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1. Introduction

Graphene is a single atomic layer isolated from graphite. For a long time

the generally accepted view was that atomically thin films are thermody-

namically unstable. No contradicting experimental evidence was found

until the discovery of graphene in 2004 [1]. Experiments with very thin

graphite samples, possibly down to monolayer thickness can be found in

the literature [2, 3], but the work in 2004 by Geim et. al. was the first

unambiguous demonstration of electronic devices made from graphene.

Soon after various other freestanding two-dimensional (2D) crystals were

produced, such as hexagonal boron nitride, MoS2, WSe2, etc. [4]. In all

of these materials there exists strong in-plane covalent bonding, but the

layers are held together by weak van der Waals interactions. Remarkably,

single layers from these materials can be extracted via simple mechanical

exfoliation, or the so called "Scotch-tape method". A key finding was also

the weak optical interference effect, which makes single layer crystallites

visible under an optical microscope when placed on a suitable substrate.

Scientific and commercial interest in graphene has grown tremendously

during the past decade. Graphene embodies a number of record-breaking

properties in a one single material. In terms of fundamental physics, the

charge carriers in graphene mimic certain relativistic high energy phe-

nomena, and it is a platform to study many-body interaction effects. Al-

though graphene does not have an intrinsic band gap, its high mobility

makes it immediately attractive for high frequency transistor applica-

tions. Graphene is chemically inert and since it is essentially only a sur-

face, it is very sensitive to the ambient environment. Graphene’s high

Young’s modulus and specific strength suggests that incorporating it to

light weight polymers would yield significant improvements in their me-

chanical performance. At the same time graphene is transparent, so that

various flexible electronic devices can be made. The list can be further

9



Introduction

extended with a very high thermal conductivity, impermeability to gases,

and the capacity to withstand current densities around one million times

higher than copper. It is not hard to see why so much excitement has

arisen around graphene.

The two main themes explored in this Thesis are the electron transport

in high quality graphene devices, and mechanical resonators made from

graphene and related materials. High mobility graphene samples can be

obtained by suspending graphene, which allows to study the intrinsic lim-

its of electron transport without interference from a supporting substrate.

Experiments were performed in high bias conditions, which is a relevant

regime for many practical graphene applications. Mechanical resonators

are very sensitive detectors for mass, force, or charge. As an ultrathin

and lightweigth material, graphene is ideal for nonlinear tunable elec-

tromechanical devices. In this Thesis methods to fabricate and measure

graphene mechanical resonators have been developed, which may even

enable the study of quantum mechanical motion of mesoscopic resonators.

10



2. Fundamentals

This chapters describes the basic electronic properties of graphene, and

the main theoretical ideas behind the publications. Extensive reviews of

graphene properties can be found in the literature [5, 6, 7, 8, 9, 10, 11].

2.1 Graphene electronic structure

Carbon is the sixth element in the periodic table with a 1s22s22p2 ground

state electron configuration. The four valence electrons in the 2s, 2px,

2py and 2pz orbitals can form various hybridized sp orbitals, which is the

reason why nearly endless different structures can be formed by carbon-

carbon bonding. In graphene, one 2s orbital is mixed with two 2p or-

bitals, forming three sp2 hybridized planar σ orbitals with a 120° angle

between them. Consequently, the carbon atoms in graphene arrange in a

hexagonal honeycomb-lattice as shown in Fig. 2.2. The strong σ bond is

responsible for the high mechanical strength of graphene and related car-

bon allotropes, which can be thought of as being derived from graphene

(Fig. 2.1). The remaining 2pz orbitals are oriented perpendicular to the

graphene surface, and form a delocalized π conduction band.

The lattice vectors in real space are given by

a1 =
a

2
(3,
√
3), a2 =

a

2
(3,−

√
3), (2.1)

where a = 0.142 nm is the carbon-carbon bond length. The honeycomb lat-

tice consists of a hexagonal Bravais lattice with a two atom basis, which

are denoted by sublattice A and sublattice B. Alternatively, the honey-

comb structure can be thought of as a union of two offset triangular lat-

tices. Physically the atoms at sites A and B are the same, but they are

inequivalent in a sense that they cannot be connected by a lattice vector

R = n1a1 + n2a2, where n1 and n2 are integers. The reciprocal lattice is

11



Fundamentals

Figure 2.1. Graphene, the two-dimensional allotrope of carbon can be thought of as the
building block for other nanocarbon structures. Reprinted with permission
from Macmillan Publishers Ltd: Nature Materials [5] ©2007.

also hexagonal as indicated in Fig. 2.2, and the corresponding primitive

vectors in reciprocal space are

b1 =
2π

3a
(1,
√
3), b2 =

2π

3a
(1,−

√
3). (2.2)

The band structure of graphene was already considered by Wallace in

1947 as a starting point for studying graphite [12]. The band structure

can be well approximated with a tight binding calculation including near-

est and next-nearest neighbour hopping. The dispersion relation is given

by

E(k) = ±t
√
3 + f(k)− t′f(k), (2.3)

where

f(k) = 2 cos
(√

3kya
)
+ 4 cos

(√
3

2
kya

)
cos

(
3

2
kxa

)
. (2.4)

Here t ≈ 2.8 eV is the nearest neighbour hopping energy between the sub-

lattices [6], and t′ ≈ 0.1 eV the next-nearest neighbour hopping energy

which is not known very accurately. The band structure is illustrated in

Fig. 2.3. The t′ term breaks the electron-hole symmetry, but it is usu-

ally neglected. The valence and conduction bands touch at the corners of

12



Fundamentals

Figure 2.2. Left: the hexagonal honeycomb lattice of graphene, where the two sublat-
tices A and B are denoted with different colours. The primitive vectors are
indicated as a1 and a2. Right: The graphene Brillouin zone, which is also
hexagonal. The lattice vectors in reciprocal space are indicated by b1 and b2.
Reprinted with permission from [6] ©2009 American Physical Society.

the Brillouin zone, which are called Dirac points. Only two of them are

inequivalent, located at

K = (
2π

3a
,

2π

3
√
3a

), K′ = (
2π

3a
,− 2π

3
√
3a

) (2.5)

in the reciprocal space. In pristine graphene, the Fermi energy lies at zero

energy where the π bands cross. The effective dispersion relation at small

wavevector k = q + K, with q � K can be written as [12]

E±(q) = ±�vF |q|+O(q/k)2, (2.6)

where q is the momentum relative to the Dirac point K (or K′). The

energy-momentum relationship in graphene is thus linear for both elec-

trons and holes (Fig. 2.3). Graphene can also be classified as a gapless

semiconductor. The energy of the charge carriers depends on the constant

vF , the Fermi velocity. Its magnitude can be estimated from the tight-

binding parameters as vF = 3�ta/2 ≈106 m/s in an empty band. It is also

worth to note that the velocity does not depend on the momentum as in

the usual case. The density of states also depends linearly on energy:

ρ(E) =
2Ac

π

|E|
v2F

, (2.7)

where Ac is the unit cell area. This result can be contrasted to the con-

stant density of states in ordinary 2DEG systems.

The low energy Hamiltonian for charge carriers close to the Dirac point

has the form

13
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Figure 2.3. The band structure of graphene. The zoom-in near the Dirac point shows the
linear dispersion at low energies. Reprinted with permission from [13] ©2006
AIP Publishing LLC.

Ĥ = �vF

⎛
⎝ 0 qx − iqy

qx + iqy 0

⎞
⎠ = �vFσ · q, (2.8)

which is analogous to a Dirac Hamiltonian for relativistic massless par-

ticles, where the speed of light is replaced by the Fermi velocity. Due to

the two atom basis, the wavefunction has a two component form corre-

sponding to electron densities in sublattice A and sublattice B. This is an

additional degree of freedom dubbed pseudo-spin (or chirality), which to-

gether with the linear spectrum gives rise to the many exotic phenomena

only present in graphene such as Klein tunneling [14] or the anomalous

half-integer quantum Hall effect [15, 16].

2.2 Shot noise

Shot noise in electronic conductors is the out of equilibrium noise that is

a result of the discrete nature of charge [17]. In devices such as a vacuum

tube, pn-diode, or a tunnel junction, the charge carriers are transmitted

intermittently in an uncorrelated fashion, i.e. as a Poisson process. The

shot noise is "white", meaning that it does not depend on frequency over a

wide range. This is true for frequencies ω < 1/τ , where τ is the width of a

one electron transmission event. The so called Poissonian noise spectrum

was already derived by Schottky [18]:

SP = 2e〈I〉, (2.9)
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where 〈I〉 is the time-averaged current. Shot noise is interesting due to

the reason that it contains information on the temporal correlations of the

charge carriers.

The Landauer-Büttiker formalism is a powerful tool to describe the con-

ductance properties of mesoscopic conductors via the scattering approach

[19]. The conductor is considered as a scattering region which is connected

to two reservoirs, and the conductance at the zero temperature limit can

be written as

G =
e2

h

∑
n

Tn, (2.10)

where Tn are the transmission probabilities for n = 1...N transmission

channels, which are assumed to be independent of energy. The noise pro-

duced by the conductor at temperature T at equilibrium, i.e. voltage V = 0

is given by

SI = 4kbT
e2

h

∑
n

Tn, (2.11)

which is simply the Johnson-Nyquist noise produced by a resistor [20, 21].

It is evident from Eq. (2.11) that the thermal noise does not contain more

information about the conductor than what is gained from conductance

measurement. However, for a finite voltage V > 0 (T = 0), the shot noise

reads [17]

SI =
e3|V |
π�

∑
n

Tn(1− Tn). (2.12)

It can be seen that the shot noise is determined by a sum of products be-

tween transmission and reflection probabilities. The shot noise vanishes

for a ballistic conductor where Tn = 1. For a system where Tn � 1 for all

channels, the Poisson value is recovered:

SP =
e3|V |
π�

∑
n

Tn ≡ 2e〈I〉. (2.13)

The reduction of shot noise from the Poisson value is typically character-

ized by the Fano factor F , which is the ratio of actual noise to the Poisso-

nian value:

F =
SI

SP
=

∑
n Tn(1− Tn)∑

n Tn
. (2.14)

The Fano factor F = 0 corresponds to fully transparent channels, and

F = 1 to purely Poissonian noise processes. Eq. (2.12) can be generalized
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for finite temperature and finite bias: [22, 23]

SP = 2
e2

h
[2kBT

∑
n

T 2
n + eV coth(

eV

2kBT
)
∑
n

Tn(1− Tn)]. (2.15)

Eq. (2.15) describes the crossover from thermal noise (eV << kBT ) to shot

noise (eV >> kbT ).

2.3 Cavity optomechanics

Light can transfer momentum to an object, an effect known as the ra-

diation pressure force. The momentum transferred by a single photon

is Δp = 2�k. The effect is normally very weak, but it can be magnified

by confining the electromagnetic field inside a cavity. Canonical optome-

chanical setup is shown in Fig. 2.4: one of the cavity mirrors is fixed,

while the other one is free to vibrate at a frequency ωm. As a consequence,

the resonance frequency of the optical cavity depends on the position of

the mirror. For instance, this system can be used to interferometrically

measure the position of the movable mirror with great accuracy, as was

done in the search for gravitational waves [24, 25]. The radiation pressure

force in a cavity gives rise to dynamical back-action effects, such as para-

metric instability (or optomechanical amplification) and optomechanical

back-action cooling of the mechanical motion [26]. The effects are classi-

cal and result from the finite lifetime of the photons inside the cavity. The

discrete nature of photons also leads to the so called standard quantum

limit, which imposes constraints on how accurately the mirror position

can be measured.

In recent years, the optomechanical principle has been extended from

macroscopic devices to micro- and nanomechanical systems, and from op-

tical frequencies to microwaves. The long standing goal is to be able to

coherently control the motion of mechanical resonators at quantum level

[27, 28]. To this end high frequency resonators have been studied in a

cryogenic environment, and sideband cooling has been utilized to reach

the mechanical ground state [29, 30].

The basic concepts of optomechanics are reviewed below [27, 28]. For an

optical cavity with length L and N antinodes, the resonance frequency is

given by

fc =
ωc

2π
=

c

2L/N
=

N

2

c

L− x
� Nc

2L
(1 + x/L), (2.16)
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Figure 2.4. Fabry-Pérot cavity with a harmonically suspended end mirror.

where x denotes the coordinate of the movable mirror. The optomechan-

ical coupling strength describes how much the cavity frequency changes

due to mechanical displacement:

g ≡ ∂ωc

∂x
xzp =

ωc

L
xzp. (2.17)

Here xzp =
√
�/2meffωm is the mechanical zero-point motion amplitude.

The Hamiltonian describing the coupled system reads

Ĥ = �ωca
†a+ �ωmb†b+ �ga†a(b† + b), (2.18)

where a† and b† are the creation operators for the cavity and mechani-

cal resonator, respectively. In the microwave regime, the electromagnetic

mode is confined in a microwave resonator which can be described by an

effective LC circuit. The total capacitance is a sum of a constant C and a

small x-coordinate dependent part Cg(x). The cavity frequency can then

be expressed as

ωc =
1√

LCtot(x)
=

1√
L(C + Cg(x))

. (2.19)

Following the definition from Eq. (2.17), the coupling strength can written

as

g =
∂ωc

∂x
xzp =

ωc

2C

∂Cg

∂x
xzp. (2.20)

According to Eq. (2.20), high coupling strength is achieved with a low

total capacitance, large zero-point motion and large change of capacitance

with respect to mechanical motion. For a parallel plate capacitor with a

plate separation d0, the capacitance sensitivity is ∂Cg/∂x ∝ 1/d20, which

implies that a small vacuum gap is crucial.

When the microwave cavity is excited with a monochromatic signal ωP
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at input power PP , an average photon population is created:

nc =
PPκEi

�ωc

1

(ωP − ωc)2 + (κ2 )
2
, (2.21)

where κ = κEi + κEo + κI is the total cavity decay rate including input,

output, and internal decay rates. The photons circulating in the cavity

may interact with the mechanical resonator by Stokes and anti-Stokes

scattering. Since the cavity response curve is a Lorentzian, the preferred

scattering mode depends on the pump detuning Δ = ωc − ωP . For a "red"-

detuned pump tone below the cavity frequency, the photons are preferably

up-converted by absorbing a phonon from the mechanics, and vice-versa

for a blue-detuned pump. This effectively leads to cooling or heating of

the mechanical motion. The effective optical damping can be written as

γopt = ncg
2

(
κ

κ2/4 + (Δ + ωm)2
− κ

κ2/4 + (Δ− ωm)2

)
, (2.22)

which can be negative or positive depending on the pump detunings. In

the resolved sideband limit where ωm 
 κ, the maximum damping rate

at red-detuned pumping Δ = −ωm is given by

γopt =
4gnc

κ
. (2.23)

The total effective damping rate is the sum of the optical and intrinsic

mechanical damping (γm = ωm/Qm) rates:

γeff = γopt + γm. (2.24)

If the mechanical resonator has an initial thermal phonon occupation

nT
m ≈ kbT/�ωm, the effective damping reduces the thermal contribution

to

nm =
γm
γeff

nT
m, (2.25)

assuming the cavity mode is in its ground state. The sideband cooling can

bring the mechanical mode to the ground state, described by nm ∼ 0. This

classical expression does not set a lower limit on the achievable phonon

occupation, but quantum mechanical treatment gives the following re-

striction:

nm,min =

(
κ

4ωm

)
. (2.26)

For a red-detuned pump at ωP−ωc = ωm the output spectrum at the cavity
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center frequency (divided by the system gain G) is given by [31]

Sout

G =
κEi

κ
nT
c +

κEi

κ
γopt

γeff
(ω − ωm)2 + γ2eff/4

(nm − 2nT
c ), (2.27)

where nT
c is the possible thermal occupation in the cavity. The lower

sideband created around the pump frequency is filtered out by the cav-

ity response function. All the information of the mechanical resonator is

encoded into the sideband signal.
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3. Electronic transport in graphene

This chapter gives an overview of Publications II, III, and V, in which

electronic transport in graphene was studied.

3.1 Fabry-Pérot resonances in suspended graphene

In ballistic mesoscopic conductors, the charge carriers can interfere simi-

larly to light waves [19]. These Fabry-Pérot type of interference effects are

expected to be rather robust in graphene, due to the very low amount of

disorder present in the material. In suspended, exfoliated graphene sam-

ples mobilities up to 106 Vs/cm2 have been reached at low temperatures

[32, 33, 34], which means that graphene devices exhibit ballistic transport

up to micrometer length scales. The transport regimes in a mesoscopic

conductor connected to metallic leads or ’reservoirs’ can be classified ac-

cording to the momentum and phase relaxation lengths. In a classical

ohmic conductor, both the phase coherence length 
φ and the mean free

path 
m are smaller than the conductor length L. The relaxation lengths

are determined by elastic and inelastic scattering. In a diffusive conduc-

tor, 
m < L due to elastic scattering but 
φ > L, and interference effects

are still observable. The phase coherence length is determined by inelas-

tic scattering. In the ballistic regime 
φ, 
m > L and charge carriers fully

retain the wave character and can interfere when propagating between

the contacts. Both 
φ and 
m are affected by temperature, and typically

low temperatures are required to see the quantum interference effects.

The conductance of a graphene strip with a length L and width W can

be expressed via the Landauer formalism at zero temperature as

σ0(E) =
L

W
G(E) =

L

W

4e2

h

∞∑
n=0

Tn(E), (3.1)
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where the factor 4 accounts for spin and valley degeneracy. The contacts

to the graphene are usually modelled as very highly doped graphene re-

gions. For a high aspect ratio sample with W 
 L, the microscopic details

of the edges are not important. The transmission probabilities are cal-

culated by matching the wavefunctions at the contact edges, and in the

case of graphene there is no requirement for the continuity of the deriva-

tive of the wavefunction, as is needed for the Schrödinger equation. The

transmission probabilites are given by [35]

Tn(E) =
E2 − (�vF qn)

2

E2 − (�vF qn)2 cos2(knL)
. (3.2)

Here kn ≡ (�vF )
−1

√
E2 − (�vF qn)2. The quantization of transverse mo-

mentum qn depends on the choice of boundary conditions, and for infinite

mass confinement it reads qn = (m + 1/2)π/W . Although the density of

states vanishes at the Dirac point, the conductivity remains finite: the

transmission coefficient reads [36]

Tn =
1

cosh2[π(m+ 1/2)L/W ]
, (3.3)

and the conductivity at zero temperature thus becomes

σmin(μ = T = 0) =
4e2

πh
. (3.4)

The conductivity at the Dirac point is governed by evanescent modes ex-

tending from the leads. The Fano factor at the Dirac point is F = 1/3,

which coincides with the value found in diffusive conductors [36, 37], even

though the transport in pristine graphene is ballistic.

Fabry-Pérot interference has been observed with carbon nanotubes in

several experiments [38, 39, 40]. Consider a 1D conductor connected

weakly to two reservoirs via two barriers. Each barrier is described by

a complex transmission probability Ti = |ti|2 = 1−Ri = 1− |ri|2 (i = 1, 2),

and only one conduction channel is taken into account. This toy model

works rather accurately with carbon nanotubes, where only few conduc-

tion channels typically play a role. With scattering matrix formalism the

total transmission through the system by one channel can be written as

[41]

T12 =
T1T2

1 +R1R2 − 2
√
R1R2 cos(2φ)

, (3.5)
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where φ =
√
2mEL is the dynamic phase of the particle that traverses

the conductor. Eq. (3.5) takes into account the multiple reflections the

particle can undergo while traversing through the conductor. For suitable

energies E the phase factor becomes φ ≈ nπ (where n is an integer), and

the total transmission probability approaches unity, i.e. resonant trans-

mission. This happens also in the case where the transmission probability

for each barrier is very small (Ti � 1). For a classical disordered conduc-

tor and incoherent transport the phase factor disappears and the total

transmission is the sum of the contribution from individual barriers, as

in the ohmic addition of resistances.

Theoretical studies on Fabry-Pérot resonances in graphene have been

carried out recently [35, 42]. Gunlycke and White have showed that peri-

odic oscillations should be present in conductance measurements [43], so

that the periodicity depends on the dimensions W,L of the sample and the

velocity of the charge carriers vF . Both transversely and longitudinally

quantized modes are present. Experimental signatures of Fabry-Pérot

type resonances have been seen in previous experiments [33, 44, 45, 46],

but the large number of conduction channels present in graphene as well

as possible disorder in SiO2 supported devices complicate the analysis of

the interference patterns.

By solving a particle-in-a-box problem with linear dispersion, the ap-

proximate locations for the Fabry-Pérot resonances in energy are given

by [35, 43]

EqL,qW
∼= ±

√
E2

L(qL + δL)
2 + E2

W (qW + δW )2, (3.6)

where EL ≡ hvF /2L and EW ≡ hvF /2W . The constants δL and δW are

governed by the structure of the edges, and the quantum numbers qW

and qL label transverse and longitudinal modes, respectively. For a de-

vice with W/L 
 1, the longitudinal resonances spaced by EL occur due

to the bunching of modes with low qW , which suggests that these reso-

nances are of multimode nature. Conversely, when considering a fixed qL,

modes with large qW show resonances spaced by EW . Figure 3.1a shows

the approximate locations of these resonances in a simulated graphene

device.

Tight-binding transport simulations were used to study the appearance

of resonances in a graphene device with dimensions 100 × 24 nm2, which

has the same aspect ratio as the actual sample. Metallic contacts were

modelled by heavily doped graphene leads with a constant doping of 1.5
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Figure 3.1. (a) Simulated conductance curve, where the dashed lines indicate the longi-
tudinal resonances with qW = 0 and arbitrary qL. The solid lines correspond
to transverse resonances with qL = 0 and arbitrary qW , as given by Eq. (3.6).
b) Simulated differential conductance map. c) Fourier transform of ∂Gd/∂μ
from (b), showing the period of both longitudinal and transverse resonances.

eV. Edge disorder can reduce the amplitude of the resonances, and this

effect was simulated by removing atoms from random locations at the

edges. The current through the device was calculated by Landauer ap-

proach, I = (2e2/h)
∫ μR

μL
T (E − EDirac)dE, where μL(R) is the chemical po-

tential of the left (right) contact, T (E−EDirac) is the transmission function

and eVbias = μR−μL. The position of EDirac with respect to chemical poten-

tials of the leads is shifted by the gate voltage. During the measurements

the graphene device was biased from one end while keeping the other

contact grounded. As a result, the location of the EDirac is shifted with

respect to the chemical potential of the grounded contact. The shift can

be assumed linear ΔEDirac = xeVbias, where x also takes into account pos-

sible contact asymmetry. Consequently, when mapping the conductance

as a function of the source-drain bias and the gate voltage, a diamond-like

pattern emerges as shown in Fig. 3.1b. The pattern is symmetric when

x = 1/2. For quantitative analysis, the constant increasing background

of the conductance can be removed by differentiating it with respect to

chemical potential on the y-axis, and taking the Fourier transform of the

differentiated conductance map. The result is shown in Fig. 3.1c. The

inner dots in the figure correspond to periodicity of EL since it is of higher

energy, and the outer dots correspond to transverse resonances with pe-

riod slightly below EW .

Our experiments were performed on a two terminal suspended graphene

sample with L = 1.1 μm and width W = 4.5 μm (Fig. 3.2a). The graphene

sheet was contacted by Cr/Au contacts, and suspended by etching away

part of the sacrificial SiO2 underneath the graphene with HF acid. A

heavily doped silicon substrate acted as a back gate. Raman spectroscopy

was used to confirm that the graphene flake was a monolayer [47]. The

measurements were performed at a temperature of 50 mK in cryogen-free

dilution refrigerator. Before the measurements, a high current of 1.1 mA
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Figure 3.2. a) Schematic view of a graphene sample (top), where the graphene is sup-
ported by the metallic leads, optical image of a real sample is shown at the
bottom. b) The conductivity of the device plotted against charge carrier den-
sity n = Cg(Vg−V D

g )/e on log-log scale. The straight line is used to determine
the residual charge density of nr = 0.8·1010 cm−2. The slope at higher charge
density is close to 1/2, indicating ballistic transport. Inset shows the zero-bias
resistance versus Vg − V Dirac

g .

was passed through the sample, in order to evaporate polymer residue off

from the graphene surface [48]. The field-effect mobility of graphene can

be expressed as

μf =
σ − σ0
n(Vg)e

, (3.7)

where σ0 is the measured conductivity at the Dirac point and n the charge

carrier density. The graphene device measured here had a mobility of

μf > 105 cm2/Vs at charge densities n < 2.5× 1010 1/cm2.

The measurement system is shown schematically in Fig. 3.3. The low

and high frequency measurement lines are separated by bias tees. The

differential conductance of the graphene device Gd ≡ ΔI/ΔVbias was mea-

sured with a lock-in amplifier, by passing a small bias current ΔI at

around 35 Hz through the source-drain and measuring the induced volt-

age. Additionally, a pure dc bias was introduced through a 0.5 MΩ resistor.

The low frequency signals below 1 kHz are heavily filtered before they are

fed into the sample. The high frequency lines that are used to measure

shot noise at 600-900 MHz band, are connected to a cooled low-noise am-

plifier through a circulator that is operated as an isolator. Differential

shot noise was measured with another lock-in amplifier by reading the

noise power after a diode detector [49].

The experimental map of the graphene conductivity as function of the

bias and gate voltage is shown in Fig. 3.4a. The gate voltage induces

a charge density via |n0| =
√
C2
g (Vg − V Dirac

g )2/e2 + n2
r , where Cg is the

gate capacitance per unit area, V Dirac
g the location of the Dirac point, and
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Figure 3.3. (a) Schematics of the measurement setup. The graphene conductivity is
probed at low frequencies, and shot noise is measured at 600-900 MHz band.
The shot noise from graphene is calibrated against a Al/AlOx/Al tunnel junc-
tion, and the noise source can be selected with a switch.

nr the residual charge density due to impurities. The residual charge

density can be estimated from Fig. 3.2b as nr ∼ 8 × 109 cm−2. At gate

voltages Vg > V Dirac
g , pn junctions are present due to contact doping, which

enhances the visibility of the Fabry-Pérot resonances [50, 51] (Fig. 3.4a)

Figure 3.4b shows the zoom-in of the boxed region in Fig. 3.4a. A

diamond-like pattern of minima and maxima is present in the conduc-

tance, although its visibility is reduced due to the increase of the overall

conductance at higher gate voltage. The charge carrier density has been

converted into a low-bias chemical potential via μ0 = sgn(n0)�vF
√

π|n0|,
where the linear density of states in graphene is used. The data in Fig.

3.4b corresponds to n0 = 1.1 − 1.8 × 1010 cm−2. The visibility of the res-

onances can be improved by differentiating the conductance with respect

to chemical potential, which removes the background slope. The dashed

lines in Fig. 3.4c correspond to a period EW = hvF /2W , where W = 4.5 μm

and vF = 2.4×106 m/s. Other parameters are Cg = 47aF/μm2 which is cal-
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Figure 3.4. (a) Experimental differential conductance Gd of the graphene sample. b) A
zoom-in of the boxed region in (a), where the gate voltage has been converted
into chemical potential. The resonance pattern is visible, but superimposed
on a background slope. c) The same map as in (b), but now plotting the dif-
ferentiated conductivity dGd/dμ0. The dashed lines are a fit corresponding to
the transverse resonances EW using a Fermi velocity vF = 2.4 × 106 m/s. d)
Fourier transform of c). Using the same vF as in (c), both longitudinal (solid
lines) and transverse (dashed lines) can be fit by using the physical dimen-
sions W,L of the sample. e) Differential Fano factor, showing the presence
of the same resonances as the conductance data. f) Fourier transform of (e),
where the dashed and solid lines are the same as in (d).

culated from a parallel plate approximation, and nr = 9× 109cm−2 which

agrees well with the estimate from Fig. 3.2b. The diamond pattern is not

fully symmetric, and the asymmetry is attributed to slightly asymmetric

contacts. The fit gives a small asymmetry of x = 0.58.

For a full quantitative analysis, the Fourier transform of the dGd/dμ0

map in Fig. 3.4c is shown in Fig. 3.4d. The dashed lines are fitted with

the same parameters as in Fig. 3.4c. If the transverse resonances are as-

sumed to have a periodicity slightly below EW as in the simulation, the fit-

ting gives a Fermi velocity of vF � 2.8×106 m/s. The solid lines in Fig. 3.4d

are fitted to the longitudinal resonance EL = hvF /2L with the same vF

and with L = 1.1 μm. Hence the Fourier analysis reveals both sets of reso-

nances in the conductance data whose periodicity depends on the physical

dimensions of the sample, and the Fermi velocity is vF = 2.4 − 2.8 × 106

m/s at n ∼ 1 − 2 × 1010 cm−2. This value is much larger than typically

measured in graphene samples fabricated on SiO2 substrates, where the

typical value is roughly 1.1 ×106 m/s [52, 53]. The measured result is con-

sistent with earlier experiments on cyclotron frequency measurements on

suspended graphene [54], where a Fermi velocity between 2 and 3 × 106

m/s at similar charge density was reported. The increased Fermi velocity

is attributed to unscreened electron-electron interactions in high quality
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graphene. [55].

Shot noise measurements can reveal complementary information on the

conduction properties of low-dimensional systems [40, 56]. Shot noise is

characterized through the differential Fano factor defined byFd ≡ (1/2e)dS/dI.

Figure 3.4e shows the differential Fano factor versus chemical potential

measured over the same bias range as conductance in Fig. 3.4c. The

Fano factor was also differentiated with respect to chemical potential to

increase the visibility of the resonance spots. Although more difficult to

interpret than the conductance data, the Fourier transform (Fig. 3.4f)

reveals maxima with exactly the same periodicity as the conductance.

There are also additional spots in the Fourier transforms of ∂Gd/∂μ

and ∂Fd/∂μ between the transverse and longitudinal resonance locations.

Universal conductance fluctuations (UCF) occur when phase coherent car-

riers traverse a disordered conductor, so that the conductance variation

is of the order δG ∼ e2/h, independent of the sample size or amount of

disorder [57]. Although the measured graphene sample is nearly ballis-

tic, residual impurities may still manifest in UCF, especially close to the

Dirac point. Away from Dirac point, the most likely candidate for ad-

ditional resonant scatterers are adsorbed hydrocarbons [58, 59, 60]. In

tight-binding simulations, vacancies were used to simulate adatoms in

graphene. The amount of scatterers in the simulations were chosen to

match the measured zero bias variance of conductance fluctuations very

close to the Dirac point. By taking an ensemble average over different

defect configurations, it was shown that extra peaks at various locations

between the Fabry-Pérot resonance spots are formed in the Fourier trans-

form maps. Hence it was concluded (see the supplement of Publication

II) that universal conductance fluctuations may coexist with Fabry-Pérot

oscillations, and their quasiperiodicity yields signatures in the Fourier

spectra.

3.2 Electron-phonon coupling in monolayer graphene

Several sensitive detection schemes in bolometry and calorimetry are based

on the ability to control electron-phonon coupling [61]. The electron-phonon

coupling becomes weak at temperatures of the order of a few Kelvin for

most materials, and under a Joule heat flux to the electron system, a

quasiequilibrium can be reached where the electronic temperature Te may

be significantly higher than the phonon temperature Tph. Understanding
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Figure 3.5. Calculated phonon spectra of monolayer graphene. Reprinted with permis-
sion from [65] ©2008 American Physical Society.

carrier transport under these conditions is vital for many applications.

Graphene is expected to have an advantage due to its low heat capacity

that allows fast operation [62].

The graphene lattice has six phonon branches, due to the two atom basis

(sublattice A and B) [63]. Three of these are acoustic branches, and the

other three optical (Fig. 3.5). The out-of-plane atomic vibrations account

for one acoustic and one optical mode, while the other four modes corre-

spond to in-plane vibrations. If the modes are classified according to the

direction of movement of atoms with respect to nearest neighbours, the

modes can be divided into transverse and longitudinal. In other words,

the vibrations are considered with respect to the direction of the A-B

carbon bonds. The in-plane transverse and longitudinal acoustic modes,

along with the out-of-plane transverse acoustic mode are degenerate at

the Γ-point, as well as the in-plane optical modes at higher energies [64].

Near the K-point, the phonon modes are responsible for the Raman ac-

tive D and G
′ bands. The G

′ band is also known as the 2D peak due to

its strong dependence on the number of graphene layers [47]. At the K-

point, the in-plane transverse optical mode is non-degenerate, while the

in-plane longitudinal acoustic and in-plane longitudinal optical modes are

degenerate.

At low temperatures, only acoustic phonons are important in metal-

lic systems and typically the longitudinal modes have the strongest cou-

pling. For graphene the energy of optical phonons is high ∼ 200 meV,

so that they are irrelevant below a few hundred Kelvins [66]. For acous-

tic phonons in graphene, momentum conservation restricts the maximum
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change in momentum to twice the Fermi momentum 2kF [67, 68, 69]. The

corresponding energy scale �ω2kF defines the Bloch-Grüneisen tempera-

ture TBG by �ω2kF = kBTBG. The Bloch-Grüneisen temperature is rather

low in graphene owing to its small Fermi surface, and it can be electro-

statically tuned via kF ∝ √
n. Above TBG, only a small portion of the

thermally excited modes participate in scattering.

The acoustic phonon scattering can be assisted by other processes, which

significantly enhance the cooling of the hot electrons. Supercollision cool-

ing [66, 70, 71] takes place via impurity scattering in which case the

full thermal distribution of phonons is available. Scattering from flexu-

ral phonons may also enhance the cooling processes compared to acoustic

phonons [72, 73], but extremely clean samples are required for these pro-

cesses to dominate over supercollision cooling.

The heat flow from the conduction electrons/holes to the lattice can be

characterized by a power law of the form

P = Σ(T δ
e − T δ

ph), (3.8)

where Σ is the electron-phonon coupling constant and δ specifies a char-

acteristic exponent [61]. Our experiments with suspended monolayer

graphene are performed close to the Dirac point at n < 0.1 − 4.5 · 1011
cm−2, corresponding to TBG < 42 K for acoustic phonons. At T > TBG, the

scattering of electrons from acoustic phonons leads to δ = 1 or δ = 5, de-

pending whether Te << μ or Te > μ, respectively [69]. On the other hand,

supercollision cooling or flexural two-photon scattering lead to δ = 3 or

δ = 5 for Te < μ or Te > μ, respectively.

The experiments were performed on the same sample as discussed in

Section 3.1, with the experimental setup illustrated in Fig. 3.3. The IV-

characteristics and differential conductance Gd were measured at high

bias to heat the electron system by Joule heating. The temperature of the

electron system was measured by shot noise thermometry. At large bias

eV >> kBT the charge transport in graphene is diffusive with substantial

electron-phonon scattering, and the Fano factor is related to electronic

temperature Te via [74, 75, 76]

F =
2kBTe

e|V | , (3.9)

where Te ≡ (1/L)
∫ L
0 dxT (x) is the average electronic temperature. The

noise from the graphene sample was calibrated against a Al/AlOx/Al tun-

30



Electronic transport in graphene

Figure 3.6. a) Thermal transport model of the sample: electrons thermalize to metallic
leads via diffusion and via electron-phonon coupling in series with Kapitza
resistance. b) The high bias shot noise plotted at a few different gate voltages
near the Dirac point.

nel junction with F = 1 [17]. In the large bias experiments, the dilution

refrigerator was operated around 0.5 K.

The high bias shot noise is illustrated in Fig. 3.6b. Close to the Dirac

point, strong initial increase in SI is found, which reflects a clearly larger

Fano factor at small charge densities n ∼ nr than at n >> nr. A different

prefactor in the electron phonon coupling was observed at equal hole and

electron densities, which can be attributed to the presence of pn-junctions

at Vg > V D
g . The noise generated by the pn junctions is added to the

local thermal noise at high bias voltage, so that the calculated electron

temperature is higher than in reality. For this reason, only data without

pn junctions was used in the analysis. The contribution from the contact

resistance is also reduced from the data (see supplement of Publication

III).

The Joule heating power dissipated in the graphene electron system is

given by Pe = (V − ΔVcc)I where ΔVcc denotes the total voltage drop

over the contacts ΔVcc = RcI, where Rc = 40 Ω. The heat flow paths

that balance Pe are illustrated in Fig. 3.6a. When the graphene lattice

is cooled to liquid helium temperatures or below, the inelastic processes

dominate the heat flow from electrons to the lattice above temperatures

Te = 200 − 300 K. The phonon temperature Tph remains below few tens

of Kelvins [77], and thus T δ
ph in Eq. (3.8) can be neglected. At lower

electronic temperatures, the heat flow from the electrons is mainly due

to diffusion to the leads (Wiedemann-Franz regime). The contribution of

the electronic heat conduction was subtracted to obtain P from Pe, which

improves the determination of the characteristic exponent δ.

The power law behaviour of P vs Te is plotted in Fig. 3.7a. The char-
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Figure 3.7. a) The heat flow to phonons P versus electronic temperature Te = Fe|V |/2kB .
The solid coloured traces indicate measured data, while dashed lines are fits
to Eq. (3.10) with kF �eff = 3 and D = 64 eV. The dotted lines show power
laws with δ = 3 (upper) and δ = 5 (lower). b) Total sheet resistance R� =
(V/I)W/L as a function of the electronic temperature at n = 0.8 · 1011 cm−2.
The solid line is fitted as R� = [1390 + 0.01(Te/K)2] Ω. c) Electron-phonon
coupling power as a function of the charge carrier density at temperatures Te

= 150, 200, and 250 K for Vg < V D
g . The solid and dashed lines are obtained

from Eq. (3.10) with same parameters as in a), but with expansions at μ >>
kBTe and μ << kBTe, respectively.

acteristic exponent is determined as δ � 3− 5 depending on the chemical

potential μ = 10 − 73 meV. Close to the Dirac point at |Vg − V D
g | < 0.6

V δ = 5, while at at |Vg − V D
g | > 5 V, δ = 3 was observed. At interme-

diate gate voltages 0.6 V< |Vg − V D
g | < 5 V, a crossover from δ = 5 to

δ = 3 takes place. The crossover threshold takes place when the elec-

tronic system starts to become degenerate (kBTe/μ < 1), which happens

when the chemical potential reaches � 20 meV. The observation δ = 5 at

μ << kBTe is consistent with single acoustic phonon scattering at high

temperatures, however, the δ = 3 contradicts this scenario [69, 78]. The

strength of the observed electron phonon-coupling is too high unless an

unrealistically large deformation potential is used, and furthermore the

measured electron-phonon coupling scales quadratically as a function of

the chemical potential (or linearly vs charge carrier density n) whereas

acoustic phonon scattering predicts P ∝ μ0. Consequently, single phonon

scattering events can be ruled out as the leading contribution to the e-ph

coupling in the suspended sample.
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The electron-phonon heat flow due to supercollisions has been calculated

by Song. et. al. [66]:

Q̇S |Tph=0 � − N

(2π�2v2F )
2

g2Dk
5
B

�kF 

T 5
e q(

�vF
√
πn

kBTe
) , (3.10)

where q(z) � 9.69 + 1.93z2 for |z| � 5 and q(z) � 2ζ(3)z2 ≈ 2.40z2 for

|z| 
 5, and N = 4 is the degeneracy in graphene. The energy depen-

dence of the density of states in graphene leads to cross-over between the

T 3
e and T 5

e power laws. The electron-phonon coupling constant for defor-

mation potential is gD = D/
√
2ρs2 where D is the deformation potential,

s is the speed of sound, and ρ the mass density of the graphene sheet.

The dimensionless mean free path kF 
 describes the additional scattering

mechanism that facilitates supercollisions. The Fermi velocity renormal-

ization by electron-electron interactions close to the Dirac point [54, 55]

is also taken into account. Since supercollisions and flexural phonon scat-

tering yield similar power laws, they have to be distinguished by com-

paring numerical estimates to the data. The ratio of the heat flux via

flexural modes Q̇F to that of supercollision heat flow Q̇S is approximately

Q̇F /Q̇S = kF 
/200. Equation (3.10) can be fit to the data at |Vg − V D
g | > 5

V where it is ∝ T 3
e with the parameters vF = 1.0 · 106 m/s (at high energy)

and D/(kF 
)
1/2 = 37 eV. The deformation potential is often estimated in

the range D = 20− 30 eV [9, 79], which indicates that supercollision cool-

ing is compatible with the results since the heat transfer rate is 100 times

larger than what can be produced by flexural two-phonon scattering. The

electron-phonon heat flow as a function of the charge carrier density at a

fixed temperature is plotted in Fig. 3.7c. The solid lines are fitted using

Eq. (3.10) with the parameters quoted above. The data scales with the

ratio kBTe/μ as predicted by the theory.

Although the graphene sample is nearly ballistic at low bias, the scat-

tering length kF 
 is small at high bias. Contribution of short-ranged im-

purities or frozen-in ripples is likely small in a high-mobility sample. The

total sheet resistance versus electronic temperature is shown Fig. 3.7b,

from which a temperature-dependent part of the resistivity can be deter-

mined as ρi = 0.01(Te/K)2, which scales quadratically with temperature.

The value is in line with flexural phonon limited mobility analyzed in Ref.

[80] for suspended graphene. If ρi is interpreted as a scattering length

via kF 
 = h/(4e2ρi), the scattering length becomes kF 
 ∼ 7 at Te = 300 K,

hinting that an effective scattering mechanism is activated at high bias.
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Flexural phonons, i.e. dynamical ripples can facilitate supercollisions as

is analyzed in Ref. [81]. In this process, a large energy acoustic phonon is

emitted, and the momentum balance is maintained via quasielastic scat-

tering from low energy flexural phonons. An effective kF 
eff can be ob-

tained from the ρ ∝ T 2 dependence, after adjustments are made for the

characteristic wave vector scales: max(kF , q∗) for flexural phonons and

qT = kBT/�s for acoustic phonons. Here q∗ =
√
us/α is the cut-off of flex-

ural phonons due to strain u in the graphene sheet [34], α = 4.6 · 10−7

m2/s is specified by the dispersion relation of the flexural modes ω = αq2,

and s = 2.1 · 104 m/s the speed of sound. The strain u ≈ 4 · 10−4 in the

graphene sample was determined from the tuning of the fundamental

flexural mode fres = 77 MHz by the gate voltage: |f − fres| < 0.1 MHz

over Vg = 0− 10 V. Then the wavevector scales are 2kF < q∗ < qT as in the

regime VI in Ref. [73], and the effective scattering length can be written

as [kF 
eff ]
−1 � 10(q∗/qT )2(4e2/h)ρiN , where ρi is the T 2-dependent resis-

tivity component determined above, and N ∝ log(q∗/qT ) is a factor of the

order unity. The estimate for the scattering length becomes kF 
eff � 3,

which is independent of temperature.

The data in Fig. 3.7a can be fit in the non-degenerate case ∝ T 5
e as well

as in the cross-over regime with Eq. (3.10) by using the kF 
eff determined

above. The fit also indicates D = 64 eV, which is twice the theoretical

estimate D = 20 − 30 eV for the unscreened case [9, 79]. The value of

kF 
eff is small, but small values due to ripples have been found in STM

studies [82], especially in Ref. [83] kF 
 = 1.8 was measured in a suspended

current-cleaned graphene sample at room temperature.

3.3 Electron-phonon coupling in bilayer graphene

Similar phase space restrictions for the scattering of electrons from acous-

tic phonons apply for bilayer graphene (BLG) as in the case of monolayer

graphene. On the other hand, since bilayer graphene has a parabolic band

structure, more akin to ordinary two-dimensional electron gas (2DEG)

systems [84], the electron-phonon coupling scales differently with respect

to charge carrier density. The Bloch-Grüneisen temperature in bilayer

graphene is written as TBLG
BG = 2(s/vF )

√
(γ1|μ|)/kB, where γ1 ≈ 0.4 eV is

the interlayer coupling constant [85]. An approximate numerical value is

given by kBTBG = �ω2kF ≈ 18 K×√
n/1011 cm−2.

For acoustic phonon scattering, the heat flow can be expressed using the
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S # L W R0 σm/σ0 RC VD μf

S1 0.43 0.51 5.8 kΩ 3.0 100 Ω -0.3V 14000
S2 0.83 3.2 1.5 kΩ 3.6 30 Ω 0.6V 6200

Table 3.1. Summary of the properties for the two samples S1 and S2 presented in the
text. The dimensions are given in μm. R0 and σm are the maximum resistance
and minimum conductivity at the Dirac point as multiples of σ0 = 4e2

πh
, respec-

tively. RC is the estimated contact resistance. VD is the location of the Dirac
point in gate voltage. Last column shows the field-effect mobility determined
from the gate sweeps.

form in Eq. (3.8). The experiments with bilayer graphene were conducted

at low charge densities n < 0.1−3.4·1011 cm−2, corresponding to TBLG
BG < 34

K for longitudinal acoustic phonons. At the high bias regime the results

are obtained at T > TBLG
BG , where the characteristic exponent is δ = 1

or δ = 2, depending whether kBTe << μ or kBTe > μ, respectively [69].

Supercollision cooling due to impurity scattering leads to a similar power

law dependence as in the case of monolayer graphene: P sc
e−ph = Asc(T

3
e −

T 3
ph) where Asc is a constant that depends on the mean free path kF 
 and

the density of states. The different contributions to the electron-phonon

heat flow are summarized in Fig. 3.8a at n = 1011 1/cm2. Optical phonons

have the largest contribution at high temperatures, with roughly equal

contributions from long wavelength optical modes around the zone center

(P (ZC)
e−op , Γ point) and zone edge modes (P (ZE)

e−op , K point).

The electron-phonon coupling in suspended bilayer graphene was stud-

ied using the same methods as in the previous section. The properties

of the two bilayer samples are summarized in Table 3.1. Both samples

were fabricated from exfoliated graphene, and contacted with Cr/Au leads

using EBL. Sample S1 was suspended by etching away sacrificial SiO2,

while the sample S2 was suspended using lift-off resist [86]. Both samples

were cleaned by current annealing in cryogenic high vacuum environment

before the measurements.

The Joule heating power Pe dissipated in the bilayer graphene per unit

area as a function of the electronic temperature Te close to the Dirac point

is plotted in Figures 3.8b and 3.8c. At low temperatures, the diffusion

of electrons to the leads at temperature TB dominates the heat flow ac-

cording to the Wiedemann-Franz law PWF = Gπ2

3
k2B
e2

(
T 2
e − T 2

B

)
, where G

is the conductance. Above Te = 300 K, an onset to a steeper temperature

dependence is observed, that grows slightly weaker towards higher tem-

peratures. The behaviour can be well accounted for by summing the con-

tributions from Wiedemann-Franz law and the heat flows from coupling
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to the zone center and zone edge optical phonons. At high temperature

(Te = 600 K), the heat flow varies very little as a function of the chemical

potential over the range -12 meV < μ < 12 meV, and the variation can be

explained by the change in Wiedemann-Franz law due to gate dependent

resistance Rd(Vg). The lack of gate dependence is consistent with both

acoustic and optical phonon scattering, but the strength of the observed

coupling is much higher than what can be produced by acoustic phonons.

Figure 3.8. a) Theoretical estimate for different contributions to the electron-phonon
heat flow in bilayer graphene as a function of the electronic temperature
Te at n = 1011 1/cm2 and Tph = 0. b) Joule heating versus electronic tem-
perature Te = Fe|V |/2kB for sample S1 close to the Dirac point at n = 1010

1/cm2. c) Similar plot for sample S2 as in b). Measured data is indicated
by circles, while the black dashed line illustrates the theoretical expectation
(PWF +P

(ZC)
e−op +P

(ZE)
e−op ). The blue line shows the contribution from the optical

phonons (P (ZC)
e−op + P

(ZE)
e−op ).
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4. Graphene nanomechanics

This chapter gives an overview of publications I, IV, and VI, which deal

with graphene and diamond-like carbon mechanical resonators.

4.1 Stamp transferred resonators

Microelectromechanical systems (MEMS) are becoming ubiquitous in var-

ious fields of technology , such as automotive, aerospace, instrumentation,

and biomedical industries. MEMS devices typically have integrated elec-

trical and mechanical functionalities, with the feature size of movable

parts are in the micrometer scale. Presently, most MEMS devices are

made from silicon, taking advantage of the existing fabrication technolo-

gies for CMOS systems. However, due to the low Young’s modulus, weak

fracture strength, and large coefficient of friction [87], silicon is not the

optimal material for many MEMS applications. In terms of mass density,

mechanical strength, and tribological properties, carbon based materials

can offer greatly improved performance.

The logical miniaturization step from MEMS is to go to the nanome-

ter scale, which is referred to as nanoelecromechanical systems (NEMS).

This size reduction leads to lower mass, higher operating frequency and

increased sensitivity [88]. In addition to their technological potential, na-

noelectromechanical (NEM) resonators are the most interesting in terms

of basic research, namely for observing quantum mechanical behaviour

[89, 90, 91, 92]. Graphene is a very intriguing material for NEM res-

onators. Being only one atomic layer thick, it represents the ultimate

limit of two-dimensional NEMS. It has a high Young’s modulus E ∼ 1 TPa

[93], and together with its extremely low mass, graphene is well suited for

high-frequency mechanical resonators.

Very soon after discovery of graphene, the first monolayer graphene res-

37



Graphene nanomechanics

onators were demonstrated using optical readout techniques [94, 95]. Op-

tical methods are obviously not well suited for microelectronics applica-

tions, or for the study of fundamental phenomena at very low tempera-

tures. Capacitive readout techniques are widely used for MEMS devices,

however, when the device size shrinks deep into the sub-micron regime,

the change in capacitance due to mechanical motion becomes vanishingly

small [88]. The problem becomes worse for high frequency resonators ap-

proaching 1 GHz due to the increased impedance mismatch to Z0 = 50 Ω

electronic measurement systems [96].

A dispersive readout technique with LC matching circuit has been de-

veloped by Sillanpää et. al. [97, 98]. In this technique, the nanoresonator

is connected to an external radio-frequency ("tank") circuit resonant at

few GHz (inset of Fig. 4.2). When the system is probed at the frequency

fLC 
 fm, the mechanical resonator looks like a time-varying capaci-

tance, giving rise to sidebands at fLC ± fm. The sensitivity of the readout

technique is dependent on the parasitic capacitance within the circuit,

since the weak coupling of the tank circuit effectively blocks the capaci-

tance of the external wiring.

The challenge in making suspended graphene devices is to make struc-

tures with low parasitic capacitance. Undercut etching of sacrificial SiO2

typically leads to large capacitance [99, 100], and random exfoliation over

predefined trenches has a low success rate [101]. Consequently, polymer

assisted transfer techniques have been developed to transfer graphene

pieces to arbitrary substrates with high precision [102, 103], but difficul-

ties remain in realizing suspended structures after the transfer.

A polymer assisted transfer process which also allows straightforward

fabrication of suspended structures was developed to address these issues.

The schematic steps of the ”stamp” technique is shown in Fig. 4.1a. To

begin with, graphene flakes are deposited to a silicon substrate covered

with 275 nm of SiO2 using micromechanical cleavage. The thickness of

the graphene flakes can be determined by optical contrast and Raman

spectroscopy. 50 nm thick gold contacts are be fabricated on the graphene

using standard electron beam lithography (EBL) and metal evaporation,

followed by a lift-off procedure. In a second EBL step, another poly(methyl

methacrylate) (PMMA) layer is spun on the chip, and patterned with the

stamp pattern as shown in Fig. 4.1a. The graphene and the metal elec-

trodes are embedded in the PMMA membrane, and a window in the stamp

is used to define the free standing area of the graphene flake. Finally, the
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Figure 4.1. a) Schematic steps of the stamp transfer process. b) SEM image of a graphene
flake suspended over a window in the PMMA membrane, the light areas are
gold electrodes. Scale bar equals 1 μm. c) Optical image of a graphene res-
onator assembled on a sapphire substrate. Scale bar corresponds to 5 μm.

whole PMMA membrane (∼4 × 4 mm2) is released from the initial silicon

substrate by etching the SiO2 in a 1% HF solution. The membrane is then

rinsed in DI water, and fished from the water bath using a ring-shaped

copper wire frame.

For graphene resonator fabrication, an individual stamp can be identi-

fied in the PMMA membrane using an optical microscope. At this stage,

very thin graphene flakes are invisible optically, but their position can

be well determined from the electrode structure around them. A cho-

sen stamp is then picked up from the membrane with a fine-tipped glass

needle that is controlled with a xyz micromanipulator [104]. During the

transfer, the stamp is flipped around to bring the graphene and the elec-

trodes to the top side, so that they are supported by the PMMA and are

kept suspended. The stamp can be laid onto any target substrate with a

spatial precision of ∼ 1 μm. In these experiments, the target substrates

had Ti/Au electrodes prefabricated by electron-beam lithography on sap-
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Figure 4.2. Response of a graphene resonator measured as a function of the gate voltage
and frequency for sample no. 1. The colour scale indicates the amplitude
of the sideband voltage V±. The black solid line is a fit to Eq. (4.5). Inset:
Circuit diagram of the π matching circuit.

phire. Once the stamp is assembled on the target substrate, the elec-

trical contact between graphene and the premade electrodes is achieved

by pressing down the hanging gold electrodes through the holes in the

PMMA stamp with the glass needle. The punch method results in ohmic

gold-gold contacts. As a result, the graphene is suspended over the gate

electrode as shown in Fig. 4.1c. The separation Deq between the graphene

and the gate electrode is determined by the thickness of the PMMA mem-

brane, which is typically around 0.1 to 0.5 μm.

When the graphene resonator is vibrating at the mechanical resonance

frequency fm = ωm/2π, the average separation between the graphene and

gate electrode is modulated according to D(t) = Deq+cos(ωmt) 1L
∫ L
0 A(y)dy,

where A(y) is the mode shape of the flexural mode. The modulation of

the gap distance is translated into a change is capacitance by Cg(t) =

Ceq+δC cos(ωmt) where δC = dC
dD

1
L

∫ L
0 A(y)dy. Inset of Figure 4.2 shows the

π-matching circuit used in these experiments. In this case, the matching

uses resonant cavity at 5.89 GHz to transform high impedance mechani-

cal capacitance closer to 50 ohms. According to the lumped-element mod-

elling of the tank circuit, a capacitance modulation down to δCg(t) ∼ 0.1

aF is discernible.

The voltage applied to the input of the π circuit is

V (t) = Vdc + Vac cos(ωmt) + VLC cos(ωLCt), (4.1)

where Vdc is a constant bias voltage on the graphene capacitor, Vac is the

actuation voltage at ωm, and VLC is the voltage used to probe the system

at ωLC . In the work of Publication I, the actual circuit elements were

40



Graphene nanomechanics

C1 = 1.5 pF, C2 ≈ 50 fF, and L ≈ 15 nH. The quality factor or the tank

circuit was QLC ≈ 80. By using circuit analysis, the sideband voltage V±

generated at ωLC ±ωm by the graphene capacitor at can be written as [97]

V− = V+ =
δD ∂C

∂DVLC

2ωLC(C1 + C2 + Cg)Z0
. (4.2)

Here δD = 1
L

∫ L
0 A(y)dy is the average deflection representing the me-

chanical vibration amplitude and it is assumed that dC
dD is independent of

position along the resonator. By using parallel plate approximation for

the capacitance sensitivity dC
dD , the relationship between graphene vibra-

tion amplitude and the sideband voltage is

V±
VLC

≈ (4.0× 103m−1 S

Deq
)
δD

Deq
, (4.3)

where S is the area of the graphene resonator. The electrical force acting

on the resonator is given by

Fd(t) =
1

2

∂C

∂D
|D=DeqV

2(t). (4.4)

Neglecting tension, the effective spring constant becomes Keff (Vdc) =

K0−1
2
∂2C
∂D2 |D=DeqV

2
dc, where K0 is the intrinsic spring constant of the graphene

resonator. This gives rise to a parabolic dependence of fm(Vdc) which can

be written as

fm(Vdc) = fm0(1− γV 2
dc), (4.5)

where γ = 1
4K0

∂2C
∂D2 |D=Deq is a geometrical constant determined by the de-

vice dimensions.

The graphene resonators were measured in a high vacuum environment

at 4.2 K. The resonator motion was actuated by the internal generator of

a rf lock-in amplifier. The rf probe signal at ωLC was fed to the sample

through a circulator, and the reflected carrier was amplified with Miteq

low-noise amplifiers (band 4-8 GHz) at room temperature. The reflected

signal from the sample was mixed down with the original actuator signal

and the sideband was detected with the lock-in amplifier. The resonance

response of a monolayer graphene sample no. 1 as a function of the dc

gate voltage and actuator frequency fm is shown in Fig. 4.2. With dimen-

sions L = 0.7 μm and width W = 1 μm it exhibits the highest resonance

frequency obtained in these experiments, and the concave parabolic fm

dependence on Vdc fits well to Eq. (4.5).
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Figure 4.3. a) Hardening Duffing behaviour observed in sample no. 2 (L = 1.5 μm, W = 2
μm) around 56.3 MHz. The dc voltage was kept constant at Vdc = -30 V and
the ac drive power was increased from -50 dBm to -30 dBm. Inset: softening
Duffing effect in sample no. 1 around 177 MHz (Vdc = -30 V and the driving
power stepped from -5 dBm to 15 dBm).

According to Equations (4.1) and (4.4), the driving force is proportional

to ∂C
∂D |D=Deq · Vdc · Vac. Nonlinear resonance response was observed in all

of the samples studied. Figure 4.3 shows a hardening Duffing behaviour

in a monolayer graphene sample no. 2, when the Vac is increased while

keeping Vdc constant. On the other hand, softening Duffing behaviour was

observed in sample no. 1 (inset of Fig. 4.3). The hardening/softening be-

haviour (corresponding to increase/decrease in the resonance frequency,

respectively) is governed by the sign of the coefficient α3 of the restor-

ing force α1u(t) + α3u
3(t) in the Duffing equation [105], where u(t) is the

vibration displacement. The sign of the Duffing parameter depends on

the geometry of the device, as well as on the competition between electro-

static effects and the tension in the device [105, 106]. For sample no. 2

with L = 1.5 μm, W = 2 μm and Deq ≈ 500 nm, the onset amplitude of the

Duffing nonlinearity can be deduced. For the red resonance curve in Fig.

4.3a, the ratio V±/VLC � 9.5× 10−7, which corresponds to critical average

vibration amplitude δDhyst ≈ 20 pm according to Eq. (4.3). The vibration

mode shape can be approximated by A(y) = (1 − cos(2πy/L)/2)Amax, and

since the average vibration amplitude is related to it by δD = 1
L

∫ L
0 A(y)dy

[107], carrying out the integral gives Amax = 2δD. Thus the real criti-

cal amplitude is around 40 pm, which is in a good agreement with the

theoretical prediction of 50 pm [108].

The sensitivity of the measurement method can be estimated as follows.

When driving the sample no. 2 with as small signal as possible, the height

of the resonance peak is roughly 4% of the hysteresis onset amplitude,
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corresponding to a 1.6 pm amplitude. The bandwidth of the measurement

is B = 1/τlock−in ≈ 33 Hz, and hence the sensitivity can be expressed

as
√
Sx = 1.6 pm/

√
B ≈ 0.3 pm/

√
Hz. This is about ∼ 102 larger than

what is achieved in the state-of-the-art methods using superconducting

single-electron transistors [109, 110]. To detect the thermal motion of the

graphene resonator at 4.2 K, one order of magnitude better sensitivity is

still required.

4.2 Graphene optomechanics

Graphene is a very attractive material for studying the quantum behaviour

of micromechanical motion. High resonance frequency up to several hun-

dred megahertz attainable in graphene resonators allows to approach the

ground state in dilution refrigerator temperatures. Most importantly, the

light weight of graphene manifests in a large zero point oscillation ampli-

tude xzp =
√
�/2meffωm, which can be orders of magnitude larger than in

metallic nanoresonators [29].

In previous experiments, photothermal interaction with light and graphene

has been demonstrated [111, 112]. In Ref. [113], the optical cavity was

formed with graphene suspended over a trench in silicon substrate, and

laser cooling of motion was demonstrated in graphene. However, since

graphene is 98 % transparent, the optical finesse was very low and the

cavity back-action effects were weak.

In microwave optomechanics, microfabricated planar superconducting

circuits are often employed as LC resonators, equivalent to optical cav-

ities. Low losses in the superconductors ensures high QLC values. The

mechanical motion changes the effective capacitance C of the electrical

resonator and thus changes the cavity frequency ωc, and the coupling can

be described as a radiation pressure force.

The graphene resonators were fabricated using the same stamp tech-

nique described in the previous section, with slight modifications. A tape-

exfoliated bilayer graphene flake is located on a SiO2/Si substrate, and

is lithographically patterned and transferred as illustrated in Fig. 4.4.

The dimensions of the resonator are L = 2.5 μm and W = 1.5 μm. The

other end of the gold contact is punched in contact with one end of the alu-

minium cavity. Although a galvanic contact is not formed, the contact area

∼ 8 × 3 μm2 provides large enough capacitance Cp so that the coupling is

determined by Cg(x) (see Fig. 4.5b). The vacuum gap d in this device is

43



Graphene nanomechanics

Figure 4.4. Graphene flakes are located on Si/SiO2 substrates, and 30 nm thick gold con-
tacts are fabricated by EBL and lift-off. Another layer of PMMA is spun on
the chip, and the stamp pattern is defined in a second EBL step (1). The
whole PMMA membrane is peeled off from the initial substrate (2). An indi-
vidual stamp is picked up, flipped and transferred (3)-(4) over the aluminium
electrode to form a parallel plate capacitor.

determined by the difference between the thickness of the PMMA support

(dPMMA = 150 nm) and the thickness of the Al electrode (dAl = 80 nm),

d = dPMMA − dAl = 70 nm.

The microwave cavity is a λ/2 meander line resonator shown in Fig.

4.5a. The opposing ends of the cavity are brought close together thus

forming an electrically floating closed-loop cavity [114], which has a very

low equivalent capacitance C = 45 fF. The cavity is used in a transmission

mode, so that the input microwave signal is fed through a weakly coupled

input port (κEi � 400 kHz), and the output port for detection is more

strongly coupled (κE0 � 1.2 MHz). The circuit model in Fig. 4.5b can

be converted into a parallel circuit shown in Fig. 4.5c. The graphene

resistance Rg is included as R
′
g � 1/(ω2

cC
2
gRg), and it contributes a factor

of κg = 1/R
′
g(C + Cg) to the total cavity linewidth.

The graphene/cavity device was measured in a dilution refrigerator with

a base temperature of 20 mK. The measurement principle is illustrated in

Fig. 4.5b. The incoming signal is attenuated by 40 dB in order to reduce

thermal noise from the room temperature equipment. Additional multi-

cavity band-pass filter is used to dampen the phase noise of the pump,

which would increase the thermal occupancy nT
c of the microwave cavity

at high pump powers. The outcoming signal is amplified with a low-noise
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Figure 4.5. a) Optical image of the microwave cavity resonant at ωc = 7.8 GHz. White is
80 nm thick aluminium film on a silicon substrate (dark). b) Transmission
measurement scheme. The signal is fed through the resonator via input and
output coupling capacitors Cci = 2 fF and Cco = 4 fF. c) Equivalent parallel
circuit of the cavity including the graphene resonator.

amplifier at the 4 K stage, and is further amplified at room temperature

before it is detected with a spectrum analyzer. The total cavity decay rate

below 350 mK was κ/2π = (5.6 ±0.6) MHz, set by the losses in graphene.

The total resistance of the graphene is around 1 to 5 kΩ.

As the mechanical motion modulates the cavity frequency, motional side-

bands appear around the pump frequency at ωP ± ωm. The pump fre-

quency itself is detuned by approximately one mechanical frequency from

the cavity center frequency, ωP � ωc − ωm, and the upper pump sideband

coinciding with the cavity frequency is detected. With graphene, the red-

detuned drive is crucial, since it suppresses the circulating currents in

the cavity by factor κ/ωm, and reduces heating in the graphene itself. The

data shown in Fig. 4.6a corresponds to the thermal motion of the bilayer

graphene resonator measured down to 24 mK. The pump power is chosen

as small as possible, so that the optical damping of the mechanical mode

is negligible; the cavity occupation was about nc ∼ 6 × 104. The graphene

resonance frequency is around 23.6 MHz, and the mechanical quality fac-

tor Qm was approximately 15 000 at the base temperature (corresponding

to a damping rate γm = ωm/Qm � (2π)× 1.6 kHz.

Figure 4.6a clearly shows that the peak area is dependent on tempera-

ture. By equipartition, the peak area is proportional to the cryostat tem-

perature T0 according to 1/2meffω
2
m〈x2〉 = 1/2kBT0. As seen in Fig. 4.6b,

the linear dependence between phonon number and temperature is fol-

lowed down to 70 mK, which suggests that the lowest flexural mode lost
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Figure 4.6. a) Thermally driven power spectrum of the lowest flexural mode of the
graphene resonator; an offset is included in the traces for clarity. Solid red
lines are Lorentzian fits. b) The phonon number in the graphene resonator
versus cryostat temperature. The solid line is a linear fit to the data above
100 mK. The pump power was about 5nW, corresponding to a cavity photon
number nc ∼ 6×104.

thermalization at 70 mK in these experiments. The linear temperature

dependence can be used to fit the optomechanical coupling constant g us-

ing Eqs. (2.23) and (2.27), by assuming that the phonon number is set by

the temperature of the environment nT
m = kbT0/�ωm above 100 mK. The

estimate for the coupling strength is g/2π = (35±8) Hz. This is somewhat

lower than the prediction given by Eq. (2.20), which is g/2π � 70 Hz. The

discrepancy is mainly attributed to the distortion of the mode shape due

to nonuniform strain in the clamps.

Sideband cooling has been widely used in the study of micromechanical

motion [29, 30, 115, 116, 117, 118, 119]. For a sideband resolved system

where ωm 
 κ, the optimal cooling rate is at the red-detuned pumping

ωP = ωc − ωm. The effective damping rate experienced by the mechanics

is given by Eq. (2.24), and the phonon number in the resonator evolves

according to Eq. (2.25).

The thermal motion peak broadens with higher pump power (Fig. 4.7a),

which is expected from the radiation pressure interaction between graphene

and the cavity. The effective damping rate γeff becomes larger than the

intrinsic damping at nc ∼106, and is finally an order of magnitude larger

at the largest cavity occupation nc ∼107 (Fig. 4.7b). The phonon number

can be extracted from Lorentzian fits to the curves in Fig. 4.7a, and the

result is plotted in Fig. 4.7d. The cooling process exhibits unusual non-

monotonic behaviour, where the phonon number initially increases and

then goes down slightly when the effective damping rate increases suf-

ficiently high. These findings can be explained by the Joule heating in

graphene, which causes the temperature of the phonon environment Tenv

46



Graphene nanomechanics

Figure 4.7. a) Spectra at increasing cavity occupation under sideband cooling. An offset
has been included in the curves for clarity. The red lines are Lorentzian
fits. b) The total damping rate experienced by the graphene resonator as a
function of the cavity occupation. A fit to Eq. (2.24) is indicated by the solid
line. c) Thermal model of the graphene-cavity system. d) Phonon number in
the graphene resonator. The red line indicates the ideal cooling behaviour.
e) Effective temperature of the environment of the mechanical mode as a
function of the Joule heating power in the graphene. The solid line is a T 4 fit.

to be higher than the cryostat bath temperature T0.

The thermal model of the graphene/cavity system is depicted in Fig.

4.7c. The power dissipated in the electron system of the graphene (see Fig.

4.5c) is the decay rate of the total energy nc�ωc: P = κg ·nc�ωc =
�ncω3

cC
2
gRg

C .

Since the graphene is electrically floating, this power flow relaxes entirely

via electron-phonon coupling, the corresponding heat flow being Q̇e−p. The

heat from the phonons in graphene is scattered to the substrate via the

graphene gold contact (Q̇p−c). In contrast to the results at high bias in

Section 3.3, in this case the temperature is below the Bloch-Grüneisen
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temperature TBLG
BG , and so the electron-phonon coupling can be written

as [69, 120] Q̇e−p = AΣ(T 4
e − T 4

p ), where A is the graphene area, Σ is

the electron-phonon coupling coefficient, and Tp is the phonon tempera-

ture. The coupling constant is given by Σ =
π2D2γ1k4B

60ρhbar5v3F c2

√
γ1
|μ| , where D ≈

30 eV is the deformation potential, and ρ = 1.5· 10−6 kgm−2 is the mass

density. The environmental phonon number nT
m = kBTenv/�ωm under the

pump heating can be deduced from Fig. 4.7d with Eq. (2.25) when nm and

γopt are known. The resulting temperature of the phonon environment is

plotted in Fig. 4.7e.

The thermal model in Fig. 4.7c can be solved for the thermal bound-

ary resistance, or the Kapitza resistance RK between graphene and gold.

Acoustic mismatch theory for 3D systems leads to a similar temperature

dependence as for the electron phonon coupling in graphene: Q̇p−c =

AcRK(T 4
p − T 4

0 ). For graphene-metal systems, the Kapitza resistance has

been measured down to ∼ 50 K [77, 121]. Only rather crude theoreti-

cal estimates are available, and based on a diffuse mismatch model with

a T 4 dependence [122], the estimate for Kapitza conductivity is GK =

1/RK ≈103 K4Wm−2. Fitting the data in Fig. 4.7e reveals a value 1/RK=

(4±1)×103 K4Wm−2, in a reasonable agreement with the estimated value

from the mismatch model.

4.3 Diamond-like carbon resonators

Diamond-like-carbon (DLC) is an amorphous form of carbon with a sig-

nificant fraction of sp3 bonds [123]. Due to strong sp3 bonds, DLC has

high stiffness and low mass similar to graphene and diamond. However,

fully electrostatic actuation and readout for DLC resonators has not been

demonstrated before, as DLC is typically very resistive owing to its low

sp2 content. Previous experiments on low conductance DLC has relied on

optical readout or metal coatings [124, 125, 126, 127, 128, 129, 130], which

has limited the technological application potential of DLC NEMS/MEMS

[87, 131]. In our work, DLC with high sp2 content was used, which makes

direct capacitive electrical actuation and readout possible. DLC is also

suitable for bulk production methods, since it can be produced in thin

film form using chemical vapour deposition (CVD), high-pressure high-

temperature (HPHT) synthesis, or filtered cathodic vacuum arc (FCVA)

techniques [132]. The mechanical, electrical and optical properties can be

tuned by varying the growth parameters.
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Figure 4.8. a) Scanning electron micrograph of a DLC resonator with a suspended area
of 15×1 μm2. The wide fork-like electrode supports the DLC film, and the
distance to the bottom gate is typically d0 = 205 nm. Right: The equivalent
electrical model of the resonator. The response of the device can be modelled
by dc-bias dependent equivalent circuit elements Rm, Lm, and Cm, so that the
LC resonance frequency is equal to the mechanical resonance. b) Schematic
of the measurement setup. A set of bias-Tees is used to apply a dc voltage Vdc

across the sample, and the vector network analyzer is employed for direct
transmission measurements through the capacitive resonator Cg(x).

The DLC films studied here were grown by (FCVA) technique at 500 ◦C.

The thickness of the DLC film was 20 nm, as measured using a profilome-

ter. The growth temperature controls the sp2/sp3 ratio in the films, and

the films grown at 500 ◦C had around 10 % sp3 content according to Ra-

man spectra. This corresponds to a square resistance of 370 Ω/sq at room

temperature (2.2 kΩ/sq at 4.2 K), or a resistivity of 7.4 × 10−4 Ω·cm. The

residual compressive stress in the DLC films was estimated to be about

2 GPa. The topology of the DLC films was also probed by atomic force

microscopy, and the rms surface roughness was around ∼5 nm.

Figure 4.8a shows a SEM image of the typical sample fabricated for the

experiments. The fork-shaped metallic electrode structure was fabricated

in two steps. First, optical lithography was used to define the support

electrodes on a high purity Si/SiO2 wafer, and the 255 nm thick gold elec-

trodes were deposited by high-vacuum electron-beam evaporation. The

support structure is defined by a trench with L = 1 μm and W = 50 μm.

In the second step, electron beam lithography was used to define the thin

bottom electrode in the middle of the trench. The gate electrode was also

49



Graphene nanomechanics

made from gold, and its thickness was around 50 nm and width from 400

to 600 nm.

The DLC films were grown on a silicon wafer coated with a sacrificial

layer of Al or Cu. The DLC film was patterned with electron beam lithog-

raphy and etched to rectangular pieces by O2 plasma. In the next step,

the DLC pieces were spin coated with PMMA resist. The sacrificial layer

was etched away, and the DLC/PMMA stack was rinsed in deionized water

and deposited on the support electrodes. The PMMA film was decomposed

by annealing the sample in a hydrogen atmosphere (5 % H2 in Ar) at 375
◦C for several hours. The devices were measured in a high vacuum en-

vironment at a temperature of 4.2 K. The resonators were actuated with

an ac signal from a vector network analyzer (VNA), superimposed on a dc

bias (Fig. 4.8b). The VNA was used to measure transmission through the

sample, while varying the dc gate voltage.

Typical resonant feature in the transmission spectra at a given dc volt-

age is shown in Fig. 4.9a. For a 1 μm long and 20 nm thick DLC device,

the resonance frequency was found to be 196 MHz. The electrical response

of a capacitive resonator can be modelled with an equivalent series RLC

circuit. The value of the motional elements depend on the resonator pa-

rameters as follows: Rm = Ωm/Qη2, Cm = η2/mΩ2, Lm = m/η2, where m

is the mass of the resonator and Q is the mechanical quality factor. The

parameter η describes the effective electromechanical transduction:

η = Vdc
∂C

∂z
≈ αVdc

εWL

d20
, (4.6)

where W , L and d0 are the width, length and the vacuum gap of the res-

onator, respectively. In the last form of Eq. (4.6), the parallel plate ap-

proximation is used for the capacitance between the DLC membrane and

the gate electrode. The parasitic current path is included in Cpara, parallel

to the motional RLC circuit. The factor α � 1 has been added to account

for deviations from this model.

The electrical transmission response of the DLC resonance can be cal-

culated from the transduction model above. The result is shown in Fig.

4.9a at Vdc = 10 V, the fit parameters are indicated in the caption. It was

found in the experiments that the resonator boundary conditions are not

always well defined. Small irregularities in the clamping surfaces can

cause splitting of the modes in the DLC sheet. These effects can mani-

fest in a smaller width W of the vibrating region than the entire device
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(a) (b)

(c) (d)

Figure 4.9. a) Measured transmission through the DLC resonator (circles) at dc bias Vdc

= 10 V compared with electrical modelling (solid blue line) using the equiva-
lent RLC circuit in Fig. 4.8a. The fitting parameters are Q = 990, L = 1 μm,
t = 20 nm, d0 = 205 nm, W = 4.3μm, ρ = 2000 kg/m3, Pac = −40 dBm,
and Cpara = 6.3 fF for the parasitic capacitance that determines the base-
line. b) Relative transmission as a function of the dc voltage and frequency
at a constant ac drive power Pac = −30 dBm. c) Model fit to the frequency
tuning. The blue circles indicate measured points. The dotted black line
shows the tuning by electrostatic softening (no buckling). The solid red
line is a fit assuming upward-buckled configuration, with Young’s modulus
E = 160 GPa. d) Quality factor as a function of dc voltage at a constant
power Pac = −30 dBm.

width. Consequently, the data in Fig. 4.9a is fitted with W ≈ 4.3 μm,

which reflects a reduction by a factor of 10 in the transduction factor η.

The resonator quality factor Q is also obtained from the fitting. The

highest Q factor was around Q � 1400 at low bias voltages (Pac = −40 dBm

and Vdc = 2–5 V). It was observed that the Q value decreases as a function

of the dc gate voltage as illustrated in Fig. 4.9d. This is attributed to

the higher ohmic dissipation by the induced displacement currents in the

DLC device, similar to the case of graphene discussed in section 4.1.

The most interesting aspect of the DLC resonators is the strong fre-

quency tunability of the resonance frequency as shown in Fig. 4.9b. The

trend towards lower frequency as dc bias is increased suggests that the

eletrostatic softening is the leading contribution. But this mechanism

alone cannot explain the observed magnitude of the tuning, as is evident

from the black dotted curve in Fig. 4.9c. However, when the DLC is film

is Euler buckled due to release of the compressive stress during resonator

fabrication, it is possible to account for the observed behaviour. By us-

ing Euler-Bernoulli beam theory for calculating the expected tuning as a
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function of the dc voltage (see supplementary material of Publication VI),

the measured tuning can be accurately reproduced with appropriate pa-

rameters for the DLC resonator. The frequency tunability is around ∼2 %

for gate voltages up to ±10 V, and according to the theoretical model, a

gate voltage bias of 30 V is enough to tune the resonance frequency by 20

%.
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5. Summary

Several aspects of graphene physics and devices have been studied in this

Thesis. The transport experiments were conducted with very high qual-

ity suspended graphene samples, such that the intrinsic behaviour could

be probed. In measurements at low bias, a periodic modulation of the

conductance was observed, and it was attributed to Fabry-Pérot interfer-

ence of charge carriers. The resonance pattern matched to both longitudi-

nal and transverse resonances, indicating a long phase coherence length

consistent with nearly ballistic transport. The low amount of disorder

was also evident in the renormalized Fermi velocity, resulting from un-

screened many-body electron-electron interactions.

In experiments at high bias, the electron-phonon interaction was stud-

ied in monolayer and bilayer graphene. In suspended samples, the cou-

pling to substrate phonons is absent. Despite the high mobility of the

monolayer graphene at low bias, it was found that the electronic cooling

takes place via supercollision processes at temperatures Te = 200− 600 K.

The origin of the supercollision cooling was assigned to small wavelength

flexural phonons. No signatures of optical phonon cooling was found in

monolayer graphene at these temperatures. In similar experiments with

suspended bilayer samples, the electron-phonon heat transfer was found

to follow intrinsic behaviour, with optical phonons dominating. The dif-

ference originates mainly from the larger rigidity of the bilayer, such that

the ripple-induced supercollisions are suppressed.

The stamp transfer technique is a versatile method to fabricate graphene

resonators with arbitrary geometry, and to assemble them over localized

gates. Intriguing possibilities arise when graphene resonators with small

vacuum gaps are combined with the microwave optomechanical setting.

It was found however, that ohmic dissipation in graphene poses a serious

problem for sideband cooling, and by extension to e.g. quantum limited
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amplification. Potential improvements could be realized by inducing a

proximity supercurrent in graphene, and then using the Josephson in-

ductance to modulate the cavity response instead of capacitive coupling

[133].

In some applications, more rigid resonators are desired than what can

be achieved with monolayer or even few layer graphene. Multilayer graphene

however is very difficult to manufacture in bulk. These limitations can at

least partly be solved with diamond-like carbon films, where there is great

freedom in tailoring the material properties by the growth process. It was

also found that certain buckled geometries, although difficult to control

precisely, can at least in principle provide very large frequency tuning by

an applied electrostatic field.

The graphene experiments discussed in this Thesis were performed on

exfoliated flakes which is not suitable for large scale production. How-

ever, the results should still be widely applicable, since the CVD growth

methods have been improved to a degree that graphene with arbitrarily

large area can be produced, and the electrical and mechanical properties

are practically on par with exfoliated graphene [134, 135].
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