic signal, and increased intrinsic EMFP. This is a
qualitative observation that would be interesting to test in further experiments. Another suitable
strategy studied here to manipulate the thermovoltage signal is the variation of the temperature
gradient applied in the system. Based on our results, in which a 5-fold increased in the V;;, signal
magnitude was observed when the sample was cold to low temperatures (Ts~170K), by applying
higher values of AT the intensity of the V;, signal can be highly increased. With respect to sign
switching of the V., signal, its origin is attributed to the presence of constrictions and
inhomogeneities, as shown by the profiles acquired. However, as demonstrated here, this effect
can be also controlled by changing the carrier concentration of the graphene sheet using global

back-gate.
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These results, including the observed geometry dependence of the TE graphene properties,
together with their control via different strategies such as encapsulation, or electronic and
thermal gating, are fundamental as they could represent a new paradigm for the control of TE
properties at the nanoscale, enabling the development of single metal thermocouples[426] for
temperature sensing and coolers for thermal load distribution and hot-spot removal with
nanoscale dimensions. In order to fully understand the influence of the microstructure on the
absolute Seebeck coefficient, and also the contributions of thermodiffusion and phonon drag in

the measured signal, performing modelling on the system would be an interesting future route.

Finally, an important conclusion extracted from this study was the suitability of STGM as a non-
invasive tool to study the thermovoltage, and in general, the TE properties of 2D materials at the
nanoscale. Besides offering higher resolution than currently employed optical methods, such as
the photo-thermoelectric measurements [175, 427], it requires a simple set-up and provides fast

and reliable measurements, thus competing with other SPM options based on SNOM[428].
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CHAPTER 8

Conclusions and perspectives

In the very beginning of this thesis I quoted A. Castellanos-Gomez who raised the question ‘Why
all the fuss about 2D semiconductors (and graphene)?’ [16]. Prior research revealed a plethora of
exciting properties held by graphene and its other 2D cousins, presenting an enormous potential
for the development of new applications in different fields, and appearing as ideal candidates to
push the scaling limits already reached by current technologies [429]. The number of possibilities
increases when considering the van der Waals forces that hold the layers of 2D materials together,
which facilitates their separation and re-stacking, and thus, the fabrication of novel
heterostructures, in turn displaying new physical and chemical properties. However, as the
landscape of opportunities and possible combinations are so vast, many promising research
topics remained widely unexplored. The aim of this work was to address some of these questions,
contributing to the progress and understanding in several interlinked areas. For this, we have
investigated the fabrication methods for 2D materials, heterostructures and devices, and
explored the nanoscale electronic and thermophysical properties of these using spectroscopic
and advanced scanning probe methods. Below, is the brief summary of the key results achieved

in this thesis and the future perspectives arising from the work performed are discussed.

8.1 Conclusions and key results

Chapter 4 - Fabrication of 2D materials: In this chapter, the fabrication techniques for 2D
materials and heterostructures, focusing on mechanical exfoliation and polymeric transfer
methods were explored in depth. Also, the processes required to produce devices based on 2D
materials were investigated. As a reference, an example of fabrication of a complex
heterostructure developed during this thesis was presented in the last section of the chapter

(section 4.7), including a detailed explanation of all the steps undertook to convert material
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crystals into complex devices. The main achievements of this line of research are highlighted

below:

» Fabrication of tailored 2D material exfoliated samples, complex heterostructures
and devices: A variety of exfoliated 2D materials, heterostructures and devices based on
graphene and other less explored materials like InSe, were successfully fabricated during
this PhD project using the procedures explained in the chapter. These were used in a
variety of different experiments, some of which are discussed in the other chapters of the
thesis. It is important to highlight that some of the results obtained for the fabricated
samples have led to journal publications [106, 277, 284]. Also, the successful
collaboration with other research centres (i.e. Denmark Technical University and the
National Graphene Institute) produced some 2D materials nanostructures that were

successfully used in the studies beyond the scope of this thesis.

> Development of a novel edge detection algorithm for flake identification: In order
to overcome the poor contrast offered by some exfoliated 2D materials when observed
through a white light microscope, together with the necessity to automate the finding of
flakes with the right geometry for the complex heterostructures, an edge detection
algorithm for 2D materials detection was developed in Python. The program consists of a
graphical user interface (GUI) that allows the scientist to upload an image, apply and tune
a certain filter from a list (i.e. Sobel, Scharr and Laplacian), and then save the result. This
provided the foundation for the subsequent correlation of the output of the filters with
the number of layers of the flakes under study, and implementing follow up tools to

improve the image quality.

»> Design and fabrication of a 2D materials transfer station for heterostructure
production: I initiated a 2D materials fabrication facility at NPL. For this purpose, |
prepared a space in the cleanroom exclusively dedicated for mechanical exfoliation of 2D
materials, and [ developed and built a custom-made transfer station. All these resources

were essential for the successful production of exfoliated flakes and 2D heterostructures.

Chapter 5 - Doping effects in graphene: here, a systematic study was performed comparing the
Raman response of samples grown by different methods and with different thicknesses:
exfoliated, CVD and epitaxial, monolayer and bilayer graphene, under different levels the relative

humidity. The key outcome from this research is summarised in the following:

» Undertaking a novel approach for the study of environmental doping effects in

graphene using Raman spectroscopy: Raman spectroscopy was employed previously

176



to characterise the electrostatic and substrate induced doping response of graphene
exfoliated samples [307, 309]. However, here we expand its application and employ the
technique to study the doping effect of an environmental molecule (i.e. H,0) in the
comparison of different types of graphene and with different thicknesses. The sensitivity
of graphene to varying levels of relative humidity was observed in terms of Raman shifts,
finding unique characteristic responses for each of the different types of graphene
analysed. Furthermore, the charge concentration for the exfoliated and CVD graphene
samples was calculated using a vector decomposition method applied to the acquired
Raman maps. Good agreement was found when comparing these results with previously
obtained data via van der Pauw methods on similar samples, thus demonstrating the
robustness of this approach. This method therefore serves as a demonstration of an
alternative way to study the environmental doping variation in graphene in a fast, non-

invasive and robust manner via Raman spectroscopy.

Chapter 6 - KPFM electronic characterisation of graphene: In this chapter, the electronic
properties of graphene were studied via KPFM. In the first section, an improvement over
currently existing calibration methods for the tip was developed, achieving lower uncertainty in
the determination of the work-function of the tip. The calibration method was successfully tested
on exfoliated graphene flakes. In the second section of the chapter, the calibration protocol
developed was employed to study the local variations of the charge distribution in encapsulated
GFET devices, and its dependence with the edge disorder. Finally, the capabilities of KPFM for
visualisation of buried layers in encapsulated heterostructures were exploited. The main points

extracted from this research are outlined below:

> Improvement on currently existing calibration methods for the tip work-function
determination in KPFM: The reliable determination of the work-function of materials
using KPFM remains challenging. In this thesis, an improvement on a currently existing
method was implemented, achieving values of the work-function of the tip (®;;,) with
lower uncertainty. In order to obtain this, and in contrast with current methods which
employ only one reference sample (normally, Au or HOPG), here we produce the
calibrated work-function of the tip against 4 samples: thin films of Au, Pt, Ta and Ti.
Additionally, another difference with current methodologies is that instead of measuring
only one point, we connected electrically the metallic pads formed by the thin films via
wire-bonding, and we measured the contact potential difference (V.pp) for different
applied voltage bias. This procedure results in a collection of points, following a linear
trend, from which @, can be extracted just by simple linear interpolation. Then the final

®;;, is calculated by averaging the results obtained for all the metallic reference samples.
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As a consequence of having a collection of points and different surfaces against which to
measure @, the obtained results are statistically robust and the final uncertainty of the
measurement is reduced.

Additionally, as demonstrated previously, as the Vpp of a sample is highly dependent on
its surface status, then rather than using tabulated values, we independently
characterised the work-function of all our reference samples using ultraviolet photon
spectroscopy (UPS) prior to the KPFM measurements, thus ensuring even higher

reliability in the final calibrated @,

Demonstration of the KPFM capability as a versatile visualisation tool for buried
layers in encapsulated heterostructures. The use of a passivation layer to cover a flake
or even its full encapsulation, are commonly applied strategies in order to preserve the
intrinsic electronic properties of the 2D materials under study. However, as a drawback,
these architectures difficulty the access and characterisation of the buried layers. In order
to overcome this, the application of KPFM was explored using encapsulated GFET. The
buried graphene layers were visualised using KPFM for different values of the back-gate
voltage (V¢ ), allowing the location of the graphene flake and also the visualisation of the
contamination trapped in between the layers. Besides being a fast and non-invasive tool,
its high nanoscale resolution allowed to overcome the capability of Raman spectroscopy
for example, a technique typically employed for imaging buried layers, but with the lateral
resolution limited by optical diffraction. Furthermore, by employing the calibration
protocol for the tip explained in the previous paragraph, the back-gate voltage-dependent
work-function of the encapsulated graphene was obtained with high accuracy, providing

information about the doping levels.

Chapter 7 - Characterisation of the thermophysical properties of 2D materials

nanostructures: This chapter was dedicated to the study of the thermal properties of 2D

materials at the nanoscale using scanning thermal probe microscopy (SThM) and scanning

thermal gate microscopy (STGM). First, the dependence of the thermal conductance of exfoliated

y — InSe with respect to its thickness was characterised using SThM. Following this, the local

variations of the Seebeck coefficient present in encapsulated graphene samples with patterned

constrictions were characterised using STGM. Finally, the thermoelectric properties of

encapsulated InSe heterostructures patterned as Hall bars were studied.

» Characterisation of the thickness dependent thermal properties of exfoliated y —

InSe: The thermal conductance dependence with respect to the flake thickness for

exfoliated y — InSe is measured here for the first time using SThM. The measurements
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were performed in ambient and vacuum environments, with thicker flakes indicating
higher thermal conductance. Although the thermal conductance anisotropy of InSe cannot
be completely resolved with SThM, the observed behaviour is attributed to an increased
contribution of the in-plane thermal transport component for thicker flakes. Also, we
demonstrated that the interfacial thermal resistance between InSe and the substrate as
well as between the SThM probe and the InSe dominates the thermal transport and heat

dissipation in these nanostructures and during SThM measurements.

> Investigation of the geometrically defined thermoelectric properties of
encapsulated graphene heterostructures: The effect of nanopatterning on the
manipulation of the electron mean free path (EMFP) of graphene, which directly affects
its thermoelectric (TE) properties is investigated here for the first time in encapsulated
graphene devices with different patterned constrictions. The measured thermovoltage
signal has shown opposite polarity around the constrictions, confirming the model of
geometrically defined thermoelectricity phenomena established in previous studies with
bare graphene on SiO2/Si substrate devices. The reduction in width, leads to the
formation of areas with different Seebeck coefficient, which could be potentially useful
for the production of nanoscale single material thermocouples. Also, here, the
enhancement and control of the thermovoltage signal using different strategies such as
encapsulation, electrostatic doping and manipulation of the thermal gradients, has been

demonstrated.

Overall, the fabrication techniques explored in this work have demonstrated to be extremely
versatile, allowing us to produce different types of materials and heterostructures. Also, the
results presented here demonstrate the potential of Raman spectroscopy and advanced SPM
methods to characterise 2D materials and related heterostructures for nanoscale

characterisation of different physical properties.

8.2 Future work

After the work performed in this thesis, | believe that there are several routes to expand the lines
of research initiated here and that these could be of high interest for the 2D material’s community.

The main ideas are summarised below:

» An interesting line of work could be the upgrade of the transfer station developed within
this PhD project in order to automatize part of the process, allow remote working, and

incorporate algorithms to improve flake selection. Twistronics, or the manipulation of the
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physical properties of 2D materials by stacking them with specific angles, has emerged as
a very interesting line of research, hence a first improvement would be the incorporation
of an electronic system for precise rotation [430, 431]. Following this, the next step would
be to develop a computer-controlled system for in-plane and out-of-plane displacement
and temperature control, which will allow higher precision achieved during the transfer
process, together with easier tailoring of recipes to specific materials to improve
adhesion/release of flakes. The optical system could be also upgraded with the addition
of filters and the edge detection software developed in this thesis. All these upgrades
combined together would improve the yield of the system, increase the fabrication speed,
enable remote working (e.g. once loaded with the exfoliated flakes, the process of fishing
for flakes and pick-up, which could take a couple of hours, could be done remotely), and
more importantly, will enable the fabrication of new heterostructures not accessible with

the current design.

Another interesting future route to undertake is the exploration of the automation
possibilities offered by artificial intelligence (AI) and machine learning. As discussed in
chapter 4, the group of Masubuchi et al. [262, 432] has already published papers in this
direction, and it is clear that in the incoming years the automation processes will be a
great deal in the papers related to fabrication of 2D materials. This, combined with the
development of Neural Network (NN) algorithms for the identification of 2D materials in
different substrates, will lead to an improved fabrication capability, offering considerably
lower heterostructure production time, and higher success rates. The edge detection
algorithm produced in this thesis could be implemented as part of the aforementioned NN

as one of the steps of the processing.

Regarding KPFM, the development of systematic tip degradation studies could be of great
interest, both for the scientific community and for the probe production companies.
Currently, AFM, and KPFM in particular, are regularly employed in quality control when
performing nanofabrication, and an important part of the cost is the preventive
replacement of probes to avoid downtime of the AFM system [433, 434]. By performing
degradation studies, it will be possible to estimate more precisely when tip failure is about
to happen, and thus running costs will be lowered. The comparison could be done
combining scanning electron microscopy (SEM), for the morphology characterisation of
the probes, and KPFM, for the electrical performance. The idea consists in comparing the
response of the probes, via their ®;,, when subjected to measurements in different

conditions of pressure, temperature and humidity, in order to ensure the robustness of
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the results obtained and quantify the level of damage suffered by the probes (i.e. measure
their lifespan). To study the variability between similar probes, the same measurements

can be performed for batches of probes all corresponding to the same type.

» Another route that could be of interest is the further exploitation of KPFM as a powerful
characterisation tool for encapsulated graphene, or other metallic/semiconducting 2D
materials. Its high resolution, and capability of imaging buried layers and providing
quantitative values of the work-function, could be extremely useful in order to further
understand the effects of interlayer contamination, and also the effects of commonly
applied cleaning techniques for heterostructures, such as AFM brooming or annealing.
For example, performing calibrated KPFM before and after the brooming process could
provide information of the level of cleanliness achieved and the amount of doping

introduced by the contamination.

» Regarding thermal measurements at the nanoscale, the accurate characterisation of the
dependence between the thermal properties and the thickness of the materials is one of
the current biggest challenges for 2D materials. A direct follow up from the experiments
with exfoliated InSe presented in chapter 7, would be the combination of SThM with beam
exit cross-sectional polishing (BEXP). BEXP is a technique that uses an Argon ion beam to
produce cuts at very shallow angles with high precision [435, 436]. It could be applied,
for example, to exfoliated thick flakes of different materials to create a controlled gradient
of thicknesses, from monolayer to hundreds of nanometers, easily accessible for SPM
studies. This way, the variations of the thermal resistance of the material as it thicknesses

varies from the substrate to the surface could be studied in only one measurement.

Figure 8.1. Schematic of beam-exist cross-section polishing (BEXP), in which the Ar ions are attacking the surface at an
angle of 5°, etching the top material and creating a gradient surface suitable for SPM studies. Image reproduce with
permission from [436]
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» Another area of interest related with thermal characterization is the study of twisted
heterostructures. The most famous example of novel properties arising from stacked
twisted structures is the superconductivity of twisted bilayer graphene [437].
Additionally, very recent theoretical papers have predicted a strong dependence of the
thermal conductivity of materials in heterostructures with the misfit angle [438]. A
systematic study of the thermal properties of different materials stacked at different
angles, could be performed using SThM or STGM. This type of experiment could bring to
light unexpected thermal properties, e.g. increased thermoelectrical response, or unusual

high/low thermal conductivity.

» Finally, as per the thermoelectric applications based on 2D materials heterostructures,
there is still plenty of room for novel research in this area as it is widely unexplored. As
explained in chapter 7, InSe is an excellent candidate for thermoelectric applications. This
material presents high values of electrical conductivity up to ~103 cm? V™1s~1 for few
layer InSe (~6L) at room temperature [119, 120], and low values of the thermal
conductivity both in-plane and out-of-plane with x; =85Wm ™ 'K™! and k, =
0.76 Wm™K™1, respectively [413]. In principle, these are already good prospects in
order to achieve high values of the ZT. In order to explore this, an experiment was
designed here to investigate the gate-tunable and temperature dependent thermoelectric
transportin y — InSe, and to provide quantitative values of the Seebeck coefficient, S, and
ZT.

® /7

B Thermometer 1 (Th1) I Heater
[ Thermometer 2 (Th2) [0 Hall bar arms

Figure 8.2. Encapsulated InSe Hall bar devices. The contacts connecting the heater are highlighted by a green
square. Two micro-thermometers were patterned onto the InSe structurem and their contacts are surrounded
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by red and orange, for the one closest to the heater and for the furthest one, respectively. Finally, the contacts
connecting the Hall bar are surrounding the InSe are shown in light blue.

For this, encapsulated InSe heterostructures were produced with a t;,5,~4.8nm,
corresponding to 6L, which based on previous studies performed by Bandurin etal. [119],
presented the highest electrical conductivity. Then, the heterostructures were patterned
into a Hall bar shape, and contacted to Au pads via graphene. The full fabrication process
of these complex devices was explained in detail in chapter 4, section 4.8. To quantitatively
measure S, a heater and two micro-thermometers were integrated into the device set-up
as shown in figure 8.2. The heater was fabricated as large as possible trying to cover at
least the full width of the Hall bar in order to produce a uniform heat distribution along

the device.

The idea of the experiment is then to quantitatively measure the Seebeck coefficient using

two methods:

- First, by applying a temperature gradient along the InSe channel (following the
arrow direction) by passing an electric current through the heater. This, would
produce a thermovoltage across the device that can be characterised by
measuring the voltage drop, AV;,, across the terminals of the Hall bar. Using the
micro-thermometers to measure the total temperature drop, AT, the global
Seebeck coefficient could be obtained by calculating Sg;,pq; = AV /AT.

- Second, by using STGM and the tip as the active heating element. This would allow
to produce local variations of the temperature. By measuring the AV, across the
Hall bar terminals, the local variation of the Seebeck coefficient, S;,.4;, could be

characterised with nanoscale resolution.

Comparing these two results would provide information of the global and local variations
of the Seebeck coefficient on the devices of under study. Additional measurements of the
electrical transport and the nanoscale thermal properties via SThM could be performed
in order to obtain quantitative values of the ZT. However, due to the complexity of the
heterostructure, having layers of hBN, InSe and graphene in contact, modelling would be

required to deconvolute the contribution of each material to the total measured signal.

It is important to highlight that this experiment was conceived by the end of this PhD
funding, and thus it was not possible to fit it within the assigned time-frame. However,
due to the potential relevance of these results, this experiment will be continued after the

conclusion of the studies presented here.
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APPENDIX 1

Edge detection algorithms for

2D materials identification

Acknowledgements: The first version of this program was developed by Catarina Areias in Python
2.0 during the summer of 2019, in which she did a placement at NPL under my supervision. Later on,
I continued with the project, uploading the code from Python 2.0 to Python 3.0, further developing

the GUI and investigating new tools for the visualisation of 2D materials.

A.1. Edge detection GUI for 2D materials

The code for the implementation of edge detection algorithms for 2D materials has been

developed in Python 3.0, and programmed with VisualStudio.

€]

Visualization of 2D materials
GENERAL | PRE-PROCESSING EDGE DETECTION
0

0 S50 100 150 200 250
0
0

50 100 150 200

& Original Sample: FAX100jpg

Figure A.1. Graphical user interface (GUI) developed for the application of edge detection algorithms to 2D materials. Using
the controls in the left section, an image can be opened from folder. Images will open on the bottom-left corner. On the
right side of the menu, options to modify the values of the filters are available.

When the code is executed, it produces the GUI presented in figure a.1. A file explorer window can
be accessed from the GUI, using the ‘OPEN IMAGE’ button in order to find and load the image of
interest (e.g. hBN exfoliated on 300 nm SiO, is shown in the left bottom corner of the figure

below). Once located and loaded, the image appears in a separate window along with other three
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images showing the effects of the different edge detection algorithms. The sliders on the right
allow varying the parameters of the edge detection algorithms, as discussed in chapter 4, section
4.5.1. The remaining buttons allow saving each of the processed images separately, resetting the

configuration, or accessing the help.

In the centre of the GUI, a column called ‘PRE-PROCESSING’ remains empty. Future developments
of the code will include the implementation of tools fitting that category such as de-noising filters
and background subtraction algorithms, essentially with the intention to reduce the noise and

improve the quality of the images.

A.2. Python 3.0 code: LynxViewer v3.0

cv2
PIL ImageTk, Image

numpy np

tkinter tk
tkinter.font Font
tkinter filedialog

tkinter colorchooser
tkinter messagebox MessageBox
tkinter.filedialog askopenfilename
0s, sys, subprocess
ntpath
matplotlib.pyplot plt
matplotlib.backends.backend_tkagg FigureCanvasTk, NavigationToolba

matplotlib.backend_bases key press_handler
matplotlib.figure Figure
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NPL2 '#00689 "
NPL1 '#015697'
orange_enh = '#e67000'
black back "#ececec'

LARGE_FONT = ("Helvetica", 12)
NORM_FONT = ("Helvetica", 10)
SMALL FONT = ("Helvetica", 8)
TITLE_FONT ('Cambria', 20)

1910 * 1030

path = ('C:/Users/castanon/Documents/PhD documents-NPL-
LU/PhD measurements/PhD - Experimental/2019 Image Processing Python/GUI_ 2DMats
")

def popupmsg(msg):
popup = tk.Toplevel()
popup.wm_title("Credits & Acknowledgements")
popup.configure(bg="grayl6")
popup.wm_attributes('-alpha', 0.97)

label thanks = tk.Label(popup, text=msg, font=LARGE_FONT, bg='grayl6', for
eground= 'khakil")

label thanks.grid(column = @, row = @, columnspan = 3, sticky='n', padx =
3, pady = 3)

label separationl = tk.Label(popup, text= "', font=LARGE_FONT)
label separationl.grid(column = @, row = 1, columnspan = 3, sticky='n")

npl = ImageTk.PhotoImage(Image.open(f"{path}/logos/NPL2.png").resize( (200,
80),Image.ANTIALIAS))

label NPL = tk.Label(popup, image = npl)

label NPL.grid(column = @, row = 2, sticky='sw')




LU = ImageTk.PhotoImage(Image.open(f"{path}/logos/LU.jpg").resize((200, 80
), Image.ANTIALIAS))

label NPL = tk.Label(popup, image = LU)

label NPL.grid(column = 1, row = 2, sticky='s")

Sepnet = ImageTk.PhotoImage(Image.open(f"{path}/logos/SEPNET.jpg").resize(
(200, 80),Image.ANTIALIAS))

label NPL = tk.Label(popup, image = Sepnet)

label NPL.grid(column = 2, row = 2, sticky='se')

label separationl = tk.Label(popup, text= "', font=LARGE_FONT)
label separationl.grid(column = @, row = 3, columnspan = 3, sticky='n")

popup.mainloop()

Laplacian(path, name, k):

window = 'Laplacian method for {}'.format(name)
cv2.namedWindow(window, cv2.WINDOW_NORMAL)
cv2.moveWindow(window, 810,0)

src = cv2.imread('{}"'.format(path))

src_blur = cv2.GaussianBlur(src, (k,k),0)

src_gray = cv2.cvtColor(src_blur, cv2.COLOR_BGR2GRAY)

laplacian = cv2.lLaplacian(src_gray,cv2.CV_64F)

int(src.shape[1] * 50 / 100)

int(src.shape[@] * 50 / 100)

src.shape[1] * src.shape[9]
(A >= A _screen):




cv2.resizeWindow(window, w, h)

cv2.imshow(window, laplacian)

Sobel(path, name, delta):
ddepth = cv2.CV_16S

window = 'Sobel method for {}'.format(name)
cv2.namedWindow(window, cv2.WINDOW NORMAL)
cv2.moveWindow(window, 810,0)

src = cv2.imread('{}"'.format(path))
src_gray = cv2.cvtColor(src, cv2.COLOR_BGR2GRAY)

src_blur = cv2.GaussianBlur(src_gray, (5,5), 9)

grad_x_sobel = cv2.Sobel(src_blur, ddepth, 1, 0, 3, 1, delta)

abs grad x_sobel = cv2.convertScaleAbs(grad_x_sobel)

grad_y sobel = cv2.Sobel(src_blur, ddepth, o6, 1, 3, 1, delta)

abs grad y sobel = cv2.convertScaleAbs(grad_y sobel)

grad_sobel = cv2.addWeighted(abs_grad x sobel, 0.5, abs grad y sobel, 0.5,

int(src.shape[1] * 25 / 100)

int(src.shape[@] * 25 / 100)
src.shape[1] * src.shape[9]

(A >= A _screen):
cv2.resizeWindow(window, w, h)




cv2.imshow(window, grad_sobel)

Scharr(path, name, delta):
ddepth = cv2.CV_16S

window = 'Scharr method for {}'.format(name)
cv2.namedWindow(window, cv2.WINDOW_NORMAL)
cv2.moveWindow(window, 810, 300)

src = cv2.imread('{}"'.format(path))
src_gray = cv2.cvtColor(src, cv2.COLOR_BGR2GRAY)

src_blur = cv2.GaussianBlur(src_gray, (5,5), 9)

grad_x_scharr = cv2.Scharr(src_blur, ddepth, 1, 0, 3, 1, delta)
abs_grad_x_scharr = cv2.convertScaleAbs(grad_x_scharr)

grad_y_scharr = cv2.Scharr(src_blur, ddepth, 0, 1, 3, 1, delta)
abs_grad_y_scharr = cv2.convertScaleAbs(grad_y_scharr)

grad_scharr = cv2.addWeighted(abs_grad_x_scharr, 0.5, abs_grad_y scharr, 0
0)

int(src.shape[1] * 25 / 100)
int(src.shape[@] * 25 / 100)

src.shape[1] * src.shape[9]

(A >= A _screen):
cv2.resizeWindow(window, w, h)

cv2.imshow(window, grad_scharr)

App(tk.Frame):

__init_ (self, master, directory):
tk.Frame. _init_ ( , master)

container = tk.Frame(master)
container.config(bg = black_back)
container.grid(sticky="nw"




menubar = tk.Menu(container)
menubar.config(bg = black _back, fg = "white")

filemenu = tk.Menu(menubar, tearoff=0)
filemenu.add_command(label="Open file", command = .open_image, fon
NORM_FONT)
filemenu.add command(label="Save settings", command = : popupmsg
("Not supported just yet!"), font = NORM_FONT)
filemenu.add separator()
filemenu.add_command(label="Exit", command=quit, font = NORM_FONT)

menubar.add_cascade(label="File", menu=filemenu, background = black_ba
ck, font = NORM_FONT)
menubar.add command(label = 'About', font = NORM_FONT, command =
: popupmsg("Open source by: E_Castanon (2020)\nEspecial thanks to Catarina Ar
eias, Tom Vincent and Andrew Tolmie\n2020"))

App.config(master, menu=menubar)

frame = tk.Frame(master, bg = 'white')
frame.grid(column=0, columnspan=4, row=0, sticky='nsew')

bg imgl = Image.open(f"{path}/Background/Bc_prov6.png")
w, h = bg _imgl.size
print('Width Frame:', w, 'Height Frame:', h)

bg image = ImageTk.PhotoImage(bg imgl)

bg label = tk.Label(frame, image = bg_image)
bg label.image = bg_image

bg label.grid()

master.geometry('%dx%d+0+0" % (w,h))

.directory = directory

.makeInputs(frame)
.Pintaycolorea(frame)

makeInputs(self, frame):




InputFrame = tk.Frame(frame, bg='white', width = 950, height = 600, bd

InputFrame.grid(column = @, row = @, sticky='n")

.Title label = tk.Label(InputFrame, text='Visualization of 2D mate
bg = orange_enh, bd=2, activebackground=NPL1,
relief = 'groove', activeforeground='white', fg='white', font = TITLE_

.Title label.grid(column = @, row = @, columnspan = 4, sticky='nse

.Title_label = tk.Label(InputFrame, text="' GENERAL ', bg = black_b
ack, bd=2, activebackground=NPL1, pady = 4,
relief = 'raised', activeforeground='white', fg='black', font LARGE_
FONT)
.Title label.grid(column = @, row = 1, sticky='nsew")

.Title label = tk.Label(InputFrame, text="' PRE-
PROCESSING ', bg = black back, bd=2, activebackground=NPL1, pady = 4,
relief = 'raised', activeforeground='white', fg='black', font
FONT)
.Title label.grid(column = 1, row = 1, sticky='nsew")

.Title label = tk.Label(InputFrame, text="' EDGE DETECTION
black_back, bd=2, activebackground=NPL1, pady = 4,
relief = 'raised', activeforeground='white', fg='black', font = LARGE_
FONT)
.Title_label.grid(column = 2, row = 1, columnspan = 2, sticky='nse
w')

.ent_delta = tk.Scale(InputFrame, orient=tk.HORIZONTAL, from =0, t
0=255, resolution=1, bg='white', length=255,
repeatdelay=0, tickinterval=50, troughcolor="grey', highlightbackgroun
d="white",
activebackground=NPL2, command= .calcSobelScharr, font=LARGE_FONT)
.ent_delta.grid(column = 3, row = 2, sticky='nsew")




self.ent_gauss = tk.Scale(InputFrame, orient=tk.HORIZONTAL, from_=0, t
0=200, resolution=2, repeatdelay=0, tickinterval=50, bg='white',

length=255, troughcolor="grey', highlightbackground="white', activebac
kground=NPL2, command=self.calclap,

font=LARGE_FONT)

self.ent_gauss.grid(column = 3, row = 3, sticky='nsew")

self.but_delta = tk.Button(InputFrame, text ='DELTA :', command=self.d
elta_def, bg=NPL1, bd=2, activebackground=NPL2,

activeforeground="white', fg='white', font=NORM_FONT)

self.but_delta.grid(column = 2, row = 2, sticky='ew")

self.but_gauss = tk.Button(InputFrame, text ='GAUSS :', command=self.g
auss_def, bg=NPL1, bd=2, activebackground=NPL2,

activeforeground="white', fg='white', font = NORM_FONT)

self.but_gauss.grid(column = 2, row = 3, sticky='ew")

self.butSaveSobel = tk.Button(InputFrame, text ='SAVE SOBEL', command
= self.saveSobel, bg=NPL1, bd=2, activebackground=NPL1,

activeforeground="white', fg='white', font = NORM_FONT)

self.butSaveSobel.grid(column = 2, row = 4, sticky="nsew')

self.butSaveScharr = tk.Button(InputFrame, text ='SAVE SCHARR', comman
self.saveScharr, bg=NPL1, bd=2,
activebackground=NPL1, activeforeground='white', fg='white', font= NOR
M_FONT)

self.butSaveScharr.grid(column = 2, row = 5, sticky="nsew')

self.butSaveLap = tk.Button(InputFrame, text ='SAVE LAPLACIAN', comman
self.savelLap, bg=NPL1, bd=2,
activebackground=NPL1, activeforeground='white', fg='white', font
RM_FONT)
self.butSaveLap.grid(column = 3, row = 4, rowspan=2, sticky='nsew')

self.butClear = tk.Button(InputFrame, text ='OPEN\nIMAGE', command = s
elf.open_image, bg=NPL1, bd=2, activebackground=NPL1,

activeforeground="white', fg='white', font = NORM_FONT)

self.butClear.grid(column = @, row = 2, sticky='nsew")

self.butClear = tk.Button(InputFrame, text ='RESET', command = self.re
set, bg=NPL1, bd=2, activebackground=NPL1,
activeforeground="white', fg='white', font = NORM FONT)




.butClear.grid(column = @, row = 3, sticky='nsew")

.PDFButton = tk.Button(InputFrame, text="HELP", command=
file, bg=NPL1, bd=2, activebackground=NPL1,

activeforeground="white', fg='white', font = NORM_FONT)
.PDFButton.grid(column = @, row = 4, rowspan = 2, sticky="nsew")

.label Sep2 = tk.Label(InputFrame, text="' ")
.label Sep2.grid(column = @, row = 6, columnspan = 4, sticky='nsew

Pintaycolorea(self, frame):
PintaFrame = tk.Frame(frame, bg='white', width = 300, height = 300, bd

PintaFrame.grid(column = @, row = 0, sticky="sw')

.filepath = askopenfilename(parent= .master, title='Choose Samp
le', filetypes=[('Image files', '*.png ' '*.gif ' "*.jpg')])

head, tail = ntpath.split( .filepath)

.name_tail = tail
.name_head = ntpath.basename(head)
.sample = .name_tail .name_head

src = cv2.imread('{}"'.format( .filepath))

b, g, r = cv2.split(src)

img2 = cv2.merge((r,g,b))

im33 = Image.fromarray(img2)

imgtk = ImageTk.PhotoImage(image = im33)
.Canvacillo = tk.Canvas(PintaFrame)
.Canvacillo.create_image(©, @, anchor = 'nw', image = imgtk)
.Canvacillo.grid(sticky ="nsew")

delta_def(self):
.popup_delta = tk.Toplevel(bg="white")
.popup_delta.title('Delta")




self.label deltal = tk.Label(self.popup delta, text='- Intensity value

added to each pixel during convolution', bg='white', font=Font(family="Helvel
tica", size=10))

self.label deltal.grid(column=1, row=1, sticky='nsw', padx=16, pady=10

self.label delta2 = tk.Label(self.popup delta, text='- Makes edges vis
ible (bigger delta means brighter edges)', bg='white', font=Font(family="Helve
ltica", size=10))
self.label delta2.grid(column=1, row=2, sticky='nsw', padx=16)
self.popbut_delta = tk.Button(self.popup_delta, text='OKAY', command =
self.popup_delta.destroy, bg=NPL2, activebackground=NPL1, fg='white', bd=2, f
ont=Font(family="Helveltica", size=10))

self.popbut_delta.grid(column=1, row=4, pady=10)

def gauss_def(self):
self.popup_gauss = tk.Toplevel(bg="'white")
self.popup_gauss.title('Gaussian')
self.label gaussl = tk.Label(self.popup_gauss, text='- Changes size of
Gaussian-
Blur matrix applied to image', bg=‘white', font=Font(family="Helveltica", size
=10))
self.label gaussl.grid(column=1, row=1, sticky='nsw', padx=16, pady=10

self.label gauss2 = tk.Label(self.popup_gauss, text='- Adjusts noise (
bigger Gaussian means bigger noise filtered out)', bg='white', font=Font(famil
y="Helveltica", size=10))

self.label gauss2.grid(column=1, row=2, sticky='nsw', padx=16)

self.popbut_gauss = tk.Button(self.popup_gauss, text='OKAY', command =

self.popup_gauss.destroy, bg=NPL2, activebackground=NPL1, fg='white', bd=2, f

ont=Font(family="Helveltica", size=10))

self.popbut_gauss.grid(column=1, row=4, pady=10)

open_file(self):

if sys.platform == "win32":
os.startfile( 'Poster")

else:
opener ="open" if sys.platform == "darwin" else "xdg-open"
subprocess.call([opener, 'Poster.pdf'])

open_image(self):




.filepath = askopenfilename(parent= .master, title='Choose Samp
le', filetypes=[('Image files', '*.png ' '*.gif ' '"*.jpg')])
head, tail = ntpath.split( .filepath)
.name_tail = tail

.name_head = ntpath.basename(head)
.sample = .name_tail .name_head

window = 'Original Sample: {}'.format( .sample)
src = cv2.imread('{}"'.format( .filepath))

cv2.namedWindow(window, cv2.WINDOW_NORMAL)
cv2.moveWindow(window, @,550)

cv2.imshow(window, src)

savelLap(self):

src = cv2.imread('{}"'.format( .filepath))

src_blur = cv2.GaussianBlur(src, ( .k, .k),0)
src_gray = cv2.cvtColor(src_blur, cv2.COLOR_BGR2GRAY)
laplacian = cv2.Laplacian(src_gray,cv2.CV_8U)

(thresh, binary) = cv2.threshold(laplacian, 128, 255, cv2.THRESH BINAR
Y | cv2.THRESH_OTSU)

plt.figure('Laplacian', figsize=(10,7))




plt.xticks([]),plt.yticks([])

plt.tight layout(pad=0, w_pad=0, h_pad=0)

plt.imsave('{}/processed data/{} - Laplacian at G={}.png'.format(direc
tory, self.sample, self.k), binary, cmap='gray")

self.popup_saved = tk.Toplevel(bg="'white")

self.popup saved.title('Save file success')

self.label savedl = tk.Label(self.popup_saved, text='{} Laplacian at G
={}.png'.format(self.sample, self.k), bg="white', font=Font(family="Helveltica
", size=10))

self.label savedl.grid(column=1, row=1, sticky='nsew")

self.label saved2 = tk.Label(self.popup saved, text='was saved to:', b
g="white', font=Font(family="Helveltica", size=10))

self.label saved2.grid(column=1, row=2, sticky='nsew")

self.label saved3 = tk.Label(self.popup saved, text='{}\processed data
".format(directory), bg='white', font=Font(family="Helveltica", size=10))

self.label saved3.grid(column=1, row=3, sticky='nsew")

self.popbut saved = tk.Button(self.popup saved, text='OKAY', command =
self.popup_saved.destroy, bg=NPL2, activebackground=NPL1, fg='white', bd=2, f
ont=Font(family="Helveltica", size=10))

self.popbut_saved.grid(column=1, row=4)

def saveSobel(self):
ddepth = cv2.CV_16S

src = cv2.imread('{}'.format(self.filepath))

src_gray = cv2.cvtColor(src, cv2.COLOR_BGR2GRAY)

img = cv2.GaussianBlur(src_gray, (5,5), ©0)

grad_x_sobel = cv2.Sobel(img, ddepth, 1, @, 3, 1, self.delta)
abs_grad_x_sobel = cv2.convertScaleAbs(grad_x_sobel)

grad_y sobel = cv2.Sobel(img, ddepth, @, 1, 3, 1, self.delta)
abs_grad_y sobel = cv2.convertScaleAbs(grad_y_sobel)

grad_sobel = cv2.addWeighted(abs_grad x sobel, 0.5, abs grad y sobel,

cv2.imwrite('{}/processed data/{} - Sobel at D={}.png'.format(director
.sample, int(self.delta)), grad_sobel)

self.popup_saved = tk.Toplevel(bg='white")

self.popup_saved.title('Save file success")

self.label savedl = tk.Label(self.popup_saved, text='{} Sobel at D={}.
png'.format(self.sample, int(self.delta)), bg="white', font=Font(family="Helve
ltica", size=10))

self.label savedl.grid(column=1, row=1, sticky='nsew")




self.label saved2 = tk.Label(self.popup saved, text='was saved to:', b
g="white', font=Font(family="Helveltica", size=10))

self.label saved2.grid(column=1, row=2, sticky='nsew")

self.label saved3 = tk.Label(self.popup saved, text='{}\processed data
'.format(directory), bg='white', font=Font(family="Helveltica", size=10))

self.label saved3.grid(column=1, row=3, sticky='nsew")

self.popbut saved = tk.Button(self.popup saved, text='OKAY', command =
self.popup_saved.destroy, bg=NPL2, activebackground=NPL1, fg='white', bd=2, f
ont=Font(family="Helveltica", size=10))

self.popbut_saved.grid(column=1, row=4)

def saveScharr(self):
ddepth = cv2.CV_16S
src = cv2.imread('{}"'.format(self.filepath))
src_gray = cv2.cvtColor(src, cv2.COLOR_BGR2GRAY)
img = cv2.GaussianBlur(src_gray, (5,5), 0)

grad_x_scharr = cv2.Scharr(img, ddepth, 1, @, 3, 1, self.delta)

abs_grad_x_scharr = cv2.convertScaleAbs(grad_x_scharr)

grad_y_scharr = cv2.Sobel(img, ddepth, ©, 1, 3, 1, self.delta)

abs_grad_y_scharr = cv2.convertScaleAbs(grad_y_scharr)

grad_scharr = cv2.addWeighted(abs_grad_x_scharr, 0.5, abs_grad_y schar
r, 0.5, 0)

cv2.imwrite('{}/processed data/{} - Scharr at D={}.png'.format(directo

ry, self.sample, int(self.delta)), grad_scharr)

self.popup_saved = tk.Toplevel(bg='white")

self.popup_saved.title('Save file success')

self.label savedl = tk.Label(self.popup_saved, text='{} Scharr at D={}
.png'.format(self.sample, int(self.delta)), bg="white', font=Font(family="Helv
eltica", size=10))

self.label savedl.grid(column=1, row=1, sticky='nsew")

self.label saved2 = tk.Label(self.popup_saved, text='was saved to:', b
g="white', font=Font(family="Helveltica", size=10))

self.label saved2.grid(column=1, row=2, sticky='nsew")

self.label saved3 = tk.Label(self.popup_saved, text='{}\processed
'.format(directory), bg='white', font=Font(family="Helveltica", size=10))

self.label saved3.grid(column=1, row=3, sticky='nsew")

self.popbut saved = tk.Button(self.popup saved, text='OKAY', command =
self.popup_saved.destroy, bg=NPL2, activebackground=NPL1, fg='white', bd=2, f
ont=Font(family="Helveltica"”, size=10))

self.popbut_saved.grid(column=1, row=4)

def reset(self):

cv2.destroyAllWindows ()
self.ent delta.set(9)




.ent_gauss.set(9)
cv2.destroyAllWindows ()

calcSobelScharr(self, event):
.delta = float( .ent_delta.get())

.Sobel = Sobel( .filepath, .sample,

.Scharr = Scharr( .filepath, .sample,

calcLap(self, event):

k= int( .ent_gauss.get()) + 1

.Lap = Laplacian( .filepath, .sample,

main():

script_path = _ file
script_dir = os.path.dirname(script_path)
print(f'directory: {script dir}")

root = tk.Tk()
root.resizable(1,1)

root.wm_attributes('-alpha', 0.99)
root.title('2D Material Lynx Viewer')
root.iconbitmap(

)
app = App(root, script_dir)
root.mainloop()
cv2.destroyAllWindows ()
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