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Abstract
In this thesis we probe the morphological, nanomechanical and nanoelectromechanical properties of 2D materials: graphene, MoS2 and
h-BN. Throughout this study we extensively use scanning probe techniques of ultrasonic force microscopy (UFM), direct-contact electrostatic force microscopy (DC-EFM) and heterodyne force microscopy
(HFM). With the use of these techniques we report the observation
of a Moirè patterns when graphene is aligned on h-BN and propose
that the imaging with atomic force microscopy of such a sample is
partly due to variance in both sample adhesion and mechanical stiffness. In addition to this we probe the ability for UFM to detect the
subsurface mechanical properties in 2D materials and confirm that
the anisotropy present effectively enhances the resolution. We apply
this knowledge of UFM and 2D materials to detect the decoupling of
graphene, grown on 4H-SiC, from the substrate through the intercalation with hydrogen. In the final part of this thesis we discuss the electromechanical phenomena observable in 2D materials and related devices. Through the electrostatic actuation of graphene resonator-type
devices we are able to probe the electrostatic environment beneath
the graphene, information that is unavailable to non-contact mode
techniques. We then develop this method of DC-EFM to incorporate a sensitivity to the time-dependent properties by introducing the
heterodyne mixing principle. This new technique developed, called
electrostatic heterodyne force microscopy (E-HFM) is sensitive in the
nano-second time domain whilst maintaining the nanoscale lateral and
vertical resolution typical of an atomic force microscope. We propose
that E-HFM will prove to be a valuable tool in characterising the behaviour of high-frequency small-scale nanoelectromechanical systems

(NEMS) currently beyond the reach of conventional characterisation
techniques. Finally we show the future directions of this work where
we discuss the use of flexoelectricity in creating NEMS based on h-BN
where the behaviour of such devices is currently unknown.
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Chapter 1
Introduction
Atomically thin crystals were once thought to be unstable in ambient conditions[1].
Despite this, the structure of graphite has long been known to be hexagonal with
weakly bound cleavage planes[2]. However it was not until 1934 that the true van
der Waals nature of these bonds in graphite was realised[3] and 1972 for MoS2 [4].
The final step in the realisation of devices from atomic crystals came much later
in 2004 with the isolation of a single stable layer of graphite/graphene at the
University of Manchester[5]. Here the extremely attractive electrical properties
were revealed for the first time, resulting in the award of the 2010 Nobel prize for
Physics. The isolation of graphene has since lead to further study of a class of materials coined ‘the van der Waals solids’, where planes of atomic or a few atomic
layers thick are weakly bound through van der Waals (vdW) forces alone. Within
this group of vdW solids are materials such as graphene and hexagonal boron nitride (h-BN) and the transition metal dichalcogenides (TMD’s), all possessing
a plethora of desirable electrical, optical, thermal and mechanical properties.
Therefore it is possible to create new devices from this library of materials by
stacking them together to form heterostructures, like traditional semiconductor
heterostructures but atomically thin by nature.
In the fabrication of traditional semiconductor heterostructures careful attention has be made to the lattice constants in order to either avoid or tailor specifically the strain present in the sample, which is known to affect the electronic
behaviour of such devices. Even though heterostructures of 2D materials are not

1

technically bonded to one another, the structures of any two layers in contact
with one another will still affect the properties of the whole device. The clearest
example of this is graphene on h-BN. As both of these materials are hexagonal in
nature with a small discrepancy in lattice constants, a Moirè pattern is formed,
the observation of which has lead to interesting new physics [6, 7, 8, 9]. The
size and shape of this pattern depends on the difference in lattice constants of
the two materials, the structure of the materials and the rotation with respect
to one another. By studying these patterns for perfectly aligned samples we are
able to infer information about the local variations in the adhesion at the surface through experimental results. This may have implications in the variation of
the electronic properties of devices where graphene is stacked upon an insulating
layer of h-BN.
Whilst the advantageous electrical properties of graphene have been realised
for a number of years there are still obstacles obstructing the path to commercial success. One of these is the problem of economical high-quality methods of
producing graphene. Many attempts have been made through chemical vapour
deposition on various substrates with success to varying degrees[10, 11]. The
problem however is the transfer from these usually expensive and conductive materials to a substrate for device fabrication. One possible solution is the thermally
induced growth of graphene on SiC substrates[12]. Whilst this substrate is still
rather expensive it is insulating and can be integrated into conventional wafer
processing techniques, unlike CVD substrates. However, the graphene produced
is of a much lower quality owing to the chemical bonds still present between the
graphene and the substrate. To counter this, researchers have used hydrogen as
an intercalation element to effectively remove the bonds between the graphene
and the substrate, greatly improving the electrical qualities, closer to that of pristine graphene[13]. In this thesis we probe the mechanical properties of such a
system to understand the level of substrate interaction and the mechanical integrity of the graphene. In doing this we find that, whilst the electronic properties
are well decoupled from the substrate, there is still a good degree of mechanical
support present, an ideal situation for electronic devices. It is also proposed that
mechanical contact with the substrate may behave as a heat sink, ideal for high
power and high switching rate nanoelectronic devices.
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As devices and heterostructures made from 2D materials increase in complexity over time the number of layers involved also usually increases. Some of these
devices realised to date such as LED structures are composed of >15 layers[14]
giving an overall thickness above 5 nm, however the number of layers one can
use is limitless. To improve the performance of these devices it is important to
ensure that all surfaces are clean upon deposition and that there are no defects
between the layers. One way to assess the quality of the heterostructure is to
take a cross-section with a focused ion beam cutter (FIB) and image the layers
directly from the side with transmission electron microscopy (TEM)[14], however
this involves the destruction of the device and only allows the imaging on a thin
cross section. As a way of imaging the mechanical integrity of these heterostructures, and therefore the quality, we propose the use of ultrasonic force microscopy
(UFM). UFM is already known for its sensitivity to subsurface defects and objects
in traditional semiconductor materials[15, 16, 17]. We therefore study further the
role in which the layered nature of 2D materials affects the mechanical properties
and therefore the UFM’s ability to observe subsurface structures such as voids
and cavities in vdW’s heterostructures. Through both theoretical and experimental results we show the role of sample anisotropy on the UFM signal. Due
to the fact that 2D materials are transversely isotropic (i.e. different in plane
and out of plane properties) we see that the stress field beneath the AFM tip is
confined almost entirely beneath the tip and reaching far into the sample. This
effectively lends 2D materials and their heterostructures to subsurface imaging
with UFM and other ultrasonic techniques such as heterodyne force microscopy
(HFM). Finally we show that sample flexing is often the dominating feature in
UFM stiffness maps and may drown out other signals from nanoparticles buried
deep beneath suspended structure.
Whilst much attention is given to the application of graphene in electronic
devices there are a wealth of other opportunities in which it may be implemented
to great advantage. The use of atomically thin crystals, particularly graphene, in
nanoelectromechanical systems (NEMS) is one of these areas that we now turn
our attention to. Graphene’s extremely high tensile strength[18] coupled with
a low density make it an ideal candidate for high sensitivity force/mass sensing. Masses as low as 2.5×10−18 g have been detected with graphene beam-like
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resonators[19, 20]. There are however certain phenomena of graphene resonators
that do not apply to their conventional silicon counterparts, which can be detrimental to their overall performance. Due to the high surface area to mass ratio,
the devices fabricated from graphene are prone to adhesion to the surrounding materials through van der Waals interaction. As a result, adhesion of the
graphene to the trench or cavity substrate can result in highly non-uniform stress
distributions[21] and therefore can be detrimental to the device operation. It is
therefore important to be able to study these devices with a high level of spatial resolution. So far a majority of techniques have measured only the averaged
properties of the system such as amplitude of vibration, either averaged across
the whole device through electrical readout or with optical resolution, limited by
the wavelength of light. This presents a problem as devices shrink in size to the
hundreds of nm regime where the characterisation difficulty increases vastly with
optical techniques. Atomic force microscopy can be used To solve this problem
with it’s few-nanometre lateral resolution, however only a handful of studies have
taken this approach to tackle the problem[21, 22]. The use of AFM to map the
performance of MEMS has thus far only be used to either map low-frequency
systems, where the cantilever can respond directly to the actuation of the system [22], or high frequency systems where only an average of the high-frequency
behaviour has been imaged [21]. As devices decrease in size the characteristic frequency increases, reaching into the GHz region. Therefore it is imperative that
the high frequency behaviour is understood, with a resolution reaching down to
below the nanosecond regime. For this, current applications of SPM fall somewhat short. In this study we propose a solution where we apply the principle of
heterodyne mixing, similar to Heterodyne Force Microscopy (HFM)[23], where
the non-linear tip-sample interaction is the mixing element. By using the heterodyne principle and mixing mechanical and electrical actions between the AFM
tip and the NEMS we preserve information about the amplitude and phase of the
electromechanical phenomena, crucial to detecting time-dependent phenomena.
We call this method Electrostatic Heterodyne Force Microscopy (E-HFM). Using
E-HFM we demonstrate that it is possible to detect the behaviour of nano electromechanical resonators with a nm spatial resolution, a vertical displacement
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resolution of approximately 10 pm and on a time-scale of ns with the potential
to probe pico-second regime phenomena in the future.
Whilst AFM has a fantastic vertical resolution, in the region of 10’s of pm,
this may still not be good enough for probing properties of small resonator-type
devices where low-temperature thermal vibrations or even zero-point fluctuations
are to be measured. For this, various optical techniques have been applied varying
in complexity from a relatively simple ‘point and shoot’[24] laser system which
makes use of the underlying substrate to create an ‘on-chip’ interferometer, to systems which make use of near-field optical coupling techniques[25]. The problem
with such techniques is that to obtain the best resolution one has to consider the
thickness of the flake, the underlying oxide thickness as well as laser noise/modehopping and other vibrational noise present in the system. We present an improvement to current techniques through the use of a differential interferometer,
previously used to detect small movements on an AFM cantilever[26]. We present
a theoretical approach and lay out the steps to study graphene NEMS using this
interferometer. We also demonstrate the resolution by measuring the thermal
resonant modes in an ambient environment where the resolution was below 1 pm.
In this thesis we first discuss the morphology of 2D materials and their related
heterostructures such as graphene on h-BN Moirè patterns. Here we are able to
show, through the use of Ultrasonic force microscopy (UFM), that there is both
a variation in the mechanical stiffness and adhesion over the period of the Moirè
superlattice. We then build on this by studying the way in which ultrasonic
probe techniques such as UFM and HFM are able to measure the subsurface
properties of samples. From a theoretical analysis backed up with experimental
evidence we show that the difference between the in-plane and out of plane mechanical properties of stacked 2D materials effectively enhances both the depth
and lateral resolution of such methods. Hereby showing that these methods have
a great potential in helping to advance the field of 2D heterstructures. Using
this evidence we apply our new knowledge of the UFM contrast in 2D materials
to study graphene grown on 4H-SiC. Here we are able to measure the level of
coupling between the graphene and the substrate and how the intercalation with
hydrogen is effective in greatly reducing this, a step forward for the large-scale
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manufacturing of graphene. Finally we turn our attention to the electromechanical properties of graphene resonator type devices. In this final chapter we are
able to measure the level of charge trapping beneath graphene through the detection of the electrostatic actuation of the graphene membrane by use of an AFM
probe, allowing us to measure the otherwise hidden and detrimental interactions
between the substrate and graphene NEMS. We then advance this method one
stage further to incorporate time-dependent processes through the heterodyne
mixing principle, building on the high spatial resolution of AFM by adding a
nanosecond time-scale resolution and creating a new sub-method called E-HFM.
The implications of which allow one to study both the electrostatic properties
of the sample whilst measuring the amplitude response and the time-dependent
behaviour of such samples. This technique is the only method thus far capable
of measuring both the amplitude and temporal responses of NEMS with a 10
nm and <1 ns resolution. This high spatial and temporal resolution may prove
invaluable as devices are developed on an ever decreasing scale with extremely
high operating frequencies.
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Chapter 2
Background
2.1

2D Materials

Since the initial isolation of graphene there have been many successful attempts
to observe 2D allotropes of other materials such as boron nitride and MoS2 . As
the layers of atoms in these materials are bound weakly to one another through
van der Waals interaction it is possible to easily isolate and study them in their
own right. Whilst all of these materials form two-dimensional films, and in many
cases have similar atomic structures, they exhibit a wide range of behaviours.
This wide range of behaviours allow atomic devices to be constructed that are
only a few nm thick, here we study the basic properties of the three main vdW
solids studied in this thesis; graphene, h-BN and MoS2 .

2.1.1

Graphene

Graphene is a two-dimensional hexagonal structure, formed from the combinations of the s and px,y orbitals to form a hybrid σ bond between three other
carbon atoms leaving the pz or π orbitals out of plane. It is these out of plane
orbitals that form a basis for the electronic and chemical behaviour of graphene.
An illustration of these bonds and the stacking structure of graphene is shown in
Fig. 2.1
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Figure 2.1: The atomic and stacking structure of graphene where the preferred
stacking is AB. The nature of the bonds in graphene is also shown where the hybrid,
in-plane, σ bonds provide the strength of graphene and the π bonds allow for its
great electrical conductivity. We show the bottom layer as light green and the top
layer as black to more easily discern the stacking structure.
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2.1.1.1

Mechanical Properties

The Young’s modulus E of graphene has been determined theoretically [18, 27,
28, 29] and found experimentally [30, 31] to have a value of approximately 1
TPa. There have been other studies that have found the Young’s modulus of
graphene to be less than the widely accepted value of 1 TPa [32]. However the
value presented for E from that case is inferred by fitting experimental data to
the expected behaviour of a doubly-clamped beam, where the assumptions made
may present a significant source of error.
The Young’s modulus of a material, that is its stiffness in the elastic limit, is
only one way of characterising its mechanical properties. To understand at what
point a material begins plastic deformation one must consider the yield strength.
For graphene this has been estimated [33] to be between 80-90 GPa. Beyond the
yield strength is the ultimate tensile strength, which is the maximum stress the
material can sustain before failure. The ultimate tensile strength for graphene
has been calculated to be approximately 120 GPa for a perfect monolayer[33, 34],
this translates into roughly 10% of the Young’s modulus and is one of the highest
ever observed.
2.1.1.2

Optical Properties

Monolayer graphene has been found to absorb 2.3 % of red light [35] and 2.6 %
of green light [36], a surprisingly high absorbance for a material which is only
one atom thick. The difference in these figures was expected to be due to some
experimental uncertainty as the absorbance of graphene depends only on the fine
structure constant, i.e. how light interacts with electrons [35]. By increasing
the number of graphene layers one adds 2-3 % of to the optical absorption each
time. The absorption coefficient has also been found to change depending on the
intensity of light incident on graphene. This effect is known as saturable absorption. The threshold for saturable absorption has been measured experimentally
and calculated theoretically where a wide range of values have been found. In
some experimental studies of monolayer and multilayer graphene the threshold
was found to be as low as 0.53 MW/cm2 [37] for 100 fs pulses and as high as
250±80 MW cm−2 [38]. Taking the minimum value of 0.53 MW cm−2 for a spot
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size of ≈1 µm diameter we see that this translates to a threshold laser power of
Pth =5.3 mW, above any values of laser power incident on graphene used in our
experiments by a factor of approximately 8, therefore saturation is not expected
to be an issue. The refractive index for graphene is independent of the wavelength
in the visible range, we therefore quote the value for λ=635 nm (RI=2.73-1.35i
[39]) as this is the laser wavelength used in this study. Graphite has also been
found to exhibit optical birefringence, that is, a difference in the refractive indices
in the in-plane and out-of-plane directions [40].

2.1.1.3

Electrical Properties

Graphene is known to be a semi-metal [5], that is the valence and conduction
bands touch with no overlap. This point of zero overlap is called the Dirac point
and at this point in k-space we see a wealth of interesting and useful physical
phenomena. The density of states at the Dirac point is 0 therefore for pristine
graphene where there are no sources of doping the Fermi level will sit in this
zero density of states region and the conductivity will be extremely low. In
practice this is not the case as there is always some source of doping whether it
is intentional, e.g. through a back-gate voltage, or accidental, e.g. by interaction
with the substrate and any electrostatic charge present. For this reason in our
experiments we model graphene as a metal. It should also be noted that due to
the linear dispersion, relation electrons and holes in monolayer graphene behave
as massless Fermions at the Dirac point thus greatly increasing the electron/hole
mobility.

2.1.2

Hexagonal Boron Nitride (h-BN)

Boron nitride has many allotropes just like carbon, including a two-dimensional
layered structure similar to graphene called hexagonal boron nitride (h-BN). In
this hexagonal formation each nitrogen atom is bonded to 3 other boron atoms
and vice versa. However, as with graphene these bonds are purely covalent and
the boron-nitrogen bonds form a partly covalent, partly ionic bond [41]. The bond
lengths have been measured to be 1.421Å in graphene and 1.446Å in h-BN [42], a
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AA'

Figure 2.2: The atomic and stacking structure of h-BN. Here we show the most
stable stacking structure, AA’, where a boron atom sits directly on a nitrogen atom
and vice versa.

difference of approximately 1.7 %. This slight discrepancy between the two lattice
constants is what leads to the Moirè pattern formation when graphene is aligned
on a h-BN substrate, a topic which is discussed in more detail in succeeding
sections and 4.2. The most stable form of h-BN is believed to be the AA’ [43]
stacking which means that each boron has a nitrogen above and below it as can
be seen in Fig. 2.2

2.1.2.1

Mechanical Properties

Being of a similar structure to graphene, hexagonal boron nitride also exhibits
high mechanical stiffness. The values found for the in-plane elastic modulus
of h-BN are 716 GPa[33] and 811 GPa [44], comparable to that of graphene.
The Poisson ratio for h-BN was also found to be similar to that of graphene
(νh−BN =0.18[45] and νgr =0.194[46]). We also quote the yield strength and ultimate tensile strength for monolayer h-BN as 70-85 GPa (estimate)[33] and 88-120
GPa [33, 47] respectively.
Whilst there is much focus on the high in-plane stiffness of graphene and
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h-BN it is also worth mentioning the out-of-plane elastic properties. The out-ofplane elastic constants will play a role when the sample is much thicker than a
monolayer and beam bending becomes the dominating behaviour, not membrane
behaviour (i.e. stretching). The out of plane elastic modulus E3 for h-BN, again
similar to that of graphene, is calculated as E3 =38 GPa[45].
2.1.2.2

Electrical Properties

Whilst graphene is a direct zero-gap semiconductor or semi-metal, h-BN has a
large, indirect band-gap of 5.955 eV for indirect excitons and 6.08 eV for single
particles[48]. Therefore under most experimental conditions h-BN will be electrically insulating. This insulating behaviour has made h-BN an attractive substrate, encapsulating and dielectric material for graphene and other 2D-material
based devices[49, 50, 51].
2.1.2.3

Optical Properties

Whilst there is not a wealth of literature on the refractive index of h-BN perpendicular to the plane, we report several values for n in the visible range, unless
otherwise stated, of approximately 2.2[52], 1.91-2.05(λ=110-550µm)[53], 1.22[54]
and 1.85[55]. The imaginary part of the refractive index or extinction coefficient
k approaches 0 in all of the above studies. Like graphene, h-BN also exhibits
some degree of birefringence where the refractive index parallel to the layers: between 2.00-2.16(λ=110-550µm)[53]. In addition to this the refractive index was
calculated theoretically in the visible range[54] and was found to vary from 1.22
to approximately 1.5 between the out of plane and in-plane indices.

2.1.3

Molybdenum Disulphide MoS2

Molybdenum disulphide is a part of the family of van der Waals solids like
graphene and h-BN and, like graphene and h-BN, has long been used as a solid
lubricant because of these weak interlayer vdW bonds[56]. Whilst MoS2 belongs
to the family of vdW solids it also belongs to another sub-group called the transition metal dichalcogenides (TMD’s) which take the format of T X2 where T is a
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2H-MoS2

1T-MoS2

Figure 2.3: The structures of 2H and 1T MoS2 . The stacking of 2H MoS2 is
such that Mo atoms sit only directly above S atoms and vice versa. The stacking
of 1T has a simple AA stacking so each layer is directly above and below other
layers.

transition metal and X is either sulphur, selenium or tellurium. The TMD’s are
different in that the atoms are not arranged in a purely two-dimensional plane, as
a result there are different possible arrangements of the atoms. For MoS2 there
are a number of phases, however we consider two called 1T and 2H MoS2 , seen
in Fig. 2.3. The two exhibit different electrical properties with 1T being metallic
and 2H being a direct-gap semiconductor in monolayer form[57]. The phase of
MoS2 that we shall refer to in the rest of this thesis is the semiconducting phase,
2H.

2.1.3.1

Mechanical Properties

The in-plane elastic modulus of MoS2 has been measured experimentally at a
value of 330±70 GPa [58], 270±100 [59],210 GPa [60] and calculated theoretically
at a range of values from 128.75 GPa [61]. Values reported for the ultimate tensile
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strength have been given as an average of 23 GPa or approximately 10%[59]. No
data on the yield strength was found in the literature.
Whilst MoS2 has a relatively high in-plane stifness, although not as high as
graphene or h-BN, it also has a much higher out of plane stiffness than either
graphene or h-BN, measured at a value of approximately 160 GPa[45]. This is
roughly 4 times higher than that of graphene or h-BN and may be due to a higher
vdW bonding strength between the layers.

2.1.3.2

Electrical Properties

As mentioned in previous sections 2H-MoS2 is a direct band-gap semiconductor
as a monolayer but transitions to an indirect gap semiconductor for thicknesses
greater than this. The band-gap in the monolayer regime is approximately 1.8
eV[62] and for bulk MoS2 the indirect band-gap is 1.29 eV[63]
2.1.3.3

Optical Properties

Experimental studies into the value of the refractive index n and the extinction
coefficients k of thin MoS2 have shown that n varies between 5-7 over the visible
range whereas the extinction coefficient k varies between 0-3, being higher at
shorter wavelength and approaching 0 for red light [64]. Therefore to model
the optical properties of MoS2 the refractive index will need to be considered as
wavelength dependent.

2.1.4

Optical Visibility of 2D Materials

Whilst only an atom or a few atoms thick, the class of 2D materials are surprisingly easy to identify with optical microscopy, even with the naked eye for large
flakes. One trick to increase the optical contrast of these atomic layers is through
using a specific thickness of substrate on which the flake is to be placed. By
selecting a thickness of SiO2 on top of Si such that the conditions for inteference
of the incoming light are affected most by the additional path length provided by
the 2D material, the optical contrast can be maximised.
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There have been several studies on the affects of substrate on the optical
visibility of graphene and other 2D materials, varying in complexity [64, 65, 66,
67, 68]. The simplest treatment that describes the visibility of graphene and other
2D materials on an Si/SiO2 substrate is through analysing the Fresnel interference
from a beam of light incident on the graphene and normal to the surface. This
approach was first performed by H. Anders[69]. The Fresnel interference approach
assumes light incident normal to the plane so that light reflected will be along
the same path.
The equation produced by H. Anders[69] is shown below to give the portion
of light reflected from an SiO2 /Si substrate
rSiO2 eiSiO2 =

r4 + r3 e−i∆2
1 + r4 r3 e−i∆2

(2.1)

Where r4 =(n0 − n1 )/(n0 + n1 ) is the relative refraction constant between air
(n0 ) and SiO2 (n2 ). Here r3 is the relative refraction between the SiO2 and the
silicon beneath. The symbol ∆n = 4πnn dn /λ represents the additional path the
beam takes passing through a medium with refractive index n and back. Here λ
is the wavelength of light used and dn is the thickness of the medium.
To calculate the portion of reflected light for the case of SiO2 on Si, as Eq.
2.1, with the addition of a thin layer of additional material, such as graphene or
other 2D material, the equation becomes rather more complex. However through
a clever technique devised by both [70] and [71], seemingly independently, one can
use the case of a 3 layer system such as Eq. 2.1 to deduce the case for a 4-layer
system. Whilst this derivation is rather long we quote the result also presented
in [69]
rgr eigr =

r1 + r2 e−i∆1 + r3 e−i(∆1 +∆2 ) − r1 r2 r3 e−i∆2
1 + r1 r2 e−i∆1 + r2 r3 e−i∆2 + r1 r3 e−i(∆2 +∆1 )

(2.2)

Where r1 and r2 are the reflection coefficients for the air/graphene and graphene/SiO2
interfaces respectively. To calculate the contrast C we use Eq’s 2.1 and 2.2 in the
following way similar to [68]
C=

rSiO2 eiSiO2

2

rSiO2 eiSiO2

15

2

− |rgr eigr |
2

(2.3)

2.1 2D Materials

H u m a n e y e P h o to p ic S e n s itiv ity
3 5 0

1 .0 0

3 0 0

0 .8 6

C o n tra s t
0 .1 7

2 5 0

0 .7 1

2 0 0

0 .5 7

1 5 0

0 .4 3

1 0 0

0 .2 9

5 0

0 .1 4

0

N o r m a lis e d H u m a n E y e S e n s itiv ity

O x id e T h ic k n e s s ( n m )

0 .1 4
0 .1 1
0 .0 8
0 .0 5
0 .0 2
-0 .0 1

0 .0 0
4 0 0

4 5 0

5 0 0

5 5 0

6 0 0

6 5 0

7 0 0

7 5 0

W a v e le n g th ( n m )

Figure 2.4: The optical contrast of graphene on an Si/SiO2 substrate as a function
of the incident wavelength of light and the oxide thickness. The optical contrast is
not seen to increase above 18 %. On top of this plot we show the typical photopic
sensitivity of the human eye in well-lit conditions which was taken from CIE (International Commission on Illumination) VM (λ) [72, 73] with the corresponding
y-axis shown in red.

By plotting Eq. 2.3 for varying λ and oxide thickness d2 we obtain the results
shown in Fig. 2.4
We we see that for oxide thicknesses of approximately 90 and 290 nm we see the
largest contrast in the green wavelength region. Therefore we pick 290 nm oxide
thicknesses throughout this thesis due to their commercial availability. For the
implementation of Eq. 2.1 and 2.2 we use the wavelength dependant refractive
indices for Si and SiO2 , the refractive index of graphene is not dependant on
wavelength and only depends on the fine structure constant for this we use a
refractive index of 2.73-1.35i [39]. Including the extinction coefficient for graphene
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Figure 2.5: The variables used in the characterisation of both a beam-like resonator and a drum-resonator (shown inset). Where L is the length of the suspended
region, h the material thickness, d2 the oxide layer thickness, d0 the gap between
the 2D material and the substrate and a the radius of a drum-type resonator.

and silicon ensures that we account for any absorption of the materials.

2.2

Nanoelectromechanical Systems (NEMS) from
Graphene and other 2D materials

In this section we discuss some of the NEMS fabricated from graphene and
other 2D materials in literature. We focus exclusively on the literature around
resonator-type devices studying both operating characteristics of such devices
and the techniques used in understanding them.
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2.2.1

Electrostatic Actuation of Graphene Resonator Devices

Throughout this work we are primarily interested in developing methods to study
the behaviour of NEMS resonators based on 2D materials. To do this we need
to be able to, with a good degree of accuracy, ascertain properties of the resonators such as amplitude, resonant frequency and the effects of damping on the
resonators. To be able to do this we give a theoretical basis with which one can
compare any experimental results for validation.
To understand firstly the amplitude response of a resonator we start with the
case of a doubly-clamped beam. The formula for the deflection at the centre of
such a system is given below
δ=

ηL4
384EI

(2.4)

Where η is the force per unit length, L the length of the beam, E the Young’s
modulus and I = wh3 /12 is the area moment of inertia with respect to the
direction in which the beam is suspended, w and h are the width and thickness
of the beam. The electrostatic distributed load, η, can be approximated by
considering the case of a parallel plate capacitor [24] and taking the derivative
with respect to the distance between the plates
η=

F
1 ∂C 2
=
V
L
2L ∂z

(2.5)

Where combining Eq’s 2.4 & 2.5 we obtain the following formula for the amplitude of vibration of a doubly clamped beam subjected to a uniform electrostatic
load
δ=

0 r L4 V 2
32Eh3 d22

(2.6)

Where r is the relative permittivity of the material between the beam and the
back-gate and d2 is the distance between the beam and the back-gate (modelled
as the oxide layer thickness). The approximation of the distance between the
graphene and the back-gate being equal to the oxide thickness d2 is valid for
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Figure 2.6: The amplitude at the centre of the resonator for varying thicknesses
of graphene (E=1.153 TPa [46]) shown as a function of the applied VAC voltage
where the following resonator values are used: L=300 nm, r =1, VDC =5 V, d2 =290
nm.

thick materials however for much thinner material, such as a monolayer, it is
important to incorporate the sagging into the trench of the monolayer which was
found to be as much as 100 nm. To obtain an approximation of the amplitudes
we implement Eq. 2.6 for the specific case shown in Fig. 2.6.
Fig. 2.6 shows the peak amplitude of the resonator type devices detailed.
To understand how this matches with the proposed methods of measuring the
electrostatic actuation with an AFM, we quote the typical noise floor for vertical
measurements of around 10 pm.
While we also wish to map the amplitude response of resonator type devices
we also wish to understand how the resonant frequency behaves. For this we use
the following formula to approximate the resonant frequency of a doubly-clamped
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Figure 2.7:
The resonance frequency for a doubly clamped beam of
graphene/MLG (E=1.153 TPa [46], ρ=2200 kg/m3 [75]) as a function of h/L2
assuming no tension.

beam given by [24]

f0 =

 1/2 !2
Γ
E
h
+ A2 0.57 2
κ
2
ρ
L
ρL wh

(2.7)

Where κ is the clamping coefficient and is shown to be 1.03 for a beam clamped
on both ends [74] and Γ is the tension present in the beam. We then plot the
resonant frequency of such a system as a function of h/L2 (assuming Γ=0) shown
in Fig. 2.7
The Eq. 2.7, holds for materials where bending is the primary mechanism.
This is not always the case as for thin materials and devices driven at high
amplitude membrane behaviour may become more dominant i.e. stretching.
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Figure 2.8: Illustration of some of the mechanisms present when depositing a
device over a hole and operating under vacuum. If the device is fabricated under
atmospheric pressure then this pressure will act to increase the tension in the
suspended material at low outside pressure. This is seen as an increase in the
resonant frequency. Additionally we show that devices with small gaps allow air
to enter or escape the otherwise covered hole as described in the main text.

2.2.2

Damping Mechanisms Present in 2D NEMS

The first and most obvious damping mechanism present in not only graphene and
2D NEMS but all MEMS is damping due to the air in the ambient environment.
Firstly, and while not strictly a damping mechanism, it was observed that if a resonator is deposited over a hole in the substrate under ambient conditions and then
studied in vacuum, an increase in the resonant frequency is seen. This has been
observed experimentally [76] where the excess pressure of the air in turn induces
tension on the beam resulting in an upwards shift in the resonant frequency. In
the same study Lee et al distinguish between two damping mechanisms. The first
regime, for the devices used in the study [76], is for pressures over approximately
60 Torr. This damping regime is called free molecule flow (FMF) damping and
the Q-factor has a characteristic 1/p dependence as can be seen below [77]
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(2.8)

Where ρ is the density, R is the gas constant 8.31 J mol−1 K−1 , T temperature,
m the mass of the air molecule, h the thickness of the beam and ω0 the angular
resonant frequency of the resonator. The physical mechanism for FMF damping
is through the collision between the resonator and the molecules present in the
atmosphere.
Whilst not strictly a damping mechanism it was also reported that on devices
where there was a partial covering of the hole to make an incomplete drum there
was an additional tension present in the device [76]. This scenario only occurred
where the mean-free path (MFP) of the air was larger than the opening in the
partially covered drum, thereby not allowing air molecules to enter the cavity at
a rate that could be seen over the course of the experiment. Upon an increase in
pressure and thus decrease in MFP the pressure was able to equilibrate, removing
any tension in the beam caused by the pressure difference.
A topic discussed in the context of traditional beam-like resonators is the
effect of viscous damping [78, 79, 80]. One figure of merit to understand whether
viscous damping has a significant effect on a device’s performance is through the
Knudsen number given below
Kn =

kB T
λM F P
=√
l
2πι2 pl

(2.9)

Where ι is the air molecule diameter and l the characteristic length of the
device. Various values for the value of Kn at which viscous damping becomes
important have been given: Kn < 0.1 [79] and Kn < 0.01[81].
There are several other damping effects which are special to the case of
graphene resonators. One of the main effects observed is the effect of the van
der Waals forces on the morphology of the resonator devices. It has been proposed [82, 83] that graphene and similar carbon nanotubes can effectively adhere
to the side walls of the trench etched into the substrate through vdW forces giving an induced tension in the device and therefore an increase in the resonant
frequency.
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2.2.3

Beam-Membrane Mechanical Transition in 2D Materials

In the study of resonator type devices there are, broadly, two regimes of mechanical behaviour which are exhibited by devices. The first of these two regimes
is beam bending which is associated with compression along one surface and
extension along the opposite, i.e. a bending moment is set up. This mechanism depends on a wide range of the mechanical properties of the material such
as shear modulus G and out-of-plane elastic modulus E3 amongst others. The
second mechanism is membrane behaviour whereby stretching in-plane of the material contributes to the overall response of the system. For graphene, with an
extremely high in-plane elastic modulus but a relatively low out-of-plane stiffness we expect membrane behaviour to dominate, especially for relatively thin
samples. To understand whether we expect beam or membrane behaviour to
dominate the stiffness characteristics of our resonators we employ the parameter
Π shown in Eq. 2.10 [84]. This equation describes the behaviour of a material
suspended over a hole.
2

3/2

Π = [12(1 − ν )]



F a2
Eh4


(2.10)

Where ν is the Poisson ratio, E the elastic modulus, F the applied load, a
the radius of the suspended material and h the film thickness. We implement Eq.
2.10 and use the values Π given[84] to determine the various regimes.
The graph in Fig. 2.9 shows that for low loads the graphene resonator will be
either be in the plate regime however for higher loads applied to the centre we
see a departure from plate behaviour to that of a beam/membrane.

2.2.4

Characterisation of NEMS based on 2D Materials

2.2.4.1

Optical Readout Techniques

For typical graphene resonators suspended over either a trench or a hole etched
into an SiO2 substrate it is possible to use a simple setup where two lasers are
used, one for the actuation, another for detection. The laser light incident on the
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Figure 2.9: We show the three main regions of behaviour for a graphene resonator:
beam, membrane and a mixture of the two. The regions shown hold for a circular
arrangement of suspended graphene/MLG (E=1.15 TPa, ν=0.194) clamped at the
edges with an applied load at the centre
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sample, as discussed in earlier sections, undergoes interference when reflected from
the underlying Si/SiO2 , where the total intensity of the light output depends on
the position of the suspended graphene or 2D material. This is a setup adopted in
various studies of graphene NEMS [24, 82, 85, 86, 87] and MoS2 NEMS [50, 76, 88].
The only study to explicitly state the sensitivity of the measurement system found
values in the range of 30.2-243.1 fm/Hz1/2 [50], these values depnded greatly on
the devices themselves. For the study [50] a He-Ne laser (λ=632.8 nm) is incident
on the MoS2 resonator.
There have also been various theoretical analysis of the optical detection of
metallized NEMS[89] where near-field effects are considered, showing a shot-noise
limited detection down to 7 fm/Hz1/2 with the use of a Michelson interferometer.
Near-field effects become dominant where the width of the resonator beam is of
the order of the wavelength of light and diffraction around the edges of the beam
plays a non-negligable role.
In other studies that use near-field effects for the optical detection of graphene
NEMS [25], sensitivities of 260 fm/Hz1/2 have been reported. In this study evanescent waves, which couple to a graphene resonator, are measured by placing a glass
microsphere in close proximity to the device whilst laser light passes nearby. The
resolution of this system was found to be limited by the Q factor of the microsphere used, with large room for improvement reported .
Optical readout techniques predominantly make use of a laser as the primary
sensing method. This has issues in that lasers provide noise in both the amplitude
of the output beam and also the phase. There is also mode-hopping where temperature changes can result in quick variations in the wavelength. With optical
interferometers there can also be a great deal of noise associated with the drift of
one arm with respect to the other.
Another issue that is considered in studies [24, 50] is the heating of the device due to the focused laser beam incident on it. For this it has been shown
that for laser powers of <0.6 mW (λ=632.8 nm) there was negligible heating of
isolated MoS2 resonators [50]. The effect of the laser heating is however thought
to be greatly dependent on both the flake thickness and also whether the flake is
contacted electronically as this will provide a cooling channel.
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2.2.4.2

SPM Based Measurements of Resonator-Type Devices

One of the primary downsides for the techniques of optical and electrical readout
is that the one is limited in the lateral resolution with which one can probe the
characteristics of the devices. With optical one is held back by the diffraction
limited laser spot size, meaning that devices much smaller than the wavelength
will be both subjected to near-field effects along with a greatly diminished signal.
For the electrical readout one can sense the actuation of extremely small devices
but again a lateral resolution is not available. To combat this limit of resolution
for both optical and electrical techniques, attention has been turned to the use
of scanning probe microscopy. With a lateral resolution of a few nm, depending
on tip size, one should be able to probe the spatial properties and functions of
even the smallest NEMS.
The direct application of SPM to high-frequency graphene resonators was
performed by Garcia-Sanchez et.al [21]. In this particular study a contact mode
cantilever is scanned across the surface of the resonator-type devices. During the
scanning the graphene is actuated via external electrodes at high frequency. As
the resonant frequency of the contact mode cantilever is typically of the order
of 10 kHz, much lower than the resonant frequency of the graphene NEMS, the
cantilever becomes inertially stiffened and is not sensitive to the individual vibrations. To overcome this Garcia-Sanchez et al. apply a sinusoidal modulation
signal to the resonator at a much lower frequency. It is then possible to extract
the amplitude of this envelope signal and thus the amplitude of the resonator.
One additional trick used in this study is to tune the modulation frequency to
that of the contact resonance of the cantilever, with the idea that the increase in
amplitude will provide a much greater signal. One downside to this approach may
lie in the use of the cantilever’s contact resonance. If the Q-factor is high then
any change in the contact resonant frequency, through a change in the sample
stiffness, will result in a shift-along the resonance curve and a sharp decrease in
the measured amplitude which would not be representative of the sample motion.
One additional drawback to this technique is the difficulty of implementation,
as NEMS often require operation in a vacuum, preferably at low temperature to
obtain the best performance characteristics. This is difficult for all but the most
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sophisticated AFM systems. However despite this Garcia-Sanchez et al. managed
to image graphene NEMS in ambient conditions and extract high-resolution maps
for the vibrational amplitude of the devices studied. From this they were able
to deduce different eigen modes of the resonator beams as well as uncover that
the amplitude distribution was highly irregular and depended greatly on the local
stresses within the beam. It was also found that a new set of eigen modes where
the amplitude was greatest at the edges of the device, rather than the centre, were
present. Whilst this method is able to measure the high frequency amplitude
maps of graphene NEMS it is not possible to measure the high frequency timedependant phenomena which would be necessary for measuring the response time
of such devices.
In another study by Rivas et al. [22] an atomic force microscope is used
to map the amplitude response of traditional tuning forks manufactured from
LiNbO3 with resonant frequencies in the 50-60 kHz range. In this particular study
the AFM was operated in contact mode with cantilevers with a high resonant
frequency 70-300 kHz, higher than that of the MEMS devices studied. In this case
there is no need for any modulation techniques to overcome the high-frequency
detection barrier so the case is rather more simple. In this study the effect of the
cantilever on the resonant amplitude of the device was studied, with loads of up
to 1.5 µN applied to the surface of the MEMS device. Only small changes in the
amplitude response were seen. It should be noted that the dynamic stiffness of the
piezoelectric tuning fork used in this case is comparable to that of the cantilever
so the effects should be minimal. This is not the case as with previous studies
using graphene based NEMS and MEMS [21] where the inertia of the graphene
NEMS is negligable compared to that of the tip and is much more likely to be
affected by its presence.
2.2.4.3

Electrical Readout Techniques

NEMS are designed to be used in conventional Si wafer processing techniques for
integration into electronic circuits. For this reason it is important to understand
how one can measure the behaviour of such devices electronically. To measure the
response of the system electronically the suspended graphene resonator is used
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to form a capacitor with the back-gate electrode whereby the capacitance varies
as the graphene vibrates. To do this there are usually two RF signals applied
to the sample which differ by ∆f . This plays on the fact that the conductance
of graphene changes at high frequency so effectively acts as a non-linear mixer
which will allow one to detect the properties of the system at the much lower
frequency ∆f [90, 91, 92].
One problem with the electrical readout technique is that it becomes extremely
difficult to quantify, for example the amplitude of vibration, as the rate of change
of the conductance as a function of the gate voltage must be known. The cut-off
frequency for such a system is rather higher than those of current optical or AFM
techniques due to the nature of the down-mixing of the frequencies and is limited
to approximately 1 GHz in current setups [92]. The limiting factor in such a case
comes from the capacitance between the gold contacts and the underlying silicon.

2.3

Investigating Sample Electrical and Mechanical Properties with SPM

Throughout this work we use extensively a variety of scanning probe methods
(SPM) therefore we shall introduce some of the less commonly used techniques.
The three techniques we are introducing are mainly involved in the mechanical
characterisation of materials and devices, each has it’s merits and drawbacks.

2.3.1

Cantilever Dynamics

To understand how the behaviour of the cantilever changes in response to particular outside influences such as tip-surface interaction, especially at higher frequencies, it is necessary to use a continuum model. For this we typically use the
Euler-Bernoulli beam theory. To determine the dynamic properties of a beam
using this model will employ the time-dependant model given below
∂2
∂x2



∂ 2w
∂ 2w
EI 2 = −µ 2 + q(x)
∂x
∂t
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Where E is the Young’s modulus, I the second moment of area, w(x, t) denotes
the displacement of the beam at position x along the beam, q(x) denotes the
distributed load on the cantilever and µ is the mass per unit length.
One particular mechanism that is of interest is the contact-resonance of a
cantilever, this is the shift in resonant frequency upon contact or intermittentcontact with the sample. By studying the response of the cantilever to varying
levels of tip-surface interaction it was found that higher forces translate to an
increase in the resonant frequency of the cantilever[93]. In the same study it was
found that higher resonant frequencies of the cantilever are much less sensitive
to the tip-surface interaction, i.e. the force applied.

2.3.2

Mechanical Techniques

2.3.2.1

Force Modulation Microscopy (FMM)

Force modulation microscopy is performed whilst the AFM tip is in constant
contact with the surface [94]. Then either the tip or the sample is vibrated at a
frequency of typically 2-3 kHz. The reason for this frequency range is two-fold.
Firstly the motion of the cantilever must be fast enough such that the feedback
of the AFM is too slow to try and compensate; secondly the frequency should be
lower than the contact resonance of the cantilever, this is so that the response to
the material stiffness is unaffected by the cantilever resonance dynamics.
As FMM relies on the cantilever to cause an indentation to or flexing of the
sample, the sensitivity of the system is limited to a range of stiffness’ close to that
of the cantilever. It is therefore only useful for relatively compliant samples. To
extract quantitative data from FMM one can use a simplified two-spring model,
where one spring is the cantilever with stiffness kc and the other the sample with
stiffness ks , to derive an expression as seen in Eq. 2.12
ks = kc

Vs
Vh − Vs

(2.12)

Where Vh and Vs are the FMM signals on a hard surface and the area of interest respectively. It is suggested that Vh be taken on a surface that is significantly
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Figure 2.10: Operation of UFM shown where ultrasonic vibrations cause the
force on the cantilever to vary according to the van der Waals interaction. Softer
materials require a larger vibration amplitude as shown in the difference in ac−sof t
and ac−hard . The piezo amplitude is modulated with a triangular waveform, seen on
the right hand side allowing the location of the amplitude at which the ultrasonic
deflection occurs to be found. This appears as a sudden increase in the deflection
of the cantilever at the modulation frequency, something that is relatively easy to
detect.

stiffer than the cantilever such as the substrate itself in order to obtain the most
accurate results.

2.3.2.2

Ultrasonic Force Microscopy (UFM)

Where FMM is unable to provide the stiffness sensitivity required, usually for
stiffer samples, we use ultrasonic force microscopy as its high frequency nature
allows the imaging of much stiffer materials. Ultrasonic force microscopy was
invented by Kolosov and Yamanaka [15] and is an adaptation of scanning acoustic microscopy [95]. UFM allows one to probe the tip-surface interaction and
therefore is affected by such properties as tip-sample adhesion and the sample
stiffness. The implementation of UFM involves the application of high frequency
vibrations typically 2-100 MHz [96] and is implemented by oscillating the sample
or the tip (called waveguide UFM [96, 97]) with a piezoelectric transducer.
As is demonstrated in Fig. 2.10 the vibration frequency applied to the piezo
is on the order of MHz whilst we apply an envelope function with a frequency of a
few kHz typically. The purpose of this is to vary the piezo amplitude to find the
point at which the non-linearity is reached, the additional deflection produced
by the non-linear region is then present in the deflection of the cantilever at the
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modulation frequency.
As UFM works at frequencies much higher than the typical resonance of a
contact mode cantilever, the tip does not have time to react to the vibrations
applied to it. Therefore the cantilever can be thought of as being inertially
stiffened. Using a point mass attached to a spring approximation, the effective
spring constant of the cantilever is given by kc∗ = mω 2 , which for a frequency of
4 MHz gives a stiffness of kc∗ ≈ 10, 000 N/m. This increased stiffness effectively
causes the tip to indent into the sample. One may think that this would cause
damage to anything but the most robust materials however during the modulation
cycle contact is broken between the sample and the tip periodically thousands of
times. This removes any torsional forces on the cantilever and greatly reduces
the damage done to the sample.
On a final note ultrasonic force microscopy can be thought of as a nearfield technique as the wavelength of the elastic waves in the sample is at best,
λ ≈ 500µm, clearly too large to map nanoscale structures.
Whilst UFM has the capability to discern between areas of high stiffness it
is, due to difficulties with establishing contact area, difficult to quantify these
results. Dinelli et al. proposed a method by which the effective contact stiffness
Sef f can be inferred [98]
Sef f (F ) =

F2 − F1
a2 − a1

(2.13)

Where F denotes the static force applied by the tip to the sample and a
represents the amplitude at which the jump-in or additional ultrasonic deflection
occurs. Subscripts 1 and 2 denote the values at two different static forces applied
by the AFM tip to the surface. The image in Fig. 2.11 shows the UFM signal as
a function of sample vibration amplitude.
The piezo amplitude at which the onset of the ultrasonic deflection occurs can
be found through the use of an oscilloscope however it is necessary to be able to
convert the applied voltage at the piezo into an amplitude, typically in nm. Whilst
one can characterise the sample motion relatively easily using such techniques as
laser interferometry it has been found that the piezo amplitude varies measurably
over the scale of 100 µm on the sample [99], leading to possibly inaccurate results.
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Figure 2.11: The piezo amplitude at which the additional deflection is achieved is
indicated by symbols a1,2,3 which correspond to the three difference forces applied
F1,2,3 .
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To counteract this it was found that by increasing the amplitude of the sample
vibrations to much higher than the jump-in amplitude the rate of increase of the
piezo amplitude was equal to the increase in ultrasonic deflection[100]. From here
the increase in the lockin amplifier response (given in r.m.s) can be converted to
nm through the deflection sensitivity of the AFM/cantilever combined system.
For a more detailed discussion on this see section B.2 in the appendix.

2.3.3

Electrical Techniques

Whilst mechanical SPM techniques are useful in ascertaining the properties of
NEMS they can only provide us with one half of the story. The other half, how the
NEMS interacts with its surroundings electrically, must be probed with additional
SPM techniques. Here we discuss the basics behind the main techniques used for
electrical characterisation.
2.3.3.1

Electrostatic Forces Acting on a Conductive Probe

When a bias is applied between two conductive materials an electrostatic charge
builds up on both materials. The amount of charge that accumulates depends
on the capacitance of the system and the bias applied. This build up of charge
in turn causes an electrostatic force to act between the two pieces. Considering
the specific case where we have two materials, one a conductive cantilever and
another a silicon back gate, which can be considered conductive, we model the
forces present by considering two identical parallel metallic plates given as
F =−

0 V 2 A
2(ht + d2 )2

(2.14)

Where V is the DC bias between the plates, A is the surface area of the
metallic plates and ht + d2 is the separation between the two plates given as the
sum of the tip height and the oxide layer thickness.
Whilst the model of the conductive cantilever biased with a Si back-gate is
similar to the above mentioned case it is not completely accurate. For the case of
a conductive AFM probe, the cantilever itself is not perpendicular to the sample
and therefore the end close to the tip will contribute more. In addition to this
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there are contributions to the total capacitance from the cone, tip apex and the
cantilever holder. Therefore to accurately describe the behaviour of the system
it is necessary to consider these contributions as is shown below [101] where Fcl
was derived by [102]
Ftip =

−0 r πRt2 V 2



1 − sin θ
d2 (d2 + Rt (1 − sin θ))

 

0 r πV 2
d2 +ht
Fcone = − (ln(tan(θ/2)))
ln
+ d2 + Rt −
2
d2 +Rt (1−sin θ)

Rt
tan θ





(2.15)

1
d2 +ht

−

1
d2 +Rt (1−sin θ)

(2.16)

0 wV 2
Fcl = −
2



cos β
tan β



1
1
−
(ht + d2 ) cos β + L sin β (ht + d2 ) cos β



(2.17)
Where Rt is the tip radius, d2 the separation between the tip and conducting
plane given here as the oxide thickness, ht the height of the tip/cone, θ the angle
of the cone. The symbol β is the angle the cantilever makes to the surface, L and
w are the length and the width of the cantilever.
From Fig. 2.12 we can see that for the case where the tip is positioned on
an SiO2 /Si sample (300 nm oxide) the tip forces are extremely small and below
the sensitivity of the system for even the most compliant of cantilevers. However
the forces acting on the cone and the cantilever beam itself are detectable. If
the sample is in contact with the insulating substrate then forces acting on the
tip/cone only act to increase the force between the sample and the tip but will
contribute little to the overall deflection of the cantilever.
2.3.3.2

Electrostatic Force Microscopy

Electrostatic force microscopy is a term given to the family of scanning probe
methods which detect properties of materials such as charge density, work function and surface potential with nanoscale resolution. The basic operating principle of the family of EFM techniques is to apply an AC+DC bias between the
conductive probe and the sample. The principles of which are illustrated in Fig.
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Figure 2.12: The calculated forces acting on the tip, cone and cantilever as a
function of the separation between the tip and the conducting sample. Values used
are Rt =10 nm, L=500 µm, w=50 µm, V = 15 V, β=0.262 rad, θ=0.175 rad and
ht =15 µm.
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Figure 2.13: Diagram of the basic operating principles of EFM and similar techniques. An AC+DC bias is applied between the tip and sample. Varying VDC
can be used to counteract local changes in surface charge density for example such
as the difference between areas with a positive and negative charge. By changing
the DC voltage during the scan so that no net force is seen by the cantilever and
monitoring the applied DC voltage once can build a map of the local electrostatic
environment.

2.13 where by a conductive AFM probe is scanned over a sample with a varying
local electrostatic environment, such as trapped charges. The charges will act
on the conductive cantilever electro statically, this is felt as an increase in the
vibration amplitude. By using a feedback loop we are able to apply a DC voltage
to counteract this.
To understand the principles behind EFM and how DC voltages and electric
fields are measurable at a certain frequency it is necessary to consider the backgate and the cantilever as a capacitor. Whilst we have previously considered, in
greater detail, the electrostatic forces between tip/cone/cantilever and the sample
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it is necessary to understand the dependence on the frequency of the system. For
this we consider the more general form of the force dependence given in Eq. 2.18
F =

1 ∂C 2
V
2 ∂z

(2.18)

Where the capacitance of the system is given by C, which is partially differentiated in the direction normal to the plates z. V denotes the potential difference
between the plates. For the case of EFM one applies a DC+AC voltage between
the cantilever and sample. There are however other sources of potential difference
present which will depend on the sample measured such as the contact potential
difference VCP D and any voltage VSC coming from a static charge on the surface of
the material. Therefore the total voltage V = (VDC + VCP D + VSC + VAC sin(ωt))
should be input into Eq. 2.18 and the resultant equation can then be split into
three components: the DC component, force at ω and 2ω given in Eq’s 2.19, 2.20
and 2.21
FDC =

Fω =

1 ∂C
2
((VDC + VCP D + VSC )2 + VAC
/2)
2 ∂z

(2.19)

∂C
(VDC + VCP D + VSC )VAC sin(ωt)
∂z

(2.20)

F2ω = −

1 ∂C 2
V cos(2ωt)
4 ∂z AC

(2.21)

Typically EFM monitors Fω for imaging however, some systems make use of
F2ω to measure the capacitive coupling to the sample [103]. Usually a corrective
voltage is applied between the tip and the sample with the aid of a feedback loop.
This effectively removes the electrostatic forces acting on the cantilever providing
a feedback signal to achieve zero electromechanical actuation, thus determining
the zero total voltage.
2.3.3.3

Contact Electrostatic Force Microscopy

Whilst EFM and KPFM are conventionally non-contact mode techniques there
have been efforts made to develop a contact method of electrostatic force mi-
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croscopy [104, 105]. The purpose for this development is two-fold, firstly to
obtain the maximum resolution of electrostatic fields on the sample and secondly
to remove the coupling between topography and electrostatic interaction with the
tip. However by choosing the contact regime for electrostatic force microscopy
one also needs to take into account the effect of sample compliance.

2.3.4

Time-resolved Techniques

In order to resolve time-dependant properties with an atomic force microscope
one has a few options. Firstly, the direct signal from the photo-diode can be
measured in real-time. One such example would be the mechanical response
time of a resonator to an applied voltage. This could conventionally be done
using an oscilloscope or other such device and would be an adequate solution for
low frequency systems < 100 kHz. However as one progresses to higher frequency
devices there are certain barriers that need to be overcome. Firstly the photodiode
in the AFM has a limited bandwidth this may be in the region of a few MHz or
a few tens of MHz if it is biased. As the frequency of device operation increases
beyond this we start to see effects of wire capacitance in effectively filtering out
the measured signal as well as unwanted inductance.
In dealing with high frequency signals one of the techniques commonly used
in RF electronics is the principle of heterodyning. This is the phenomena where
a fixed oscillator at frequency ω1 is mixed through some non-linear interaction
with the signal to be measured at ω2 . Through this non-linear interaction we
obtain two additional frequencies at ω3 =ω1 ± ω2 where if ω1 and ω2 are chosen
to be similar then one of the ω3 will be of a suitably low frequency and will not
suffer any of the effects of bandwidth limitation or the difficulty associated with
detecting high frequency signals.

2.3.4.1

Heterodyne Force Microscopy (HFM)

Heterodyne force microscopy was first implemented [23] as a means of detecting
the dynamic mechanical properties of materials such as visco-elastic behaviour.
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By using the heterodyne principle it is possible to measure the dynamic mechanical properties of a material at high frequencies, well above those accessible to
conventional SPM techniques.
HFM works by oscillating the tip and sample at two slightly dissimilar frequencies, usually in the MHz regime. Then by using the non-linear tip-surface
interaction as the mixer, the two frequencies are combined. This can be demonstrated by approximating the tip-surface interaction as [23]
Fts = kz0 − χz02

(2.22)

Where z0 (t) denotes the distance between tip and sample and can be thought
of as the difference of the tip and sample vibrations z0 (t) = zt (t) − zs (t) and
zt (t) = At sin(ωt t)

(2.23)

zs (t) = As sin(ωs t + ωs τ )

(2.24)

where ω represents the angular frequency and ωs τ denotes the phase attributed to the dynamic mechanical phenomena on the sample surface, with τ
being the characteristic timescale of the phenomena such as the stress relaxation
in a visco-elastic material. Inserting Eq’s 2.24 and 2.23 into 2.22 we obtain the
DC and low frequency terms acting on the cantilever
1
F = χ[ (A2t + A2s ) − As At cos(t(ωt − ωs ) − ωs τ )]
2

(2.25)

From Eq. 2.25 it can be seen that the action at the difference frequency has
preserved the phase which came from the dynamic phenomena at high frequency
(ωs τ ); this, combined with a known vibration amplitude of the tip, also known as
the local oscillator, allows one to preserve the amplitude and phase of the response
at high frequency to a more manageable lower frequency. It is important to
understand the difference between the beating and mixing effects as is illustrated
in Fig. 2.14.
In Fig. 2.14 we see that for a detection system limited in speed to below
1/period of the beating the total signal detected will be 0, this is not the case for
mixing. Given this information one would assume that beating does not play a
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Figure 2.14: The difference between beating and mixing is demonstrated where
the beating signal is the sum of two Sine waves (S1 + S2 ) differing in frequency
whereas the mixing is the multiplication of the same two Sine waves (S1 S2 ).
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role in HFM however it has been shown that beating does in fact play a certain role
in image contrast [106]. This is due to the real motion of the cantilever provided
by the beating signal and how this feeds back into the tip-surface interaction
providing an additional force. This was found to be the case for all but quadratic
tip-sample interactions[106].
As all of the mixing is taking place at the tip-surface point-contact there is
no need for a fast detection system to be present in the AFM. The limiting factor
for this is usually the response time of the photo-diode so, provided the mixed
frequency is less than this, detection should not be an issue. By monitoring the
phase of the heterodyne signal one can see any changes in the dynamic response
of the sample.
Whilst not a widely used technique there have been sufficient studies into the
mechanisms behind the contrast in HFM. Initially it was thought that, along
with ultrasonic force microscopy (UFM), Rayleigh scattering was responsible for
the nanoscale contrast in UFM and HFM[107]. This was later analysed quantitatively and it was found that Rayleigh scattering was several orders of magnitude
smaller than was observed experimentally [108] and was not the main cause of
the contrast. In addition, it was proposed that the contrast mechanism depended
on the sample type where for nanoparticles embedded in a polymer substrate the
contrast was due to energy lost through the friction of the nanoparticle with the
surroundings. For much stiffer samples the proposed mechanism was through
a variation in the sample stiffness[108] making both HFM and UFM near-field
techniques.
2.3.4.2

Electrostatic Heterodyne Force Microscopy (Non-Contact)

In the preceding section we have discussed the method of HFM whereby the
tip and sample are vibrated mechanically through a piezo actuator, providing
information on the time-dependant properties of the sample. There is however
much interest in studying time-dependant electrostatic properties in micro/nano
electronic devices, to do this the piezo actuators have been replaced with high
frequency electric fields[109, 110]. In these studies the cantilever is however not
in contact with the surface and the non-linear electrostatic interaction is used as
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the mixer in-place of the tip-surface interaction. The spacing between the tip and
the sample in both cases was 100 nm[110] and 500 nm[109].
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Chapter 3
Materials and Methods
3.1
3.1.1

2D Materials Preparation
Substrate Preparation and Interaction

Throughout a majority of this work the substrate used is a Silicon wafer with a
300 nm thermal Oxide layer grown on top. The reason for the use of an oxide
layer of a specific thickness is highlighted in previous work [66, 67, 68] where
the oxide thickness can be selected to provide optimal interference and therefore
increase the optical contrast of the flake. For this reason a majority of devices
and flakes are produced on an Si/SiO2 substrate.
To clean the substrate prior to the deposition of graphene, Acetone and IPA
baths are used in an ultrasonic bath to remove contamination. In addition to
this the sample is cleaned with an Ar/O2 (2%) plasma, further removing organic
contamination.
Whilst adhesion to the substrate is desired for the purposes of exfoliation it
may also introduce unwanted substrate interaction, usually in the form of charge
transfer [111, 112] which leads to the doping of graphene. Other environmental
factors also affect the electrical properties of graphene such as moisture and oxygen [113]. Moisture has been found to increase the irreversibility of the doping
produced by oxygen [113] therefore it is necessary to remove it. This is typically
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done through thermal annealing in vacuum [114].

3.1.2

Building Heterostructures; an All-dry Transfer of
2D Materials

Whilst the individual properties of the 2D materials are relatively well understood, the next challenge is to understand how these materials behave when they
are stacked together to form practical devices. To do this we use an all-dry stamping method [115]. This method provides the advantage that the 2D materials are
not subjected to a harsh chemical environment, which can sometimes be involved
when etching away the substrate beneath deposited flakes. The principle behind
this method is that the 2D material of choice is subjected to exfoliation in the
traditional manner except this time it is deposited on a thin gel film. The gel film
used in this case is Gel-pak R PF-4X film (0.5 mm thickness). Once the material
has been transferred from the tape to the film it is then carefully transferred to a
glass window as shown in Fig. 3.1b where care is taken to ensure that there are
no delaminations or dirt trapped beneath.
Once the 2D material of choice has been deposited onto the film and positioned
on the glass window shown in Fig. 3.1b it must be positioned above the sample.
This can be done with the use of the XYZ manipulator. It is also necessary to
adjust the tilt of the sample such that it is as close to parallel as possible with
the gel-film. This alignment is performed by shining a laser through the glass
plate onto the reflective substrate. The reflected beams are both then incident
on a beam-splitter. If the beams from the glass and substrate are aligned on top
of one another then the plate and sample are parallel, if not then appropriate
adjustments can be made with the sample tip-tilt stage.
Once the system has been aligned, a long working distance lens, either 10x
or 50x, is used to locate the flakes deposited onto the Gel-pak R . It is important
to note that as there is no oxide layer present to aid in the optical contrast of
the flake it is very difficult to identify monolayer flakes by eye. Instead, a CCD
camera is used as the contrast provided is greatly improved.
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Figure 3.1: Image a) shows the apparatus for the transfer of 2D materials complete with XYZ manipulators and tip-tilt stages. Image in b) shows the glass
window complete with Gel-pak R film positioned above the sample stage ready for
deposition outlined in dashed blue, Image c) is a view through 50x long working
distance lens (LWD) lens of multi-layer graphene.
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debris
Figure 3.2: The deposition process of a thick multi-layer graphene flake onto
multi-layer h-BN. Image a) shows the h-BN (blue) on the substrate whilst the
few-layer graphene on the film is shown blurred. As the graphene is brought into
contact the contrast change is observed b) showing that good contact is made with
the substrate, also showing a piece of debris which prevents the gel-pak contacting
the surface at that point. Slowly removing the Gel-Pak R leaves the graphene
adhered to the substrate and h-BN c). Image d) shows a 50x image of the resulting
structure. Scale bar is 30 µm in a-c and 10 µm in d.

With a desired flake identified, the gel-film is brought closer to the sample such
that it is possible to identify the flake and the area of the substrate on which the
2D-material is to be deposited. From here the sample can be rotated or moved
in the XY plane to align the two. To deposit the flake the gel-film is brought
into contact with the sample. When this happens an easily observable change in
the contrast is seen as shown in Fig. 3.2. Once pressed fully into contact with
the sample, the visco-elastic stamp is slowly peeled away revealing the material
deposited on top.
Once the flake has been deposited the sample can be removed or additional
layers of 2D-materials can be deposited. It is also worth noting that for devices
where a high level of purity is required it may be necessary to clean the layers
prior to deposition. This can be done with aforementioned cleaning methods or
by using an AFM in contact mode as an effective ‘nano-broom’ [116]. As an
example of some of the most basic devices created using this method we show
below graphene of varying thickness deposited upon h-BN, see Fig. 3.3

3.1.3

Sample Degradation and Oxidation

The stability of the transition metal dichalcogenides has been studied theoretically with density functional theory (DFT) [117]. In this study the room-
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Figure 3.3: Image a) shows a thick piece of h-BN deposited on SiO2 displayed
under 10x magnification , b) shows a close view under 100x magnification revealing
a monolayer of graphene which is identifiable through it’s orientated edges and
wrinkles. Image c) demonstrates another similar sample of h-BN on SiO2 where
image d) provides a magnified view showing the light blue region where FLG is
deposited onto thick h-BN.
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temperature stability of transition metal di-chalcogenides and oxides was studied
for both H and T structures. The calculations demonstrated that, for transition
metals tungsten and molybdenum, the H structures were found theoretically to
be stable whilst T structures were not. Whilst there is limited experimental
confirmations for all of the materials’ stability, room-temperature 1T -WTe2 was
found to degrade in an ambient environment[118] where the degradation was noticeable after a period of 1 day and primarily due to the oxidation of the material.
Degradation of MoS2 electronic devices was noticed after being left in an ambient environment, however these effects were found to be reversible after thermal
annealing[119].
Studies on the chemical stability of hexagonal boron nitride nanotubes reveal a
resistance to degradation at temperatures over 700o C [120] in air. This surpasses
the stability of carbon nanotubes which are stable up to 400o C in air[121, 122].
In one study it was found that annealing in a reducing or vacuum environment
of approximately 400o C will result in hole doping upon exposure to ambient
conditions [123]. Other studies probe the stability of graphene in air with Raman
spectroscopy and report a stability of monolayer graphene at temperatures up to
500o C [124].
Similar studies on few layer h-BN at high temperature in air have reported
stability up to 1100o C whilst oxygen is unable to penetrate through making hBN an ideal corrosion resistant coating[125]. The calculated energy required to
remove a carbon atom from graphene was estimated to be 7.4 eV [126] whereas
the energy required to remove a BN pair is estimated at 15 eV [125]. This highly
desirable behaviour has been made use of in the study of rather more volatile 2Dmaterials such as black phosphorus where oxidation happens in a matter of hours
[127]. By encapsulating 2D materials susceptible to environmental conditions
with h-BN it is possible to avoid any degradation in the material that would
otherwise be present[51, 128].
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3.2

Scanning Probe Methods

Throughout this study the AFM used was a Bruker Multimode, III, IV, and
VIII. For the purposes of monitoring the deflection signal during the operation
of various sub-methods we use a home mode electronic ‘break-out’ box. This
electronics box simply allows the deflection signal to be monitored via a standard
BNC connector which is fed into a lockin amplifier (Stanford Research Systems
SR830).

3.2.1

Sample Vibration

In the application of FMM, UFM and HFM methods the sample must be vibrated
at frequencies around 4 MHz. To implement this we use a piezo transducer disc
with wrap-around electrodes fabricated by PI Ceramics (PIC 151 Material). The
material used is a blend of PZT (Lead Zirconate Titanate) with a thickness tuned
so that the thickness resonance is approximately 4 MHz. In applying a voltage
to the actuate these transducers we ensure that the top plate is grounded unless
otherwise stated, this is to ensure that there was no electrostatic interaction with
the tip/sample. In addition to this the wires connecting the piezo to the coaxial
cabling were twisted such that any outside electromagnetic interference would
cancel out and also to reduce the cross-talk between wires. Finally to mount
the sample on the piezo actuator we first attach a thin glass cover slip with
cyanoacrylate and upon this we use a powdered crystal salol (Phenyl Salicylate)
which has a melting point of 41.5 o C to fix the sample to the glass cover slip.
Salol is chosen as it freezes in a highly crystalline nature and will minimise the
attenuation of ultraonic vibrations to the sample.

3.2.2

Tip Vibration

For the application of HFM and E-HFM it is also necessary to vibrate the tip.
For this we needed to modify the existing tip-holder to incorporate a high frequency piezo transducer as the piezo used for tapping mode was not sufficient.
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a
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Figure 3.4: Image a) custom tip holder with BNC connector used in HFM and
E-HFM experiments. Image b) shows the insert with attached piezo from APC
International. The piezo itself is attached to the plastic insert with epoxy, the
angle of the piezo is made such that it is similar to standard tip-holders making an
angle of approximately 15o . Inset is a diagram of the piezo dimensions, white areas
are the electrodes where the right hand side is the wrap-around electrode allowing
contact to top and bottom from the one side.

The tip holder was fabricated in-house and was designed to fit in all multimode
microscopes, see Fig. 3.4.
The tip holder, being electrically conductive, was used as the ground and
as such was connected to the BNC connector. This linked the ground of the
function generator to that of chassis of the AFM. We use a network analyser
(Agilent 4395A) to measure the frequency response of the tip piezo in HFM and
E-HFM experiments. The network analyser was setup to measure the power
transmitted through the piezo as seen in Fig. 3.5.
To understand which piezo modes are attributed to each frequency we quote
the following dimensions: 2.00x0.50x4.50(wxhxl) in units of mm. Therefore we
calculate the natural frequencies of the piezo given that they can be approximated to f0 = NT /x where NT is the frequency constant (NT ≈2005/1524 for
thickness/length or width for APC material 840) and x is either the height width
or length. The resonant frequencies for the height, length and width are given
as: fh =4.01 MHz, fl =339 kHz and fw =762 kHz. The width expansion mode is
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Figure 3.5: The power allowed to pass through a piezo transducer as a function of
frequency up to 40 MHz with a driving power of 1 mW. Several peaks or resonances
are seen and attributed to various modes of the piezo vibration.

present at approximately 800 kHz and we do not see the length expansion mode
in this figure, there are also 3 other resonances seen at 2.3 MHz, 3.2 MHz and
13.2 MHz. We attribute these frequencies to the shear-mode resonances.

3.2.3

Electrostatic/Heterodyne Force Microscopy (HFM)

In HFM experiments the tip and sample were driven by two Keithly 3390 function
generators with a frequency range of 0-50 MHz. To ensure there was no drift in
the difference frequency, the internal clocks were synchronised with that of the
lockin amplifier. This synchronisation was important to avoid drift in the phase
detection of the heterodyne signal.
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Chapter 4
Morphology of 2D Materials and
Their Heterostructures
The morphological structure of materials and devices is often linked closely with
the mechanical integrity and other such properties of devices. It is therefore a
useful way through which to gain an understanding into the state of the material
under any given condition. In this section we study the morphological properties
of various 2D materials and their heterostructures in a variety of environments.
The most prominent of morphological effects that we study is the Moirè pattern which is achieved when the hexagonal structures of graphene and h-BN are
stacked upon one another. The work carried out in this chapter is in collaboration with researchers at the University of Manchester who provided the aligned
graphene on h-BN samples.

4.1

Graphene on Hexagonal Boron Nitride

The electronic properties of graphene have been found to be greatly improved
if one uses atomically flat h-BN instead of SiO2 . This is has been found to be
due to both the absence of doping from the substrate and also from a reduced
surface roughness[49]. Not only is h-BN useful as a substrate for graphene based
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Figure 4.1: Image a) shows an optical image of the sample used, showing graphene
(outlined with a dashed line) on a slab of thick h-BN which is resting on a larger
flake of graphite. The scale bar shown is approximately 50 µm. The area of
interest for the purpose of most AFM studies in this section is shown within the
white square. The image in b) is a schematic representation of the sample from a
3D perspective showing the layer ordering and that the graphite flake sits on an
SiO2 substrate.

devices but it also is an important material in the devices themselves. Hexagonal boron nitride has already been used as an ultrathin dielectric in contact
with graphene[129, 130] in addition to its use in other devices such as tunnelling
transistors [131, 132]. It is therefore of importance for the future application
of graphene on h-BN in electronic devices to understand the behaviour of the
two materials in contact. In this section we study the morphology of monolayer
graphene and MLG on h-BN substrates.
The samples of graphene on h-BN were produced by a method similar to that
shown in section 3.1.2 by the graphene group at Manchester University whereby
a layer of h-BN was exfoliated onto a slab of graphite on an SiO2 substrate and
a graphene flake later transferred on top. The flake studied is seen in Fig. 4.1.
The sample studied in this section is where the graphene and h-BN lattices are
aligned to within ≈0.5◦ [133].
We are interested in observing any difference in the morphology of graphene
on h-BN compared to graphite. For this we study the sample in Fig. 4.1 with
both contact mode AFM and UFM, the results of which are seen in Fig. 4.2.
The topography and UFM stiffness maps shown in Fig. 4.2 show a prevalence
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Figure 4.2: Topography (a,c,d) and UFM (b,d,f) maps of monolayer graphene
aligned on h-BN/graphite. Thicker regions denote the h-BN flake (50 nm thick).
Scans taken at a set force of approximately 3 nN. In both the topography and the
UFM maps, regions of decreased stiffness are seen that are elongated and connected
through thinner delaminations.
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of delaminated regions which appear as bubble like structures. These are observed
in both graphene on graphite as well as on h-BN. Whilst in topography these
delaminated regions appear to be similar on both the graphite and h-BN, we
see a slight difference when imaging with UFM. From Fig. 4.2b we observe that
some of the delaminations of graphene on graphite (lower left) appear darker
than those on h-BN. We also notice that the delaminations on h-BN appear to
have dark spots located close to the centre of the delamination. The reason
that we observe a lower stiffness in the delaminations on graphite compared to
h-BN is unclear although it may indicate that there is a higher level of intrinsic
stress present in graphene on h-BN which may arise due to the lattice mismatch
between graphene and h-BN. We also propose that darker spots seen in the centre
of most delaminations of graphene on h-BN, but also some on graphite, may be
the buckling of the structure due to the ultrasonic amplitude applied during UFM
operation.

4.2

Graphene on Hexagonal Boron Nitride: Moirè
Pattern

Graphene and h-BN both share the same structure, being two-dimensional hexagonal arrays of atoms. There is however a slight difference in the lattice constant
as explained in section 2.1.2 of approximately 1.7%. Therefore when graphene is
stacked on h-BN or vice versa we would expect to see the atoms periodical line up
with one another (i.e. they are commensurate/incommensurate). This forms the
basis of the Moirè pattern which has been widely observed experimentally[133,
134, 135]. The Moirè pattern will take the form of the two sub-lattices (in this
case hexagonal) however the size of the pattern depends largely on the angle of
rotation between the sheets of graphene and h-BN, where perfect alignment relates to the largest period of the Moirè pattern (≈14 nm[133]). In this section
we continue to study the Moirè pattern of a sample where the two lattices are
alligned with each other.
The study of graphene and h-BN Moirè patterns experimentally with an AFM
has revealed no detectable variation in the height between the commensurate and
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in-commensurate regions[133] indicating that the variation is less than vertical
resolution of the system, quoted as ≈ 50 pm. However in the same report the
Moirè pattern has been revealed through scanning tunnelling microscopy due to
the much higher resolution. One additional way of observing the Moirè pattern
with an AFM is to use nanomechanical mapping[133].
In this section we probe the morphological and nanomechanical properties of
monolayer graphene aligned on hexagonal boron nitride, yielding the largest Moirè
period possible. As we see from literature the topographical differences observed
between commensurate and in-commensurate regions are not detectable through
contact AFM, we therefore scan the sample with both frictional force microscopy
(FFM), Fig. 4.3) and ultrasonic force microscopy (UFM) (Fig. 4.4).
To estimate the frictional forces quantitatively we follow the method set out
previously[136] where the cantilever used was a

R

BudgetSensors contact mode

cantilever with a spring constant kc ≈0.2 Nm−1 . We estimate the deflection
sensitivity as 150 nm V−1 and the tip height ht as 17 µm.
From Fig. 4.3 we observe that there is a clear contrast in the frictional characteristics of the different regions of the Moirè pattern. In Fig. 4.3a we observe a
clear hexagonal structure where each hexagon is surrounded by a clearly defined
region of increased friction, there is however a slight distortion in the pattern.
Figure 4.3b shows a less well defined hexagonal pattern due to the increase in the
set force to 75 nN. We also observe that the regions where the friction is higher
appear to be larger. There are several reasons as to why one may observe an
increase in the friction, such as an increase in the contact area with the AFM
tip due to a variation in mechanical stiffness and adhesion to the sample which
was proposed initially elsewhere[133]. Whilst an increased level of adhesion may
account for the increase in the FFM signal it does not explain the broadening
of this region that we see at higher set forces. One possible explanation for the
broadening of the commensurate/incommensurate region at higher set forces is
that the tip is able to partially alter the alignment of the graphene with respect
to the h-BN resulting in an increase in the adhesion over a wider area. The fact
that we also see a less well defined hexagonal structure at higher set forces also
adds support to the claim that we are partially deforming or causing the graphene
to ‘bunch-up’ at higher levels of frictional force.
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Figure 4.3: Images a) and b), taken on the trace and retrace of the same scan,
show the frictional force acting on the cantilever for set forces of 37.5 nN and
75 nN respectively. Tip velocity in both scans was 300 nm s−1 . Image c) shows a
schematic representation of the formation of the Moirè pattern where two hexagonal
patterns differing in size by 10% are superimposed. The resulting super-lattice is
highlighted in red. Graph d) shows the two traces of the FFM in a) and b) with
the dashed black line.
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To study the nature of the gr/h-BN Moirè pattern stiffness and adhesion
properties we employ ultrasonic force microscopy. As the UFM contrast can
depend on the tip-sample adhesion as well as the mechanical stiffness of the
sample, one would expect to observe the Moirè pattern. By obtaining a UFM
image of the same sample as shown in Fig. 4.3 we see clearly the hexagonal
pattern as with FFM, see Fig. 4.4.
In Fig. 4.4a we observe, albeit with a level of difficulty, the hexagonal superlattice that is the Moirè pattern with force modulation microscopy. As FMM
responds only to sample stiffness and is relatively unaffected by adhesion we deduce that local variations in the mechanical stiffness are present and account for
at least some of the contrast observed. In addition to this in Fig’s. 4.4b-d we
probe the mechanical and adhesion properties with UFM. With UFM we do not
always observe the same contrast across all scans. If we compare Fig’s. 4.4b and
d with c we see that there is an inversion of the contrast, whilst the contrast in
Fig. 4.4c was only observed once throughout all UFM scans it may still hold
a clue as to the adhesion/stiffness interaction. As all images in Fig. 4.4 were
taken at different points over the sample and Fig’s 4.4b-d were taken over the
period of several days, we propose that environmental factors such as humidity
and temperature may affect the adhesion between the tip and the sample and
therefore the UFM contrast. We additionally rule out the claim that these areas
are of varying degrees of alignment as we do not observe any noticeable change
in the Moirè period. In other studies into the mechanical properties of graphene
aligned on h-BN a narrow region of high stiffness is observed showing a clearly
defined, sharp hexagonal pattern[133]. This is in agreement with the UFM image
in Fig. 4.4c but not b or d. One possible explanation for this is that in most
cases the tip-sample adhesion variation dominates the UFM contrast, however if
the adhesion is reduced through some environmental factor then the stiffness will
dominate. It should also be pointed out that the regions of lower UFM signal in
Fig’s 4.4b and d would correspond to regions of either high tip-sample adhesion
or low h-BN/graphene adhesion, which would allow the tip to partially separate
the graphene from the h-BN. A theoretical study into the adhesion between hBN and graphene shows that these regions of low UFM signal in Fig’s 4.4b and
d would correspond to low interlayer adhesion [137]. If this is the case then we
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Figure 4.4: Sample stiffness maps of different areas of the Moirè pattern where
Image a) shows FMM at a tip speed of 120 nm s−1 , b-d) UFM images at tip speeds
of 150, 50 and 30 nm s−1 respectively. In all images the set force was kept low in
the range of 0-5 nN. Image scales are not comparable between UFM images due to
variation in the piezo displacement in different regions of the sample.
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may be observing a lower UFM signal as the tip is able to partially detach the
graphene from the underlying h-BN. The variation in the adhesion seen in [137] is
a relatively broad transition, similar to that seen with UFM giving more support
to this claim.

4.3

Summary

To summarise this chapter we have studied the Moirè pattern observed when
graphene is aligned on h-BN and deduced that the local sample adhesion plays
a significant role in the system. This increased apparent adhesion may result
from a corrugation of the atoms due to lattice mismatch. Using frictional force
microscopy (FFM) we have measured well defined hexagonal boundaries which
we attribute to a higher tip-sample adhesion. In addition to using FFM we have
studied the Moirè patterns with UFM whereby we were also able to observe the
hexagonal structure. One key difference between FFM and UFM is that, for the
most part the boundaries of the hexagonal regions were much more clearly defined
with FFM than with UFM. This may be attributable to both interlayer adhesion and sample stiffness. It was calculated theoretically that the h-BN/graphene
interlayer adhesion is weaker in these hexagonal boundary regions and the transition is relatively broad [137], these regions correspond to areas of low UFM
signal suggesting that during the UFM sample oscillation the tip is able to partially pull-up the top graphene layer. In contrast we propose that the mechanical
stiffness of the hexagonal boundary is a much sharper transition as shown through
quantitative nanomechanical mapping[133]. We propose that the decreased stiffness in these boundaries creates a larger tip-surface contact area which leads to
higher frictional forces. This is backed up by the claim that we observe a sharp
transition in the friction signal seen where additionally we were able to broaden
these areas further by applying a higher load to the sample through the AFM
tip. These local mechanical and adhesion properties may have implications in the
behaviour of electronic and electromechanical devices where it may be possible
to use the super-lattice to observe and make use of interesting new physics.
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Chapter 5
Nanomechanical Phenomena
5.1

Subsurface Imaging in 2D Materials with
Ultrasonic Force Microscopy

The work performed in this section was done in conjunction with collaborators:
Oleg Kolosov, Franco Dinelli and Pasqualantonio Pingue. All experimental results and theoretical calculations performed were carried out by the author, some
of which have contributed to the submission of publication, see publication list
for more details.
Ultrasonic force microscopy (UFM) has shown extensively its ability to detect
the subsurface structure of many systems. The question often arises as to how
deep one can observe beneath the surface? The answer to this question depends
greatly on the stiffness of the sample, the effect the subsurface detail has on the
mechanical integrity of the system as well as probe surface area and the adhesion
between the tip and the sample. As a general rule the greater the effect on the
mechanical integrity of the sample the subsurface detail has, the more easily it
will be detected and therefore will lend itself to being seen at greater depths.
As UFM allows the user to probe the mechanical properties of a sample with
nano scale resolution it is apparent that this is a near-field technique, as is the
case of HFM as discussed in section 2.3.4.1. Considering an elastic wave travelling
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Figure 5.1: Illustration of the process of observing subsurface structures in ultrasonic force microscopy. Spherical inclusions (dark green) in an medium of differing
elastic properties (pink) generate mechanical evanescant waves (light blue) when
an incident plane wave (bright red) is present.

through a typical medium such as GaAs (vl =5238 m/s in the [110] direction [138])
then for the wavelength, with typical operating frequency of 4 MHz, we obtain a
wavelength of λ=1.3 mm, far larger than the features one would hope to resolve.
Therefore UFM contrast is believed to be largely due to evanescent waves present
near the surface. These waves have their origins in a mismatch of the stress at
the boundaries between areas of varying mechanical stiffness as is demonstrated
in Fig. 5.1
Fig. 5.1 shows the basic concept of near-field imaging in UFM. The incoming
plane wave shown in red is incident on the subsurface detail in the vicinity of the
tip. As the incident plane wave comes into contact with the subsurface detail a
stress discontinuity arises in the form of an evanescent strain wave, analogous to
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those used in near-field optics. These exponentially decaying waves provide the
contrast which is picked up by the probe as a change in the tip-surface contact
stiffness.
We are particularly interested in the application of UFM to measure the subsurface properties of 2D materials and their heterostructures. This is of importance as many devices fabricated from 2D materials will consist of many layers
and one would like to be able to test the mechanical integrity of such devices.
This may include trying to locate possible debris, wrinkles or other features beneath the surface that may impact on the operating efficiency of the device. One
particular difference that all vdW solids have over conventional ‘3D’ materials
is that they possess a high degree of mechanical anisotropy, that is the in-plane
properties are largely different from the out of plane properties. These materials
are often referred to as transversely isotropic as the in-plane behaviour is, in general, isotropic. Here we study the effect of sample anisotropy on the resolution of
UFM.

5.1.1

Theoretical Interpretation: Sample Anisotropy

Korneev and Johnson [139, 140] developed a theoretical framework to describe the
surface perturbation when waves generated by an earthquake were scattered by an
inclusion. This interpretation was however found to be insufficient in describing
the observed contrast in ultrasonic microscopies (UFM/HFM), due largely to the
much smaller scale. This is in agreement with similar studies performed on HFM
(see section 2.3.4.1). The solution postulated for the origin of the subsurface
contrast was believed to have its roots in the stress fields beneath the surface.
The understanding behind this hypothesis is that with UFM we are measuring,
effectively, the distance required by the sample vibration to reach the non-linear
part of the tip-sample interaction. The distance to this region depends on how
far indented into a sample the dynamically stiffened tip becomes, something that
is determined largely by the stiffness of the sample located within the stress field
of the probe. It is therefore necessary to understand the extent of the stress field
both in terms of depth but also radially from the tip to understand the sample’s
contribution to the UFM signal. To understand the propagation of the stress
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field beneath the AFM tip in contact with 2D materials we consider two cases,
the first of which is an elastic sphere of radius Rt in contact with an isotropic
medium. The stress distribution is given by Eq. 5.1
3F 1/3
σz = −
2π



4E ∗
3Rt

2/3 

z 3
u1/2

g2u
u2 + g 2 z 2

(5.1)

Here F is the force applied by the AFM tip, E ∗ is the effective combined
elastic modulus of both tip and sample, r and z give the radial and vertical
position within the stress field whilst g the effective contact radius and u the
axillary variable are given by
u=



1
(r2 + z 2 − g 2 + (r2 + z 2 − g 2 )2 + 4g 2 z 2 )
2

g=

3F Rt
4E ∗

(5.2)

1/3
(5.3)

This case predicts well the stress distribution for isotropic materials however 2D materials are highly anisotropic, more specifically they are transversely
isotropic where the in-plane properties are isotropic but vary from the out-ofplane properties.
The second case we discuss is therefore where the isotropic elastic indenter is
in contact with a transversely isotropic medium such as a stack of 2D materials.
These transversely isotropic materials can be classified by 5 elastic constants a11 ,
a12 , a13 , a33 and a44 . The theoretical interpretation of the stress field inside such
a transversely isotropic material from an elastic spherical indenter was produced
by Dahan and Zarka [141]. Their theoretical approach is rather complicated and
lengthy so has been omitted. Instead we apply their method to a series of 2Dmaterials which can be seen in Fig. 5.2, where the elastic constants used for the
three materials are given in Table. 5.1.
We see that for the transversely isotropic case, in particular graphite, the
depth at which the stress field propagates is greatly increased. This is due to
not only the decreased out of plane stiffness but also a much lower inter-layer
shear modulus G23 , this effectively ‘focuses’ the stress to a region under the area
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Figure 5.2: The resultant stress field σzz for MLG/graphite, multilayer 2H-MoS2
and h-BN. Left images are for the isotropic case where out-of-plane moduli and
Poisson ratios are taken from the known in-plane values. Images on the right are
for the transversely isotropic case. The force F applied to the tip in all cases is 100
nN whereas the indenter radius R=10 nm. All values of stress are given in GPa.
The indenter is treated as an isotropic Silicon sphere with E=62 GPa and ν=0.27.
Areas shown in white are areas of higher than 2 GPa stress.
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Material
MLG/Graphite
2H-MoS2
h-BN

E1 (GPa) E3 (GPa)
1153[46]
330[58]
811[44]

39.5[46]
160[45]
38[45]

ν12

ν13

0.194[46] 0.006[46]
0.25[142] 0.18[45]
0.18[45] 0.01[45]

G23 (GPa)
0.268[46]
19[143]
7.7[44]

Table 5.1: Table of values used in the simulation of the stress field σzz for transversely isotropic materials in Fig. 5.2. Where E denotes Young’s modulus, ν
Poisson ratio and G the shear modulus.

of contact. Therefore only material that is present within the stress field may
contribute to the overall UFM signal. That is the resolution of UFM is governed
by the width/depth of the stress field. We therefore propose that a low value of
E3 with low a value of G23 results in a deeply penetrating stress field and will
allow for the detection of structures deep beneath the sample.
As UFM is a contact mode method the tip will apply a static force to the
sample, this is known to increase the amplitude at which one will see any signal.
In addition to this the force applied to the sample will vary with time as it is
vibrated with typical r.m.s amplitudes 0.2-0.5 nm by the piezo[99] causing the tip
to indent into the sample. To avoid confusion this is in addition to the static force
one always applies in contact mode AFM. Estimating the tip dynamic stiffness
as a point mass on a spring kef f ≈ mω 2 =104 Nm−1 we see that the dynamic
force applied to the sample may be in the region of 103 nN. Clearly there are
a wide range of forces that are present in one amplitude modulation cycle. To
understand the role the applied force plays on the depth of the propogating stress
field we monitor σzz as a function of depth directly beneath the tip (r=0) for a
transversely isotropic medium indented with a spherical isotropic indenter. By
plotting the point at which σzz =0.1 GPa for several applied loads we see how the
depth varies between the three materials, graphene, h-BN and MoS2 . The results
can be seen in Fig. 5.3.
It should also be noted that we have chosen the particular value for σzz =0.1
GPa to illustrate the load dependence of the depth. It is slightly more complex
to discuss the depth at which any object in a variety of materials will contribute
equally to the UFM signal as one has to consider the size of the object in relation
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Figure 5.3: The depth at which the stress σzz decreases to 0.1 GPa directly
beneath the tip. The materials plotted are multilayer graphene (black), 2H-MoS2
(red) and h-BN (blue). All values were calculated numerically.
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to the whole surface area where Sσzz =0.1GP a . Because of the difference in material
elastic properties Sσzz =0.1GP a will vary drastically between MLG/graphite and
multi-layer MoS2 as an example (See Fig. 5.2).
Therefore we summarise that the subsurface lateral resolution and also the
depth at which UFM is able to sense is greatly increased by the sample anisotropy.
We see that the most pronounced effect of sample anisotropy is in graphene
compared to MoS2 and h-BN, this is due to it’s low value of E3 but also it’s low
interlayer shear modulus G23 = 0.268 GPa.

5.1.2

Observing Subsurface Structure in 2D Materials

As the UFM signal is derived from the elastic properties located within the stress
field, objects located close to the surface will be more easily resolved than the
same objects at a greater depth. This is because the surface area of the object
in relation to the surface area of constant stress is much higher than it would be
if the depth z were larger. To understand how the depth z of an object such as
a pocket of air or debris buried beneath the surface of a stack of 2D materials
will affect the UFM signal we use a simple FEA analysis model. In this model
the tip-surface contact area is modelled as a circular area with radius Rt =10 nm
over which the a load F is applied. We then bury a cylindrical inclusion with
radius rd =10 nm and height hd =5 nm at a depth z. To estimate the difference
in UFM signal we take the difference in indentation for the case where the tip is
positioned directly above the inclusion and where the tip is a lateral distance of
30 nm away. The results of this simulation are seen in Fig. 5.11
As one would expect the observed difference in the averaged indentation Adif f
shows that as the inclusion increases in depth the effective UFM signal decreases
as Adif f ∝ VU F M . We however see that Adif f approaches a limit for depths of
approximately 50 nm. This may represent a decrease in the lateral resolution
of the UFM and increasing the distance between the two points at which we
calculate Adif f would be expected to show a depth dependence beyond the one
seen in Fig. 5.4.
This difference in deflection corresponds to the additional movement required
by the piezo transducer to obtain an ultrasonic signal, if this additional deflection
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Figure 5.4: The difference in the indentation between the tip located directly over
the cylindrical inclusion and at a distance of 30 nm along the surface. The cylindrical inclusion (rd =10 nm, hd =5 nm) is modelled as an extremely soft material
designed to represent air. The material above and below it is graphite modelled as
an transversely isotropic medium. Inset is a wire-frame diagram of the FEA model
used for the simulation.
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is larger than the maximum amplitude of the piezo then there will be no UFM
signal.
It is not possible to come up with a simple analytical expression for the lateral resolution and depth of view for UFM therefore it is only possible through
numerical calculations and FEA to predict how deep beneath the surface we can
detect.
In order to compare our predictions with experiment we image a series of 2D
materials for varying thickness’s with UFM. To emulate the situation where there
is an inclusion we deposit these materials on a Si/SiO2 substrate with trenches 300
nm wide etched into them. These substrates were produced for us by Rosamund et
al. [144]. These flakes were deposited with the traditional mechanical exfoliation.
Firstly we imaged MoS2 as seen in Fig. 5.6.
In Fig. 5.6 we see that the trenches are clearly visible as the UFM signal is
virtually nil, indicating a very low relative stiffness. We also see an uneven UFM
signal on the supported MoS2 when the topography appears to be relatively flat,
this was thought to be largely due to the uneven nature of the substrate beneath
the material and is indicative of an uneven interaction/adhesion with it.
It is believed that material within the stress field is not the only contribution
to the UFM signal, in addition, any action that contributes to the reaction force
of the sample will be detected by the UFM. This may constitute a flexing of the
sample, in this case a bending of the bulk MoS2 in the region over the trench. We
propose that the UFM contrast is then dependent on anything that will provide
a reaction force, or lack thereof, to affect the signal. The two main mechanisms
we consider are the large-scale flexing of the material which can happen over
hundreds of nm to a few µm and to the local variations in stiffness which are
present only in the immediate stress-field produced by the AFM tip (See paper
No.2 in the list of publications). By considering the system as a series of springs,
the stiffness will add in an inverse fashion 1/kef f = 1/k1 + 1/k2 + ..., because
of this if there is any one spring that is significantly softer than the rest then
this will largely dominate the overall stiffness kef f . We see this in the case of 2D
materials suspended over a large trench where kf lex is significantly lower than any
other stiffness present in the measurement. To illustrate this effect we measure
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Figure 5.5: Image in a) shows a schematic representation of the sample studied
where a tri-layer and bulk section of MoS2 are part of the same flake deposited over
trenches etched into the substrate. Image b) shows an AFM topography image of
the edge of the suspended tri-layer section with an optical image of the flake shown,
scale bar is approximately 5 µm. Finally the graph in c) shows an average of several
traces at the step edge confirming the three layer thickness.
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Figure 5.6: Image in a) shows the topography of a MoS2 sample where a trilayer thickness is seen to the lower left whilst a thicker bulk material (15 nm) is
seen in the upper right whilst a trench of 300 nm width runs beneath the sample
from bottom left to top right. Image b) shows the UFM image of the region in a)
clearly displaying the trench beneath the thicker material. Images c) and d) are the
topography and UFM images of the dashed regions seen in a) and b) respectively.
Set force used is approximately 2 nN with a UFM drive amplitude of 3 Vpp .
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Figure 5.7: UFM signal profile across MLG/graphite suspended over a trench
where the centre of the trench is centred at a distance of 300 nm on the graph.
We show the UFM profiles for 30 nm (solid black), 50 nm (dashed red), 90 nm
(dash/dot blue) and 120 nm (short dash green) graphene imaged with a set force
of approximately 10 nN at a frequency of 4.23 MHz and modulation frequency 2.71
kHz. Estimated theoretical values for the stiffness at the centre of the beams are
shown alongside the measured data.

the UFM response for MLG/graphite suspended over a 300 nm trench etched
into Si/SiO2 substrate, the results are shown in Fig. 5.7
From Fig. 5.7 we see that as the thickness increases, the UFM signal, which
is tied to the measured stiffness, increases over the trench. This is due to the
increased flexural stiffness of the MLG/graphite beam. If we compare the UFM
signal suspended over the trench against MLG/graphite supported by the substrate we see a clear difference in the signal measured, even for 120 nm thickness.
This demonstrates how flexural bending of the graphene will dominate the UFM
signal, in this instance, and any structures hidden within the graphite such as
a cavity or other such inclusion will be effectively drowned out by the flexural
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bending of the sample.
It is also worth nothing that the UFM signal on the supported material decreases appreciably when the thickness goes beyond 30 nm. We speculate that the
reason for this decrease is due to two possible causes; firstly the thicker graphite
will have more disorder such as layer folding and cavities and therefore a decreased stiffness, secondly we postulate that at 30 nm thickness and below the
SiO2 substrate will have a significant contribution to the signal.
Therefore in summary we have quantitatively analysed the effect of the transversely isotropic nature of graphene, h-BN and MoS2 and have found this to
play a significant role in the depth at which one can see beneath the surface.
This depth is especially high for graphene due to its high in-plane stiffness and
very low interlayer shear modulus. Not only does the effect of sample anisotropy
dictate the depth at which one can detect subsurface objects but also the lateral resolution as the width of the stress distribution is dictated largely by the
low interlayer shear modulus found in vdW solids. The extent to which flexural
bending depends on the thickness and width of the beam that is flexing under the
AFM tip, may be an undesirable effect if one wishes to measure small features
such as 50 nm cavities buried in a suspended beam of 2D materials.

5.2

Mechanical Properties of Graphene Grown
on 4H-SiC; Effects of Hydrogen Intercalation

In this section we present the work on SiC/graphene systems which was performed
collaboratively with researchers from The National Physical Laboratory: Olga
Kazakova and Christos Melios; The Institute of Electronic Materials Technology:
W. Strupiǹski and from Lancaster University: O. Kolosov, C. J. Lambert, Z.
Y. Mijbil and S. Bailey. All samples were grown by W. Strupiǹski whilst all
experimental data shown is that of the author. Theoretical calculations were
performed by Z. Al-Milli, in preparation for the submission of the results for
publication.
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Figure 5.8: Illustration of monolayer graphene grown on 4H-SiC intercalated
with hydrogen. The crystallographic directions are also shown from a side and
perspective view.

Whilst graphene has been shown to have a great deal of desirable properties
for a wide range of applications, particularly in electronics, there are still issues
with both the high-quality and economical large-scale production. One such route
to large scale production of graphene is through the growth on SiC. By heating
the SiC substrate at high temperature a hexagonal carbon layer is formed on the
surface. Whilst this layer is identical to graphene in terms of its structure it remains bonded to the Si atoms beneath. This detrimentally affects the electronic
properties of graphene, a hurdle that would have to be overcome for commercial
applications. One potential solution to this is through the intercalation of Hydrogen, effectively removing the effect of the substrate on the graphene layer and
restoring its desirable electronic properties [13, 145, 146, 147, 148].
In this section we study changes in the mechanical properties of the samples
for various growth conditions to understand to what extent the substrate interacts
with the graphene layer/s. As graphene on SiC is a very stiff material we employ
differential UFM to obtain quantitative measurements of the mechanical stiffness
of the samples.
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Figure 5.9: A schematic of the three sample types studied in this section. From
left to right is the As-grown where the interfacial layer (IFL) is partially bonded
to the underlying silicon atoms, QFS 1LG where the graphene has been decoupled
from the substrate through hydrogen intercalation and lastly QFS 2LG which is
where we have intercalated the As-grown sample with hydrogen leaving two decoupled graphene layers.

The samples studied in this section are divided into three broad sections, as
shown in Fig. 5.9: Firstly the ‘as-grown’ samples where a fresh piece of SiC has
been heated to the extent that one or more graphene layers have formed on the
surface. The second sample group is ‘intercalated’ where the as-grown sample
has been heated in the presence of hydrogen gas whereby the hydrogen atoms are
able to either migrate beneath the graphene layers or penetrate beneath through
some high-temperature mechanism. This is done at such a temperature as to
prevent the etching of the substrate with hydrogen which is normally done at
temperatures of approximately 1500◦ C [149] compared to approximately 1200◦ C
for the intercalation with hydrogen (see Appendix B.1). We refer to intercalated
samples as quasi-free-standing (QFS). The QFS studied here are of 1 and 2 layer
thickness i.e. QFS 1LG and QFS 2LG. The experimental procedure for the growth
of these samples and the intercalation is described in Appendix B.1. Furthermore
we use an established method of creating hydrogen intercalated samples which
has been shown through the use of surface enhanced Raman scattering (SERS)
to effectively passivate the surface silicon atoms, showing Si-H stretching modes
[150].
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5.2.1

Stiffness Measurements of Graphene on 4H-SiC

To measure the mechanical stiffness of the samples we employ differential UFM,
described in section 2.3.2.2, to quantify the contact stiffness of the sample. However to get a first impression of the mechanical integrity of the as-grown and
intercalated samples we first produce UFM stiffness maps. These images are
purely qualitative but allow one to discern between different regions of mechanical stiffness and adhesion. We show the UFM images for as-grown, QFS 1LG
and QFS 2LG in Fig. 5.10. Sample thickness’ were verified through Raman spectroscopy mapping to determine the thickness on the terraces. It was assumed
that verification of sample thickness in one area was valid for the whole sample
as growth conditions were the same throughout.
From Fig. 5.10 we observe that the UFM signal changes drastically depending
on the force applied to the sample. What is counter-intuitive is that as the force
increases the UFM signal decreases, something that is typically associated with
a lower value of the sample stiffness. We observe this effect in all three sample
types studied here. What is also unusual about this sample is the extremely high
piezo vibration amplitudes required to obtain a good quality ultrasonic response.
Typically in other experiments with UFM the piezo is driven at a voltage of 35 Vpp compared to the 5-20 Vpp needed to obtain a good signal when imaging
graphene on SiC. What is more, for our as-grown and QFS 2LG samples we are
able to discern between the terraces and the step edges for low set forces however
this contrast disappears as the applied force increases by even such a low amount
as 10 nN. To understand the true mechanism of these processes we studied the
effect of set force on the measured UFM signal at several set forces. The results
of which can be seen in Fig. 5.11
In all of these samples we observe that there is at times a decrease in the
sample stiffness at the step edge. This is due mainly to the fact that thicker
graphene grows at the terrace edges than on the terraces. Indicating that the
stiffness should drastically decrease. In Fig. 5.11 we see that there is also a
contrast inversion in the UFM images going from a set force of 0 nN to 13 nN.
To describe the plethora of unusual behaviour we observe in these samples we
propose that during the UFM amplitude modulation cycle (see section 2.3.2.2)
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Figure 5.10: Images a-c are of our as-grown sample, d-f are QFS 1LG and g-i are
QFS 2LG. Images on the left hand side show the topography of the region scanned,
the centre column shows the UFM stiffness map of at a set force of approximately
0 nN and the UFM image in the right hand column show the UFM response at
a set force of approximately 30 nN. Whilst all UFM images have been altered to
show the same scale, the vibration amplitude (i.e. voltage applied to the sample
piezo) to reach this response was different for each scan, they were the following:
as-grown 5 Vpp , QFS 1LG 20 Vpp and QFS 2LG 10 Vpp .
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Figure 5.11: Image (a) shows the topography of an as-grown sample (IFL + 1LG)
whereas images (b-d) are the UFM image of the same area for set forces of 0, 13
and 26 nN respectively. Brighter regions denote areas of a higher stiffness.
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the tip is able to pull-up the graphene beneath the tip. This may explain the
high sample vibration amplitude required to obtain a measurable UFM response
however it does not explain the decrease in the UFM response for increasing set
force. The reason for the decreased signal observed in UFM may in fact be due
to indentation of the tip into the sample. This may be supported by the fact that
we see a larger decrease in the UFM signal on the terraces (see Fig. 5.10) in QFS
1LG than as-grown and an even bigger decrease for QFS 2LG between set forces.
In addition to this we also note that there is a high level of adhesion between
the tip and the sample. This can be seen when the tip approaches contact with
the sample, eluding to an electrostatic nature. This high electrostatic adhesion
may come from the polar nature of SiC, one would expect this electrostatic attraction to be shielded by the graphene however in our case the graphene was not
grounded, nor was the cantilever highly conductive (silicon). As this electrostatic
force was detectable when the tip was retracted (≈15 µm above the surface) it
became a question of when to adjust the AFM photodiode such that the total deflection was zero (i.e. defining 0 nN). To try to exclude any electrostatic forces we
moved the cantilever far away from the surface (≈1 mm) where the electrostatic
forces were negligible. It is also worth noting that even though care was taken to
ensure the force acting on the cantilever was accurate there will be electrostatic
adhesion forces acting between the tip/cone of the cantilever and the sample, all
of which will work to increase the effective contact force whilst not affecting the
deflection of the cantilever. Finally we also mention that the long-range adhesion
seen in particular with the as-grown sample was seen to vary significantly over
the period of 20-30 minutes, for this reason the set force was recalibrated after
each image.
To understand the mechanical stiffness of the samples studied, we employed
differential UFM (see section 2.3.2.2). This method allowed us to measure quantitatively the local sample stiffness. One additional benefit to differential UFM is
that effects of local sample adhesion should not affect the stiffness measurement
as long as the adhesion remains constant throughout the measurement process.
The measurements themselves were taken at a series of points on two different
areas of the same sample. The samples studied were as-grown, QFS 1LG and QFS
2LG. The results of which can be seen in Fig. 5.12.
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Figure 5.12: The measured and simulated stiffness measurements for the three
types of sample in this study, as-grown, quasi-free-standing 1 layer graphene and
quasi-free-standing two-layer graphene. Stiffnesses measured by differential UFM
are shown in black and compared to theory for the following cases: IFL bonded to
the substrate with 1LG on top (red), 30%(blue), 60% (green) and 100% (pink) of
the silicon-carbon bonds replaced with Si-H bonds, in addition to this the case of
100% passivation with hydrogen with a layer of H2 molecules between the substrate
and the first graphene sheet, all theoretical values were obtained from calculations
performed by Z. Y. Mijbil.
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From Fig. 5.12 we note that the as-grown sample is the stiffest of the three
types studied, this makes sense intuitively as the interfacial layer is still bonded
to the substrate. By effectively decoupling the IFL from the substrate, creating
a bilayer sampl,e the stiffness is greatly decreased (QFS 2LG) due to the out of
plane elastic stiffness of graphene (≈40 GPa). We also note that the stiffness
of QFS 1LG is stiffer than QFS 2LG, this may be due to the added ‘spring’
that is the graphene interlayer interaction. By comparison with theory we notice
that there is a consistent underestimate of the measured stiffness compared with
experimental values.
The origin of the discrepancy between theory and experiment may have its
roots in several places. Firstly it is worth considering the method by which the
theoretical values are calculated. These were calculated through density functional theory (DFT) where the simulated graphene sheet was pushed into the
SiC or SiCHx and the total energy of the system measured. From here the energy of the system as a function of the separation was calculated by fitting the
data quadratically and extracting the spring constant k as E = kx2 /2. If more
than one graphene sheet was involved each interaction was probed separately
and then the effective spring constant of the whole system was derived through
1/kef f = 1/k1 + 1/k2 + ... + 1/kn . This method means that the effective stiffness was calculated where the spring behaved linearly. To measure this overall
stiffness differential UFM measurements were performed between 0 and 30 nN
approximately, this may have been beyond the linear response region of the system. In addition to this we suggest that the forces acting at the tip may have
actually been much greater than the 0-30 nN we estimated from the deflection
of the cantilever, this again would suggest that the stiffness values have been
derived at different levels of applied force.
In comparing the measured stiffness values for QFS samples to the theoretical
we see a similar trend in the decrease in stiffness going from QFS 1LG to QFS
2LG.
To conclude, the stiffness measurements of graphene on intercalated on SiC
we see a considerable decrease in the sample stiffness going from as-grown to QFS
1 and 2LG. We attribute this to the decoupling of the substrate and graphene,
something that has been found to greatly improve the electrical properties of
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Figure 5.13: Images taken of QFS 2LG where image a) shows topography, image
b) shows the UFM image where darker regions correspond to more compliant.
Softer areas are thought to be due to pockets of excess hydrogen. Image c) is UFM
of the same area as the centre image but taken approximately after another 1 hour
of scanning.

graphene. Despite this decoupling we still see a relatively high level of support
provided by the sample with stiffness’ measured approximately between 100-200
Nm−1 . This may well prove to be a characteristic that will be important for the
mechanical integrity of future electronic devices based on graphene grown on SiC.

5.2.2

Trapped Pockets of Hydrogen Beneath SiC

Upon analysing the images of our intercalated samples we observe pockets or areas
of decreased stiffness. These regions also appear to sometimes be accompanied
by a small increase in topographical height as can be seen in Fig. 5.13
It is however not always true that these softer regions are accompanied by an
observed topography signal. In Fig. 5.13 we see that the softer regions are not
stable in time and are free to either move or for the excess hydrogen to escape
through some other mechanism. The size and number of these pockets was found
to be greatly reduced by cleaning the samples gently and mechanically with a
clean room wipe in IPA/Acetone. The change in height measured is only very
small and was typically in the region of 3-8 Å. Initially these regions of decreased
stiffness were presumed to be areas of intercalation compared to the majority of
graphene bonded to the substrate however this theory was discounted after the
observation of the movement of such regions over relatively short time scales, seen
in Fig. 5.13.
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One point of interest is the fact we do not always see a corresponding increase
in the topography signal when we observe these regions with UFM. This could
mean that the increase in height is there but below the detectable limit of the
AFM or that these compliant pockets fall into two distinct categories. What is
more, we observe both kinds of pockets in our QFS 1LG and QFS 2LG samples,
ruling this out as the cause. The heights observed in these pockets ranged from
0.5-1.5 nm in height, where typical topographical and UFM maps can be seen in
Fig. 5.14.
Upon further inspection of the pocket of decreased stiffness seen in Fig. 5.14
we observe smaller triangular regions within the region that are both lower in
height but show up as stiffer in the UFM maps of Fig’s 5.14b,c. This is different from the pockets where we observe no detectable height change where no
such triangular regions are seen. The images shown in Fig. 5.15 illustrate this
difference.
There are two proposed hypotheses as to why we only observe a height difference in some regions. The first proposal is that they are actually pockets of H2
gas trapped beneath the graphene and the SiC or between graphene layers, the
only difference is the amount of H2 that is trapped dictating the height of the
pocket. The second hypothesis is that they are actually two distinct regions such
as areas where the level of hydrogen intercalation is higher. Whilst we can not
say definitively due to the lack of data available, we believe that the strongest hypothesis is that these regions are both pockets of trapped hydrogen but where the
pressure is lower meaning that the bulge produced is below the detectable limit to
our AFM ≈0.1 nm. This however does not explain the absence of the triangular
indentions that we observe. It may turn out that these triangular depressions are
in fact the cause of the measurable increase in height. To try and understand if
these triangular regions are connected to the hydrogen pockets observed we now
turn our attention to them.
One additional suggestion as to the cause for the two different types of ‘areas
of decreased stiffness’ was the presence of debris on the surface of the sample.
However after imaging several samples that had been unattended for long periods we found different characteristics to the pockets of hydrogen seen in Fig’s.
5.13,5.14 and 5.15 which were present on relatively clean samples. The dirtier
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Figure 5.14: Image a) shows the topography of the region of a sample of QFS
1LG where we clearly see a raised region between the step edges. Images b) and
c) are UFM images taken at set forces of approximately 1.5 and 3 nN. The graph
in d) shows the profiles illustrated in blue in images a-c) where we see that the
height difference is approximately 1.45 nm and corresponds to a measured decrease
in the UFM signal. Both UFM images were taken virtually simultaneously where
one was taken on the trace and the other on the retrace of the image.
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Figure 5.15: The two different types of areas of decreased stiffness observed.
Images a) and b) correspond to the topography and UFM of QFS 2LG where the
area of decreased stiffness shows no corresponding detectable change in the height.
Images c) and d) show again the topography and UFM images of QFS 2LG but
of an area where we observe a difference in the topography corresponding to the
decrease in the UFM signal. The set force applied in images a) and b) was between
0-6 nN whilst the set force in c) and d) was approximately 2 nN.
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Figure 5.16: Debris seen on QFS 1LG where images a,b and c) denote the topography, stiffness measured through quantitative nanomechanical mapping and
tip-surface adhesion respectively. The height of the debris was found to be 1.75-2
nm across the entire surface.

samples showed streaks that ran along the slow-scan axis from the tip pushing
pieces of debris around, typical of most dirty AFM samples. In addition to this
we observed an unusual kind of contamination, the results of which can be seen
in Fig. 5.16
The source of this debris is unknown and what is more striking is that the
thickness across all contaminated areas is approximately 1.75-2 nm. It is not
thought to be the salol that bonds the substrate to the piezo as this is highly
crystalline and one would be able to discern specific orientations. As the contamination is measurably stiffer than the surrounding SiC we are unable to comment
on its nature or origin.

5.2.3

Triangular Indentations

The fact that these regions are nearly always triangular indicates that they may
have their origins in the crystallographic structure of the substrate. We also notice
that these triangular regions correspond to a decrease in the height compared to
the pocket of gas. We propose that these triangular regions are where the top
graphene layer is attached to the substrate. To understand the mechanical nature
of these regions we employ FMM as well as UFM, this gives us a sensitivity to a
large range of stiffness’ and may help to unravel their nature seen in Fig. 5.17

87

5.2 Mechanical Properties of Graphene Grown on 4H-SiC; Effects of Hydrogen
Intercalation

a

b

c

d

e

f

Figure 5.17: In this image we show the triangular depressions seen on the terraces
of QFS 2LG. Image a) shows topography where the height difference along the green
trace taken is approximately 0.8 nm. Image b) shows UFM at a set force of -6.5
nN and c) UFM taken at 33 nN. Image d) again shows topography of a similar
region taken in conjunction with FMM image at e) -5 nN and f) 33 nN.
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From Fig. 5.17 we see that the behaviour of the depressions under FMM
and UFM varies drastically with varying set force. We should also point out the
height of the depression was not found to vary detectably between the set forces
used (-5 and 33 nN). With both UFM and FMM we notice a contrast inversion
when going from a negative set force to a higher positive set force. Upon closer
inspection we notice that the absolute signal on the depression does not tend
to vary much with set force whilst the signal on the surrounding area changes.
Interestingly the stiffness on the surrounding areas decreases for increasing set
force according to UFM whilst increases according to FMM measurements. This
qualitatively makes sense as with UFM the higher the set force the greater depth
at which the tip indents into the sample resulting in a higher vibration amplitude
needed to reach the non-linear region and detach from the surface, resulting in a
lower signal. This explains why the UFM signal decreases in the region around
the depression. As the UFM signal was not found to change drastically on the
triangular depression we propose that the tip was not able to indent a significant
amount due to the region being much stiffer. This may suggest that the triangular
depressions are either SiC or regions where there is still an interfacial layer bonded
to the substrate. The FMM data supports this as it does not measure indention
like UFM but the effective spring constant of the sample, which as one would
expect increases with increasing set force.
To understand further the properties of these depressions we employ frictional
force microscopy (FFM). We probe the frictional forces on the cantilever by taking
the trace-retrace both with ultrasound on and off, to see if these high frequency
vibrations will affect the friction in an unusual way.
From Fig. 5.18 we see that the application of ultrasonic vibrations to the
sample decreases the overall friction seen by the tip, this is an effect known as
ultrasonic induced lubricity and originates in the tip periodically detaching from
the surface[151]. The friction is considerably lower on the depression than it is
on the surrounding areas and as graphene has a very low coefficient of friction
this would at first make it unlikely that the depression is SiC or SiC terminated
with hydrogen. Instead we propose that the difference comes from the increased
mechanical stiffness which effectively decreases the contact area with the tip and
thereby the frictional forces acting on it. To try and obtain a better understanding
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Figure 5.18: Image a) shows the topography of depressions seen in a QFS2LG
sample, b) absolute frictional force acting on the tip c) frictional force acting on
the tip with ultrasonic vibration applied to the sample. Lower signal in this case
indicated a lower frictional force.

we study the application of several other methods such as KPFM, the results of
which are seen in Fig. 5.19, the results of which were taken by Christos Melios
in preparation for the publication of these results.
In Fig. 5.19 we see that both the step edges and the triangular indentations
show an increase in the work function, this is to be expected for thicker material
but is surprising for the triangular indentations. The adhesion data also shows
lower attraction between the cantilever and the triangular regions, this is in agreement with a higher UFM signal seen when applying a positive set force as seen
in Fig. 5.17. By observing the adhesion and deformation, both contributing factors to the UFM signal, independently will be able to determine the mechanical
properties of these regions.

5.3

Summary

The study of the nanomechanical properties of 2D materials in this chapter was in
two parts. Firstly we studied the application of ultrasonic probe techniques (UFM
and HFM) to studying large stacks of 2D materials, something of importance for
understanding the behaviour of complex heterostructures. Secondly we applied
the knowledge gained in the first part to graphene grown on 4H-SiC and how we
can detect the nature of the interaction of the graphene with the substrate with
various levels of hydrogen intercalation.
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Figure 5.19: Image a) shows the topography of depressions seen in a QFS2LG
sample, b) work function measurements of the same sample showing the terraces
with bi-layer graphene and the step edges with a mixture of 3 and 4 layer graphene.
Image c) shows the adhesion obtained through quantitative nanomechanical mapping for the same region, showing that both the triangular regions and thicker
material on the step edges gives lower adhesion. Finally image d) shows a deformation map indicating that there is no appreciable difference in the mechanical
stiffness between the thicker material on the step edges of the triangular regions.
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Our studies in the first section show how the transversely isotropic properties
of 2D materials, that is low out of plane stiffness, can enhance the lateral and
depth at which one can probe beneath the surface. We demonstrate through
numerical calculations that a low out of plane stiffness and a low interlayer shear
modulus mean that the stress field produced by the AFM tip penetrates far
beneath the surface and is effectively ‘focused’. The implications of this are that
one can easily detect subsurface anomalies in complex heterostructures which
may compromise device performance.
In the second larger section we have applied ultrasonic techniques to study
graphene grown on 4H-SiC where we measure the mechanical decoupling of the
graphene from the substrate through intercalation with atomic hydrogen. It was
found that the intercalation with hydrogen removes the covalent bonding between
the graphene and the substrate and is replaced with a van der Waals interaction,
reducing the strength of the mechanical interaction between the two, an observation that is consistent with other studies[152]. Through collaborative work we
were able to link the electronic decoupling of the graphene and the substrate
with a degree of mechanical decoupling. However even though we have lost a
degree of mechanical support the graphene does not appear to wrinkle or show
other signs of non-uniform stress distributions which may impede electronic performance. From this we suggest that an adequate amount of support remains,
something that is ideal for the fabrication of electronic devices from such a material. We were also able to probe the mechanical properties of graphene grown
on silicon carbide and found that after the hydrogen intercalation process small
pockets of the gas remain trapped both between the substrate and the graphene
and between adjacent layers of graphene if they were present. These remnant
pockets of gas were not stable and could be moved with the AFM tip, cleaning
or by being left over long periods. Finally we conclude this chapter by studying
a series of triangular indentations observed in the silicon carbide, something that
has not received a great deal of attention in literature. We show that these triangular indentations are mechanically and tribologically different from graphene
on silicon carbide which may suggest that they are either bare silicon carbide
or at least where the graphene layer is still partially bonded to the substrate.
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This claim is further supported by observing the triangular regions in the middle of a trapped pocket of hydrogen through an increase in the stiffness. The
presence of these triangular depressions may be detrimental to the performance
of devices fabricated from such a substrate and would need to be addressed in
future. Nonetheless graphene grown on 4H-SiC intercalated with hydrogen provides a promising route to the large-scale, high-quality and economic production
of graphene devices.
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Chapter 6
Nanoelectromechanical
Phenomena
6.1

Imaging NEMS Like Devices with Direct
Contact Electrostatic Force Microscopy

In this section we describe the work performed to characterise the level of electrostatic interaction the substrate has with the probe and the graphene or other
2D-material sample. To do this a method of dynamic contact electrostatic force
microscopy (DC-EFM) was used. This method has been reported elsewhere
[104, 105]. The benefits of this technique are that the tip remains in contact
with the surface during the duration of the scan allowing one to monitor mechanical, electrical and electromechanical phenomena on the nanoscale. Results
presented in this section were also published elsewhere[153].
An Agilent function generator is used to provide an AC+DC bias between
the tip and the sample which for the purposes of this study were in the range
of −5 <VDC < 5 V whereas VAC was typically 5 V. The frequency used is
typically in the region of a few kHz, this is a high enough frequency to avoid
any interaction with the feedback system but also low enough to not excite any
resonance behaviour of the cantilever (f0 ≈13 kHz). As is described in section
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Figure 6.1: The experimental setup used for the purposes of detecting the
electromechanical phenomena in graphene NEMS resonator-type devices. The
graphene or other 2D material is suspended over a trench typically 250-300 nm
wide etched into the Si/SiO2 substrate. The silicon is electrically contacted by
scratching away the oxide layer from underneath and attaching a small wire with
Ag paint. We also ground the electrically conductive cantilever (Cr/Pt/Ir coated).
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Figure 6.2: Image a) shows the topography of a MLG/thin graphite sample where
the flake has cleaved in such a way as to leave terraces of different thickness, we
quote the step thickness’ as 5, 9, 15, 19, 23 and 41 nm thick. We also point
out the locations of the trenches running vertically in the image. Image b) shows
the corresponding DC-EFM image where brighter regions denote a higher signal
obtained from the vibration of the cantilever at the frequency at which VAC is
applied (2 kHz). The static force applied by the cantilever is approximately 4-5
nN and the VDC =4 V whilst VAC =5 V. We also show what we believe is debris
trapped beneath the surface located labelled in image b).

2.3.3.2 there is a DC component to the electrostatic force on the cantilever, in
addition to this there are components at ω and 2ω; for the purposes of this study
we are detecting the component at ω only.

6.1.1

Contrast Mechanism

As the cantilever used is conductive (Veeco Model SCP-PIC, Sb doped Si (0.010.025Ω) coated with a bottom layer of Cr (3 nm) and a Pt/Ir (20 nm) top layer)
so the graphene sample is also grounded and therefore any suspended regions of a
graphene film, such as those over the trenches etched into the substrate, are free
to oscillate. When scanning the cantilever over these trenched regions we notice
that the signal can be either higher or lower than the surrounding substrate. This
was found to depend on either the value of VDC used or the thickness of the flake
(see Fig. 6.2).
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Figure 6.3: Two competing cantilever bending mechanisms in DC-EFM. Image a)
shows the case when the sample is moving beneath the tip either due to electrostatic
actuation or through sample compliance, the change in the cantilever angle θ is
negative in this instance. Image b) shows the mechanism of bending where the
sample is sufficiently rigid and behaves as a pivot point where the change in the
angle is positive.

To understand the origin of the contrast in DC-EFM in Fig. 6.2 we study
the response of the system whilst imaging the MLG suspended over the trenches,
this gives us the greatest source of variation in the DC-EFM signal. Upon close
inspection we notice that the DC-EFM signal on the suspended material is comparable to that of the supported for the region of 41 nm thickness, where it is
essentially graphite. However whilst the signal on the supported MLG/graphite
varies little for changes in thickness we see a decrease in the DC-EFM signal as
the thickness decreases to a point, where the thickness is 5 nm at which point we
see the signal increase again. The mechanism we propose for this dependence on
thickness is that there are two bending mechanisms of the cantilever; one which
will dominate for stiff samples (thicker MLG/graphite) and one which dominates
for thinner MLG seen here at 5 nm thickness. The proposed mechanisms are seen
in Fig. 6.3.
In Fig. 6.3 we see that the two different bending mechanisms provide opposite
angles of deflection. As the atomic force microscope is sensitive directly to the
change in angle at the end of the cantilever, not absolute deflection, the two
bending mechanisms in Fig. 6.3 will compete against one another. We therefore
propose that for a specific sample thickness the bending from both mechanisms
may cancel out to yield a null signal.
The source for the bending illustrated in Fig. 6.3a is hypothesised to be
a combination of the decreased mechanical stiffness of the sample beneath the
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tip and the electrostatic actuation of the suspended MLG. To approximate the
amount of electrostatic actuation present for such a system we use the simple
approach shown in section 2.2.1. Here we see that for a system of 5 nm thick
MLG the peak-peak vibration amplitude would be in the region of 0.1 nm. This
is just above the detection limit of the AFM but rather low. To understand how
the vibration of the sample contributes to the overall signal qualitatively we use
the following two expressions Eq’s. 6.1 and 6.2[153] to estimate the contributions
to the total DC-EFM signal
ηL3
αC =
48EI

(6.1)

3δc
2L

(6.2)

αz = −

Where αC and αz are the angles of deflection when a clamped-pivoted cantilever of length L is subjected to a force distribution η(Nm−1 ) and a point deflection at the tip δc . The symbols E and I denote the elastic modulus and second
moment of area with respect to the axis across the trench. The total signal can
then be written as the sum of Eq’s. 6.1 and 6.2 to give Eq. 6.3.
α=

ηL3
3δc
−
48EI
2L

(6.3)

It should also be pointed out that the signal observed by the AFM is actually
twice the change in the angle observed at the end of the cantiever[154] due to the
fact that the laser light is reflected from the surface and is not emanating from
it. In Eq. 6.3 the movement of the tip δc corresponds to both the actuation of
the sample and the flexing/indentation of the sample due to the force from the
cantilever. We therefore can write δc to accomodate this as can be seen in Eq.
6.4.
δc =

3ηL
1 dC 2
Vtotal +
k dz
8k 0

(6.4)

Where k is the spring constant of the suspended sample in response to a
distributed load from the capacitive forces. The spring constant k 0 is of the
suspended sample in response to a point load. The first term in Eq. 6.4 represents
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the contribution from sample electrostatic actuation, the second term corresponds
to the indentation of the tip from the distributed electrostatic load acting on the
cantilever η. It is worth mentioning that the factor of 3/8 in the second term
of Eq. 6.4 originates in the relation of a distributed load over the length of the
cantilever to a point load acting at the tip[155]. As an approximation for the
contributions to the total deflection seen by the AFM tip we equate the first
term in Eq. 6.4 to be 0.1 nm and the second term is estimated at 0.05-0.1 nm
by taking k 0 ≈20 Nm−1 and ηL ≈3 nN. This shows that for the experimental
conditions described both the beam bending due to flexing of the sample from
the cantilever and electrostatic actuation of the sample are indeed comparable.
We also note that the DC-EFM signal is still very weak even for high values
of VDC =VAC =5 V, this adds further evidence to the fact that we are detecting
cantilever vibrations on the order of 0.1-0.2 nm. We should also add that whilst
our analysis and calculations give a certain degree of evidence towards the case
that we are in fact detecting the actuation of the MLG resonators, we cannot
say that it is a foregone conclusion as there are a great many effects that may
affect the actuation of the graphene such as damping both from the ambient
environment and from the AFM tip itself.
One other mechanism that may affect the DC-EFM signal is sample friction.
This has been shown to be an appreciable effect in FMM where working at highamplitudes is commonly avoided to reduce the effects of friction[156]. To test
whether this is the case with DC-EFM, we study the signal as a function of set
force and back-gate voltage for both graphene on SiO2 and SiO2 (see Fig. 6.4),
materials with two very different coefficients of friction [136].
Clearly from Fig. 6.4 it can be seen that for SiO2 and graphene the difference
in the response at varying set forces for F <100 nN are minimal and only becomes
apparent as a decrease in the response at higher values of VDC . It is not apparent
what is happening at F =100 nN as whilst there is a difference in the response
at higher force, the signal is also more rounded close to the voltage required to
nullify all static voltages and charge VDC,n and is more parabolic in shape.
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Figure 6.4: Top image shows the response of DC-EFM where the tip is resting on
MLG on top of SiO2 substrate. Bottom image shows the response of DC-EFM to
sweeping the back gate DC bias whilst in direct contact with the SiO2 substrate.
All measurements were taken whilst maintaining an VAC =5 V and the measured
response is at the driving frequency ω=2 kHz.
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6.1.2

Detecting Subsurface Charge Density Beneath Graphene

The fact that sample stiffness plays a role in the DC-EFM signal does not mean
that certain electrical properties cannot be found. Even if the graphene actuation only accounts for a small portion of the DC-EFM signal it is possible to
infer local properties of the sample such as the surface potential/charge density.
By sweeping the back gate voltage and locating the null voltage VDC,n we can
find the point at which the applied back gate voltage is equal and opposite to all
other sources of voltages or charges at the sample. The main factors that may
contribute to the null voltage are the contact potential difference VCP D between
the tip and the sample, charge transfer and other surface charge density. One
can easily measure the work function and charge transfer of a sample through
conventional non-contact EFM. Non-contact EFM also allows the user to detect
surface charge density however this method falls short when we seek to measure the surface charge density of the substrate beneath graphene, a conductive
layer that effectively shields any effect of the charges to the cantilever. In order
to access the density of these charges we use the electrostatic actuation of the
graphene suspended over the trench. By imaging the same scan line repeatedly
and periodically changing VDC we are able to observe a difference in VDC,n for
the supported and suspended regions, see Fig. 6.5.
In Fig. 6.5 we see that VDC,n is approximately 1.5 V lower for the suspended
region than it is for the supported region. As this difference is due largely to the
charges beneath the graphene layer we can use it to estimate the charge density
beneath the layer. Hong et.al provided a way of estimating the surface charge
density beneath a conductive probe at a distance d from the surface using Eq.
6.5[105].

σ = −20 VDC,n

∂C
∂z



1
C

(6.5)

Where VDC,n is the voltage required to nullify the DC-EFM signal, C is the
cantilever/cone/tip capacitance. Where Hong et.al estimate the probe/sample
as a parallel plate capacitor leading to the approximation that (∂C/∂z)/C ∼
=
1/d. By using the above approximation we estimate the surface charge densities

101

6.1 Imaging NEMS Like Devices with Direct Contact Electrostatic Force
Microscopy

Height

19.15 nm

DC-EFM

0 nm

5 a.u.

0 a.u.

Figure 6.5: On the left is the topography where the dark central region is the
MLG (7.5±0.5 nm) suspended over a trench of width 300 nm. Image on the right
shows the DC-EFM amplitude signal where VDC,n varies from -5 V at the top of
the image to +5 V at the bottom and is varied in 0.5 V steps. Both images were
taken simultaneously where the AFM tip scanned the same line repeatedly. Set
force F ≈10 nN, VAC =5 V, Drive frequency ω=2 kHz. A Pt/Ir tip was used with
a spring constant of kc =0.15 N/m.

trapped beneath graphene and MoS2 as; σM LG =-1.96±0.5 nC/cm2 and σM oS2 =2.45±0.5 nC/cm2 . In these calculations we take d as the distance between the
tip and the underlying silicon therefore d = d1 =300 nm.

6.1.3

The Effect of Environmental Factors on the Operation of DC-EFM

Whilst performing many scans during the data taking process we noted that it was
possible for the DC-EFM system to behave differently between samples and even
on the same sample where the calculated surface charge densities would change
from one scan to the next. We propose that the large variation in behaviour
seen is due mainly to environmental factors such as temperature and humidity.
One additional interesting behaviour that we observed involved the light used
to illuminate the AFM samples that allowed us to align the cantilever with the
sample. We notice that if one were to turn the light off mid-way through a scan
then DC-EFM contrast could either disappear or be removed entirely, This may
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suggest we are observing photo-excited characters that migrate into the SiO2 and
effectively increase the electrostatic force on the cantilever.
One other factor that we do not observe directly but is expected to affect
the DC-EFM contrast is the size of the graphene flake used. The effect of the
size is thought to be two-fold. Firstly the size of the flake will affect the total
capacitance of the system, this is non-negligable as the size of the flake can be
around 20-50 µm, comparable to the scale of the cantilever. Secondly the flake
may shield a significant portion of the cantilever electrostatically. This effect may
however be neglected if one were to use an electrically insulating cantilever.
One other explanation for the wide range of behaviour could have, in retrospect, come from the electrical contact with the substrate. As there was an
oxide layer all over this had to be removed through scratching and then bonding
with Ag paint. It is possible that electrical contact was not always established
as a result the majority of the electrostatic field may have come from the wire
contacting the substrate and the Ag paint attaching it to the substrate, this does
not invalidate the results but may be the cause in the range of DC-EFM signals
seen. As the voltages used were in the range of 0-10 V one would expect to observe the electrostatic breakdown of the SiO2 layer as the breakdown voltage is
approximately 15 MV m−1 for thick SiO2 however this was found to increase for
thinner films between a few hundred nm to µm thickness’ to a value of 0.5 GV
m−1 [157]. This would give an expected breakdown voltage of 150 V, much higher
than used experimentally. The dielectric field strength of air is 3 MV m−1 [158]
giving a much lower breakdown voltage of 0.9 V beneath the graphene. The fact
that we do not knowingly observe any static discharge may either indicate that
we are not always contacting the underlying silicon directly or that there is still a
small portion of thermal oxide present at the bottom of the trenches etched into
the substrate.
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6.2

Electrostatic Heterodyne Force Microscopy
(E-HFM)

In the previous section we were able to probe the electromechanical properties
of some resonator-type graphene samples with DC-EFM, deducing the charge
trapped beneath the conductive graphene layer. Whilst we are indeed studying the electromechanical properties with DC-EFM we are limited to relatively
low frequencies by various mechanisms such as the speed of the detection system (photodiode, lockin amplifier etc.). This is a fundamental problem if we are
to understand the dynamic electromechanical phenomena of future graphene resonators which will be operating in high frequency regimes 50 MHz-1+GHz. To be
able to probe the sample properties at such high frequency we turn to the already
established method of heterodyne force microscopy (HFM)[23, 106, 108, 159].
Heterodyne force microscopy has been used for a long time to probe the dynamic mechanical phenomena over very short time scales down to ns as described
in section 2.3.4.1. This is due to the heterodyne principle which preserves the
phase and amplitude of some high frequency action on the cantilever down to a
much lower (typically kHz) difference frequency. Here we modify the traditional
mechanical HFM setup by replacing one of the mechanical actions with one that
is electrical in its origin, calling it electrostatic heterodyne force microscopy (EHFM). In this particular case a custom piezoelectric transducer with a thickness
resonant frequency of around 4 MHz was used, see section 3.2.2 for details. An
illustration of the experimental setup of E-HFM is seen in Fig. 6.6.
As shown in Fig. 6.6 we apply an AC+DC electrostatic potential between
the probe and the back of the substrate constituting doped Si. The setup used
for E-HFM is distinctly similar to that of DC-EFM in the previous section with
the addition of the high-frequency piezo transducer mounted beneath the tip. In
the case of E-HFM we also use a slightly different conductive cantilever than the
Cr-Pt/Ir coated cantilevers for E-HFM. In this case we use Nanosensors R PtSiCONT cantilevers. The force constant was typically in the range of 0.02-0.77
Nm−1 . The reason for using PtSi cantilevers is that PtSi is known to be more
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Figure 6.6: The setup for E-HFM with two identical function generators are
used with internal clocks synchronised that provide an electrical bias between the
probe and the sample/source exciting oscillations of the cantilever. Inset shows the
typical type of graphene-resonator device studied

durable than Pt/Ir and therefore less likely to wear away the material at the tip
during experiments.
Unlike DC-EFM, a ‘low’ frequency technique, E-HFM works in the frequency
space far beyond the fundamental resonance of the cantilever. For this reason a
full theoretical understanding of the mechanism of E-HFM would require a solution the dynamic Euler-beam equation and would have to be solved numerically.
Here we consider the simplest case of the factors contributing to E-HFM signal.
As shown with the interpretation of conventional HFM[23] we can approximate
the tip-surface interaction as quadratic in nature as seen in Eq. 6.6.
F = kz0 + χz02

(6.6)

Where z0 is the distance between tip and sample, k is the coefficient for the
linear part of the surface interaction and χ is the non-linear coefficient associated
with the attractive van der Waal’s forces. During E-HFM operation we have
several actions that will affect the tip-sample separation, firstly is the vibration
of the piezo which oscillates the cantilever at zt (t)
zt (t) = At sin(2πft t + φt )
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then the motion of the sample e.g. a resonator type device, is given by
zs (t) = As sin(2πfs t + φs )

(6.8)

where At/s denotes the amplitude of the vibration of tip or sample, f the
frequency and φ the phase of the vibration. There is however in our case an
additional contribution to the tip-surface separation that is not present in conventional HFM, this is the electrostatic action on the cantilever which we call zE .
Therefore inserting Eq’s. 6.7 and 6.8 in Eq. 6.6 we obtain
F = k(ze q − zE − zt + zs ) + χ(ze q − zE − zt + zs )2

(6.9)

Where ze q is the equilibrium distance between tip and sample which depends
on the set force chosen. By applying 6.9 and assuming a state of equilibrium with
the capacitive forces acting on the cantilever we obtain, after some manipulation,
the following

F∆f = χAs At cos(2π∆f t + φs − φt ) −

3At Lw0 χ
VAC VDC cos(2π∆f t + φc − φt )
2k(ht + d1 )2
(6.10)

Where ∆f is the difference between the tip and the sample drive frequencies,
(ht + d1 ) is the separation between the cantilever and the back-gate written as
the sum of the oxide layer thickness plus the cone height, l and w are the length
and width of the cantilever and φc is the phase associated with the electrostatic
actuation of the cantilever. In Eq. 6.10 we see that force on the cantilever is
linear with the tip and sample amplitude as well as with an increase in VDC and
VAC . One mechanism which we do not account for is the non-linearity of the electrostatic field, the use of which has been reported elsewhere as the sole source of
mixing in a method non-contact electrostatic heterodyne force microscopy[109].
The reason we do not consider the non-linear electrostatic effect is that the amplitude of vibration of the cantilever in contact is much less than in non-contact.
Therefore to further understand this we varied both the tip piezo amplitude and
the applied AC voltage and measured the response, the results of which can be
seen in Fig. 6.7.
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Figure 6.7: In the main figure we drive the tip piezo at 3 different amplitudes:
10, 25, and 50 pm (All peak amplitudes determined by Laser Doppler Vibrometry
Polytec (OFV-534/2500)) whilst increasing VAC , VDC =5 V. Inset we sweep the
phase of the output of one of the driving forces with respect to the other and measure the resultant change in the E-HFM signal. The tip piezo is operated close to
its thickness resonant frequency of 4 MHz whilst the tip is actuated electrostatically
at a frequency of 4.01 MHz whilst we detect at the difference frequency.
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In Fig. 6.7 we observe that the response of the E-HFM signal is linear to
both changes in the tip vibration amplitude and the applied AC bias, this is
evidence demonstrating that heterodyne mixing is taking place. A majority of
the mixing will have its origins in the non-linear tip-surface interaction however
it is expected that there will be a degree of mixing taking place from the nonlinear electrostatic field. In Fig. 6.7 we also see that, at a driving amplitude of
10 pm, no signal is observed. This is believed to be because the total combined
amplitude of vibration is not sufficient to overcome the sample non-linear regime
required for frequency mixing, typically on the order of the interatomic spacing
(100-200 pm).
Whilst we have chosen the thickness resonance of the tip piezo so far to increase the strength of the E-HFM signal, it is not known if there are any other
resonances present in the system, such as cantilever contact resonances. To understand how the behaviour of E-HFM responds to a wider range of drive and
difference frequencies, we produced a map of the E-HFM response as can be seen
in Fig. 6.8.
From Fig. 6.8 we see a clear increase in the signal whilst working at both
the cantilever contact resonance (f0 ≈65 kHz) and at the various resonances of
the piezo transducers. It would make sense that to maximise the E-HFM signal
one should work at both the cantilever resonance and simultaneously one of the
piezo resonances, however this can be detrimental to the phase measurements.
Whilst working at the cantilever resonance the E-HFM phase is prone to being
unstable due to its sensitivity to the tip-surface properties[93]. It may be possible
to modify the E-HFM to always work slightly off the cantilever resonance through
a feedback system to increase both the phase and amplitude sensitivity however
we do not consider this approach yet.
Having demonstrated the heterodyne mixing in E-HFM we needed to understand how E-HFM behaves in characterising NEMS. For this we fabricated a series
of graphene resonator-type devices. For this we followed the procedure given in
appendix section A.1 whereby trenches were etched into a Si/SiO2 substrate and
graphite was exfoliated on top over a trench. One of the devices that we now
study is seen in Fig. 6.9
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Figure 6.8: E-HFM response as we drive the sample frequency between 4 and
4.25 MHz whilst the tip is driven at a frequency of ∆f below this. As a result
we see several features such as two of the main piezo resonances as diagonal lines,
demonstrating that they are attributed to a certain frequency of the tip piezo. In
addition to this the main cantilever contact resonance is seen as an increase in
the E-HFM amplitude. At the crossover points there is a two-fold increase in the
E-HFM signal at approximately 65-70 kHz. For the purpose of this map the tip
was stationary on an SiO2 surface.
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Figure 6.9: Analysis of the MLG flake used predominantly in this study. Image
a) shows an optical image of the flake on a Si/SiO2 flake (300 nm oxide layer) with
a 5 µm scale bar. Image b) shows the contact AFM topography map of the dotted
region in image a) where in turn the dashed line is the height trace shown in image
c). From c) we clearly see the step from SiO2 to MLG on the left and the region
where the material is suspended.

The device shown in Fig. 6.9 was found to be approximately 7 nm thick
suspended over the end of a trench which is 2.5 µm in width. To approximate
the vibration amplitude one would, expect we again turn to section 2.2.1 where
we obtain a figure of 7.5 nm. This number in reality is expected to be much
lower due to various damping effects which will increase as the device’s operating
frequency increases. We then employ E-HFM and HFM to study the flake in Fig.
6.9. The results of which can be seen below in Fig. 6.10.
In Fig. 6.10 we observe that in HFM the amplitude response is extremely
small, indicating a very soft material as one would expect for thin MLG suspended over a 2.5 µm gap. We also observe that the HFM phase response is
extremely noisy whilst on the suspended material. This may indicate that the
sample is too soft and that the amplitude of vibration is too small to overcome
the tip-sample non-linearity. The fact that both that HFM amplitude and phase
response is stable whilst the tip is on the supported material is further evidence
to support this claim. There is however some degree of contrast seen on the
suspended material, this may indicate that there are some local variations in the
sample mechanical properties allowing mixing to occur. As we look at the E-HFM
response we observe that the signal is stable in both amplitude and phase whilst
the tip is in contact with both the supported and suspended regions. This may
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Figure 6.10: A comparison of the E-HFM technique of MLG suspended over a
trench with conventional HFM. Topography, amplitude and phase images are all
shown. The contact force used in E-HFM images was F ≈0 nN, ft =4.01 MHz,
fs =4 MHz, VAC =5 V, VD C=-5 V and tip piezo amplitude=250 mV. For HFM we
use the following settings F =3.5 nN, ft =4.01 MHz, fs =4 MHz, tip amplitude 350
mV and sample piezo drive amplitude 3 V.
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suggest one of two things: Firstly that the graphene is oscillating itself due to the
electrostatic forces present thus providing additional amplitude which overcomes
the tip-sample interaction and mixes. The second case may be that the electrostatic vibration amplitude may be considerably higher than that of conventional
HFM allowing it to overcome the tip-sample non-linearity.
We do not consider the mixing through the electrostatic field as the cause
for the E-HFM contrast on the suspended MLG, because if it was purely the
mixing due to the non-linear electrostatic interaction we would see no nanoscale
variations in the signal. We may also rule out that the vibration amplitude of
both tip and sample being higher in E-HFM than HFM leading to absence of
mixing on the suspended region in HFM, because on the supported material
next to the trench we see a higher signal in HFM than E-HFM. Therefore we
propose that the contrast on the suspended region of MLG is observed in E-HFM
due predominantly to the electrostatic actuation of the membrane itself. One
additional possibility that we propose for the high signal on the suspended MLG
for E-HFM is the non-linearity of the vibration of the graphene itself.

6.3

Differential Interferometry of Graphene Resonators

Using a system devised by den Boeff [26] but similar to those used in other
studies[160, 161], we use the setup seen in Fig. 6.11. Here a low-noise 5 mW
laser where λ=635 nm, is used as the power source. The light from the laser is
initially incident on a linear polarizer (LP), which is oriented at 45◦ . Upon passing the linear polariser the beam passes through a non-polarising beam-splitter
(NPBS) and on to the first Wollaston prism (WP1). Here WP1 spatially splits
two equal components of the polarised light at an angle of almost 9 degrees whilst
introducing a phase difference between the two polarisations of φ. Both beams
are then incident on a lens with focal length of 10 mm where both beams are
then focused on to the sample with a separation of approximately 500 µm. Once
the beams have been recombined by WP1 they pass back through the NPBS and
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through a λ/4 plate. The purpose of this quarter wave-plate is to ensure that
the optimal phase between the object and reference beams is such that when
the beam goes back towards the laser it is completely blocked by the LP. Next
the laser beam reaches the second Wollaston prism (WP2) which is rotated by
45 degrees about the optical axis. The purpose of this is to provide the mixing
of the two beams. It is important to note that the distance between WP1 and
the lens should be equal to the focal length of the lens. This is so that maximum overlap between the beams is achieved and therefore greater interference
obtained. To illustrate the operating principle we have shown the phases of the
two orthogonally polarised beams at various stages of the interferometer in Fig.
6.11.
As Fig. 6.11 demonstrates we can tune the relative phase between the object
and reference beams by shifting WP1, this is done through the use of a piezo
transducer (PI Ceramics). By shifting the relative phases between the two beams
we can ensure that the power on each photodiode is the same which is the ideal
condition where a shift of the phase between object and reference is detected
most readily. This ideal phase difference between the object and reference beams
is given as(2n+1)π/2, n = 0, 1, 2.... By meeting this condition the total power on
PD1 and PD2 are identical and are cancelled out through the use of a differential
amplifier along with any amplitude noise in the laser signal. Any change in the
phase of the object beam will lead to equal and opposite changes in amplitude
at each photodiode segment arising from the additional shift of π produced at
WP2. By shifting WP1 over relatively large distances (≈25 µm) we see this
sensitivity of the system is sinusoidal in nature as shown in Fig. 6.12 and reported
elsewhere[26, 161], therefore for prolonged experiments it may be necessary to
include a feedback loop to ensure that piezo drift is not affecting the system
sensitivity.
In Fig. 6.12 we see the sinusoidal relationship. This peak to peak value
of this sinusoidal relationship can be used to calibrate the whole system as the
absolute peak to peak amplitude represents a shift of π/2 or λ/4=159.25 nm.
However the response of the system is not linear for these very high amplitudes
so it is necessary to only consider the linear region of the sine graph and calibrate
the amplifier output from here. To understand the sensitivity of the system we
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Figure 6.11: Illustration of the operating principles of the differential interferometer. Sub-figures 1-6 showing the relative phase between the object and reference
beams correspond to the numbers in the main figure. Here the polarised light
is split into a vertically polarised beam (blue) and a horizontally polarised beam
(red), one of which is incident on the end of the cantilever, the other on the base.
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Figure 6.12: Here we show the height of the fundamental thermal resonance peak
of a cantilever as a function of the distance moved orthogonally to the beam by
WP1. The peak height is normalised to the highest level of sensitivity. A sinusoidal
fit is applied to the data (red dash).
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Figure 6.13: Power spectral density of the system when measuring the thermal
resonance of a contact mode cantilver (BudgetSensors R , ContAl-G) in air at room
temperature. The first primary resonance is seen at f ≈13 kHz and the second
resonant mode seen at f ≈80 kHz.

employ it to study the thermal resonance of the cantilever, that is the excitation
of the resonance modes due to thermal energy present kB T . For this we use a
simple contact mode cantilever with the object beam focused on the end and
the reference beam focused at the base of the cantilever. The resulting power
spectral density measured is seen in Fig. 6.13 where we observe the first and
second thermal vibrational modes of the cantilever.
In Fig. 6.13 we observe that the electronic noise floor of the system in the
low-frequency regime is of the order of 400 nV/Hz1/2 . Thus far we have only
considered the case where the object beam is incident on a completely reflective
sample which therefore introduces an additional phase of 4πz/λ. For the application to graphene and other 2D-materials, where the thickness is of the order of
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Air: n0
Gr: n1
SiO2: n2
Si: n3

Figure 6.14: Schematic showing the ordering of materials and their refractive
indeces for graphene suspended over a trench. In the case of the object beam the
laser is incident on the graphene over the trench and the reference beam is incident
on plain SiO2 on Si.

1 nm, a few atomic layers, the mechanism for this additional phase on the object
beam is different. As has been studied both theoretically and experimentally in
other works [66, 67, 68] the visibility of graphene on a substrate depends on the
thickness of the underlying SiO2 . To generate a theoretical basis for predicting
the behaviour of the interferometer when measuring the resonances of graphene
and other 2D materials on SiO2 we turn to the work of H. Anders [69]. Firstly we
must consider the system and the all of the refractive indices involved, see Fig.
6.14.
With Fig. 6.14 in mind we consider a beam of coherent light incident on the
substrate as
A(x, t) = A0 ei(kx−ωt+φ)

(6.11)

This is either incident on the SiO2 /Si substrate or graphene suspended over
a trench etched into the substrate. Here a portion of the beam will be reflected,
absorbed or transmitted. The reflection coefficients are given below where r1
is the reflection coefficient for the graphene/air interface, r2 graphene/SiO2 , r3
SiO2 /Si, r4 air/SiO2 and finally r5 for the air/Si interface
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n0 − n1
n0 + n1

(6.12)

n1 − n2 (λ)
n1 + n2 (λ)

(6.13)

n2 (λ) − n3 (λ)
n2 (λ) + n3 (λ)

(6.14)

r4 (λ) =

n0 − n2 (λ)
n0 + n2 (λ)

(6.15)

r5 (λ) =

n0 − n3 (λ)
n0 + n3 (λ)

(6.16)

r1 =

r2 (λ) =

r3 (λ) =

The reflectance of the reference beam of the laser incident on SiO2 /Si (rr eir )
shown by H. Anders [69] and the reflectance of the object beam (ro eio ) incident
on the graphene suspended over an air gap, derived by similar methods, are shown
below
ir

rr e

ro eio =

r4 + r3 e−i∆2
=
1 + r4 r3 e−i∆2

r1 − r1 e−i∆1 + r5 e−i(∆1 +∆0 ) − r12 r5 e−i∆0 i(4πn0 /λ)δ sin(ωt)
e
−1 + r12 e−i∆1 + r1 r5 e−i∆0 − r1 r5 e−i(∆0 +∆1 )

(6.17)

(6.18)

Where ∆i is the phase picked up by passing through a medium of refractive
index ni and of thickness di and is given by
∆i =

4π
di ni
λ

(6.19)

To understand what happens to the object beam in Eq. 6.18 when we oscillate the graphene membrane we modulate sinusoidally the air gap between the
graphene and the Si as follows
d0 = d + δ sin(ωt)
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Figure 6.15: Reflectance of a coherent 635 nm source of light on a system of
SiO2 on Si for varying oxide thickness (red) and for the system where graphene
of varying thickness is suspended over an air gap equal to the oxide thickness on
Si. Thicknesses shown are monolayer (black), tri-layer (blue dot/dash), 10-layer
(green dots) and 30-layer thick graphene (purple dash).

Where δ is the amplitude of the graphene resonator and ω the frequency whilst
d is simply the oxide layer thickness. In addition to this we have an additional
term of ei(4πn0 /λ)δ sin(ωt) which corresponds the extra distance the beam travels
to hit the graphene resonator. To understand how the reflected intensity of the
beams will be affected by a) the oxide thickness and b) the thickness of the
suspended graphene we plot the reflected intensity of Eq’s. 6.17 and 6.18 in Fig.
6.15.
To consider the signal that one will observe from the differential amplifier we
subtract the intensities of the object and reference beams, 6.17 and 6.18 where
the difference is that there is an additional phase shift of π radians between the
two mixed beams of light split by WP2. To incorporate this we add an extra eiπ
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Figure 6.16: Simulation of Eq. 6.21 where we assume an ideal case of 220 nm
of oxide/air gap for a 635 nm laser incident on 10LG. Where φ is the shift of one
polarisation with respect to the other from WP1 and δ is the additional motion
from the suspended MLG.

term as shown in Eq. 6.21.

2

P D1−2 =

π
5π
1
1
Er (r0 ei(0 +2φ+ 4 ) + rr eir ) − − E0 (r0 ei(0 +2φ+ 4 ) + rr eir )
2
2

2

(6.21)

Where plotting Eq. 6.21 as a function of φ and δ in Fig. 6.16 we see that it is
beneficial in terms of sensitivity for φ to be a value such that the total response
is 0 and also that any change in δ will result in a linear increase of the output
signal. This is displayed in Fig. 6.16.
From Fig. 6.16 we see that for large amplitudes of vibration the response
of the interferometer becomes non-linear due to the large additional phase shift
introduced by the graphene membrane. This amplitude is typically on the order
of 50 nm which is well above the typical operating amplitudes of the graphene
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NEMS studied here.
From Fig. 6.15 we see that we must pick a thickness of the oxide layer such that
the slope of the line in Fig. 6.15 is greatest. This corresponds to the responsivity
of the system to the motion of the graphene. This presents a difficult challenge to
conventional methods of optical detection for graphene resonators as the region
of highest slope does not always correspond to the region where there is zero or
minimal refletance, espescially when one considers the sagging of the graphene
down into the trench. This failure to cancel out the power from the object and
allows any laser amplitude noise or drift to be present in the measurement. The
method of differential interferometry presented here provides a solution to this
problem as the linear polarising filter seen in Fig. 6.11 can be tuned so that
the relative intensities between the object and the reference beams are identical,
regardless of what the oxide thickness is. From here one would only need to
select the oxide thickness which gives the maximum responsiveness to the desired
thickness, since any laser noise can be cancelled out through adjustment of the
rotation angle of the polarising filter.

6.4

Summary

In this chapter on the electromechanical properties of devices made from 2D materials we have introduced several new experimental methods. The first of which
is direct contact electrostatic force microscopy (DC-EFM), a method previously
developed [105], where we have demonstrated the unique ability of this technique
to probe charge trapped beneath 2D materials, an otherwise hidden quantity. Using DC-EFM to study resonator-type devices fabricated from few-layer graphene
we have established that in order to measure the charge density beneath the material one must be able to detect the electrostatic actuation of the device. Given
this we have detected actuations on the order of a few hundred pico metres and
successfully inferred the trapped charge density.
In building on the electromechanical nature of DC-EFM measurements we
merge it with another established technique of heterodyne force microscopy (HFM)
[162]. In doing so we mate the electromechanical nature of DC-EFM with the
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sensitivity to time-dependant phenomena from the heterodyning technique to
give electrostatic heterodyne force microscopy (E-HFM). We first study the nature of this technique and proceed to apply it to suspended few-layer graphene
resonators. It is in doing this and comparing with traditional heterodyne force microscopy (HFM) that we are able to probe the time-dependant electromechanical
properties of the device on a nano second and nano metre scale. From studying
simple electromechanical systems made from few-layer graphene we show that
there is a high level of non-uniformity, believed to be largely due to complicated
stress distributions in the sample.
Finally we apply a little known method of optical interferometry capable of
√
25 fm Hz sensitivity to resonators from 2D materials. Here we lay down the
experimental procedure and theoretical framework to understand the behaviour
of such an interferometer to resonator-type devices deposited on a traditional
Si/SiO2 substrate. We demonstrate the sensitivity experimentally by measuring
the first two thermal resonant modes of a contact mode cantilever under ambient
conditions, where amplitudes were expected to be in the pico metre regime. This
method is presented as an improvement on conventional optical techniques due to
the ability to tune to a variety of samples in such a way as to completely remove
laser amplitude noise, important for probing such devices at low temperature.
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Chapter 7
Further Work and Future
Directions
In this chapter we bring together the work that was performed towards the end
of the project and that was not fully completed but nonetheless gives a future
direction for the research into 2D materials based NEMS and related scanning
probe methods. In this chapter we both show the development of a new avenue of
research as well show and suggest improvements made to some of the techniques
developed in this thesis.

7.1

Interaction of 2D materials with Surface Acoustic Waves

Whilst in the majority of this thesis we have actuated the graphene resonator type
devices electrostatically, by contacting the flake directly and applying a voltage
to the back-gate, we can not apply this to resonators fabricated from insulating
materials such as h-BN. It was therefore initially proposed to excite the suspended
membranes with surface acoustic waves (SAW). However the application was not
limited to this, as one could measure the electromechanical response of materials
simply placed on the substrate subjected to the SAW’s. To produce SAW’s
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Figure 7.1: Illustration of surface acoustic waves interacting with an MoS2 flake
upon which a laser is incident, changing the electrical boundary conditions of the
SAW through photo-excited carriers.

one would have to deposit interdigitated transducers (IDT’s) on a piezoelectric
substrate, then either etch a tench into the surface and deposit a flake of h-BN or
deposit a 2D-material of choice in the immedaite path of the IDT’s. Traditional
IDT’s are rectangular in geometry however it was found that by changing this
to a circular or elliptic profile one was able to focus the surface acoustic waves
into a rather small area [163, 164]. To understand the affect of the geometry
of the IDT’s we employed finite element analysis (FEA) software (COMSOL) to
simulate the dynamics of SAW on a LiNbO3 substrate in the X crystallographic
orientation. The results of one of these simulations is seen in Fig. 7.3.
Here we find that the focused interdigitated transducers(FIDTs) are effective at focusing the surface acoustic waves and there is a preferential curvature
at which the beam is most narrow and parallel, which can be found through
simulation, thus greatly aiding the operating efficiency of the devices produced.
Once the optimal shape of the IDT’s has been determined one must decide the
spacing period between the individual fingers, that is the frequency at which the
SAW’s should be excited. For this study we chose a frequency of 433 MHz to
give a short wavelength as the SAW velocity in LiNbO3 in the X-direction was
approximately 3870 ms−1 [165] giving a wavelength of approximately 9 µm. The
reason for wanting a wavelength of this order was that it was comparable to the
exfoliated flakes studied and also comparable in length to twice the approximated
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b

a

c

Figure 7.2: FEA results on the simulation of FIDT. Image a) shows the setup of
the curved IDT fingers used in the simulation whereas b) and c) show the focusing
of the SAW beam for the case where the ratio fo the radii in the x and y directions
Ry /Rx is given as b) 0.89 and c) 0.7. The simulated inbut voltage was 0.1 mV.

suspended region of h-BN beam resonators. Choosing the frequency such that
the individual finger width was not less than 1 µm greatly aided in the fabrication
of devices as it was within the capabilities of optical lithography. A series of test
devices were fabricated using optical lithography, one of which is seen in Fig. 7.3.
None of the devices shown similar to that in Fig. 7.3 were tested due to
experimental difficulties with the adhesion of the Ti/Au contacts to the substrate.
Instead future devices will use Al contacts as these are both lighter and will not
dampen the SAW’s to the same extent but also the adhesion is found to be better.

7.1.1

Bilayer h-BN Resonators, Interaction with Surface
Acoustic Waves and Flexoelectricity

The use of h-BN as a material in the use of NEMS is expected to bring with
it a series of new phenomena that will alter the device performance. One such
effect is the phenomena of flexoelectricity[166, 167]. This is the effect by which
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Figure 7.3: Optical microscope image of FIDT’s on LiNbO3 . Scale bar in lower
left corresponds approximately to 100 µm. Contacts are deposited with a Ti adhesion layer (30 nm) and Au (150 nm).
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dielectric materials exposed to high levels of non-linear stress exhibit an electrical
polarisation. The flexoelectric effect becomes more prominent in the thin limit
of materials where strain gradients are highest. With 2D-materials being the
thinnest by nature one would expect to be able to easily observe any flexoelectric
effects.
In addition to this, h-BN has been predicted to exhibit piezoelectric properties when stacked in an odd number of layers[168], assuming that the layers are
stacked in an AA’ fashion (i.e. each boron atom has a nitrogen atom directly
above and below and vice versa) [43]. This piezoelectricity has its origins in the
noncentrosymmetric nature of the odd layered crystals. If one were to use bi-layer
h-BN the electrical polarisation observed due to mechanical strain would solely
be due to the flexoelectric effect.
We are therefore interested in observing the interaction of the surface acoustic
waves with suspended bilayer h-BN to observe the electromechanical effect that
is flexoelectricity. To try to gain a theoretical understanding and even predict the
behaviour of such a system we attempt to simulate elastic waves in the bilayer
h-BN. Elastic waves such as SAW’s travelling along the surface in a traditional
medium are typically called Rayleigh waves however once the medium in which
the wave is travelling becomes suitably thin, the depth at which the wave penetrates normally interacts significantly with bottom surface. Waves of these nature
are known as Lamb waves and can take two forms; firstly where the motion of the
top and bottom surfaces is symmetric about the mid-plane and secondly where
they are anti-symmetric about the mid-plane. It is therefore expected that SAW
incident on bilayer h-BN will produce Lamb waves in the ultrathin limit. The
presence of Lamb waves in bilayer graphene has already been studied theoretically where the dispersion curves of the various modes are predicted[169]. We
therefore use this approach in calculating the dispersion curves of bilayer h-BN
without considering flexoelectricity, the results of which are seen in Fig. 7.4.
From Fig. 7.4 we observe that in the ‘low’ frequency regime we should observe
the first three antisymmetric modes (A0 , A1 , A2 ) and the second symmetric mode
(S1 ). To understand further the behaviour of these modes and the dispersion
relation one would have to include the theory of flexoelectricity.
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Figure 7.4: The Lamb wave dispersion curves calculated for bilayer h-BN showing
the dimensionless velocity as a function of dimensionless frequency where vs is the
shear wave velocity in the material and h is the bilayer thickness. The types and
orders of vibrational modes are shown where An corresponds to antisymmetric and
Sn symmetric of order n.
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Figure 7.5: The resonator type device fabricated from MLG suspended over a
series of trenches. The image in a) shows the MLG flake suspended over one and
partially two trenches whilst electrically contacting the Au contacts. Inset we have
the side schematic of the sample layers. Trenches are etched into the Si/SiO2
substrate to a depth of 300 nm. A grid is then laid over the top of these trenches
where a layer of SiO2 (50 nm) is first deposited to prevent any contact from the
Ti/Au with the underlying Si. Ti is of thickness 20 nm and Au 100 nm. The MLG
of varying thickness is then transferred as the final stage. Image b) shows the AFM
topographical image of the suspended flake.

7.2

High-Frequency Electrostatic heterodyne force
Microscopy

To understand further the mechanism by which E-HFM images graphene and
other 2D-material based NEMS it is important to decouple the electrostatic effects on the cantilever due to the back-gate from the interaction with the device
itself. For this it will be important to use both stand-alone graphene resonators,
which do not rely on an electrically conductive tip to be grounded, combined with
an electrically insulating tip, which should not interact detectably with the electrostatic field. Towards the end of this study a series of devices were fabricated
for this purpose such as the one seen in Fig. 7.5
Imaging such a device both in vacuum with E-HFM will allow one to decouple
the electrostatic interaction of the cantilever from that of the device itself. This
would need to be done under vacuum to ensure that there was a high Q-factor
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associated with the resonator.
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Chapter 8
Conclusion
In conclusion we have studied the morphological, mechanical and electromechanical properties of 2D materials and their heterostructures. By studying the morphology of graphene on h-BN and the resulting Moirè pattern we have elucidated
that the sample adhesion over the period of the Moirè superlattice varies detectably. We propose that the origin of the observed UFM contrast of these
samples is largely due to the variation in sample adhesion, where for the incommensurate regions (i.e. a carbon atom does not sit directly on a boron or nitrogen
atom benath) the adhesion is higher. We also observe an increase in the friction
present at the AFM tip in these regions, providing further evidence to support
the claim. Having probed the small scale (in the range of a few tens of nanometres) morphological properties of graphene on h-BN in the Moirè superlattices,
we then turned our attention briefly to the larger scale morphological properties.
By probing the large scale structure, typically on the µm scale, with both contact
mode AFM and UFM we are able to observe delaminations in the graphene, these
delaminations were elongated and non-uniform eluding to the claim that there is
a complicated stress distribution in the system. What is more is that we were able
measure the mechanical integrity of these delaminations for graphene on SiO2 and
on an h-BN substrate, where we find that in the latter case the delaminations are
more rigid. The implications of which may suggest that the stress distributions of
graphene on h-BN are largely non-unifrom on the micrometre scale but on a scale
of tens to hundreds of nanometres form regular periodic structures indicative of
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a regular stress pattern. These findings may help to understand future electronic
device performance of graphene on insualting h-BN.
Having used force modulation microscopy (FMM) and ultrasonic force microscopy (UFM) to image morphological structures we then turn our attention
to the capabilities for such techniques to probe the subsurface structure of thick
stacks of 2D materials or heterostructures. To do this we initially use a theoretical approach to understand the role of the material anisotropy in the lateral
resolution of UFM but also the depth at which one is able to probe. From this
we find that the weak interlayer van der Waals bonding and therefore low out of
plane elastic modulus E3 and weak interlayer shear modulus G23 allow the stess
field beneath the AFM probe to become ‘focused’ almost entirely underneath the
tip. We demonstrate this effect of the focusing of the stress field by imaging
MoS2 and MLG of thickness between 10-120 nm on trenched substrates where we
can clearly see the trench beneath the thick material. We confirm that the UFM
contrast is due to both the flexing and the contact stiffness from the applied load
and that in the case of large defects such as the trench beneath the material we
see that the flexing of the sample dominates the UFM contrast. However when
we remove the effect of large-scale sample flexing we were able to observe the
substrate interaction with the bottom layer through flake thickness’ of over 15
nm. Therefore the ability for ultrasonic techniques of UFM and HFM to probe
the subsurface structure of layered 2D materials and heterostructures is greatly
enhanced by the high level of anisotropy inherent in the materials. This therefore
makes these techniques a valuable tool in characterising heterostructures of ever
increasing complexity and layer numbers. It also allows one to non-destructively
probe the subsurface properties of such a system, an ability which is not currently
possessed by any other known technique.
With our understanding of the subsurface contrast provided by UFM and the
role in which sample anisotropy plays we turn our attention to the mechanical
properties of graphene grown on 4H-SiC. The growth of graphene on SiC provides a possible solution to the problem of high quality and large-scale growth
of graphene films. There is however an isssue with the interaction of the SiC
substrate affecting the electronic properties of the graphene layer. One effective
solution proposed in literature was to intercalate the substrate with hydrogen,
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effectively removing the interaction the graphene layer and thereby improving
the electronic properties, however it was not know to what extent this decoupled
gaphene from substrate. We employ UFM to study the mechanical properties and
therefore the interaction that the graphene layer/s have with the substrate. From
this we report that there is a significant decrease in the measured sample stiffness indicating that the graphene layer is largely decoupled from the substrate.
However we also state that the layer is inherently stable as we not observe the
tearing or breaking of the graphene layer/s. This is important as it means that
the substrate provides adequate support, an ideal case for the manufacturing of
electronic or other such devices from graphene. Whilst studying the mechanical
stiffness of graphene on 4H-SiC intercalated with hydrogen we also observe several other phenomena, the first of which are irregular pockets or regions where
the mechanical stiffness is greatly reduced. By observing these structures over a
period of time we notice that they are not always stable and appear to change
in size/shape therefore indicating that these may well be pockets of H2 gas left
over from the intercalation process. Another phenomena that we observe, and
something that has been reported elsewhere in literature, is the presence of triangular depressions. We probe the frictional and mechanical properties of these
where upon analysis we deduce that the depressions themselves, especially in intercalated samples, are regions where the graphene is both thinner and may be
covalently bound to the substrate. We also observe that due to the weak interaction with the intercalated substrate it may be possible to lift up the graphene
partially with the AFM tip. The outcome of this research on graphene grown on
4H-SiC may provide an insight into the electrical behaviour observed elsewhere
as we identify several unusual phenomena such as pockets of trapped hydrogen
and triangular depression. This may help in the development of new growth
procedures aimed at improving the uniformity of the sample as a whole.
We also report on electrostatic phenomena observed in graphene resonator
type devices. We have observed, through the detection of the electrostatic actuation of the graphene membranes with an AFM probe, the charge trapped
beneath the MLG flake. We present this as a new use of the already existing
technique of direct contact electrostatic force microscopy (DC-EFM) as a way
of characterising the local charges present within the vicinity of the graphene
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NEMS, an important property that can adversely affect device performance. We
propose that this method may be used to probe the electrostatic environment,
something that is highly dependant on the temperature and humidity, beneath
indeed any conductive material where the charges are effectively screened. This
is provided that there is a detectable electrostatic actuation of the material by
the AFM, typically above 50 pm. Finally we devise a new sub-method of AFM
called electrostatic heterodyne force microscopy (E-HFM), this method draws on
the heterodyne mixing principle widely used in RF electronics but also in SPM to
deduce time-dependant mechanical phenomena. By mixing the mechanical vibration of the tip with an electrostatic field we are able to probe the electromechanical
properties of graphene resonators with a time resolution of ≈1 ns. This method
opens the door to mapping with a nm and ns resolution the time-dependant
properties of graphene NEMS, something that has not yet been achieved to date.
The described method of E-HFM was demonstrated at relatively low operating
frequencies, however as devices decrease in size and increase in frequency this
can be scaled up to higher frequencies (>GHz) whilst maintaining a nanometre
resolution.
Going forward we now show some of the preliminary work that has been
carried out in order to further develop the method of E-HFM. We also present
some of research carried out into the development of a new hybrid type of device
which combines h-BN resonators with surface acoustic wave devices. Here one
expects to be able to probe the behaviour of Lamb waves in the ultrathin limit
where we expect nanoscale phenomena such as flexoelectricity to play a role.
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Appendix A
Materials and Methods
A.1

Substrate SiO2 Etching

Throughout this thesis we have made use of Si/SiO2 substrate with trenches
of various widths etched into them. Whilst the trenches of width 300 nm were
fabricated by collaborators at Durham[144] all other trenches etched into the substrate were manufactured in house through the use of reactive ion etching (RIE).
All etching was performed with an Oxford Instruments PlasmaPro R NGP80. To
setup the substrate for etching we used a single layer of S1813 photo resist spun
at 3000-4000 rpm for a total of 30-60 seconds, this gave a thickness of approximately 1.3-1.6 µm. The resist was then baked at 115 o C for 60s. To expose the
trench areas we placed the mask containing the features on the substrate and
illuminated with UV light (mercury lamp at 280 W power) for 2 seconds. The
resist was then developed in the developer MF-319 for a total of 45 seconds after
which we baked the sample once more at 90 o C for 90 s.
The gas mixture for etching was CHF3 :- 35sccm and 02 :- 15 sccm with an RF
power of 80 W. The time given for the etching process can be calculated from Fig.
A.1. This etch process was relatively slow but allowed for a precisely controlled
thickness.
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Figure A.1: The etch rate for the perscribed method of RIE
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Appendix B
Nanomechanical Phenomena in
2D Materials
B.1

Growth of Graphene on SiC

The 4H-SiC samples grown for the use in this study were produced by initially
heating the SiC sample at 1600o C in the presence of an argon laminar flow, the
pressure of which was used to determine the thickness of the graphene grown. The
intercalation process was performed afterwards and separately from the growth
stage. To intercalate with hydrogen samples were heated to temperatures between 1100-1200o C in an H2 environment at a pressure of 900 mbar, the samples
were then cooled whilst maintaining a hydrogen atmosphere to prevent the deintercalation of the substrate.

B.2

Piezo Calibration for Differential UFM

As the amplitude of the piezoelectric transducer can vary measurably over the
distance of tens of µm[99] it is difficult to calibrate this amplitude accurately
using methods such as laser vibrometry where the precise location of the sample
has to be found and measured every time a measurement is made. One solution
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Figure B.1: The piezo calibration curves for one location on the as-grown sample
for set forces of 0 nN (black), 15 nN (red) and 30 nN (blue). The rms ultrasonic
vibration is shown as a function of the amplitude of the voltage applied to the
piezo.

to this was proposed[100] whereby the amplitude of vibration is increased well
beyond the point at which the ultrasonic deflection is observed. The principle by
which one can calculate the piezo amplitude is that in the high amplitude regime
an increase in the piezo amplitude will result in an equal change in the ultrasonic
deflection, the ultrasonic deflection (measured as the rms voltage from the lockin
amplifier) can then be calculated if the deflection constant of the cantilever is
known. To perform this calibration we used a LabView program to sweep the
piezo drive amplitude whilst measuring the lockin amplifier response, the results
of such a sweep can be seen in Fig’s. B.1 and B.2.
Here we observe that as the applied voltage to the piezo increases the UFM
response or amplitude plateaus. The slope of this line is to be taken as the
constant associated with the piezo at this particular point. As one can see these
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Figure B.2: The piezo calibration curves for one location on a Si3 N4 sample for
set forces of 0 nN (black), 15 nN (red) and 30 nN (blue). The rms ultrasonic
vibration is shown as a function of the amplitude of the voltage applied to the
piezo.
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curves are not always in agreement with each other as we show the UFM response
at several set forces. The voltages at which we drive the piezos are perhaps in
the region at which there are additional non-linear effects from the PZT material.
It is clear that this method does produce exact results however the variation is
minimal and it is, to a good approximation valid.
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Appendix C
Nanoelectromechanical
Phenomena
C.1

Electronic Detection of the Differential Interferometer Signal

As the interferometer used in section 6.3 is to be used for the high frequency
detection of graphene and other 2D materials resonators we need to employ suitably fast electronic detection systems. In the detection of light we employ a
split-segment photodiode with a response time of 13 ns under a 10 V reverse
bias, this was adequate to detect at frequencies up to approximately 75 MHz. To
detect the resulting photo current an instrumental amplifier, seen in Fig. A was
used.

C.2

Alignment in Differential interferometer

To be able to align the sample with the two laser spots in the differential interferometer with sub-µm precision we employ an additional beam splitter along
with a CCD camera. To implement this we employ a band-pass filter to remove
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Figure C.1: Internal transmittance characteristics of the filter used in front of
the CCD system.

a large portion of the laser light, without this the image on the CCD would be
saturated. In addition to this the filter prevents any light from the illumination
from affecting the system. The filter manufactured by Schott has the following
characteristics for a reference of 1 mm thickness, the component used in these
studies was however of 3 mm thickness.
Once the laser light was reduced in intensity so that it did not oversaturate
the image on the CMOS camera it was possible to view the sample. As the image
viewed by the camera was seen through WP1 and illuminated with unpolarised
light two images could be seen on the screen of different areas of the sample.
Assuming the system had been properly aligned such that both laser beams perfectly recombined upon passing through the WP1 a second time the image seen
by the camera would be of one bright spot corresponding to the recombined laser
beam and two images overlapped as seen in Fig. C.2
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Figure C.2: Image seen at the camera (scale bar 50 µm)in the interferometer
where light from both polarisations recombine and overlap. The recombined laser
beam can be seen in the centre of the image where it corresponds to different
positions on either image; at the base of the cantilever for one image (outlined in
dotted green line) and at the tip of the cantilever for the other image (outlined in
blue).
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