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ABSTRACT
Graphene NanoElectroMechanical
Resonators and Oscillators
Changyao Chen
Made of only one sheet of carbon atoms, graphene is the thinnest yet strongest
material ever exist. Since its discovery in 2004, graphene has attracted tremendous
research effort worldwide. Guaranteed by the superior electrical and excellent mechanical properties, graphene is the ideal building block for NanoElectroMechanical
Systems (NEMS).
In the first parts of the thesis, I will discuss the fabrications and measurements
of typical graphene NEMS resonators, including doubly clamped and fully clamped
graphene mechanical resonators. I have developed a electrical readout technique by
using graphene as frequency mixer, demonstrated resonant frequencies in range from
30 to 200 MHz. Furthermore, I developed the advanced fabrications to achieve local
gate structure, which led to the real-time resonant frequency detection under resonant
channel transistor (RCT) scheme. Such real-time detection improve the measurement
speed by 2 orders of magnitude compared to frequency mixing technique, and is critical for practical applications. Finally, I employed active balanced bridge technique in
order to reduce overall electrical parasitics, and demonstrated pure capacitive transduction of graphene NEMS resonators.
Characterizations of graphene NEMS resonators properties are followed, including
resonant frequency and quality factor (Q) tuning with tension, mass and temperatures. A simple continuum mechanics model was constructed to understand the
frequency tuning behavior, and it agrees with experimental data extremely well.

In the following parts of the thesis, I will discuss the behavior of graphene mechanical resonators in applied magnetic field, i.e. in Quantum Hall (QH) regime. The
couplings between mechanical motion and electronic band structure turned out to be
a direct probe for thermodynamic quantities, i.e., chemical potential and compressibility. For a clean graphene resonators, with quality factors of 1 × 104 , it underwent
resonant frequency oscillations as applied magnetic field increases. The chemical potential of graphene shifts smoothly within each LL, causing the resonant frequency
to change in an explicit pattern. Between LLs, the finite compressibility caused the
resonant frequency changing dramatically. The overall oscillations of resonant frequency with the applied magnetic field could be fitted with only disorder potential
as free parameter. Compared with conventional electronic transport technique, such
mechanical measurements proven to be a more direct and powerful tool, which we
used o study the properties of graphene’s ground states in broken symmetry states.
In the last part this thesis, I will present the study of graphene NEMS oscillators
with positive feedback loop. The demonstrated oscillators are self-sustained (without
external radio frequency, RF, stimulus), and the oscillation frequencies can be controlled by tension (i.e., applied gate voltage). I also carefully studied the influence of
feedback gain and phase, as well as linewidth compression as function of temperature.
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CHAPTER 1. INTRODUCTION

Chapter 1
Introduction
1.1

Introduction to NanoElectroMechanical Systems (NEMS)

In Richard Feynman’s 1959 lecture - ”Plenty of Room at the Bottom”, he envisioned a
field of manipulating and controlling things at a small scale, as we call nanotechnology
now. More than 50 years later, we are enjoying the benefits from his foresights: computers shrinks from occupying rooms to your fingertips, while running even faster;
materials with added nanoparticles are more durable and stronger; accelerometers
in modern cars trigger airbag deployments in collisions, making vehicles safer; accelerometers in game controllers (e.g., Nintendo Wii) and cell phones (iPhone and
other smart phones) make life more colorful.
One of the Feynman’s perspectives is, ”What are the possibilities of small but
movable machines? They may or may not be useful, but they are surely would be fun
to make.” This leads to the field of MicroElectroMechanical Systems (MEMS), and
merges into NanoElectroMechanical Systems (NEMS) when the movable parts shrink
to nanometer-scale. The mechanical nature built in such systems give them more reliability and stability compare to their electrical counterparts, examples include quartz
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oscillators used for timing reference (fully automatic watches are always more precise,
and expansive than the regular ones). In the field for scientific research, the invention
of Atomic Force Microscopy (AFM) and Scanning Tunneling Microscopy (STM) [1]
has largely push the field of nanotechnology and revealed quantum behaviors. As
we have seen so many applications from MEMS, the properties and applications of
NEMS become readily the next territory to land on.
In typical MEMS/NEMS, the movable part is actuated electrically, then deformed
statically or driven into motion dynamically. The mechanical motion is translated
into electrical or optical signals. The central challenge in the field NEMS, however,
is to track the miniscule signal on top of relatively large background, which does not
scale with the dimension. There are multiple solutions to overcome these obstacles,
which I will deal with only a small part of it later in this thesis.

1.2

Introduction to graphene

Graphene is an atomic plane of carbon arranged in hexagonal lattice pattern, and
by definition, a truly two dimensional (2D) material. It is familiar to everyone,
as graphene is the constituent of bulk material - graphite, and the building block
for other well-know low dimensional materials, such as C60 (buckyball) and carbon
nanotubes [2]. Yet it is not familiar to everyone, as its 2D properties still remained
unknown. The main reason is the difficulties to synthesize free-standing graphene.
Thanks to the ”Friday evening experiments” of two scientists from Manchester, now
we are able to isolate graphene from its environment, and consider it free-standing,
for the first time [3]. Although the method is strikingly simple, it initiated graphene
research with relentless pace, and rewarded the two scientists - Dr. Andre Geim and
Dr. Konstantin Novoselov with Nobel Prize in Physics in 2010. Here at Columbia, led
by Professor Philip Kim, we are trying to stay at the front pack of graphene research,
with multiple breakthrough discoveries.
2
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Figure 1.1: The 2D graphene is essentially the building block of carbon materials of
all dimensionalities: from 0D buckyball, to 1D nanotube, upto 3D graphite. [2]

1.2.1

Electrical properties of graphene

Graphene has unique electrical
band structure which distinguishes itself from existing
intro_mother
materials. In a simple picture, its valance band and conduction band are touch only
at one point, called Dirac point. In first Brillouin zone, the band structure looks like
six conical sunglasses, arranged in hexagonal pattern, and the center of the sunglass is
where the Dirac point is. Within these six sunglasses, two of which are inequivalent,
and the electrons behave like relativistic particles described by the Dirac equation
for spin 1/2 particles. The dispersion relations of both the valance and conduction
3
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bands are linear when the chemical potential is not far away from Dirac Point. This
linear relation of energy E and momentum k leads to the zero effective electron mass
2

m∗ = ~2 ( ∂∂kE2 )−1 .

Figure 1.2: Unit cell and Brillouin zone of graphene. [4]
The massless behavior and associated large Fermi velocity give graphene extremely
intro_unit_cell
large electron mobility [5], up to 200,000 cm2 /Vs at low temperatures. Although
lacking a finite bandgap, graphene transistors are still able to reach saturation velocity
and high transconductances [6], therefore they are suitable for analogue and radiofrequency circuit applications without the need for bandgap engineering.

1.2.2

Mechanical properties of graphene

The in-plane stiffness and breaking strength of graphene have been measured by
nano-indentation of freely suspended circular membranes [7]. These measurements
yield a two-dimensional elastic stiffness of 340 N/m, which corresponds to a Young’s
modulus E of 1 TPa, where the sheet thickness is taken to be the interlayer spacing
in graphite. The breaking strength is 42 N/m, corresponding to a bulk value of 130
GPa. The measurements also reveal that the failure of graphene occurs deep into
the nonlinear elastic regime, with a breaking strain of 25%. These values far exceed
those for any of the thin-film materials currently used for NEMS. In Figure 1.4 b, the
4
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Figure 1.3: Electronic band structure of graphene. [4]
cartoon illustrates the how strong intro_band
graphene is: to break graphene with thickness of
kitchen wrap, the strength one needs is to balance an elephant on top of a pencil!

a

b

Figure 1.4: a. Measured Young’s modulus of monolayer graphene. [7] b. Cartoon
illustrating the breaking strength of graphene.
The high stiffness and low mass (ρ = 7.4 × 10−19 kg/µm2 ) of graphene lead to high

Intro_strengh

resonant frequencies, which can be further increased by application of large strains.
5
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Furthermore, the inertness to oxidation makes devices made from graphene more
durable than most metals.

1.3

Graphene NEMS (GNEMS)

The field of NanoElectromechanical Systems (NEMS) seeks to explore the behavior and potential of mechanical devices whose dimensions are deep into the submicrometer regime [8; 9]. As device dimensions shrink, NEMS show increases in
resonant frequency, improvements in force and mass sensitivity [10; 11; 12; 13],
and low-temperature behavior that reflects quantum limit [14; 15; 16; 17; 18; 19;
20]; at the same time, this scaling brings challenges in transduction and degradation
of device properties. Most work on NEMS has utilized devices made from bulk materials such as Si, that are patterned by lithography and etching to create fully released
structures such as clamped beams and cantilevers.
However, recent years have seen increasing interest in ’bottom-up’ NEMS that
utilize nanostructures such as nanowires and nanotubes as building blocks [21; 22].
As an atomically thin two-dimensional material that can be grown over large areas
[2; 23; 24], graphene promises to combine the advantage of top-down and bottomup NEMS: it is intrinsically nanoscale, yet can be patterned at the wafer scale by
standard lithographic processes. In addition, its mechanical and electrical properties
are outstanding for NEMS applications.
To explore the range of achievable frequencies, let’s consider two simple model
systems: a rectangular doubly-clamped resonator with length L, and a circular ’drum’
resonator with diameter D. For single-layer graphene with dimensions in the µm
regime, the bending stiffness can be ignored and the resonant frequencies are given

6
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Diameter (µm)
1

Frequency (GHz)

0.1

10%

10

10

Strain

1
0.01%

0.1
0.01
0.1

1

10

Length (µm)
Figure 1.5: Resonant frequencies for doubly clamped (black solid line) and circular
drum (red dashed line) graphene resonators as a function of size, for strains of 0.01%,
0.1%, 1%, and 10%.
by the expressions for a membrane under tension:
s
1
E
fdoubly clamped =
ε,
2L ρ
s
0.766 E
ε,
fcircular =
D
ρ

(1.1)
(1.2)

where ε is the strain in the graphene sheet. Figure 1.5 shows the calculated resonant
frequencies for both cases, as a function of device dimension from 0.1 to 10 µm, and
for strains from 0.01% to 10%. Micron-scale devices can achieve frequencies in the
GHz regime for strain levels near 1%, and even higher frequencies are possible for
7
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more deeply scaled devices under higher strain. Such unprecedented advantages put
GNEMS in front compare to other NEMS, therefore initiated my thesis study.

8
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Chapter 2
Fabrications of suspended graphene
In this chapter, I will describe the evolution of fabrication methods to realize suspended graphene structure with electric contacts. I first made suspended graphene
with mechanical exfoliated graphene, with conductive silicon as global back gate.
The major drawback of this type of samples is the large parasitic capacitance between the electrodes and the back gate, the low corner frequency fcorner makes direct
transmission of Radio Frequency (RF) signal very inefficient. To solve this problem,
I developed embedded local gate electrode structure, this cut down the parasitic capacitance from previous generation by two orders of magnitude. Moreover, in the
pursuit of cleanest suspended graphene, i.e., avoid processes after graphene deposition as much as possible, all the electrode metal depositions and etching processes
are finished before graphene exfoliation.
With the development of Chemical Vapor Deposition (CVD) growth of large area
graphene from 2009 [23; 24], it opens the door for wafer-scale applications of graphene,
so as GNEMS. I adopted the dry transfer method of CVD graphene, and combined
with previous developed fabrication techniques, developed suspended graphene structure with all sides clamped.

9
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2.1

Suspended exfoliated graphene with global back
gate

The first and the easiest method to get graphene is by exfoliating graphite [3].
Graphite is consisted of many layers of graphene, and different graphene planes are
held by relative weak van der Waas force. Graphite exists in nature, and the most
common graphite to us lies in the center of pencils. However, we chose Kish graphite
for our experiments not only due to the higher quality, but also we can take advantage
of mechanical cleavage (Figure 2.1). Mechanical cleavage would reduce the thickness
of the graphite, hence, and total number of graphene layers. The mechanical cleavage
is realized by repeated folding and peeling graphite with 3M Scotch tape. During
this process, avoiding overlapping of cleaved graphite pieces will result in better yield
later. When the thinned down graphite pieces cover most of the tape, gently press
the graphite against target chip, and scratch the tape about 5 minutes. Peeling off
the tape slowly, maintaining a small angle between the peeled off tape and the target
chip.
The target chips are heavily n-doped silicon (Si) covered with 295 nm of silicon
oxide (SiO2 ), and cleaned with NanoStrip or Piranha first. The thickness of oxide
is selected to be 295 nm in order to maximize the optical contrast of single layer
graphene under white light source [25], so that later one can use optical microscope
to identify the location of graphene. A typical chip with SLG and few layer graphene
(FLG) are shown in Figure 2.2. To confirm the number of layers, we performed
Raman spectroscopy for verification [26]. The resistivity of Si is lower than 0.001
Ωcm, to ensure it does not freeze out at low temperatures.
The graphene pieces obtained by this method are usually scattered all over the
target chip, that means we need to put down alignment marks, to precisely located the
graphene flakes. (An alternative method is, however, to put down alignment marks on
the target chip before scratching, for example, by metal deposition.) This step is done
10
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b

a

Figure 2.1: Different sources of graphite: a simply from pencil, b large flake Kish
graphite purchased from Japan.
by electron beam (e-beam) lithography (FEI Sirion SEM with Nanometer Pattern
Generation System), after spin-coat the target chip with e-beam resist (MircoChem
PMMA 950 A5), a 2 mm by 2 mm grid with alignment marks spacing by 50 µm is
written in the vicinity of the graphene flake. With development of only 20 second,
we are able to see the alignment marks under optical microscope, together with the
graphene flake of interest. Then we can precisely located the graphene flake with the
nearest alignment marks, to perform a final e-beam lithography step with the same
resist layer, defining the source, drain contacts and bonding pads. These process is
shown in Figure 2.3.
After the metal deposition (usually 1 nm of Chrome (Cr) and 35 nm of Gold

fab_graphite

(Au)), the samples are dipped into 50:1 Buffered Oxide Etch (BOE) for 12 minutes,
to remove the oxide beneath graphene. The fast diffusion of HF underneath graphene
11
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b

a

Few Layers

10 μm
Single Layer

Figure 2.2: Mechcanial exfoliated graphene: a. Scotch tape with a chunk of graphite
to start with. b. Optical microscope image of mechanical exfoliated graphene on SiO2
chip. Single layer graphene (SLG) and few layer graphene (FLG) are clear visible to
naked eyes
[27] will make the etching extremely anisotropic, avoiding the need of long etch time
nor release holes. Following the SiO2 removal, samples are transferred and dried with
a critical point dryer (model 13200J-AB from SPI-DRY) to avoid surface tension
during the phase transition that causes suspended graphene to collapse [5; 28]. To
confirmed the suspended graphene structure, we usually perform Scanning Electron
Microscopy (SEM) or Atomic Force Microscopy (AFM) as in Figure 2.4, while the
latter is preferred since it would eliminate the electron bombardments to the graphene
samples.
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a

b

c

d

Figure 2.3: a. Graphene flakes on SiO2 /Si after mechanical exfoliation. b. Alignment
marks (inside yellow dashed squares) are patterned with e-beam lithography, and
brief developed for only 20 seconds. c. Electrodes are then patterned, with respect
to the nearby alignment marks, precisely on top of graphene flake. d. After metal
evaporation.
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a

b

c

d

e

f

x (um)

Figure 2.4: Suspended graphene with global back gate: a,b. SEM images of suspended
graphene of different widths with electrodes. c. Optical microscope image of suspended
graphene. d. AFM image of the same sample in c. e. Raman spectrum of the same sample
in a, showing the lineshape of 2D peak (green dots) with Lorentzian fit (red line). f. Height
profile corresponding to the white line.
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Figure 2.5 shows the summary of the fabrication procedure. It is worth to note
that we can carry out an additional step of lithography, in the same manner of
how we define the electrodes, to shape the size and dimension of graphene. With
PMMA covering the portion of grapene of interest, we expose the unwanted part of
graphene, then perform oxygen plasma etching (tabletop RIE etcher, pressure 250
mTorr, power 100 W, 5 seconds) to remove the excessive graphene. In this way,
combined with picking graphene of different layers, we have total 3D control the
suspended graphene.

a

b

c

d

Figure 2.5: Summary of fabrication procedure for global gated suspended graphene.
a. Preparation of substrate. fab_global
b. Mechanical exfoliation. c. Pattern electrodes. d.
Release of suspended graphene.

2.2

Suspended exfoliated graphene with local back
gate

2.2.1

Drawback of global back gate

Although the easy feasibility of the global back gate structure and the popularities
for electron transport studies, the large parasitic capacitance between the globe back
gate and bonding pads impose great challenges when dealing with high frequency
15
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signals, especially in RF range (3 kHz to 300 GHz). To enable wire-bonding, the
bonding pads are usually larger than 200 µm by 200 µm, these act like parallel plate
capacitors, with capacitance of
C=

r 0 A
,
d

(2.1)

where r = 4 is the dielectric constant of SiO2 , 8.85 × 10−12 F/m is the permittivity
constant of SiO2 , A = 40000µm2 is the area of pad size, and d = 295 nm is the
thickness, from this we estimate the capacitance of the contacts Cc ≈ 10pF. The
contact resistance Rc is usually about 1kΩ, Thus the corner frequency fcorner in this
setup is given by:

fcorner =

1
≈ 10MHz.
2πRc Cc

(2.2)

Most the graphene mechanical resonant frequencies are well above this corner
frequency, thus, this large Cc makes the direct transmission of RF signal very difficult.
To circumvent this obstacle, people have used heterodyne frequency mixing techniques
to down convert RF signal into low kHz range [29], as I will describe in detail in next
chapter as well. Nevertheless, for real-time RF application, it is desirable to reduce
such large parasitic capacitance so direct signal transduction can be realized.

2.2.2

Local back gate structure

The large parasitic we have is mostly due the overlap of the global silicon back gate
and the bonding pads. However, one only needs the gate electrode acting ”beneath”
suspended graphene, therefore, the logical direction to reduce parasitic is move from
globe back gate to local back gate structure.
The major difficulty here is the random nature of how one makes graphene flake:
the mechanical exfoliation process can not guarantee the exact location of the graphene
piece, let alone to land on top of pre-pattern local gate. One can also pattern the
local gate structure on top of graphene, spaced by certain dielectric material [30;
16
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graphene

S

TG

D

Figure 2.6: Top gated suspended graphene structure, shown with source (S), drain
(D) and top gate (TG). In this particular sample, the suspended graphene is snapped
to the top gate.
31], but such process is general very low yield - the suspended top gate is very likely to
collapse, or snap to graphene. I have tried evaporating SiO2 onto exfoliated graphene,
then pattern local gate ”bridge” on top, as shown in Figure 2.6, nevertheless, this
method was not very appealing to me.
The route we took is to prepare all the local gate, source, drain contacts, plus
”suspending ability” all together before the mechanical exfoliation. To be more specific, we pattern very slim source and drain electrodes first, next, perform dry oxide
etch to dig a trench right between the source and drain, finally, with careful alignment, we ”drop” the local gate electrodes right inside the trench. After we have these
direct scratch chips ready, we will mechanically exfoliate graphene directly on top of
these structures, and by chance, there will be graphene laying across the trench, with
electrical contacts on both ends, with local gate beneath.
17
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D
D
L
w

Figure 2.7: Design for direct scratch chips with local gate: the square bond pad size
D is 100 µm, the length L of the source and drain electrodes is 500 µm, and the
width is about 2 µm. The width of the trench w are 1, 2, 3 and 4 µm. The width of
local gate electrode is 500 nm less than trench width w, to ensure there is no short
between local gate and S/D electrodes. Color representation, blue: source and drain;
yellow: trench; green: local gate.
The detail design of our direct scratch is shown in Figure 2.7, detailing the dimensions of one set of S/D/LG combination. The width of the trench varies from
1 µm to 4 µm, in order to study suspended graphene with different lengths, and we
pattern these combination all over 4-inch wafers, with photolithography, to increase
the through put.
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fab_duv
a

b

c

d

Figure 2.8: Fabrication process of direct scratch chips with local gates. a. High
resistivity silicon (>10,000 Ω cm, in blue) with 295 nm of thermal oxide (in pink).
b. Patterned source and drain electrodes (in yellow). c. Etched trench between
source and drain. d. Patterned local gate inside etched trench (in dark yellow).e.
SEM detailing the local gate inside the trench. f. A 4-inch wafer with finished direct
scratch chips, diced into 11 mm by 11 mm dies.
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Since we have multiple layers of photolithography, and the alignment precision
between each layer is very crucial in these processes, especially the last step, to pattern
the local gate exactly inside the trench. Regular mask aligner, such as Suss MicroTec
MA6 Mask Aligner (alignment precision 1 µm), or g-line stepper does not have reliable
alignment accuracy, therefore, we reached out to Cornell Nanofabrication Facility
(CNF), using their ASML PAS 5500/300C DUV Stepper (Registered alignment is
typically less than 45 nm.)

1

The fabrication flow is shown in Figure 2.8.

We use high resistivity silicon

(>10,000 Ω cm), thermally grow 295 nm of oxide (Figure 2.8 a). This 295 nm oxide
thickness is chosen so we can still identify SLG after mechanical exfoliation. Then
source and drain electrodes (1 nm Cr and 10 nm Au) are pattern (Figure 2.8 b),
such thin metal thickness is also chosen in order to minimize abrupt change of surface
topography, and facilitate scratching. Next, we will dry etch (CH4 /O2 ) through the
thin metal and oxide to create the trench. The depth is between 200 nm to 295 nm
(all the way through), in the meantime, we also etch the trench for local gate bonding
pad, as shown Figure 2.8 c. Finally, local gate electrode (1 nm Cr and 20 nm Au)
is patterned (Figure 2.8 d), and SEM and AFM are performed in ensure no shortage
between all electrodes.

1

This work is done with great help by Noah Clay and Rob Ilic from CNF, and Dr. Alexander

Gondarenko.
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2.3

SU-8 clamped suspended graphene with local
gate

The previous suspended graphene are all made from mechanical exfoliation, albeit
with great electrical and mechanical properties, the low throughput greatly hinder
the practical applications. For applications, it will be necessary to fabricate GNEMS
using graphene derived from scalable synthesis techniques; these include solutionprocessing of graphene oxide, epitaxial growth [32], and Chemical Vapor Deposition
(CVD) growth [33; 24; 23]. Robinson et al. demonstrated drum resonators made from
reduced Graphene Oxide (rGO) [34], which can be derived from bulk graphite and is
solution-processable. Graphene oxide (GO) films were made by spin-coating onto a
wafer, converted to rGO by chemical reduction, then delaminated from the substrate
using a NaOH solution, floated in water, and subsequently transferred to target substrates with pre-patterned circular wells to create free-standing circular membranes.
A focused ion beam was then used to mill a small hole in the center of each membrane to release the water trapped underneath. Shivaraman et al. demonstrated
doubly clamped graphene resonators made from epitaxial graphene grown on Silicon
Carbide (SiC) [35]. After lithographically patterning the electrodes and graphene
stripes, the authors used photoelectrochemical etching to remove the underneath SiC
in order to release the graphene.
CVD growth on copper substrates [23; 36] yields high-quality monolayer graphene
films. Following growth, an intermediate support such as Polymethyl methacrylate
(PMMA) [23] or Polydimethylsiloxane (PDMS) [24] is applied, the copper is chemically etched, and the polymer-supported graphene is transferred to other substrates
for device fabrication. A few techniques have been applied to create suspended devices
from CVD graphene. Fully clamped membranes have been achieved by transferring
continuous films on top of pre-defined holes [37; 38]. Doubly clamped structures can
be created by patterning the transferred graphene into strips, then applying electrodes
21
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and etching the oxide layer, as described for exfoliated graphene above. Alternatively,
the graphene can be pre-patterned into strips while still on the copper, and then transferred either to a solid substrate or on top of pre-defined electrodes and trenches. van
der Zande et al. have used these techniques to create large arrays of GNEMS [38].
From mechanical resonator perspective, Barton et al. have shown higher quality
factors with fully clamped with direct transfer on pre-patterned silicon nitride holes
[39], this points an alternative method to enhance the performance of graphene mechanical resonators and is of great interest to us. Below I will describe our fabrication
process for SU-8 clamped drum resonators with embedded local gate.

2

For direct RF transduction, non-conducting substrates such as high resistivity
silicon or fused silica are used. Bi-layers of Deep-UV (DUV) resists (UV210-0.6 and
ARC DSK 101-3 for lift-off) are spin-coated on those substrates, and local gates and
alignment marks are then patterned using using ASML 300C DUV stepper followed
by 1nm of titanium (Ti) and 30 nm of platinum (Pt) evaporation. We chose Pt
here since it is the only metal allowed in following oxide deposition process. PlasmaEnhanced Chemical Vapor Deposition (PECVD) oxide is then deposited on top of
the electrodes on top of local gates. Because of the roughness of PECVD oxide
surface is detrimental to graphene transfer, Chemical Mechanical Polishing (CMP) is
implemented to smoothen the PECVD oxide surface down to 0.4nm RMS.
In this work, we use large grain Chemical Vapor Deposition (CVD) graphene on
copper due to its high electrical qualities [36]. First, 950K A6 PMMA is spun at
3000 RPM on top of the graphene/copper stack and baked at 170 degrees C for
10 minutes. Following the spin-coating, the back side of copper was etched using
oxygen plasma in order to remove the unwanted graphene at the backside. The
PMMA/graphene/copper stack was then pressed gently against a block of PDMS to
ease the handling. Finally, this PDMS/PMMA/graphene/copper stack was immersed
altogether into the copper etchant (ammonium persulfate) to remove the copper.
2

This work is done with Sunwoo Lee.
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The PDMS/PMMA/graphene stack was then pressed against the polished substrate at 170 degrees C, at which PMMA/graphene stack delaminated from PDMS.
After the delamination, the substrate was left on the hot plate for extra 10 minutes to allow graphene to adhere better onto the substrate. Then the PMMA used
in the transfer was stripped away with acetone and fresh PMMA was spin-coated
for lithography steps later. The sheet of graphene was then patterned into series of
strips of varying dimensions on top of buried local gates with Electron Beam Lithography (EBL). The strip pattern on PMMA is transferred onto graphene using oxygen
plasma, and the remaining PMMA was stripped in acetone. In order to minimize
PMMA residue , the sample was immerse in chloroform at 75 degrees C for 30 minutes, followed by IPA rinse. Source and drain electrodes are then patterned using EBL
with bilayer PMMA, and titanium, palladium, and gold (1nm, 15nm, and 50nm, respectively) were deposited, such combination of metals proves to have lower contact
resistance. The sample was then cleaned again in the boiling chloroform to remove
of PMMA residues.
Once the source and drain electrodes are defined, the chemically amplified negative
resist, SU-8 2002 is spun on top of the chip at 3000 RPM to be 1.5um thick. Using
EBL, the SU-8 was patterned to be the same dimension as the graphene strips, except
for holes in the center. After the SU-8 patterning, the polymer is hard-baked at 170
degrees C for 30 minutes and Buffered Oxide Etch (BOE) and Critical Point Dry
(CPD) followed to suspended the SU-8 clamped graphene drums. The complete
fabrication flow in shown in Figure 2.9.
The fabrication method described above can also be extended to make doubly
clamped graphene resonators with local gate made from CVD graphene, and the
generic transfer procedure is also be applied to stamp exfoliated graphene to achieve
local gated suspended graphene.
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(a) Local Gate with SiO2
Cladding & CMP

(e.1) BOE Release

Si
(b) Graphene Transfer &
Patterning

(e.2) BOE Release
top-view

(c) Source & Drain
Electrodes
II
I

(f) False Color SEM

(d) Circular Clamping
Using SU-8
PECVD SiO2

SU-8

Local Gate

Graphene

Silicon

Source/Drain

Figure 2.9: Flow chart of the fabrication of SU8 clamped drum resonators for graphene
VCO study. In f. shows the false color SEM of one typical device with tilted angle.
Inset is SEM with larger tilted angle.
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Table 2.1: Summary of fabrication for suspended graphene
Global back gate

Local back gate
1. Directly scrach graphene on pre-

Graphene scratch directly on

Exfoliated
graphene

patterned electrodes and trenches.

SiO2 /Si, electrodes patterned by
EBL, oxide etched with BOE.

2. Stamp transfer graphene to prepatterned electrodes and trenches
[40].
3. Graphene transferred onto highresistivity wafers with embedded local gates, electrodes patterned by
EBL, oxide etched with BOE.

CVD
graphene

1. Graphene transferred from cop-

Graphene transferred from copper

per and electrodes patterned by

to wafers with embedded local

EBL, oxide etched with BOE [38].

gates, oxide wet etched by BOE.

2.

Graphene is transfer to pre-

patterned silicon nitride holes, but
no electrical contacts are provided
[37]

No gated suspended structure have been demonstrated [34; 35],
Epitaxial
however, for rGO, it is possible to realize both global and local
and rGO

gate structure [41].

The methods described in this table are from this thesis unless indicated otherwise.
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Chapter 3
Measurements of graphene
resonators
The small signal level associated with the miniaturization of size makes the measurements of NEMS very challenging. In the case of graphene resonators, the high
frequency electrical measurement schemes are more demanding due to the large parasitics in the circuit. In this chapter, I will describe the evolution of all-electrical
readout scheme of graphene resonators, starting from frequency mixing technique,
then proceed to local back gate structure, with which we developed direct readout
method in RF range. Finally, with capacitive cancellation technique, we nulled down
the off-resonance signal by more than one order of magnitude, realized pure capacitive
readout of graphene mechanical resonators.

3.1

Overview of optical transduction

There are various ways to actuated MEMS/NEMS resonators, such as optical [42; 43],
magnetomotive [44; 45], piezoelectric[46; 47], piezoresistive [48; 49],and electrostatic
[50; 29; 51]. Among them, the optical and electrostatic actuation techniques can be
readily applied to GNEMS.
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A number of groups have demonstrated optical transduction of GNEMS [34; 35;
52; 38; 37]. In the most common implementation, a laser focused on the sheet is
modulated at the drive frequency. This in turn modulates the temperature of the
graphene and causes periodic contraction/expansion of the layer that leads to motion.
Another laser beam is used for detection: it reflects from the suspended graphene, and
also passes through the suspended graphene and reflects off of the substrate beneath,
setting up an interference pattern; the intensity of the reflected signal is sensitive to
the position of the graphene. The motion of the graphene is detected by tracking the
intensity modulation of the reflected signal using a fast photodiode.
An indirect method of optical transduction is to use an Atomic Force Microscope
(AFM) tip to measure the graphene deflection [53]. In this method, the capacitive RF
drive signal applied to the gate is Amplitude Modulated (AM), with the modulation
frequency fmod set to the resonant frequency of the AFM cantilever. This in effect
provides a drive to the AFM cantilever at fmod due to the interaction between the
cantilever and the graphene. This technique can be used to image the graphene
resonance spatially, to map out the oscillation mode shape. However, resonant quality
factors are quite low (∼ 5), since the AFM imaging is typically carried out in air.

3.2

Overview of electrical readout

Despite the success of optical readout described above, it is usually very bulky and
demanding in experimental setup, and difficult to study GNEMS at low temperature
or applied magnetic fields. Therefore, all electrical transduction methods are still
required. Figure 3.1 is a schematic diagram of the typical configuration used for
electrical transduction of GNEMS; the symbols used in following sections are defined
in Table 3.1. A graphene sheet is contacted by source and drain electrodes, and
suspended above a gate electrode. A DC voltage applied to the gate causes static
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Table 3.1: Symbols used in electrical transduction
E 2D

2D Young’s Modulus

ρ

2D mass density

D

Diameter of graphene drum

Length of graphene strip
L
(between source and drain)
W

Width of graphene strip

meff

Effective mass

ε0

Built-in strain

k

Spring constant

Vd

DC drain voltage

δVd

RF drain voltage

Vg

DC gate voltage

δVg

RF gate voltage

Id

Current through graphene

G

Electrical conductance

Distance between graphene
z0

Maximum static deflection
ze

and gate

of graphene
Capacitance

δz

Vibrational amplitude

Cg

between

graphene and gate
Second spatial derivative of

Cg0

First spatial derivative of Cg

Cg00

ω

Angular frequency, in rad/s

f

Frequency, in Hz

ω0

Resonant angular frequency

f0

Resonant frequency, in Hz

µ

Electron mobility

n

2D carrier density

Cg

deflection of the sheet toward the gate. Resonant motion is actuated by applying an
additional RF signal δVg at frequency ω to the gate, which leads to an RF force
δF = −

1 ∂Cg (Vg + δVg )2
≈ Cg0 Vg δVg .
2
∂z

(3.1)

Here we only keep the term that is at frequency ω. This drive scheme can be used
either in conjunction with electrical or optical readout.
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Drain

Source
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Cg
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Gate

z
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Figure 3.1: Schematic of electrical transduction for graphene resonators.
In the doubly-clamped configuration shown in Figure 3.1, the uniform electrostatic
force leads to a static deflection toward the gate, with a parabolic shape. At resonance,
the graphene oscillates around this static position, with a sinusoidal mode shape in the
fundamental mode. For small deflection, the difference between parabolic and exact
mode shapes is infinitesimal. Therefore, it is possible to parametrize the motion of the
graphene using only the position z of the midpoint. We denote the static equilibrium
position as ze and the oscillation amplitude δz; the system acts as a simple harmonic
p
1
oscillator with restoring force F = −kδz, and resonant frequency f0 = 2π
k/meff ,,
where k is the spring constant, and meff = 0.5ρLW is the effective mass.
A significant advantage of graphene for NEMS applications is that its chargedependent conductance, G, can be used to transduce mechanical motion to a timevarying current. The dependence of the source-drain current on the deflection of the
graphene can be expressed as:
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dId
dG Cg0
= Vd Vg
dz
dVg Cg

(3.2)

In high-mobility graphene, dG/dVg can be large, leading to a current that is many
orders of magnitude larger than expected for a device of similar dimensions made
from a material lacking similar transconductance. With the parallel plate capacitor
approximation and diffusive transport limit, we have:
G = neµ

W
,
L

dG
W 1 d(Cg Vg )
Cg
=µ
= µ 2,
dVg
L W L dVg
L

(3.3)
(3.4)

therefore Equatio (3.2) is reduced to:
dId
Cg 1
= µVd Vg 2 .
dz
L z0

3.3
3.3.1

(3.5)

Electrical readout with frequency mixing
Amplitude modulation (AM)

In practice, the current predicted by Equation (3.2) is difficult to measure directly,
due to the large parasitic capacitance. Under the global back gate configuration
described in previous chapter, Equation (2.2) predicts the corner frequency is below
10 MHz. To circumvent this obstacle, frequency mixing technique is commonly used
to readout dI/dz at low frequency (below fcorner ).
The origin of frequency mixing is graphene’s density dependent conductance. As
shown in Figure 3.2, the conductance G is a function of n, G(n), therefore, with
applied bias Vd , the current passed through graphene is:
Id = Vd G(n).
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I



n


Figure 3.2: Principle of frequency mixing technique. Graphene’s conductance (of
current I with constant bias) is dependent of carrier density n. If I and n is modulated
at different frequencies (ω + ∆ω and ω, respectively), an offset current at frequency
∆ω will be generated.
We can expand G(n) around n0 :
dG
δz
dz
dG dn
= G(n0 ) +
δz.
dn dz

G(n) ≈ G(n0 ) +

(3.7)

With parallel plate capacitor approximation, n = Cg Vg /A where A is the area of
suspended graphene, we have:
dn
1 d(Cg Vg )
=
dz
A dz
1
dCg
dVg
=
(Vg
+ Cg
)
A
dz
dz
1 0
≈
C Vg .
A g
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Plug above equation back to Equation (3.7), it is reduced to:
G(n) = G(n0 ) + Vg

dG Cg0
δz.
dVg Cg

(3.9)

Therefore, if the suspended graphene is set into motion with amplitude δz and frequency ω, G(n) will oscillate around G(n0 ) with frequency ω.
To realize frequency mixing, we apply Vg + δVg cos ωt at the gate as actuation,
and δVd cos (ω + ∆ω)t at the drain. From Equation (3.6), we have:
Id (t) = δVd cos [(ω + ∆ω)t] · [G(Vg ) +

dG
dG Cg0
δVg cos ωt + Vg
δz cos ωt]. (3.10)
dVg
dVg Cg

Keeping only ∆ω components in Equation (3.10), we have:
Cg0
1
dG
Id∆ω (t) = δVd
(δVg + Vg δz) cos ∆ωt.
2
dVg
Cg

(3.11)

In most cases, if the signal at bias is generated by frequency mixer with ω and ∆ω,
the actual bias is δVd cos [(ω ± ∆ω)t], therefore, the mixing current will be twice as
in Equation (3.11).
The sample fabrication is described in previous chapter, and the measurement
circuit is shown in Figure 3.3. Samples are wire bonded and mounted onto a chip
carrier. Coaxial cables with a characteristic impedance of 50 Ω are soldered directly
to the chip carrier. Each input is terminated with a matching load consisting of
a 50 Ω resistor in series with a 100 nF capacitor to ground. This load allows for
simultaneous DC and RF biasing (realized by Mini Circuit bias tee, ZFBT-4R2GW+)
while minimizing RF reflections. Each output is terminated with a 100 nF capacitor
to ground, which not only is used as a low-pass filter with corner frequency below
30 kHz, but also serves the purpose of anchoring the RF ground to eliminate ringing
in the output; in the absence of the capacitor, the mixing current undergoes large
fluctuations as a function of frequency, as the output cable becomes a quarter-wave
transformer with variable impedance. The frequency mixer used to generate the
sidebands can be applied either to the drain or gate side, and we have observed
equal results. No sideband rejection is employed, effectively doubling the amount
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Figure 3.3: Detailed circuit diagram for AM mixing measurement.
of current generated by one sideband at the output, as in Equation (3.11). Power
control is obtained by a combination of fixed attenuators and a digital step attenuator
(model ZX-76 from Minicircuits). Stanford Research Lock-in amplifier SR830 is used
to provide δω and also measuring mixing current. An additional low frequency current
amplifier (ITHACO 1210) is used in front of SR830 sensing port.∆ω is usually set to
2π×1 kHz.
The mixing current (3.11) has two contributions: a background current which
exists even in non-suspended samples and a resonant term which is proportional to
the vibration amplitude. The background mixed-down current is given by:
IdBG = δVd

dG
δVg .
dVg

(3.12)

Excellent agreement is observed between the mixed-down current and the expected
value from the above equation at low frequencies (compared to the resonance but still
significantly larger than the modulation frequency ∆ω), as seen in Figure 3.4.
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a

b

Figure 3.4: a. Gate sweep with Vg , with 10 mV bias. b. Mixing current measured at
1 MHz, δVd = 5 mV, δVg = 100 mV. Black points show predicted values of mixing
current according to prediction. All mixing currents are recorded in rms values.
Figure 3.5 shows result for a 3 µm wide, 1.1 µm long monolayer graphene resonator
(device 1) measured at room temperature. In Figure 3.5 c, a prominent peak is observed near 65 MHz, which we interpret as the mechanical resonance of the graphene.
Smaller peaks, which we assign to the resonance of the under-etched gold electrodes,
appear near 20 and 25 MHz. The inset shows the same graphene resonance driven
at a lower amplitude and fit to a Lorentzian lineshape. The width of the resonance
corresponds to a quality factor Q = 125. This value is typical for more than 20 devices
of this type studied.
The evolution of the resonances with Vg and device geometry supports the assignment of the two modes given above. The graphene resonance is highly tunable,
increasing in frequency away from a minimum near Charge Neutrality Point (CNP)
due to the tension induced by the gate voltage (the small observed shift of the resonant frequency minimum away from CNP can be explained by trapped charges in
the oxide and on the graphene [54]). On the other hand, the resonances of the much
stiffer gold beams are, as expected, independent of gate voltage. The contrast between
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Figure 3.5: a,b Id Mixed-down current in color scale as a function of both f and Vg . The graphene
resonances, visible as parabola-shaped features, are highly tunable with gate voltage for both devices.
In a, besides graphene resonances (I), resonances from the metal clamps are observed, both as nontunable modes (II) and as avoided crossing points (arrows). These modes are absent in device 2,
which is much narrower. versus frequency for device 1 (3m wide, 1.1 m long). c Linecut from a
(dashed black vertical line). The graphene resonance (I) appears at 65 MHz. Resonances of metal
beams (II) are also visible below 25 MHz. Inset: the graphene resonance at low driving power, and
non-zer phase Lorentzian fit (red line) with Q=125. (d) Id around resonance with different δVg . the
onset of nonlinearity effects corresponds to δVg = 44 mV, with estimated vibration amplitude of 1.1
nm. Beyond this linear regime, the amplitude estimation is not valid.
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the two resonances serves to emphasize that the combination of high frequency and
high tunability with an electrostatic gate is a unique feature of devices with thickness
near the atomic scale such as graphene and single-walled carbon nanotubes [29]; it
is seen in neither multilayer graphene[55] nor in NEMS resonators fabricated using
top-down techniques. For devices with suspended graphene lengths L from 0.5-2
µm, the graphene resonant frequency scales approximately as (1/L), as expected for
a thin membrane [56]. The resonant frequency of the gold, on the other hand, scales
approximately as t/L2gold , as shown in Figure 3.6, where t is the electrode thickness,
and Lgold is the length of the suspended section of the gold electrode (about the width
of the graphene sheet), as expected for a thick beam. For narrow graphene ribbons,
such as in Figure 3.5 b, the gold beam resonance occurs above the measured frequency
range, and only the graphene resonance is observed.

Frequency (MHz)

40

25

10
2

6

10

t/Lgold2 (mm-1)
Figure 3.6: Gold resonance as function of t/L2gold , showing expected linear dependence
(blue dashed line).

gold_resonance
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The observation of the metal resonances by electromechanical mixing implies
that the motion of the metal electrode is transferred to the graphene, since the
conductance of the gold is independent of gate voltage.

As expected, the cou-

pling between the two resonant modes is strongest when the frequencies are similar. This behavior is manifested in many devices as avoided crossings at intersections between the metal and graphene modes, as indicated by the arrows in Figure 3.5 a. In addition to being of fundamental interest as a coupled nanoscalemicroscale system, these resonances demonstrate that graphene can be used to transduce the motion of larger resonant systems with minimal damping. Figure 3.5 d
shows the evolution of the graphene resonance (for device 1) with drive amplitude.
As increases, the peak grows in height, shifts upward in frequency, and changes
from a symmetric Lorentzian to an asymmetric shape characteristic of a nonlinear response. Above a drive amplitude of 44 mV, corresponding to an oscillation
amplitude of

1.1 nm, the resonance develops bistable behavior [29]. The ratio

of the amplitude at the onset of nonlinearity to the noise floor gives a dynamic
range [8] of approximately 60 dB. Importantly for applications of these devices,
the measured peak current values are 2 orders of magnitude larger than those observed in carbon nanotubes for the same applied power at room temperature [29; 54;
57]. This improvement in signal levels is a direct consequence of the ability to fabricate micron-wide devices with higher conductance than that of a one-dimensional
nanotube.
Since there are two RF signal used in the technique described above, it is also
called two sources method. A commonly employed variation on this technique involves
applying a single AM RF signal to the drain, with the carrier frequency set at f and
the modulation at ∆f . The main signal provides the mechanical drive at f , which
mixes with the sidebands at f ±∆f in the same way as for the two-source method [38;
58; 59].
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3.3.2

Lorentzian fit with non-zero phase

The governing equation for damped driven oscillator is:
F0 eiωt
d2 x
dx
2
x
=
+
ω
,
+
γ
0
dt2
dt
m

(3.13)

where γ defines the damping and ω0 is the resonant frequency. F0 is the amplitude
of driving force, and m is the mass. The solution for Equation (3.13) is:
x=

ω02

F0 /m
.
− ω 2 + iωγ

(3.14)

Therefore, the vibration amplitude |x| will have Lorentzian line shape, while the
phase will shift by π around resonance, as shown in Figure 3.7.

π

ω0

0

Figure 3.7: Response of damped driven oscillator. Black: amplitude with normal
Lorentzian lineshape. Red: phase showing π shift before and after resonance ω0 .
Although the amplitude of damped driven resonator posses solution in form of
regular Lorentzian function, and observed in many measurements [60], in the case of
the electrical measurement, due to the the parasitic capacitance and inductance, there
are usually inevitable background associated with the Lorentzian response. Under the
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AM frequency mixing scheme described above, aside from the background current
from parasitic, there is an intrinsic background current described by Equation (3.4),
which is contributed by both δVd and δVg . The on-resonance current, on the other
hand, is only related to δVd but not δVg . The unavoidable phase difference between
δVd and δVg (for example, from
different cable
Lorentzian
with lengths)
phaseswill deviate the total current
from the form of Equation (3.14).

  0

1
  
2

  

3
  
2

Figure 3.8: Examples of Lorentzian lineshapes with different phases.
Following the procedure described by Sazonova [61], we are going to use Lorentzian
function L(f ) with non-zero phase to fit our experimental result, where:
f 2 −f 2

H cos (arctan ( 0Γf + ∆φ))
q
L(f ) = A + Bf +
,
2
2
(1 − ff 2 )2 + ( Γf
)
2
f
0
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where A and B are the intercept and slope of the overall background, H is the height
of the Lorentzian peak, f0 is the resonant frequency, Γ is the damping and ∆φ is the
phase difference. The non-zero ∆φ will make the lineshape differ from the normal
Lorentzian peak, as shown in Figure 3.8. From this functional form, we can relate
measured quality factor, background, and peak height the following fashion:
f0
Γ
= A + Bf0

Q =
LBG

(3.16)

Lpeak = HQ
We use above functional form to fit all our experimental result, for Q and δz
estimation. For example, we fit the resonance shown in Figure 3.5 a and resulting Q
= 125, as shown in Figure 3.9. In the following analysis, we will use this non-zero
phase Lorentzian function for resonance fittings unless noted otherwise.

3.3.3

Frequency modulation (FM)

Since the first demonstration of electrical readout of GNEMS by means of AM frequency mixing [28], many other groups have caught up and improved the technique.
One of these is by Frequency modulation (FM) mixing. I didn’t perform any FM measurement in the scope of this thesis, so here I will just briefly review other groups’
work.
The first measurement with FM method was first described in detail as applied
to carbon nanotubes [62], and has since been employed for graphene [38; 63]. As
with the AM mixing technique, a single RF signal is applied to the drain, and is
frequency-modulated at the mixing frequency ∆f . This modulation provides both
the RF drive and readout. The resulting signal at the ∆f is:
1
dG
∂
IdFM = Vg δVd
f∆ Re[δz],
2
dVg ∂f
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Figure 3.9: Resonance fitting (Red solid line) of AM frequency mixing data (Black
circles) with non-zero phase Lorentzian function, with Q = 125. This is the same
data shown in Figure 3.5 a inset.
where f∆ is the frequency deviation of the FM technique, and Re[δz] is the real part
the of amplitude vibration.
An advantage of the FM scheme is that it lacks a purely electrical background at
the mixing frequency, as seen in Equation (3.17). Because the the FM mixed-down
current is proportional to change of in-phase oscillation amplitude with frequency,
the lineshape is not Lorentzian; instead, the signal amplitude shows two minima, as
shown in Figure 3.10, the separation of the two minima gives a direct measure of the
resonant linewidth, and therefore the quality factor.
In principle, the heterodyne frequency mixing techniques described above are not
limited with carbon-base materials, but can be applied to any resonant system whose
conductance (resistance) will change with displacement, such as with piezoresistive
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Figure 3.10: Resonance measurement by FM frequency mixing technique. Data taken
from Eichler et. al [63].
materials [49; 64].

3.4

Readout with resonant channel transistor (RCT)
scheme

Although mixing techniques are quite effective for device characterization, mixing the
mechanical signal down from the MHz to the kHz regime causes measurement bandwidth to be greatly reduced, which in turn seriously impedes real-time applications
such as high speed detection and mechanical signal processing. For direct RF readout
of graphene resonance, i.e. according to Equation (3.2), it is necessary to decrease
the parasitic capacitance in order to minimize the background signal.
The usual RF readout for MEMS resonators is using the variation of capacitance
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while they are vibrating. When on resonance, the change of capacitance ∆C will
modify the circuit impedance Z, therefore RF signal transmission or reflection. For
graphene resonator, however, when the suspended graphene is set into resonant motion, aside from Cg modulation, its conductance G is also modulated with the same
frequency. This modulation of G will directly result in modulation of current Id if a
constant bias Vd is applied (refer to Figure 3.1). In essence, the suspended graphene
acts like a field effect transistor with a movable channel. We call it resonant channel
transistor, RCT.
The current modulation of RCT due to mechanical motion is:
d
(Vd G)dt
dt
dG dn dz
dt.
= Vd
dn dz dt

IdRCT =

(3.18)

We will take the same approximation as in Equation (3.7), and at resonant frequency,

dz
dt
dt

= δz. Therefore, Equation (3.18) is reduced to:

IdRCT = Vd

Cg0
dG
(δVg + Vg δz).
dVg
Cg

(3.19)

With δVg eiωt applied as actuation, and the mechanical motion of δz ei(ωt+φ) , the
capacitive transmitted current is:
d(Cg Vg )
dt
dVg
dCg dz
= Cg
+ Vg
dt
dz dt
iωt
= iω[Cg δVg e + Vg Cg0 δz ei(ωt+φ) ].

IdCapacitive =

(3.20)

If we also consider the parasitic capacitance Cp , Equation (3.20) will become:
IdCapacitive = iω[Ctot δVg eiωt + Vg Cg0 δz ei(ωt+φ) ],

(3.21)

where Ctot = Cp +Cg . In the ideal case, where φ = 0, the two terms in Equation (3.21)
are in phase, then
|IdCapacitive | = ωCg (

Cg0
Ctot
δVg + Vg δz).
Cg
Cg
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The total current in RCT scheme is the vector sum of Equation (3.19) and (3.21):
IdRCT,total = ωCg [

Cg0
Cg0
Ctot
dG
δVg + Vg δz] + Vd
(δVg + Vg δz).
Cg
Cg
dVg
Cg

(3.23)

Usually capacitive motional signal (second term in first parenthesis in above equation)
is much smaller, therefore we don’t have to consider it under RCT scheme.

Figure 3.11: Circuit diagram for RCT measurement. The details of components used
are described in context.
With the local gate devices we fabricated, we reduced the parasitic capacitance
by 2 orders of magnitudes, and achieved direct RF readout The circuit for direct
RF detection is shown in Figure 3.11. Vg is supplied by Keithley 2400 SMU, and
RF excitation δVg is supplied with Agilent E5071C Vector Network Analyzer (VNA).
They are combined with bias tee (Mini Circuit ZFBT-6GW+) then applied to the
gate. A DC bias Vd is applied to the source with Yokogawa GS200. The amplifier
used is HD25449 10-600 MHz Low Noise Amplifier.
The measurement is either performed in vacuum probe station (Lakeshore) or a
home-built RF low temperature insert. The available temperature range is from 1.8 K
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to 400K. We tend to perform the measurement at low temperature, since graphene’s
mobility greatly improves at low temperature[65; 66; 67], as well as after current
annealing at low temperature[68; 69].

Vg  10V

S21 (dB.)

-60

Vsd = 100mV
Q = 880

-70

-80
88.0

88.5

89.0

Frequency (MHz)
Figure 3.12: Measured S21 with RCT scheme. The driving power is -70 dBm (equivalent to 71 µV with 50 Ω system), Vg = -10 V, Vd = 100 mV. The inset shows the

rct_peak

linear S21 parameter, to yield the quality factor of 880. The device dimensions are
L= 2 µm and W = 5 µm. Data was taken at 7.3 K in vacuum
One representative result is shown in Figure 3.12, the device dimensions are L=
2 µm and W = 5 µm. Data was taken at 7 K in vacuum. With VNA, we can directly
measure S21 , which is loosely defined as the input and output voltage ratio. The
resonant peak shown in Figure 3.12 is taken at 7.3 K in vacuum. Fitting of linear S21
parameters yields the quality factor is 880. The quality factor is much higher than
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data taken at room temperature, and I will expand the study on this in next chapter.

a

b

Figure 3.13: a. Resonant frequency as a function of Vg at Vd = 100 mV. Color scale
is measured S21 parameter. Drive power is -45 dBm (equivalent to 1.25 mV). Data

rct_f_Vg
was taken at 77 K in vacuum. b. 3D plot
of drain bias Vd dependent S21 of resonator.
We can also tune the resonant frequency by Vg as we did with frequency mixing
technique, as shown in Figure 3.13 a. In contrast to the frequency tuning seen in
Figure 3.5, the resonance decreases with increasing |Vg |. This is due to large built-in
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strain of this particular sample and capacitive frequency softening. The detail will be
discussed in next chapter.
In Figure 3.13 b, we shown the S21 dependence of Vd . As expected from Equatio (3.23), the current from RCT should follow the sign of Vd , while the large capacitive
background current should be independent of Vd . This is indeed observed: the measured S21 peak flipped sign, changing from peak with positive Vd to dip with negative
Vd . From Equation (3.23), at constant Vd , the measured S21 peak should also flip,
and this is in accordance in Figure 3.13 a: with negative Vg , its show resonant ”peak”
(more yellow-ish), and with positive Vg , it shows resonant ”dip”(more red-ish). In
general, the total current (or measured S21 ) is the vector sum of all four terms in
Equation (3.23), therefore, depending on the parasitic capacitance and inductance,
the resonancewill again shown non-zero phase Lorentzian line shape.
Since the measurement under RCT scheme is performed at the same speed of
graphene’s mechanical resonance (MHz range), it is over two orders of magnitude
faster than any of the frequency mixing methods described above, this technique
paves the way for use of graphene in RF devices such as filters and oscillators, and
leads to the studies later in this thesis.
It is worth to note that the RCT scheme is very similar to the Resonant Gate
Transistors (RGT) demonstrated back in 1967 [70] and recently shown Resonant
Body Transistors (RBT) [71].

3.5

Capacitive readout with balanced background
reduction

Albeit the transduction methods described above already showed great success to
monitor the motion of graphene resonators, pure capacitive readout is desired under
certain conditions. For example, to study the response of graphene resonators in
applied magnetic field, an applied DC current would possibly give rise to unwanted
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Lorentz forces, and the associated Joule heating will inevitably increase the electron
temperature of the system. Although frequency mixing technique can be used with
small applied bias (below kB T ) [28; 63; 11], the slow acquisition time will make the
experiments time consuming.
For pure capacitive transduction, the drain current (measured as S21 with VNA)
is expressed as:
|IdCapacitive | = ωCg (

Cg0
Ctot
δVg + Vg δz),
Cg
Cg

(3.24)

where Ctot includes the gate capacitance Cg and parasitic capacitance Cpara . The
reality is that the gate capacitance of the graphene resonators is extremely small:
a 1 by 1 µm2 graphene with 300 nm of air gap has capacitance of Cg ∼ 30 aF
(30 ×10−18 F), and even smaller ∆Cg due to mechanical vibration that one wants to
measure. The parasitic capacitance in our home-built RF low temperature insert is
in the order of pF (10−12 F). Therefore, an effective method to reduce the parasitic
capacitance Cp , either by brutal force or by active canceling, is required. For the
former part, we used copper shielding as much as possible once the signal is not
transmitted by the coaxial cables and a Farady cup above the chip socket for further
shielding. For the latter part, we introduce balanced background reduction method.

3.5.1

Principle of balanced background reduction

The majority of the RF background is coming from the undesired corss-talk from
actuation (Local Gate, LG) to detection port, that is, the RF signal ”bypass” the
graphene device and go directly into VNA. To minimize this effect, we adopted the
concept from Ekinci et al. in their magnetomotive transduction measurement [44].
Here we applied an out of phase (180 degrees) signal at a Dummy Gate (DG) which is
very close (about 1 mm) to the detection port (Drain electrode in most cases), in our
current device geometry, the DG is essentially another local gate with not graphene
attached. When the frequency is away from the mechanical resonances, these two out
of phase signals are expected to be added destructively at the detection port (Drain),
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Figure 3.14: Circuit diagram for capacitive measurement with balanced background
reduction. The details of components used are described in context.
therefore reduce the total background level. At the resonant frequency, the current
oscillation generated by the mechanical vibration will not be presented in the DG,
and readout by the VNA.
The detailed circuit diagram is shown in Figure 3.14. Here the VNA used for
actuation and detection is also Agilent E5071C, and the RF signal is fed into a
power splitter with 180 degrees phase shift (Mini Circuit ZFSCJ-2-1). The signal
in the LG arm is combined with DC voltage (Keithley 2400) with bias Tee (Mini
Circuit ZFBT-6GW+), the signal in the other arm is directly fed to DG. We use
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a
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b

DG

Figure 3.15: a. Optical image with wire bonded sample, showing the connection of
dummy gate (DG), local gate (LG), source (S) and drain (D) electrodes. Scale bar:

Wire_bond
100 µm. b. Zoom-in of the suspended
graphene with local gate. Scale bar: 5 µm.

variable attenuators (Mini Circuit ZX73-2500) in both arms in order to control the
applied power independently. The signal from the drain is amplified with MITEQ AU
1447 BNC (60 dB gain), then measured with VNA again. Sometimes an additional
amplifier (Mini Circuit ZFL-1000G+) is used after MITEQ amplifier.

3.5.2

Result of balanced background reduction

The overall background reduction is clearly seen in Figure 3.16, for device CC2-173000-9-4, with different applied power on DG arm, showing a clear valley of background around -68 dBm. The data shown is with the subtraction of amplifier gain.
The drive power in the LG arm is -71 dBm (65 µV in 50 Ω system). The lowest
background is about -70 dB, corresponding to a extreme small power of about -140
dBm (!)
The lowest background, corresponding to the most effective background reduction,
happens with the cancellation power slightly larger than the drive power. This is
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Figure 3.16: Mechanical Resonances with balanced background reduction, showing a clear
valley of background around -68 dBm. a. Measured S2 1 with different cancellation power
applied on the DR arm. The power (x-axis) is tuned by the voltage controlled variable
attenuator. Note that the power value is not linear in x-axis (in fact the controlled voltage
is changed linear). The applied drive power is -71 dBm (65 µV in 50 Ω system), and Vg =
-8V. Data taken at 77 K under vacuum. Device number device CC2-17-3000-9-4. b. Three
representative line-cuts from a, showing different levels of background, with ”B ” has the
lowest background and SBR about 5 dB.
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understandable due to the different transmission paths of the signals in LG and DG
arms, and the LG arm couples better to the graphene (closer distance). Within the
cancellation power range shown in Figure 3.16, we nulled down the background by
10 dB, and in return, increase the SBR from about 1.5 dB (line trace C ) to 5.6 dB
(line trace B ). This SBR is more than 5 times larger than previous NEMS capacitive
measurement with LC impedance matching network [72].
We can also plot the the capacitive data in polar coordinate, as shown in Figure 3.17. Aside from the difference in amplitude, there is also considerable phase
change associated with cancellation power. This is due to the phase difference between the mechanical motion and the reference electrical signal (S21 measurement).
Fitting the data using Equation (3.15), as shown in Figure 3.17, we can get the height
of the Lorentzian peak, which is directly related to the vibrational amplitude of the
resonator. For those three line-cuts shown, they all have similar peak height. This
confirms that the cancellation power (therefore, δz) will not affect the actual drive
power applied on the graphene, but only combines with the signal coming out from
drain.

3.5.3

Estimations of Ctot and δz

From Equation 3.24, we are able to estimate the total capacitance Ctot and vibrational
amplitude δz. With measurement shown in Figure 3.17, we have:
Id =

δVg S21
δz
= ωCtot δVg + ωCg Vg ,
50
z0

(3.25)

where 50 is coming form the input resistance of VNA (50 Ω). The background current
is coming from Ctot as:
IdBG = ωCtot δVg ,

(3.26)

For the lowest background (line trace B ) shown in Figure 3.17, we have Ctot = 14.3
fF (1.43 × 10−14 F), and Ctot = 40.3 fF for line trace A, Ctot = 44.9 fF for line trace C.
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Figure 3.17: a. Measured S21 with different cancellation power applied on the DR

Capacitive fit

arm, same in Figure 3.16, represented in polar coordinate. b. Lorentzian fittings (red
solid lines) of the corresponding resonance line shapes.
This value is significantly lower than the parasitic capacitance in other NEMS setup
[73; 74].
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The peak current is due to δz and follows:
Idpeak = ω0 Cg Vg

δz
.
z0

(3.27)

With the experiment parameters, ω0 = 2πf0 = 2π× 56.06 MHz, Cg = 275 aF, Vg
= -8 V, z0 = 200 nm, we have δz = 53.5 pm for line trace B, δz = 48.2 pm for line
trace A, and δz = 49.5 pm for line trace C. The drive power is -71 dBm (equivalent
to 65 µV). These values are consistent with previous results [75; 40; 55].
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Figure 3.18: a. Resonances as function of Vg after theMass
cancellation
power is optimized.
Strain = 0.0447%

Applied drive power is -73 dBm (50 µV), and color scale corresponds measured S21

cap_Vg_fit
parameter in linear scale. Data taken at
4 K under vacuum, device number DuvAu175-3000-14-3. b. Experimental data with theory fit (red solid line), with mass m =
4.25 × 10

−18

kg and the built-in strain ε0 = 0.0447 %.

We can also tune the resonant frequency with Vg as previous measurement schemes.
Figure 3.18 shows data from another sample (Device DuvAu1-75-3000-14-3, L = 3.2
µm, D = 3.0 µm.) measured with capacitive readout. The applied drive power is -73
dBm (50 µV). The resonance frequency first decrease (spring constant softening) with
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increase amplitude of Vg , then increase with |Vg | (spring constant hardening). The
spring softening is due to nonlinearity in electrostatic force, and observed in other
graphene NEMS [75; 76] and nanowire-based NEMS [77]. The spring hardening is
coming from the fact that the graphene is stretched by |Vg |, therefore increase the
total strain. The detail of the mechanical model is discussed in following chapter,
and we can use this model to extrapolate the mass density and built-in strain the
graphene resonator, as shown in Figure 3.18 b. For this particular device, the mass is
7.8 × 10

−18

kg, and the built-in strain ε0 = 0.0765 %. The mass density is twice as

pristine graphene, and this is probably due the adsorbate attached to the graphene
sheet.
We can also study the vibrational amplitude at different Vg , as shown in Figure 3.19. It is interesting that, the amplitude of vibration grows with Vg only below
Vg ≈ 4.9 V, then became quite unpredictable at large |Vg |. This abnormality might
arises from nonlinearity with large actuation (scales with |Vg |), and requires further
studies.
The quality factor also varied at different Vg , as shown in Figure 3.20, and it is
order of magnitude lower than expected value. The possible reason for both observations is the measurement circuit induce additional dissipation, which we will discuss
in next section.

3.5.4

Another method to estimate δz

We can compare the result of RCT and capacitive measurement on the same sample
to calculate δz and. Since the applied Vd has no RF component, it will not change
the value of δz. From Equation (3.23), we have:
∆Id (ω0 ) = ∆Vd

dG
δz
(δVg + Vg ),
dVg
z0
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Figure 3.19: Vibrational amplitude (Black squares) at different Vg and the corresponding resonant frequencies (Rad squares). Below about Vg = 4.9 V, the amplitude grows
linearly with Vg , however, above Vg = 4.9 V, the amplitude starts to decrease. Data
taken at 4 K under vacuum, device number DuvAu1-75-3000-14-3.
where ∆Id (ω0 ) is the difference of Id at resonance with different bias. To covert
measured S21 to Id , we have:
Id =

δVg S21
,
50

(3.29)

where 50 is coming form the input resistance of VNA (50 Ω).
Using the data shown in Figure 3.22, and dG/dVg = 7.8 µS/V, we have δz = 41
pm. The applied drive power is -74 dBm (45 µV). The data is taken from the same
device used for Figure 3.16, CC2-17-3000-9-4, and is in accordance to the value we
got before (while driven at larger power).
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Vg (V)
Figure 3.20: Quality factors at different Vg . Data taken at 4 K under vacuum, device
number DuvAu1-75-3000-14-3.
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Figure 3.21: Measured S21 under capacitive and RCT scheme with Vd = 50 mV. The
slight shift of resonant frequency and change of Q is probably due to Joule heating
with applied bias.

58

CHAPTER 3. MEASUREMENTS OF GRAPHENE RESONATORS

Rct for cap

a
Vd = 50 mV

-3

2.0x10

2

1

-3

1.0x10

0.0
55.6

Id (nA)

S21

Vd = 100 mV

0
56.0

56.4

Frequency (MHz)

b

220

Vd = 50 mV

G (µS)

Vd = 100 mV

200

180

-5

0

5

Vg (V)

Figure 3.22: a. Resonances with different Vd for estimation of δz. Clearly the Vd =
100 mV has larger peak height compare to Vd = 50 mV. Applied drive power is -74
dBm (45 µV), and Vg = -8V. Data taken at 77 K under vacuum. The converted Id
is shown in the right y-axis. b. Conductance as function of Vg at Vd = 50 mV and
100 mV. There is no considerable change around Vg = -8V, therefore, dG/dVg can be
treated constant for both cases.
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3.6

Equivalent electromechanical circuits

To facilitate further analysis, an electrical equivalent circuit with lumped elements
of the MEMS/NEMS resonator is commonly used [60]. In the three measurement
schemes discussed above, the frequency mixing id driving and reading the signal at
different frequencies, therefore it is difficult to generalize the equivalent circuit. We
will first discuss the more common capacitive readout, then turn to RCT scheme.
We can rewrite Equation 3.20 as:
Id (t) = iωCg δVg eiωt + iωVg Cg0 δzeiωt .

(3.30)

If we take parallel plate capacitor approximation, then Cg0 = Cg /z0 . If we further
assume simple driven harmonic oscillation, that is, δz will have the form as Equation (3.14), combined with Equation (3.1), we have:
δz =

δVg
Cg Vg
.
2
2
z0 m ω0 − ω + iωω0 /Q

(3.31)

Then we can rewrite Equation (3.30) as:
δVg eiωt

Cg Vg 2 1
δVg eiωt
)
2
1
z0
m ω0 + iω + ω0
iωCg
iω
Q
1
1
= δVg eiωt [
+ 1
].
ZCg
+ iωLm + Rm
iωCm

Id (t) =

+(

(3.32)

In the equations above,
1
,
iωCg
Cg V g
η =
,
z0
Cm = η 2 /mω02 ,

ZCg =

Lm = m/η 2 ,
Rm = mω0 /Qη 2 ,
and they are commonly defined as: coupling coefficient η, electromechanical resistance
Rm , electromechanical capacitance Cm , and electromechanical inductance Lm . With
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these definition, it is clear we can use
a series RLC circuit to represent the mechanical
Cap_lumped
resonator, and the whole measurement circuit is a 2-port network in parallel with
capacitor, as shown in Figure 3.23.

Figure 3.23: Lumped element circuit for 2-port capacitive measurement. Cg is geometric capacitance, Cm is electromechanical capacitance, Rm is electromechanical
resistance, Lm is electromechanical inductance, Cp is parasitic capacitance in the
system.
In the circuit, Cp is the parasitic capacitance, Cg is geometric capacitance, and
Cp + Cg = Ctot . Since usually Cp  Cg , Cp ≈ Ctot . When the resonator is set at
ω0 , the electromechanical impedance is just Rm , and one of goal in MEMS/NEMS
resonator research is to match Rm as close to 50 Ω as possible for efficient signal
transduction.
For the measurement result shown in Figure 3.18, at Vg = 7V and Q = 526, we
get Cm = 1.07 × 10−16 F, Lm = 0.05 H, Rm = 41.3 kΩ, and Cg is 3.4 × 10−16 F.
Under RCT scheme, there is additional current arise from the conductance modulation, as shown in Equation (3.18). If we express δz in the same fashion, then we
61

CHAPTER 3. MEASUREMENTS OF GRAPHENE RESONATORS

have:

rct_lumped

dG 1
Id (t) = Vd
iω(δVg eiωt + Cg0 Vg δzeiωt )
dVg ω
1
1
Vd dG 1
]
=
δVg eiωt [
+ 1
Cg dVg ω
ZCg
+ iωLm + Rm
iωCm
iωCg
1
= δVg eiωt [
].
+ κ
+ iωκLm + κRm
κ
iωCm

(3.33)

Figure 3.24: Lumped element circuit for 2-port RCT measurement. In addition to
the capacitive scheme, there are two additional current paths between the 2 ports.
Compare Equation (3.33) with the capacitive scheme, Equation (3.32), we find
dG 1 −1
that they have the same functional form, with coefficient κ = ( CVdg dV
) . Therefore,
g ω

in addition to capacitive components, the RCT equivalent circuit will have two similar
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current paths in the 2-port diagram, as shown in Figure 3.24, with CgRCT = Cg /κ,
RCT
RCT
Cm
= Cm /κ, LRCT
= κLm and Rm
= κRm .
m

The additional currents from RCT scheme effectively reduce the total impedance
of the equivalent electromechanical circuit, and when on resonance, the total resisκ
tance is ( 1+κ
)Rm . The value of κ for typical graphene resonator is in the order of

10−3 to 10−4 , therefore, with RCT scheme, the effective impedance of the resonator
can be tuned close to 50 Ω.

Figure 3.25: Lumped element circuit for 2-port capacitive measurement. Zeff is additional load from readout circuit, as described in the text.

cap_lumped_all
However, with both capacitive and RCT readout scheme, the electrical load will
affect the dissipation Q−1 of the total system [72; 78]. More specifically, the finite
electrical resistance of graphene will act as another energy dissipation channel (heat),
therefore worsen the quality factor. We consider these additional impedance as Zeff =
R + iX, where R is the real part of Zeff , consisted mostly the electrical resistance
of graphene, X is the imaginary part of Zeff , including additional inductance, for
example, from wire bonding. In capacitive transduction scheme, the new equivalent
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circuit is shown as in Figure 3.25, and the total dissipation can be written as[79]:
−1
Q−1 = Qintrinsic
+

η2
R
R = (1 +
)Q−1
,
mω0
Rm intrinsic

(3.34)

where Q−1
intrinsic is the intrinsic dissipation of mechanical origin. When Vg is changed,
R and Rm will all change, however, that ratio

R
Rm

can be tuned either way, therefore,

resulting change of apparent quality factor Q.
With RCT scheme, the analysis will be very similar and led to the same conclusion.

3.7

Other readout techniques

Another route to improving measurement speed has been demonstrated by Song et al.
GNEMS with local gates were coupled to an a LC tank circuit with resonant frequency
in the GHz range [40] . Motion of the graphene in the MHz range modifies capacitance
Cg , which modulates the impedance of the coupled LC circuit and generates sidebands
in an RF reflection measurement. This sideband reflection requires correct impedance
matching, which was done by trial and error in this case.
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LC_tank

Figure 3.26: Mechanical resonance frequency measured by LC tank coupled reflectometry, data taken at 4.2 K. The amplitude of the sideband is given by the color
scale in volts as a function of driving frequency f and DC gate voltage Vg . The solid
line is the fitted parabolic curve. Inset: the sideband reflection measurement scheme
using a π matching circuit.
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Chapter 4
Intrinsic properties of graphene
resonators
In this chapter, I will explore the frequency tunablity, temperature dependence of
the graphene mechanical resonators, nonlinearity and mass loading effects. A continuous mechanics model is developed to explain those behaviors and agrees with the
experimental data quite well.

4.1

Continuum Mechanics model for doubly clamped
graphene resonators

We model the suspended graphene as a membrane with zero flexural rigidity [7], and
under uniformly distributed force F (electrostatic force induced from applied DC gate
voltage). Its fundamental vibrational mode is further treated in a 1D approximation,
as that of a stretched string with a mode shape ξ(x), as shown in Figure 4.1. The
elastic energy stored in the stretched string Uel can be represented as [80]
Z L
Z L
Z
T 02
T0 ES L 02
02
Uel [ξ(x)] =
ξ (x)dx =
[ξ (x)( +
ξ (u)du)]dx,
2
4L 0
0 2
0
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where E, S, and L are the Young’s Modulus, cross-sectional area, length of the suspended graphene, respectively, and ξ 0 (x) = dξ(x)/dx. The two terms in the parentheses describe the total tension, T = T0 + T (Vg ), which comes from both built-in
tension T0 = ε0 ES due to the fabrication, ε0 is the corresponding built-in strain, and
R L 02
the induced tension T (Vg ) = ES
ξ dx due to the elongation caused by the DC
2L 0
gate voltage Vg . Here the presence of Vg will also change the equilibrium position,
i.e., the exact form of ξ(x).

0
z

x
L

 ( x)

F

Gate
Figure 4.1: Mechcanial model for doubly clamped graphene with length L under
uniform force F . The equilibrium mode shape is described as ξ(x).
It is important to assess the solution of static deformation, ξ(x), properly. The
graphene can be considered hinged at both ends, due to the strong adhesion force
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between graphene and the oxide [81], there will be no slippage happened during electrostatic force loading, this is also confirmed by the fact that there is no hysteresis of
resonance frequencies when sweeping Vg . From the geometry, ξ(x) will be sysmmetrical about x = L/2, and the maximum static deflection ξ(x)max will happen at the
midpoint. Under existing experiment conditions, ξ(x)max  L, therefore, we don’t
have to consider the nonlinear deformation. With such approximation, we can treat
this problem as 1D string (no bending rigidity) under uniformly distributed force,
hinged at both ends, and with small deflection. The solution in this case is [82]
ξ(x) = zN (x) = z

4
(Lx − x2 ),
L2

(4.2)

where N (x) is normalized mode shape function, and z is the displacement at the
center of the sheet. Then Equation (4.1) becomes
8ESε0 z 2 64ESz 4
+
.
3L
9L3

Uel =

(4.3)

The suspended graphene can be treated as a metallic plate over the gate electrode.
Hence, the electrostatic energy Ues is
1
Ues = − Cg Vg2 ,
2

(4.4)

where Cg is the gate capacitance. In our device geometry, the quantum capacitance
is much larger than geometric capacitance, and can be ignored.
We next consider how the capacitance increases as the sheet is deflected toward
the gate. We expand Cg ≈ C0 + C 0 z + C 00 z 2 /2, where C 0 = dCg /dz, C 00 = d2 Cg /dz 2 .
Thus, the equation of motion becomes:
16ESε0 1 00 2
1
256ES 3
z +(
− C Vg )z − C 0 Vg2
3
9L
3L
2
2
=αz 3 + βz + γ

(4.5)

=0
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where
256ES
,
9L3
16ESε0 1 00 2
− C Vg ,
β=
3L
2
1 0 2
γ = − C Vg
2

α=

The solution of (4.5), which gives the equilibrium mode shape ze N (x), is
q
p
3
2 γ + 1.7 4α3 β 3 + 27α4 γ 2
9α
0.87β
ze = − q
+
,
p
2.6α
3
9α2 γ + 1.7 4α3 β 3 + 27α4 γ 2

(4.6)

Using the actual device dimensions, typical built-in strain ∼ 0.1 %, and a parallel
plate model for the gate capacitance with gate-graphene separation of 300 nm, we
obtain α ∼ 1015 , β ∼ 100 , and γ ∼ 10−8 , all with SI units, which unfortunately, we
could not simplify (4.6). These values give ze ∼ 10 nm for |Vg | = 10V.
The resonant frequency of the resonators f is:
r
1
k
f=
,
2π meff

(4.7)

where k is the spring constant and meff is the effective mass of graphene. If we assume
the first vibrational mode is sinusoid, then for doubly clamped case, meff = 0.5m0 ,
where m0 is the physical mass. In most cases, the effective mass will be larger
than 0.5m0 , due to the residue (for example, resist from lithography processes) from
fabrication.
The spring constant k is given as:
k=

∂ 2 (Uel + Ues )
∂z 2

=
ze

16ESε0 256ES 2 1 00 2
+
z − C Vg .
3L
3L3 e 2

(4.8)

Equation (4.8) will determine how the resonant frequencies change with Vg . Figure 4.2 shows simulated resonant frequency tuning by gate voltage with a 2 µm by 2
µm doubly clamped suspended graphene, with 300 nm air gap.
The first term in (4.8) determines the frequency of the graphene mechanical resonator when Vg = 0. The second term indicates the spring constant hardening due to
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ε 0 = 0.01%

ε 0 = 0.1%

ε 0 = 0.5%
Vg (V)

Vg (V)

Vg (V)

Figure 4.2: Simulated resonant frequencies as function of Vg with different built-in
strain.
the stretching: with increasing |Vg |, the suspended graphene is pulled more towards
the gate, resulting a larger ze , hence increase the spring constant. The last term is a
spring constant softening, due to the non-linear nature of electrostatic force, and observed in other NEMS resonators [76; 77]. For small T0 , the second term dominates
[28], and frequency increases monotonically with |Vg |. For large T0 , the last term
dominates [75], and frequency decreases with |Vg |. For intermediate T0 , the resonant
frequency first decreases, then increases, as Vg is increased [83]. All three cases are
observed in our experiments, as shown in Figure 4.3, together with corresponding fits.
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Figure 4.3: Resonant frequency tuning by gate voltage Vg for experiments. With
increase of |Vg |, the spring constants (resonant frequencies) are a. increased, b. first
decreased then increased, c. decreased. The bottom row shows the corresponding fits,
according to Equation (4.8). Only built-in strain ε0 and mass are fitting parameters.
For c, the large built-in strain and residue mass are due to the fabrication method
(HF etch) and low measurement temperature (38 K).
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4.2

Continuum Mechanics model for fully clamped
drum resonators

Similar to the doubly clamped case, we neglect the flexural rigidity of the suspended
graphene, therefore treat is at freestanding circular membrane clamped at the circumference. With the applied electrostatic force, the graphene will bend towards the
gate, as shown in Figure 4.4. The mode shape ξ(r) of such deflected membrane under
uniformly distributed force is given as: [84]
ξ(r) = z(1 −

r2
).
R2

(4.9)

For convenience, we are using polar coordinate system for drum resonators. Here,
z is the deflection at the center of the drum, and R is the radius of the drum. The
stored elastic energy (strain energy) Uel is [85]

Uel

πEt
=
1 − νp2
=

Z
0

R

1
[ε0 + ξ 02 (r)]2 rdr
2

πEt 2z 4
1
( 2 + ε0 z 2 + ε2 R2 ),
2
1 − νp 3R
2

(4.10)

where t is the thickness of graphene with the value of 3.5Å, and Et = 340 Nm−1 ,
νp =0.165 is Poisson’s ration, ε0 is the built-in strain from fabrication, ξ 0 (r) =

∂ξ(r)
.
∂r

The electrostatic energy is same as Equation (4.4), therefore to find the equilibrium
postion ze , we set the total energy Uel + Ues to minimum, namely:
8πEt
2πEtε0 1 00 2
1 0 2
3
z
+
(
−
)z
−
C
V
C Vg
g
3(1 − νp2 )R2
1 − νp2
2
2
=α0 z 3 + β 0 z + γ 0

(4.11)

=0.
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Figure 4.4: Mechcanial model for fully clamped drum graphene with radius R under
uniform force F , in polar coordinate. The equilibrium mode shape is described as
ξ(r).
Here
8πEt
,
3(1 − νp2 )R2
2πEtε0 1 00 2
β0 =
− C Vg ,
1 − νp2
2
1
γ 0 = − C 0 Vg2 .
2
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The solution of Equation (4.11) has the same form as (4.6), only with different
values of α0 , β 0 , γ 0 , and with the typical experimental parameters, at |Vg | = 10V,
73

CHAPTER 4. INTRINSIC PROPERTIES OF GRAPHENE RESONATORS

α0 ∼ 1015 , β 0 ∼ 100 , and γ 0 ∼ 10−8 , ze ∼ 10 nm.
The spring constant k of graphene drum resonator is given as
k=

∂ 2 (Uel + Ues )
∂z 2

=
ze

8πEt
2πEtε0
1
+
ze2 − C 00 Vg2 .
2
2
2
1 − νp
(1 − νp )R
2

(4.12)

Equation (4.12) is very similar to Equation (4.8), therefore, with increasing |Vg |,
all three types of tuning are possible, and one of the representative result is shown in
Figure 4.5.
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Figure 4.5: Mechanical resonances for fully clamped drum graphene. The yellow solid
line shows the fitting result with Equation (4.12). The large mass is probably due to
fabrication residue (this is SU8 drum device). The drive power is - 40 dBm (2.25 mV),
the data is taken at room temperature in vacuum, device number HS1-14-C4-4um.
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4.3

Quality Factor

The damping of the mechanical resonators is quantified by quality factor, Q, and
defined as Q = 2πE/∆E, where E is time-averaged energy stored in the resonator,
and ∆E is the energy dissipated to the environment per cycle. Achievement of high
Q is desirable for many applications, but as a general rule Q is seen to decrease
with decreasing NEMS device size: quartz resonators have Q more than 105 , while
Si-NEMS have Q ∼ 103 at room temperature. Doubly-clamped graphene resonators
have displayed Q ∼ 102 at room temperature [28; 38], both from mechanical exfoliated
and CVD graphene. Barton et al. have studied the effect of size on frequency and Q on
a series of circular membranes ranging from 2 to 30 µm in diameter [37]. Because the
membranes are clamped on all sides, they lack edge modes that can lead to dissipation.
The devices show resonances at evenly spaced harmonics that are consistent with
simple models of membrane resonance. This stands in contrast to doubly-clamped
devices, in which the pattern of higher harmonics is complex and highly variable
from device to device. The fundamental resonant frequency of these membranes
decreases roughly as the inverse of the diameter. This dependence indicates a roughly
constant built-in tension, which the authors attribute to adhesion of the graphene to
the sidewalls of the circular cavities. Interestingly, the quality factor is seen to increase
with diameter, from ∼100 for the smallest membranes to 2500 for the largest. This
work points to the use of fully-clamped structures as the best route toward high
quality factor and well-behaved resonances, and inspired our effort of SU8 clamped
drum resoantors. It also rules out dissipation from unclamped edges as the primary
source of dissipation in micron-scale devices.
The quality factor of graphene resonators increases dramatically upon cooling,
reaching 105 below 100 mK. Figure 4.6 shows the temperature-dependent dissipation,
Q−1 (T ), collected from different experiments, including my effort. The dissipation
shows two distinct behaviors in different temperature ranges: above 100 K, Q−1
follows a roughly T 2 trend, whereas below 100 K, Q−1 varies as T 0.4−0.5 . Similar low75
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Figure 4.6: Inverse quality factor at different temperatures, from different experiments
(Triangle, [63]. Solid square, [38]. Open square, [28]). Blue solid lines are guide to
the eyes, showing different temperature dependence of Q−1 at different temperature
ranges.
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temperature behavior has been observed in ultra clean carbon nanotube resonators
(Q−1 ∝ T 0.36 ) from 10 mK to 1 K [86], NEMS resonators made from nanocrystalline
diamond (T 0.2 ) [87], GaAs (T 0.25 ) [88] and other bulk materials [87]. There still exists
considerable discrepancy between experimental results and theoretical predictions of
dissipation of carbon-based NEMS resonators [89; 90; 91; 92].
Seoanez et al. theoretically predicted [89] the upper bond of energy dissipation
Q−1 in graphene resonators, concluding the major dissipation mechanism at room
temperature is ohmic loss due the finite carriers in graphene and metal gate, and the
order is 10−2 . At low temperatures, the dominant dissipation mechanism is attachment loss, with order of 10−6 . All the dissipation mechanisms considered has either
T 0 or T 1 dependences, in stark contrast of our experimental observation. Jiang et al.
[90] and Kim et al. [92] performed molecular dynamic (MD) simulations to study the
temperature dependence of the dissipation, while Jiang et al. predicted the similar
T −0.36 dependence at low temperature, and Kim et al. argues that even at room
temperature the attachment loss still plays an important role. Clearly, more careful
studies are needed to reveal the intrinsic mechanism(s) of dissipations in graphene
resonators.
Although the detailed dependence of Q on strain has not been studied, it has been
observed in a number of studies that high-tension devices also possess higher Q [34].
This is consistent with a dissipation mechanism that varies weakly with strain; in such
a case, strain would increase the frequency and thus the energy stored in the resonator,
without changing the dissipation, thus resulting in greater Q. This phenomenon is
also likely to provide an explanation for the high-temperature behavior seen in Figure
4.6. For devices made by HF under-etch [28; 38], due to graphene-aided diffusion of
HF, the metal contacts covering graphene will also be suspended. This will lead to
thermal contraction of the metal and tensioning of the graphene with decreasing T .
Below ∼ 100 K, the temperature expansion coefficient of metal drops to zero, and
the temperature dependence of the intrinsic dissipation mechanism dominates.
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While resonant frequencies increase with shrinking NEMS size, the quality factors
Q usually suffer [8], which is not favorable in many applications. Therefore, frequencyQ product is often cited as the figure of merit when comparing distinct resonator
technologies. For Si-based MicroElectromechanical Systems (MEMS) resonators, the
highest frequency-Q product is ∼ 1013 [71], but these values typically for bulk mode
resonators in which the vibrational mode is an expansion/contraction of the entire
structure. These modes can have extremely low loss but are also much stiffer than
flexural modes, limiting their use in applications that require high force sensitivity.
For smaller Si-based flexural mode resonators, the frequency-Q value is ∼ 1012 [93].
For carbon-based flexural mode resonators, the frequency-Q product can exceed 3 ×
1013 [63; 86]. Thus GNEMS and other carbon-based NEMS may be able to exceed Si
and other materials in combining high frequency, quality factor, and force sensitivity.
In the HF-etched the graphene resonators, aside from Q change upon cooling,
the resonant frequencies also show upshifts, as shown in Figure 4.7. The reason is
that, with decreasing temperature, the suspended metal clamps (from graphene-aided
HF diffusion) start to contract, therefore exert tension on the graphene sheet. This
induced tension not only upshifts the over resonant frequency, but also changes the
crossover of capacitive softening and elastic hardening, as seen in Figure 4.2. The
same effect is observed by other groups as well[38; 58], and Singh et. al used such
upshift of resonance to calculate graphene’s thermal expansion coefficient (TEC) at
low temperature [58]. I have taken similar data on more than 5 samples, however,
I can not get the TEC collected from different samples converge with experimental
error range. One possible reason is that the suspended graphene expand/contract
non-uniformly, resulting sample-dependent TEC.
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Figure 4.7: Frequency upshift upon cooling, measured by AM frequency mixing [28].
The frequency tunability also disappearing.
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4.4

Nonlinearity

As NEMS dimensions shrink, mechanical nonlinearity becomes an increasingly important consideration: the onset of nonlinearity occurs at smaller displacements, and
the device dynamic range is reduced [8]. Therefore, it is important to characterize
and understand nonlinearity in GNEMS.
At large vibration amplitude, two additional higher-order terms enter the equation
of motion for GNEMS. The first is a nonlinear restoring force F = −kδz − α(δz)3 ,
where α is nonlinear spring constant (Duffing parameter). Two effects contribute to
α: 1) a positive contribution due to higher orders in the mechanical restoring force,
originating from stretching of the membrane, and 2) a negative contribution from
nonlinear terms in the capacitive electrostatic actuation force. Positive α leads to an
increasing frequency with drive power, while negative α leads to decreasing frequency.
I have obvsered nonlinear behavior with positive α, as shown in Figure 4.8. Song et.
al has observed both nonlinearities [40], as shown in Figure 4.9. Studies on other
similar NEMS resonators have showed that the value of α can be tuned to zero by
balancing the strength of different nonlinearities [94], and it is expected that a similar
effect can be observed in GNEMS.
The second nonlinear term appears as a combination of displacement δz and velocity ż in form of η(δz)2 ż. Because this nonlinearity is proportional to the velocity,
this is called nonlinear damping, and η is the nonlinear damping coefficient. When
α is small or close to zero, nonlinear damping will cause the widening of the resonance linewidth, hence decreasing the apparent quality factor [63]. Eichler et. al
[63] achieved the highest quality factor to date for a graphene resonator by careful
adjustment of driving power, in order to avoid nonlinear damping.
Another striking feautre with the striked size of NEMS, in particular GNEMS is
the reduced onset of nonlinearity. For simplicity, we rewrite the Equation Of Motion
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nonlinear_chen

Figure 4.8: Duffing nonlinear behavior, measured by AM frequency mixing [28], with
different δVd . Since in 2 source AM mixing scheme, δVd would also effectively drive
the graphene resonator, therefore, it is expected it will show nonlinear and hysteresis
behavior with increasing δVd .
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Figure 4.9: Duffing nonlinear behavior of doubly clamped graphene resonators, showing both positive and negative (inset) nonlinear spring constants [40].
(EOM) for graphene resonator as:
d2 z
d2 z
ρS 2 = T 2 ,
dt
dx

(4.13)

where ρ is the mass density, S is the cross section area, T is the total tension. In
the presence of applied static force from Vg , and the same assumptions as in Equation (4.2), we have:
T = T0 + T (Vg )
Z
ES L 02
= ε0 ES +
ξ dx
2L 0
8ESze2
= ε0 ES +
.
L2

(4.14)

Therefore, Equation (4.13) reduces to:
ρS z̈ = (ε0 ES +

8ESze2 00
)z .
L2

(4.15)

Following the normalization procedures by Lifshitz and Cross [95], including the
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nonlinear terms in abover EOM, we have:
2

Z
Z¨n + ωn2 Zn (1 + α̂n 2n ) = 0,
d

(4.16)

where Zn (x, t) is the normalized nth mode shape, and by separation of variables,
we have Zn (x, t) = Zn (t)Φn (x). In the limit of large tension, which is valid in our
situation, we have:
nπ
x),
L
1 nπd 2
(nπd)2
=
(
),
α̂n =
4L2 ε
ε 2L
Φn (x) = sin (

(4.17)
(4.18)

where d is the thickness of the graphene and ε is the total strain. If we only consider
the first vibrational mode (n = 1), and undo the normalization, we have the Duffing
parameter α due to elastic elongation (restoring force) as:
α=

ω02
1 πω0 2
α̂1 = (
).
2
d
ε 2L

(4.19)

To find out the vibrational amplitude at the onset of nonlinearity, the unitless
3

normalized amplitude |a|c is ( 34 ) 2 , here the nonlinear damping is not considered.
Therefore, the onset of nonlinearity in real space is:
s
r
ω02
ε
|z|c = |a|c
= 0.98L
.
αQ
Q

(4.20)

The amplitude at the onset of nonlinearity, |a|c , determines its dynamic range and
is often the most desirable operation amplitude for applications.From Equation (4.20)
it is clear that larger strain will increase |a|c , therefore extend the dynamic range of
the GNEMS resonators. However, we note that an accompanying increase in Q will
produce the opposite effect. For a full understanding of the performance limits of
GNEMS, it will be crucial to understand the full dependence of Q on strain.

4.5

Mass sensing

Because of its low mass density, GNEMS are well suited for applications in mass
sensing. The minimum resolvable mass change δm is determined by the minimal
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observable frequency shift δf in the form of:

δm = R−1
m δf,

(4.21)

where Rm = ∂f /∂m is the mass responsivity. For mechanical resonators, the minimal
observable frequency shift δf is determined by [96]:
s
δf ≈ 10−DR/20

BW

2πf0
.
Q

(4.22)

where DR is the dynamic range in units of dB, and BW is the measurement bandwidth.
Due to the fabrication process, there will be unavoidably resist residue left on
the surface of the graphene, and it is quite difficult to remove them effectively [97].
However, with Joule heating, it is shown that it can effectively remove the residue /
impurities on the surface of graphene, achieve better electronic properties [5; 98; 68;
69], and at the same time, lighter mass closed to the pristine single layer of graphene.
The result is shown in Figure 4.10.
We studied the effects of mass loading on graphene resonators experimentally
[28] , by measuring the resonant frequency vs. applied gate voltage before and after
deposition of a known amount of mass (Figure 4.11). In a simple model usually
employed for Si-MEMS/NEMS, the spring constant is not strongly perturbed by
added mass. In this limit, the mass responsivity is negative, with a value given
by Rm = −f0 /2meff . The data shown in Figure 4.11 clearly show that this simple
model breaks down in the case of graphene: from a to b, the frequency downshifts
at large |Vg |, but upshifts at small |Vg |, and crosses zero at intermediate values. For
quantitative comparison, meff can be determined by fitting the gate voltage response;
the resulting calculated mass responsivity is then Rcal
m = −3.9 Hz / zg at Vg = 0 V,
and Rcal
m = −9.8 Hz / zg at Vg = -9 V. The measured mass responsivity, obtained
from the measured frequency shift and known added mass, is Rexp
m =1.3 Hz / zg at
Vg = 0 V and Rexp
m = −2.1 Hz / zg at Vg = -9 V. The difference between the simple
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Figure 4.10: a. Room-temperature conductance (Vd = 1 mV) versus gate voltage for a
device before (black curve) and after ohmic-heating cycles to Vd = 1.5 V (red), 1.6 V
(green), 1.8 V (blue), and 3 V (pink). Successive curves show decreased conductance
at negative gate voltage (black arrow), increased conductance at positive gate voltage, and conductance minima closer to zero gate voltage. b-e. Resonant response
(frequency-gate voltage response plotted as a derivative in color scale), for the asfabricated device, and after the 1.5 V, 1.6 V, and 1.8 V, respectively. The derived
strain and density for each step are shown, and confirm that residue is removed. Due
to damage to the device, it was not possible to obtain a resonance curve after the 3
V annealing step.

model and the experimental results can be accounted for by an increase in the tension
in the graphene upon deposition of adsorbates. For the device shown, fitting the gate
voltage response yields an increase in builit-in strain from 4.0 × 10−5 to 8.9 × 10−5 ,
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and an increase in mass of 3.9 fg, consistent with the amount of mass deposited. The
detailed mechanism for this increase in tension is not yet known, but these results
clearly show the importance of strain and surface interactions in determining the
behavior of graphene and other ultrathin NEMS in mass sensing. These results also
show the promise of graphene for mass sensing: for the device shown, the measured
√
responsivity, quality factor, and dynamic range yield a mass sensitivity of ∼ 1 zg/ Hz
in the large strain limit.
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Figure 4.11: a. Frequency-gate voltage response plotted as a derivative in color
scale, of as-fabricated device. b. Response of the same device after evaporation of
1.5nm pentacene. c. Response after cleaning by ohmic heating. d. Response after
deposition of another 1.5 nm pentacene. The derived strain and density for each step
are shown. Bottom panels show the DC conductance as function of for each step.
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Chapter 5
Thermodynamic measurements in
Quantum Hall Regime
Many of graphene’s interesting and unique properties arise from the fact it is the first
two dimensional electron gas (2DEG) with mechanical degree of freedom. To harvest
from this benefit, we expose graphene resonators in perpendicular magnetic fields (B):
when the chemical potential (µ) of graphene undergoes oscillations across adjacent
Landau Levels (LLs) as B varies, the resonant frequency is a direct probe of such
change; between LLs, the resonant frequency shifts are direct measure of electronic
compressibility. We studied the graphene mechanical resonator at T = 2K and up to
√
B = 14T, and explain the data with B dependent disorder model.

5.1

Mechanical system for thermodynamic measurements

Mechanical systems have been used for ultra-sensitive measurement of mass [11;
99], force [100], spin [10], electron charge [101], and magnetization [102]. The perturbation will couple with the mechanical freedom of the sample, therefore change
the certain properties of the mechanical system, such as resonant frequency or quality
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factor. In particular, much effort have been seen using MEMS device to study thermodynamical properties of 2DEGs in Quantum Hall (QH) regimes, namely, oscillation
of magnetization, also known as de Haas-van Alphen (dHvA) effect [103].

a

c

b

torsion
Figure 5.1: a. Principle of operation. b. Differential capacitive readout scheme
with varying capacitor gap size [104]. c. Differential capacitive readout scheme with
varying overlapping area [105].

a

b

cantilever_static
Figure 5.2: Cantilever deflection
measurement by a. Capacitive coupling and b.
Optical interferometry. Adapted from [106].
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Previous magnetization measurements of 2DEGs are mostly capacitive: with an
angle α between the magnetic moment M and the external magnetic field B, a resulting torque τ will arise, and therefore either rotate or deflect the underlying mechanical
structure. Figure 5.1 shows the principle of capacitive measurements based on such
rotational change. Figure 5.2 shows the schematic of magnetization measurements
based on cantilevers, by both capacitive readout and optical interferometry. To im-

a

b

cantilever_dynamic
Figure 5.3: a. 2DEG mounted
on micro-fabricated cantilever-based oscillators. b.
Measured magnetic moment as function of 1/B. [102]
prove the measurement resolution, mechanical resonant systems are commonly used
(similar reason for the lock-in measurement of resistance). The moment sensitivity
of torsional oscillator measurements precede previous DC torque magnetometry by
orders of magnitudes [107], showing the advantages of mechanical resonator/oscillator
for such purpose.
Compared to previous works with 2DEGs, the biggest challenge is the small size
of our graphene resonators. The smallest size with previous discussed methods are
100 by 40 µm2 [108]. With the shrank size below 10 by 10 µm2 , which is typical
size of our graphene resonators, it is very difficult to pick up capacitive signal above
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noise level. However, the graphene is both the embedded 2DEG and the mechanical
resonator simultaneously, and previous works have used similar systems (made from
carbon nanotube and graphene) to study charge transport in Coulomb blockade [109;
110] and quantum Hall regimes [59]. Inspired and encouraged, we are set out (initially)
to find out the dHvA in graphene, but eventually measured chemical potentials and
electronic compressibility.

5.2

Mechanical resonance oscillations in magnetic
field

The suspended graphene used are made from direct scratch method, to ensure high
quality from resist-free process, and checked with Raman spectroscopy to identify
the number of layers. Before mechanical resonance measurement, we have performed
careful current annealing at low temperature to further improve electric properties,
with mobility more than 100,000 cm2 /Vs, or eqvivalent disorder density ∼ 109 cm−2 ,
as shown in Figure 5.4.

90

CHAPTER 5. THERMODYNAMIC MEASUREMENTS IN QUANTUM HALL REGIME

R (kΩ)

a

b8

8
T = 300K
T = 2K

6

6

4

4

2
0

11

-1x10

11

1x10

2
10
-1x10

0

10

1x10

n (cm-2)
c

0
G (µS)

B (T)

-2

400

-4
-6
-8

0

-5

-1

Vg (V)
Figure 5.4: a. 2-terminal resistance R as function of carrier density n, at room
temperature (black) and 2 K (red, after current annealings), showing large improvement of mobility at low temperature. b. Zoom-in of the 2 K data around CNP. c.
mag_transport

Magneto-transport data of the same sample at 2 K, showing developing conductance
quantization plateaus.
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A limitation of both RCT and frequency mixing techniques, which use transconductance dId /dVg to transduce motion to the electrical domain, is that a large sourcedrain current Id ∼10 µA is required in RCT scheme causing significant heating at
4K and below, particularly in the QH regime. Moreover, dId /dVg vanishes on QH
plateaus, making this measurement challenging. Therefore, the resonance measurement setup we used is capacitive readout described in previous chapter, with balanced
background reduction scheme, as shown in Figure 5.5. With VNA, we can measure
both amplitude and phase of S21 , and we will choose the cleaner one among these
two in later analysis.
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Figure 5.5: a. Circuit diagram of capacitive readout with balanced background reduction. b. Representative resonance lineshape, the black curves are corresponding
Lorentzian fits.
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Figure 5.6: Color plot of measured S21 (phase) with applied perpendicular magnetic field,
B, up to 3 T. Clear resonant frequency oscillations around B = 0 T are observed. Overlaid
in yellow is the electrical conductance under same condition, where no expected conductance
quantization is seen. Vg = -4.2 V, drivemag_conductance
power = -68 dBm. Data taken at 2K in 10 mTorr
He gas, device number duvAu1-38-2000-1-2p5.
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Figure 5.7: Frequency oscillations before a and after b current annealing, showing
enhanced oscillation amplitude. Equivalent disorder density ∆n are denoted for each
condition.
The mechanical resonance shows a repeated pattern of softening (decreasing frequency with increasing field, feature S) and hardening (spike-like increase in frequency,
feature H), as shown in Figure 5.6. The experiments are carried out in Quantum Design Physical Properties Measurement System (PPMS, base temperature 1.7K), with
home-built RF insert. Some amount of He exchange gas (< 10 mTorr) is used for
mag_anneal

better heat conduction, this much amount of gas damping will not affect the quality
factor Q of the mechanical resonator [29] and we routinely observed Q > 1000. The
electrical transport measurement shows barely any conductance quantization feature
one would expect [111]. Close inspection indicates that the mechanical hardening occurs on QH plateaus (corresponding to fully-filled Landau levels (LLs) and insulating
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bulk) while the softening occurs between plateaus (corresponding to partially-filled
LLs and conducting bulk). Qualitatively similar patterns have been seen in 10 mono-,
bi- and tri-layer devices.
After additional current annealing steps, we can achieve narrow Dirac Peak (but
more than often burn the sample..). This improvement of electronic quality will
also enhance the frequency oscillation (vs. magnetic field) amplitudes, as shown in
Figure 5.7. We attribute this to the reduced disorder density and will explain in
length later in this chapter.
It is instructive to consider how the mechanical system is perturbed in a magnetic field. The typical Lorenz force acting on a current carrying conductor in a
magnetic field is absent in our case because Vd = 0. Another potential source of
magneto-mechanical coupling is the gradient force resulting from spatial variation of
the magnetic field. However, our experiment is performed in a uniform magnetic
field, and the observed pattern is unchanged for reversed values of B, ruling out the
standard magnetic gradient force mechanism.
The observed frequency oscillation is periodic in 1/B, and by performing same
measurements at different Vg , we have found that such periodicity (in unit of T−1 )
increase at low Vg . Such periodicity is related to the cross-section of the Fermi surface
[112], and in case of 2DEGs, such periodicity in 1/B is given by[113]
1
2e
∆( ) =
,
B
~πn

(5.1)

Figure 5.8 a shows the 1/B period vs. Vg , and Figure 5.8 b shows the corresponding
carrier density n according to Equation 5.1, and the slope of the fitting is the gate
capacitance C0 between the suspended graphene with area A :
C0 = Ae
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Figure 5.8: a Frequency oscillation period 1/B as function of gate voltage Vg for
device duvAu1-38-2000-1-2p5. b. Corresponding carrier densities (black circles), and
linear fit (red solid line).
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5.3

Mechanical model of graphene resonators with
finite density of states

In previous chapter, we treated graphene as prefect conductors, i.e., with infinite carrier thermodynamic density of states (TDOS). In reality, the finite TDOS of graphene
will modify the total electrostatic/electrochemical energy. However, we can consider
it as perturbation of previous case.
With the presence of finite TDOS (non-zero chemical potential µ), the relation
between Vg and carrier density n is implicitly defined by:
Vg =

µ
ne
+A .
e
Cg

Therefore the electrochemical energy stored in graphene is:
Z
Z Vg
µ
ne
( + A )dn.
Uec = Ae V dn = Ae
e
Cg
0

(5.3)

(5.4)

For single layer graphene at zero magnetic field [114], the relation between µ and
n is:
√
µ = ~vF πn,

(5.5)

where vF is the Fermi velocity of graphene, ~ is reduced Planck’s constant. Then we
can rewrite Equation (5.4) as integral of chemical potential µ0 :
Z µ 0
µ
Aeµ02
2
Uec = Ae
( +
)
µ0 dµ0
2
2
e
π(~vF ) Cg π(~vF )
0
1
µ 2 2µ
µ
=
Cg (Vg − ) +
Cg (Vg − )
2
e
3e
e
1
1
µ
Cg Vg2 − Cg V .
≈
2
3
e

(5.6)

We dropped out µ2 terms in Equation (5.6). Compared Equation (5.6) with Equation
(4.4), we have introduced the finite TDOS correction term − 31 Cg V µ/e. (The flip of
sign will be discussed later)
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Now we will consider how the total energy W varies with position when Vg is fixed
(connected to voltage source). The change of total energy dW is:
dW = dUec − AeVg dn,

(5.7)

where AeVg dn is work done by the battery. From Equation (5.6), we have:
1
1 µ
1
µ
dUec = Vg2 dCg − V dCg − Cg Vg d( ),
2
3 e
3
e

(5.8)

where
dµ dn
dCg
dn dCg
1 µ
µ Cg dµ
=
(Vg − −
)dCg .
2 Aen
e
e dCg

dµ =

(5.9)

Recollecting above equation, we have:
(1 +

µ
Cg
1 µ
(Vg − )dCg ,
)dµ =
CQ
2 Aen
e

(5.10)

where CQ = Ae2 dn/dµ is the quantum capacitance of single layer graphene. Under
the assumption that Cg  CQ , we have:
dµ =

1µ
dCg .
2Cg

(5.11)

Finally we have:
1
1 µ
dUec = ( Vg2 − V )dCg .
2
2 e

(5.12)

The work done by battery is given by:
µ
Cg V g
)dCg +
dµ
e
e
3µ
)dCg .
= −Vg (Vg −
2e

−AeVg dn = −Vg (Vg −

(5.13)

Therefore,
1
µ
dW = (− Vg2 + Vg )dCg ,
2
e

(5.14)

and the electrochemical force F arise from this energy variation is:
Fec = −

dW
µ
1
= ( Vg2 − Vg )Cg0 .
dz
2
e
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Now let’s consider how is electrochemical energy will change the resonant frequency of graphene resonators. With non-elastic perturbation energy ∆U to the
total energy U , (in our case, µ oscillates in an applied magnetic field), through the
mechanical degree of freedom, the equilibrium position of the suspended graphene
will change by:
∆ze = ze0 − ze =

∆Fz
,
k

(5.16)

where ze0 is the new equilibrium displacement, and k is the spring constant given by
Equation (4.8). ∆Fz is the change of force in the z-direction, arising from electrostatic
interaction. The sign is positive here since ∆F is in the same direction of ze in our
spatial definitions.
The modified spring constant at the new equilibrium position is then
∂(U + ∆U )2
k =
∂ 2z
0

ze0

∂U 3
≈ k+ 3
∂ z
= k+

∂k
∂z

∂∆U 2
∆ze + 2
∂ z
ze
∆ze +

ze

∂∆U
∂ 2z

ze0

2
ze0

= k + ∆k1 + ∆k2 .

(5.17)

In Equation (5.17), the second term indicates the modulation of the spring constant due to change of equilibrium position ze , and the last term indicates the spring
constant modulation due to change of curvature of total energy (including elastic and
electrochemical). In the following sections, we will discuss the frequency shifts in
non-zero magnetic field in detail.

5.4

Chemical potential induced frequency shifts

When the graphene is exposed in a perpendicular magnetic field, the TDOS starts to
develop discrete energy levels, known as Landau Levels (LLs). Different from regular
2DEGs, the N th LL of single layer graphene has the energy of [115]:
√
E± (N ) = ±vF 2e~BN ,
99
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Figure 5.9: Thermodynamic density of states (TDOS) of carriers in graphene in applied perpendicular magnetic field B. The color-plot on the left shows DOS as func√
tion of both B and energy (denotedDOS
as chemical potential µ), assuming B-dependent
disorder broadening.The horizontal linetraces are chemical potential oscillations in B
with different disorders (Yellow one has five times larger disorder than green one).
On the right is the linecut at B = 1T, showing broadened LLs.
where B is applied perpendicular magnetic field. In realistic systems, LLs are broadened by disorder and finite temperature. In Figure 5.9, we show the TDOS evolution
√
of graphene with B-dependent disorder broadening. It is clear that with low disorder, the chemical potential µ (at low temperatures, we can treat it the same as Fermi
energy EF ) will oscillate with B. Such oscillation lies in the heart of observed resistance (Shubnikov-de Haas, SdH oscillation) and magnetization (De Haas-van Alphen,
dHvA) oscillations.
The chemical potential at non-zero magnetic field, µ(B), will change the electro100
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chemical energy Uec , therefore perturbates the electrostatic interaction. From Equation (5.15), the change of electrochemical force, ∆Fz (B) is given as:
∆Fz (B) = −Cg0 Vg

µ(B) − µ(0)
,
e

(5.19)

where µ(0) is the chemical potential at Vg and B = 0. In Equation (5.17), ∆k1 arises
from change of electrochemical force, and translate to frequency shift ∆f1 through
∆f /f0 = 0.5∆k/k. If we express this frequency shift in terms of force, then we have:
∆f1 =

∂f0
∆Fz .
∂Fec

(5.20)

From Equation (5.15), we have:
∂Fec
∂Vg
∂Vg µ
.
= Cg0
Vg − Cg0
∂f0
∂f0
∂f0 e

(5.21)

Since Vg  µ/e, the second term in above equation can be ignored. Therefore,
Equation (5.20) becomes:
∆f1 =

∂f0 ∆Fz
.
∂Vg Cg0 Vg

(5.22)

From Equation (5.19) and Equation (5.22), it is clear that the varying chemical
potential µ(B) will induce a ’magnetic force’ exerting on the graphene sheet, changing
its frequency shift by:
∆fµ (B) = −λ

µ(B) − µ(0)
,
e

(5.23)

where λ = df0 /dVg is the frequency tunability of graphene mechanical resonance by
applied gate voltage.
It is worth to point out that, Equation (5.5) is no longer valid in finite magnetic
field. However, at small magnetic field, we can still treat Equation (5.19) as the
approximation of real condition.
A close inspect on both Equation (5.19) and (5.23), we have found that two
conditions must met for such ∆fµ to be observed: First, from Equation (5.19), the
charge density must be able to change with z (non zero Cg0 ), and in graphene resonator
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this is satisfied through electric field effect (EFE). Second, from Equation (5.23), we
need to have a large λ to amplify such effect; in another word, we need a mechanical
system which is very sensitive to external force. For this purpose, we only choose
those graphene resonator with small built-in strain, which is very compliable. In
Figure 5.10 we show the resonant frequency versus Vg of the device under study
(device duvAu1-38-2000-1-2p5, whose λ ∼ 10 MHz/V at Vg = -4.2V.
The agreement between the experimental data to above theory is very good, as
seen in Figure 2. The detailed and additional fits are shown in Figure 5.11. The
formula used for such fits is
√
f (B) = f (0) − p N B,

(5.24)

where N is assigned to 1,2,3...

in each appropriate LL. Compared with Equa√
tion (5.18), it is clear that p = λvF 2e~. From the fitting parameters, we have
λ at each Vg shown in Figure 5.12, the fitted λ is closed to the value got from frequency versus Vg result, Figure 5.10, therefore confirms that the frequency shifts are
indeed coming from chemical potential oscillation.
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Figure 5.10: Resonant frequency as function of applied Vg for device duvAu1-38-20001-2p5. The yellow arrows are guide to the eyes indicating where the faint resonances
are. Readout scheme is RCT. Tested at 2 K in 10 mTorr He gas.
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Figure 5.11: Color plot of S21 (phase) shows close agreements with prediction of
chemical potentials in different LLs and discrete jumps at expected filling factors.
Device number duvAu1-38-2000-1-2p5, Vg = -4.2 V, tested at 2K in 10 mTorr He gas.
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Figure 5.12: Additional fits for chemical potential induced frequency shifts, at different Vg ’s, with Equation (5.24). λ = 27.8 × p. Device number duvAu1-38-2000-1-2p5.
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5.5

Compressibility Induced Frequency Shifts

So far we have discussed the second term in Equation (5.17). The last term in
Equation (5.17) can be rewritten as :
∆k2 =

∂Fz (B)
1 ∂µ(B) 0 2
≈
(Cg Vg ) ,
∂z
Ae2 ∂n

(5.25)

where ∂µ(B)/∂n is the electron compressibility.
This contribution is large for incompressible states, i.e. when chemical potential is
lying between LLs. When the chemical potential is lying within one specific LL this
contribution is negligible and the spring constant is softened due to the electrostatic
interaction discussed above.
√
As mentioned before, a B-dependent disorder model fits the experimental data
better than constant disorder model. Within the frame of such model, we have
shown the complete fitting of frequency shift as in Figure 5.13. Additional complete
frequency versus B fits for the same sample at different Vg are shown in Figure 5.14,
√
with the same fitting parameter ( B-dependent disorder γ) , they all agree with
experimental data very well.
In the above fittings, it is very important to determine the value of Cg0 precisely.
Cg is obtained from the periodicity of magnetic oscillations, as shown in Figure 5.8.
To determine the capacitance change due to the static displacement and vibrational
motion, we use finite element analysis (Comsol Multiphysics 4.2) to compute the
capacitance at different values of z with quadratic deflection, as discussed in last
Chapter (Figure 5.15). We use the actual dimensions of the device, including fabrication imperfections (spike-like features at the edges of the local gate electrode), and
the Cg value from aforementioned value. We then fit the result with a polynomial
function to obtain Cg0 and also Cg00 .
The discussion above also explains the increased frequency oscillation amplitude
after current annealing, as seen in Figure 5.7. After careful current annealings, the
disorder density is reduced, therefore, at given filling factors, the QH plateaus are
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Figure 5.14: Additional complete frequency oscillation fits at different Vg , with same
fitting parameter. Top two are shown with S21 amplitudes and bottom two are phases.
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Device number duvAu1-38-2000-1-2p5.

more developed, i.e., the TDOS between LLs (due to localized states which is proportional to disorder) is smaller. This in return gives smaller compressibility at each
QH plateau (more incompressible), then is directly translated to large spring hardening as observed.
It is worth mentioned that, aside from the frequency oscillations (both spring con108
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Figure 5.15: a. COMSOL simulation for device D1, the color scale shows the charge
density (µC/m2 ) with z = 50 nm. b. Calculated capacitance as function of z (black
circle) and quadratic fit (red line). The value at z = 0 nm is determined from
experiment.
stant softening and hardening) we observed above, we have found some samples with
only spring constant hardening, as shown in Figure 5.16. This is due to the small
λ (large built-in strain) associated with those samples. They are not sensitive with
electrostatic attraction, as we observe small frequency shifts with applied Vg . Therefore, the requirements to have such frequency oscillation are: high quality sample
with small disorder; and small
built-in strain (”floppy” suspended graphene in this
mag_Comsol
case).
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Figure 5.16: Only frequency upshifts are observed at integer filling factors for a Device
DuvAu1-75-3000-14-3 and b. device DuvAl2-54-3000-14-1.
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5.6

Measurement in broken symmetry states

Two consequences are resulted from such frequency mapping of chemical potential.
First, we can directly ”read-off” the chemical potential in broken symmetry states,
where the 4-fold degeneracy is lifted. In graphene for the fully occupied LLs, the filling
factor ν = ±4(N + 1/2) = ±2, ±6, ±10,..., where 4 is due to degeneracy, 2 from spin
and 2 from valley. If such degeneracy (either spin or valley) is lifted, then QH effects
will be observed at ν = 0, ±1 for N =0 LL, or ν = ±3, ±4, ±5 for N =1 LL, such
states are called broken-symmetry states.
In Figure 5.17 a, we show the frequency oscillation result up to 13 T, to push
ν = nh/eB below 2. The the degeneracy of each LL is Nφ = BA/φ0 , where A is
the sample area and φ0 is the magnetic quantum flux. With increasing magnet field,
Nφ will also increase. At high magnetic field, the degeneracy of the 0th LL is large
enough to accommodate all the carriers, therefore the chemical potential will be zero,
as shown in Figure 5.9. According to such prediction, the resonant frequency in 0th LL
should lie flat versus B. However, this is clear what we have observed in Figure 5.17
a, instead, the resonant frequency shows a gradual downshift with a jump around 10
T.
Close inspection reveals that, the jump in frequency happens at the ν = 1 filling
factor, indicating the existence of an energy gap. Since we have already established
frequency - chemical potential correspondence from previous result, we can directly
obtain the size of the energy gap from the frequency jump. By varying Vg and
keeping ν = nh/eB = 1, we can study the B dependence of ν = 1 gap, and the
result (Figure 5.17 b) shows such energy gap ∆ is much larger the Zeeman splitting
(∆Zeeman = 21 gµB B, where g =2 is the g-factor and µB is Bohr magneton) [114],
√
and it has B dependence instead of linear dependence that Zeeman effect predicts.
This energy scale is closer to the predicted unscreened exchange energy[116]. The
discrepancy with Zeeman splitting and correspondence of many-body effect point
the origin of the energy gap to Coulumb interaction, and our graphene mechanical
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Figure 5.17: a. Resonant frequency versus B in broken symmetry states, revealing
finite energy gap at ν =1. b. ν = 1 gap as function of B, showing non-Zeeman
√
like B dependence. c.Product of chemical potential µ and magnetic length `B as
function of filling factor in broken symmetry states. Different symbols represent data
taken from different conditions and different samples.
resonators provide a easy platform to probe these properties.
The second outcome from the frequency-chemical potential mapping is that we
can study the chemical potential evolution inside LL, namely, the lowest LL here.
The gradual frequency shift below ν = 2 indicates the Coulomb-driven interaction

mag_broken
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also modify the chemical potential with the LL. Figure 5.17 c shows the product of
p
chemical potential µ and magnetic length `B = ~/eB as function of filling factor.
Different symbols represent data taken from different conditions and different samples. They all lie on top of each other, indicating there are fundamental mechanism
governing the interaction, which is still a open question at this point [117].
Another intriguing observations is the evolution of electronic compressibility between LLs, as shown in Figure 5.18. The ”double-peaks” feature only show up in
clean samples, we have tried to explain such pattern with quantum capacitance
(CQ = Ae2 dn/dµ), since between LLs, where the DOS goes to zero in ultra-clean
limit, the CQ can be smaller compared to geometry capacitance Cg , then dominates
total capacitance [118; 119; 120; 121; 122]. However, detailed calculation with realistic disorder shows the effect is orders of magnitude smaller than observed. This
strange observation still remains unsolved and require more analysis.
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Figure 5.18: a. Frequency oscillation as function of B, showing double peaks like
feature between LLs. Device DuvAu1-38-2000-1-2p5-anneal-2. b. Zoom-in of the
yellow-line-boxed section of a, with larger drive power in order to reveal the detail.
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5.7
5.7.1

Relation to magnetization
Failure of torque magnectometry explanation

With such experiment conditions, it is natural think about the frequency oscillation
is result of magnetization coming from induced magnetic moments. Indeed this is
where we set out to explain our findings1 . The simplest case to consider is the
torque magnetization scheme. The induced magnetic moments µm are perpendicular
to the suspended graphene, and with finite deflection towards the gate, there is an
angle between the induced magnetic moments µm and the applied magnetic field B,
as shown in Figure 5.19, the resulting magnetic torque τ will exert a force on the
suspended graphene, therefore change its resonant frequency.

0

x



z

B

 ( x) 
m
Figure 5.19: Schematic of torque magnetometry in graphene.
1

This is actually the legalization of this project: after a pen and pencil calculation with Vikram

one Friday night, we thought with high enough quality factor and clean enough suspended graphene,
we are able to measurement the magnetic moment. Luckily it panned out one way or the other...
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The induced magnetic energy can be written as:
Z L
~ · Bdx
~
−M
Umag =
0
Z Lp
1 − ξ 02 dx
≈ −Anµm B
0
Z L
1
(1 − ξ 02 )dx
≈ −Anµm B
2
0
16 ze2
= −Anµm BL(1 −
).
3 L2

(5.26)

Therefore, the induced spring constant shift ∆k will be ∂ 2 Umag /∂z 2 :
∆k =

32 M B
.
3 L

(5.27)

With typical experimental value, the above value is about 10−11 N/m, which the
spring constant of our graphene resonator is about 10−1 N/m, the frequency shift
from torque is much smaller than the frequency shifts that we observed.
However, the observed frequency shift can be explain with gradient force. In
contrast to normal magnetic gradient force M ∇B, here the force is originated from
B∇M (n), where M (n) is sensitive to the displacement through non-zero dn/dz. We
will discuss such influence below in length.

5.7.2

Spring constant modulations in magnetic field

Consider the magnetization induced additional energy Umag in the system, then the
new equilibrium position ze0 will be determined by
∂(Uel + Ues + Umag )
∂z

≈
ze0

∂ 2 (Uel + Ues )
∂z 2

∆z +
ze

∂Umag
∂z

= 0,

where ∆z = ze0 − ze, . From the equilibrium condition at ze , we have
0, and

∂(Uel +Ues
∂2z

)2
ze

mag
= k. Hence − ∂U∂z

ze

∂(Uel +Ues )
∂z
ze

=

= k∆z, and this means the shift in

equilibrium position is proportional to ”magnetic force” −∂Umag /∂z.
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The new spring constant could be addressed as
k0 =

∂(Uel + Ues + Umag )2
∂ 2z

≈ k+

∂(Uel + Ues )3
∂ 3z

ze0

∆z +
ze

2
∂Umag
∂ 2z

,

(5.29)

ze0

where k is the spring constant at zero magnetic field, the last term in the spring
constant modulation purely from Umag , and the second term could be re-written as
∂(Uel + Ues )3
∂ 3z

∂(Uel + Ues )3
∆z =
∂ 3z
ze

·
ze

1
∂U
· (−
k
∂z

).

(5.30)

ze

This could be understood as the spring constant modulation due to the magnetic
force (−∂Umag /∂z), and the rate is related to the curvature of original energy profile
Uel + Ues , specifically,

∂(Uel +Ues )3
∂3z
ze

6= 0.

Rephrasing Equation (5.29), one finds that the spring constant modulations due
to magnetization comes from not only ”magnetic spring”, kmag = ∂ 2 Umag /∂z 2 , but
also ”magnetic force”, Fmag = −∂Umag /∂z, and the contributions of each will be
discussed below.

5.7.3

Spring constant softening from magnetization

If one writes total electronic energy of monolayer graphene in a magnetic field B as
[123]
Umag = n3/2 · f (m),

(5.31)

where m = eB/nh = 1/ν, is the inverse of filling factor ν, h is the Planck constant.
f (m) is the inexplicit function that is not directly related to n. The 3/2 dependence
of n in Umag is coming from the electronic band structure of monolayer graphene. By
grand canonical approach, i.e. with fixed temperature and chemical potential, the
magnetization M is given as:
M =−

∂Umag
∂B

= −n3/2
T,µ
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e ∂f
.
nh ∂m

(5.32)
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Therefore, one has

√
3√
dB ∂f dn
nf (m) + n(− 2 )
2
n h ∂m dz
0
Cg
3
= ( Umag + M B) ,
2
Cg

∂Umag
=
∂z



(5.33)

where
dn
V dCg
n 0
=
=
C .
dz
eA dz
Cg g
The detailed calculations of Umag and M will be given in following section.
Since the resonant frequency f is tunable by electrostatic force Fes , with applied
gate voltage Vg , where Fes = 21 Cg0 Vg2 . If we quantify this rate (from experimental
data) with λ, where ∆f = λ∆Vg . The magnetic force Fmag exerted on the graphene
acts in the same fashion as electrostatic force, hence, the frequency shift ∆f from
Fmag would be
∆f (Fmag ) = −

5.7.4

λ 3
( Umag + M B).
C g Vg 2

(5.34)

Spring constant hardening from magnetization

To get the expression for spring constant, one continues taking derivative of (5.33):
 00

Cg
Cg0 2 3
Cg0 3 ∂Umag
∂ 2 Umag
∂M
=
− ( ) ( Umag + M B) +
(
+B
). (5.35)
2
∂z
Cg
Cg
2
Cg 2 ∂z
∂z
Here let’s revisit M first. Similar to Umag , M is a function of both n and m. If
we separate these two variables, rewrite
M (n, m) = M(n)M(m),

(5.36)

√
where M is the zero-field magnetization: M(n) = 2πeAv πn, and v is the constant
electron velocity of graphene. Hence
∂M
∂z

∂M dn
∂M
∂M ∂m n 0
= (M
+M
) C
∂n dz
∂n
∂m ∂n Cg g
Cg0 1
dM
=
( M −B
).
Cg 2
dB
=
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Plug (5.37) back to (5.35)
Cg0 2 3
Cg00 3
∂ 2 Umag
2 dM
(
U
+
M
B)
+
(
)
(
U
+
M
B
−
B
).
=
mag
mag
∂z 2
Cg 2
Cg 4
dB
Therefore, the magnetic spring causes the resonant frequency shifted by:


Cg0 2 3
f Cg00 3
2 dM
∆f (kmag ) =
( Umag + M B) + ( ) ( Umag + M B − B
) .
2k Cg 2
Cg 4
dB

(5.38)

(5.39)

The total frequency shifts will be the combined result of (5.34) and (5.39).
It is worth to note that such model is essentially also rooted in EFE of graphene
mechanical resonators, and can fit the experimental result with good agreement as
well, however, the aforementioned chemical potential and compressibility framework
is much easier and elegant.

5.7.5

Magnetization calculation

The Landau level energies of monolayer graphene are given by2
p
εn = ~ωB sgn(n) |n|,
where ~ωB =

√

(5.40)

2~v 2 eB and v is the constant electron velocity of graphene. We assume

the system is in a random long-range potential V (r). In the long-range limit, the local
density of states at r coincides with the ideal one shifted by the local potential energy
V (r), and thus the density of states integrated over r becomes
∞ Z
gv gs X
D(ε) =
dV p(V )δ(ε − (εn + V )),
2
2πlB
n=−∞

(5.41)

where p(V ) is the probability distribution of the potential V , gv = gs = 2 are the
p
~/(eB). For simplicity we assume the
valley and spin degeneracies, and lB =
potential distribution is expressed by a Gaussian,
1
2
2
p(V ) = √ e−V /Γ ,
πΓ
2

This is carried out by Mikito Koshino
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where Γ represents the variance of the potential. (5.41) then becomes


∞
gv gs X 1
(ε − εn )2
√ exp −
D(ε) =
.
2
2πlB
Γ2
πΓ
n=−∞
The charge density ns is given at the zero temperature by
Z µ
D(ε)dε
ns =
0
 



∞
gv gs X 1
µ − εn
−εn
=
erf
− erf
,
2
2πlB
2
Γ
Γ
n=−∞
where µ is the chemical potential and erf(x) is the error function defined by
Z x
2
2
erf(x) = √
e−t dt.
π 0
For a given ns , µ is determined by solving Eq. (5.44). The total energy is
Z µ
εD(ε)dε − U0 ,
U (B) =

(5.43)

(5.44)

(5.45)

(5.46)

−∞

where U0 is the constant reference energy introduced to avoid the divergence. Here
we take as U0 the total energy at charge neutral, zero magnetic field and zero disorder
potential. Eq. (5.46) is then explicitly evaluated as
(
" 
2 #
 

)
∞
X
gv gs
Γ
µ − εn
εn
µ − εn
U (B) =
ζ~ωB +
− √ exp −
+
erf
+ sgn(n) (5.47)
,
2
2πlB
Γ
2
Γ
2 π
n=−∞
where
#
" 
3/2 X
nc
√
1
2
nc +
−
ζ = lim
n
nc →∞ 3
2
n=1

≈ 0.2080,

(5.48)

and



+1 (n > 0)


sgn(n) =
0 (n = 0)



 −1 (n < 0).

(5.49)

The magnetization is finally given by
M =−

∂U (B)
∂B
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.
ns

(5.50)
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At the charge neutral point and in the ideal limit, we have
M =−

3ζ gv gs (~ωB )3 √
∝ B.
2 4π~2 v 2 B

(5.51)

We calculate U (B) as a function of B with a fixed ns and derive the magnetization
M by numerically differentiating U (B). Here ns =
at zero magnetic field.
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εF is the Fermi energy
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Chapter 6
Self-sustained graphene mechanical
oscillators
In this chapter I will turn graphene mechanical resonators to oscillators by positive
feedback circuit. The resulting self-sustained oscillator requires no RF input stimulus,
and shows large line-width compression (more than 200) compared to the indigenous
resonator. By varying the tension across the graphene membrane through Vg , we also
demonstrated the prototype of graphene voltage controlled oscillators (VCOs).

6.1

Mechanical components for signal processing

MEMS and NEMS consists of movable mechanical parts are everywhere in our daily
lives, from accelerometers trigger airbags in vehicles to gyroscope inside smart phones.
As shown in Figure 6.1, the market share of MEMS for oscillator and RF applications
are predicted to be consistently growing, and exceeding $ 1 billion by year 2017. Compared to their electrical counterparts, RF MEMS, namely, oscillators and resonators
have higher quality factor (Q greater than 1000 for MEMS/NEMS, comparing to
about 10 for electrical ones), smaller size (order of µm’s), and they also require less
power consumptions [124; 125]
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Figure 6.1: MEMS market forecast 2010 - 2017. RF MEMS market is expected to
reach $ 1 billion by 2017. [126]

osc_forecast
Among them, GNEMS is particularly
attractive due to two additional advantages
compared with well-developed Si-based RF MEMS. First, graphene is atomic thin
material with no bending rigidity, this results in resonant frequency tuning over wide
range, as shown in previous chapters. Secondly, the high temperature associated
with construction of other RF MEMS would damage the cooper or aluminum trances
used in electronics, in contrast, the fabrication process of large scale graphene (CVD)
devices are completely CMOS compatible (below 400 C), and this makes possible of
outsourcing GNEMS fabrication with well-established CMOS-fabrication foundries.
One of the emerging application with GNEMS the RF front end for signal processing, which can be readily used in cognitive radio, or wireless communication such as
multi-band cell phones. Figure 6.2 shows the schematic diagram of typical RF receiver
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front end, with the red-boxed highlighted parts (Filter bank and Voltage Controlled
Oscillators, VCOs) can be replaced with MEMS/NEMS components. Below I will
demonstrated the mechanical VCOs made from graphene, and the possibility of mechanical filters made from graphene as well.

Filter Bank
Amplifier

Voltage Controlled
Oscillator

High Q, Tunable filters

Figure 6.2: Schematic of RF MEMS front end. The parts in red boxes (filters and
oscillators) can be replaced with mechanical components and potentially outperform
their electrical counterparts.

osc_front_end

6.2

Fabrication and circuit of graphene oscillators

We used CVD graphene with circular SU-8 clamped at all end in this study. The
detail of the fabrication is described in Chapter 2, Here we show again the brief
fabrication flow chart, as in Figure 6.3.
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(a) Local Gate with SiO2
Cladding & CMP

(e.1) BOE Release

Si
(b) Graphene Transfer &
Patterning

(e.2) BOE Release
top-view

(c) Source & Drain
Electrodes
II
I

(f) False Color SEM

(d) Circular Clamping
Using SU-8
PECVD SiO2

SU-8

Local Gate

Graphene

Silicon

Source/Drain

Figure 6.3: Flow chart of the fabrication of SU-8 clamped drum resonators for
graphene VCO study. In f. shows the false color SEM of one typical device with
tilted angle. Inset is SEM with larger tilted angle.
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The oscillator circuit is built on RCT resonator circuit with positive feedback. To
have stable oscillation output with such configuration, one needs to satisfy Barkhausen
Criterion, as shown in Figure 6.4. For each oscillation cycle, the mechanical resonator
will lose energy to the environment (and the rate defines the resonator Q), therefore, to
sustained the stable oscillation, after each oscillation cycle, there must be enough energy provided to compensate such loss. We realize this energy compensation through
positive feedback. The conditions we need is that, at resonant frequency, the resonator response (open loop) needs to be larger than unity (0 dB), and additionally,
the energy compensation needs to be in phase of the mechanical oscillation, so the
phase of open loop response at resonance needs to be multiple of 2π.

0 dB

2nπ

0
Figure 6.4: Barkhausen Criterion for stable oscillator: at resonant frequency ω0 , the
resonator amplitude needs to be greater than unity (0 dB), and the phase needs to
be multiple of 2π.

osc_barkhausen

The open loop circuit is based on RCT and capacitive resonator transduction
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scheme, as shown in Figure 6.5. To gain more control on circuit details, I put in voltage
controlled variable attenuators (Mini Circuit ZX73-2500-S+) on both arms after 180
degree power splitter (PS), so one can adjust the drive power and cancellation power
independently. To achieve Barkhausen criterion, I also put in additional voltage
controlled variable amplifier (Mini Circuit ZFL-1000G+) after fixed gain amplifier.
For phase adjustment, I used voltage controlled 180 degrees phase shifter from Lorch,
though each of the phase shifter only has bandwidth less than 30 MHz, with enough
phase shifters at different center frequency, I was able to cover the whole frequency
range of interest (20 MHz to 200 MHz). Multiple Low pass filters, high pass filters
and band pass filters (mostly
from Mini Circuit as well) are used after phase shifter
osc_open_circuit
to eliminate electrical resonances far away from mechanical resonances.

Figure 6.5: Circuit diagram of open loop.
The open loop response is acquired with VNA, and one of the representative data
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is shown in Figure 6.6. Note that the phase at resonance is already tuned to zero,
while the amplitude of S21 is not amplified with enough gain yet.

a

b
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0
-90

-25
48

52

S21 (dB)

-15

-15

Phase (degrees)

S21 (dB)

180

-25

-35

56

40

Frequency (MHz)

60

Frequency (MHz)

Figure 6.6: a. Open loop response with both amplitude (black) and phase (phase).
b. Wider frequency range of data shown in a (blue shadow part). Device number
HS1-14-C4-4um, Vg = 10 osc_open
V, Vd = -0.5 V, drive power is -40 dBm, tested at room
temperature in vacuum.
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Figure 6.7: a. Vg megasweep of open loop response.b. Vibrational amplitude (black
dots) and Q (red triangles) as function of Vg . Device number HS1-14-C4-4um, Vd =
-0.5 V, drive power is -40 dBm, tested at room temperature in vacuum.
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We also performed regular frequency tuning with Vg to confirm the origin of mechanical resonances, as shown in Figure 6.7.
The close loop circuit is simply connect the output and input port of the open loop
circuit (or physically, just connect the cables at port 1 and port 2 of VNA, leaving
VNA out of circuit), as shown in Figure 6.8. To monitor the oscillation waveform and
spectrum, I put directional osc_closed_circuit
coupler in the circuit as well (Mini Circuit ZFDC-20-4L,
20 dB coupling), the directional couple doesn’t change the phase (less than 5 degrees)
of the RF signal in the frequency range of our interest. We monitor the time-domain
response with RF oscilloscopes, and the frequency domain spectrum with Agilent
spectrum analyzer E4402B and E4440A with phase noise measurement unit.

20 dB directional coupler

Figure 6.8: Circuit diagram of closed loop.
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Figure 6.9: a. Open loop S21 response (black) and closed loop power spectrum of
graphene mechanical oscillator. b. Same data but represented in linear scale, with
resonator linewidth ∆res = 935 kHz and ∆osc = 3.9 kHz. Device number HS1-14C4-4um, Vg = 10 V, Vd = -0.5 V, open loop drive power is -40 dBm, tested at room

osc_200_comp

temperature in vacuum.
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b

f  25.04MHz

6

-60
3

Power (dBm)

Amplitude (mV)

a
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-3

-80

-100

-6
0

50
Time (ns)
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24.5

25
Frequency (MHz)

25.5

Figure 6.10: a. Waveform of graphene mechanical oscillations. Red line is fitted sine
wave with f = 25.04 MHz. b. The corresponding power spectrum. Device number
HS1-21-D6-2um, Vg = -5V, Vd = 0.3V, tested at room temperature in vacuum.

6.3

Self-sustained mechanical oscillations

Once we have tuned the open loop response to satisfy Barkhausen Criterion, the selfoscillation is ensued after we close the positive feedback loop. The result is shown in
Figure 6.9. The corresponding waveform in time domain is shown in Figure 6.10.

osc_waveform

It is clearly that we have large linewidth compression when we turn from open
loop (resonator) to closed loop (oscillator). The mechanism of linewidth broadening in
resonators and oscillators are inherently different: in resonators, the finite linewidth
is due to the energy dissipation during each vibration cycle, and quantified with
quality factor Q; in oscillator, the finite linewidth in frequency domain is mostly
due the phase noise [127; 128], and quantified by the spectrum power density away
from carrier frequency. Nevertheless, for the sake of direct comparison and without
losing the generality, here I used Lorentzian function to fit both the resonators and
oscillators, and use the full width at half maximum (FWHM) ∆ as the characteristic
linewidth [129]. The data shown in Figure 6.9 demonstrates the linewidth compression
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ratio of 240, where ∆res = 935 kHz and ∆osc = 3.9 kHz. It it worthwhile to notice
that, from more than 10 samples we studied, the compression ratio is rather random,
and the value ranges from 0.5 to 240. Such behavior will be discussed in following
section.
The time domain waveform shown in Figure 6.10 a shows clear resemble of pure
sine wave, and the fitting overlaid results frequency of 25.04 MHz, with good agreement to the frequency domain spectrum shown in b. Both data are acquired from

Phase noise (dBc/Hz)

coupler port, where the power is attenuated by 20 dB.

-40
-60

1
f3

-80

1
f2

-100
2

10

3

10

4

10

5

10

Offset Frequency (Hz)

6

10

Figure 6.11: Phase noise (dBc/Hz) of graphene mechanical oscillator (blue) as function of offset frequency. The plateau up to 2 kHz is due to Lorentzian-nature broadening of the resonator. For frequency above 2 kHz, the phase noise shows roughly
1/f 3 dependence. The pink dashed line shows the thermal noise limited phase noise.
Device number HS1-21-D6-2um, Vg = -5V, Vd = 0.3V, tested at room temperature
in vacuum.

osc_PN
To better quantify the stability
of graphene mechanical oscillators, we performed
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phase noise measurements, as shown in Figure 6.11. Phase noise is the measure of the
(both) sideband spectrum power density at offset frequency (f ) from carrier frequency
fC , normalized by carrier signal power PC . The unit of the phase is therefore dBc/Hz
(decibels below the carrier per Hz), and usually plotted in logarithmic scale with
offset frequency [130]:
L(f ) = 10 log(P (fC + f )/PC ).

(6.1)

We performed phase noise measurement with Agilent spectrum analyzer E4440A
with phase noise measurement option 226. From Figure 6.11, we observed clear
plateau of phase noise up to 2 kHz offset frequency, then drop in phase noise with 1/f 3
slope. The origin of the flat plateau is the Lorentzian-nature linewidth broadening
of the resonator [131], and the 1/f 3 dependence is due to 1/f (flicker) noise from
external electronics [129]. Interestingly, we haven’t observed 1/f 2 behavior which is
due to thermal (white) noise. This indicates that the phase noise (therefore, stability)
of our graphene mechanical oscillation is still limited by external circuitries instead of
intrinsic mechanical domain fluctuation. The external noise sources includes thermal
noise from loop-gain amplifiers and transducers, and can be significantly improved
with better electrical components (For example, the loop gain amplifiers we are using
have noise temperature TN > 300K).
The ultimate phase noise of the NEMS oscillator is imposed by intrinsic mechanical
thermal noise, and given by [127; 132]:
L(f ) = 10 log[

kB T f0 2
( ) ],
2PC Q2 f

(6.2)

where kB is the Boltzmann constant, PC is the power of the carrier signal, Q is the
quality factor of the resonator, and f0 is the resonant frequency. For the sample
shown in Figure 6.11, PC = -59 dBm, equivalent to 126 nW, and the resonator Q
is 15, f0 = 25 MHz. From Equation (6.2), the intrinsic phase noise will follow 1/f 2
trend, as shown as dashed line in Figure 6.11, with phase noise equals to -53 dBc/Hz
at offset frequency of 100 Hz. It is clear that we are still way above the intrinsic
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noise level, and there are plenty of room to engineer graphene mechanical oscillator
with better phase noise. To achieve that, we have to study the response of graphene
oscillation with different feedback parameters, for better understanding so that we
have appropriate angles of improvements.

6.4

Mechanical oscillations with different feedback

Frequency (MHz)

parameters

52.5

52.0

51.5

-0.50

-0.25

Vd (V)
Figure 6.12: Oscillation with different Vd , showing ”on” (Vd = -0.5V) and ”off” (Vd
= -0.25V). Device number HS1-14-C4-4um, Vg =10V, tested at room temperature in
vacuum.

osc_Vd_mega

First, to confirm the origin of our oscillation is mechanical, instead of electrical,
we applied different Vd to ”switch” on and off our oscillation, only if the oscillation is
133

CHAPTER 6. SELF-SUSTAINED GRAPHENE MECHANICAL OSCILLATORS

purely mechanical. The result in shown in Figure 6.12. It is clear that at low Vd , the
oscillation goes away, since the open loop gain is no longer above unity. Therefore,
this is the first solid evidence of mechanical oscillation.
Since we have independent control of feedback gain and feedback phase, we like
to understand how these will affect the graphene mechanical oscillators, and how
robust the Barkhausen Criterion, i.e., what is the range of feedback gain and phase
for self-sustained oscillations.
The first parameter we tune is the feedback gain. From Barkhausen criterion, the
feedback loop gain needs to be greater than unity for sustain oscillation, this results
in positive feedback. However, there must be another negative feedback mechanism
in the circuit for stable oscillation. The oscillation starts with perturbation (for
example, thermal vibration), with positive feedback (loop gain greater than 1), such
oscillation is being amplified, until the negative feedback takes control, which keeps
the loop gain equals to 1, where the oscillator provides constant and stable output.
In LC oscillator, such negative feedback is usually coming from the nonlinearity of
the amplifiers, where-else in our graphene mechanical oscillators, all the amplifiers
are operated in linear regime, the negative feedback is actually originated from the
nonlinearity of the mechanical resonators.
This concept is illustrated in Figure 6.13. The total loop gain Gloop is consisted
of electrical gain Ge and mechanical gain Gm , and
Gloop = Ge · Gm = 1,

(6.3)

for stable operation. The electrical gain Ge is just the total gain of amplifiers, and
is tuned by control voltage (in our case). The mechanical gain Gm can be consider
as dz/dP , where z is the vibrational amplitude of the mechanical resonators, and P
is the applied power: a finite vibrational amplitude of z will generate finite amount
of oscillating current linearly, then passed on into the RF amplifiers downstream. If
we only consider the simplest Duffing nonlinearity, the P -dependence of z is shown
in Figure 6.13 a, and the mechanical gain Gm is shown in Figure 6.13 b. It is clear
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z

Gm

P

P

Figure 6.13: a. Nonlinearity of mechanical resonators, the vibrational amplitude z
will no longer be linear with applied power P at large P . The red dot denotes the
onset of nonlinearity. b. Mechanical gain Gm as function of applied power P .
that, in the linear regime (z grows linearly with P ), Gm is constant, once the drive
power is too large (denoted as red dots in Figure 6.13), the resonator will become
nonlinear, therefore, Gm will start dropping (blue dots). Therefore, the minimum
Ge needed is to accommodate the largest Gm (red dots, corresponding to the onset

osc_stable

of mechanical nonlinearity), but Ge can be larger with smaller Gm (blue dots) by
pushing the mechanical resonator deeper into the nonlinear regime.
The resulting of tuning electrical feedback gain Ge is shown in Figure 6.14. The
gain is tuned by voltage controlled variable amplifier (Mini Circuit ZFL-1000G+, gain
range -35 dB to 30 dB), cascaded with HD 25449 (40 dB gain) and HP 8447D (26
dB gain) amplifiers. As we can see, the self-oscillations only happen above certain
electrical feedback gain Ge (65 dB in this case), corresponding the condition where
total loop gain Gloop equals to 0 dB. With increasing of Ge , we have found three
observations. First, the oscillation frequency starts to drift; second, the oscillation
power first increase, then decrease with larger Ge ; third, the linewidth of oscillation
spectrum first decrease, then increase with increasing Ge .
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Figure 6.14: a. Oscillator power spectrum
at different feedback gain Ge . b. Oscillator
power and spectrum linewidth with different feedback gain Ge . Device number HS114-C4-4um, Vd = -0.5V, Vg =10V, tested at room temperature in vacuum.
The drift of oscillation frequencies can be explained within the frame of Barkhausen
criterion: when the open-loop resonators are driven deeper into the nonlinear regime,
not only the resonant frequency will change, also both the amplitude-frequency and
phase-frequency response will be bifurcated, with two possible stable states, as shown
in Figure 6.15 [95]. Therefore, the Barkhausen criterion is satisfied at different frequencies when the resonators are deep in nonlinear regime, and the details depend
on the type of nonlinearities present in the system. From previous chapter, we have
found that there are different types of nonlinearities, including nonlinear damping
[63], so it is difficult to analyze this frequency drift quantitatively.
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Figure 6.15:

Nonlinear behavior (amplitude and phase) of NEMS resonators, with

different drive power, the frequency Ω is normalized value. Solid curves indicate stable

osc_nonlinear
states, while dashed curves
indicate unstable states. At Ω ¿ 0, there are two allowed
stable states. [95]
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The second and third observations are related to nonlinearity. When the electrical
gain Ge is increased, the inherit resonators are being driven with larger power, resulting larger vibrational amplitude z. This is also increase the carrier signal power of the
oscillation, as shown in Figure 6.14 b, explaining the increase in spectrum power with
Ge . The linewidth of the spectrum is related to phase noise, and from Equation (6.1)
we have learned that the phase noise will reduce with larger carrier power PC , this is
also in good agreement with our observation: the narrowest linewidth is accompanied
with largest oscillation power.
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Figure 6.16: Oscillator power spectrum at different feedback gain Ge . At both small
and large Ge , the oscillation disappear. Device number FS5-10-C7-10, Vg = -8V,
tested at 350 K in vacuum.
However, when Ge is too large, pushing the mechanical resonators deeper in nonlinear regime, the resonance and phase will deviated even more from open-loop char-

osc_gain_mega_2

acterization (done in linear regime), the Barkhausen criterion will st anymore. There138
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fore, when at large Ge (and large P ), it is expected that the oscillation power starts
to drop, and even the self oscillation will seize, as shown in Figure 6.16.
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Figure 6.17: a. Oscillator power spectrum at different feedback phases. b. Oscillator
power and spectrum linewidth with different feedback phases. Device number HS1-
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14-C4-4um, Vd = -0.5V, Vg =10V, tested at room temperature in vacuum.
Another feedback parameter we can change is phase, and the result is shown in
Figure 6.17. The feedback gain is set to be 2 dB higher than unity under open
loop condition. We observed similar behaviors with tuning feedback gain: oscillation
frequency drift, oscillation power and spectrum linewidth optimized at certain values
of feedback phase (gain).
The drift of oscillation frequency can be readily explained with Barkhausen criterion, as shown in Figure 6.18: when the amplitude gain is greater than unity, the
oscillation occurs at where the open loop phase equals to zero. Therefore, one can
tune the oscillation with phase as long as the total amplitude gain is above 0 dB.
Similarly, the oscillator power (linewidth) is at its maximum (minimum) when the
open loop gain is at its maximum, however, if the zero of feedback phase is tuned to
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the place where the open loop gain drops below 0 dB, the oscillation will damp out,
as seen around 30 degrees and 60 degrees in Figure 6.17.

Gain = 0 dB

f

Phase = 0

f1 f0 f2

f

Figure 6.18: Oscillation frequency can be tuned with phase as long as the amplitude
gain is larger than 0 dB, such at f0 , f1 or f2 .
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6.5

Linewidth compression

One of the most striking difference between open loop (resonators) and closed loop
(oscillators) operation is the spectrum linewidth. The origin of finite linewidth in
resonator is energy dissipation after each cycle due to various damping mechanism
[133; 134], whereas in oscillator, it is mostly due to phase noise [127; 128; 135]. It
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has been observed from many experiments that the spectrum linewidth is compressed
when turning open loop operation into closed loop [94; 129; 136]. Such compression
ratio in electrical oscillators is studied by Ham and Hajimiri [131], assuming white
noise spectrum, the conclusion is that the compression ratio ∆res /∆osc scales with
signal-to-background ratio (SBR). If the predominate noise is white thermal noise,
then ∆res /∆osc ∝ Etank /kB T , where Etank is the energy provided from LC tank circuit.
The intuitive understanding of this T -dependence is originated from the thermal
activated random motion, at lower temperature, such random motion is suppressed,
resulting narrower ∆osc . Therefore the design algorithm is to operate the oscillator
at lower temperature for lower phase noise (smaller ∆osc ).
We performed such temperature study of compression on our graphene mechanical oscillator as well. To avoid frequency drift due to temperature resulting from
metal undercut (described in previous chapters), we choose doubly clamped suspended graphene made from direct scratch over pre-pattern trenches (same as in
RCT and capacitive studies).
The result in shown in Figure 6.19. It is inevitable to applied certain bias Vd
across graphene for oscillation operation, which will cause considerable amount of
Joule heating, for consistency, Vd is kept at 0.2 V, expected for temperature above
100 K, Vd is increased to 0.4 V to keep open loop SBR above 10 dB (mobility decreases
with increasing temperature).
From Figure 6.19, we have found two observations: First, the compression ratio is
orders of magnitude smaller than expected and we have seen from graphene oscillator
with SU-8 clamps, and even fall below 1 at low temperatures (∆res < ∆osc ); Second,
the compression ratio does not scale with temperature as predicted above, rather in
the opposite fashion.
The origin of such counterintuitive phenomenon is originated from combination
of many properties of the graphene mechanical resonators/oscillators, but most directly, is from the decrease of onset of nonlinearity. As we mentioned above, when
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Figure 6.19: a. Linewidth compression ratio ∆res /∆osc at different temperatures. b.
Corresponding resonant frequency and resonance linewidth ∆res . Below 120 K, Vd is
set to 0.2V, and above 120 K, Vd is set to 0.4 V in order to maintain appropriate
SBR. Device number CC2-17-3000-9-4 , Vg =-8V, tested in vacuum.
self-sustained, the graphene oscillator is operated in the nonlinear regime, while the
amplitude of the onset of nonlinearity |z|c is given by Equation (4.20):
r
ε
|z|c = 0.98L
,
Q

(6.4)

for the doubly clamped case. As temperature decreases, the dissipation 1/Q will

osc_comp_T

decrease, as described in Chapter 4, while strain  stay constant (resonant frequency
does not change), therefore, the |z|c will decrease upon cooling. This drop of vibration
amplitude will lower the oscillation power (an analogy to LC tank energy Etank for LC
oscillator), in return, the linewidth compression ratio for graphene oscillator scales
as:
∆res /∆osc ∝ Eosc /kB T
∝ mω02 |z|2c /kB T
1 1
∝ ω02
.
Q kB T

(6.5)

We have observed that 1/Q ∝ T 1/2 ∼ T 2 depending different temperature ranges,
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therefore, ∆res /∆osc is expected to scale with T −1/2 ∼ T , and this can qualitatively
explain the abnormal temperature dependence.
Caution needs to be taken about the actual temperature of graphene oscillator.
Although the bath temperature of the insert is set to specific values (as in Figure 6.19),
the rather large applied bias Vd will cause Joule heating and rise the temperature of
suspended graphene. If we assume the middle of the suspended graphene will have
the highest temperature, and form parabolic temperature profile towards the metal
contacts which are well thermally sank to the bath, the effective temperature rise Te
will be [137]:
Te =

Vd2 L
,
12RKA

(6.6)

where R is the electrical resistance, L is the length of suspended graphene, K is
thermal conductivity and A is the cross-section area of graphene. The estimated
temperature rise with room-temperature value of K [138] and Vd = 0.5 V is about
10 K. However, such estimation is based on the assumption of zero thermal contact
resistance between graphene and metal/oxide interface, and recent studies[139; 140;
141] have shown such thermal resistance can not be ignored, and will cause larger Te
with the same amount of Joule heating. Furthermore, the reduced thermal conductivity graphene at low temperatures [139] will also induce higher temperature rise.
Therefore, the precise estimation of temperature of suspended graphene in this cause
still requires more careful investigations.
The small compression ratio can also be explained within the frame of nonlinearity.
In this type of sample at low temperatures, the large Q will result in smalle oscillation
power (∝ mω02 |z|2c ), while the linewidth of oscillator ∆osc is a measure of phase noise,
and the phase noise is related to the ratio of off-resonance noise and oscillation power.
Without effective band pass filter center at the oscillation frequency, any electrical
noise will greatly degrade the phase noise performance of the oscillator, therefore
broadening ∆osc .
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6.6

Voltage controlled oscillations

The biggest advantage of graphene mechanical oscillator compared to other NEMS/MEMS
oscillators is the straightforward frequency tuning. As we have discussed before, the
open loop resonant frequency of graphene can be tune in wide range, up to 400%
[28]. Since the oscillation frequency is also set by the open loop characteristics, one
can also tune the oscillation frequency with Vg , in the same manner as in open loop
condition.
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Figure 6.20: Open (a) and closed (b) loop frequency tuning with Vg . Device number
CC2-17-3000-9-4 , Vd =300 mV, tested at 78 K in vacuum.

osc_vco

In Figure 6.20, we show the frequency tuning of both open and closed loop for
the same device: it is clear that the oscillation frequency tuning (Figure 6.20 b) with
Vg follows exactly the pattern in open loop (Figure 6.20 a), this again confirms the
mechanical origin of the self oscillation. Similar behavior is also observed with smaller
Vd (Figure 6.21).
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Figure 6.21: Open (a) and closed (b) loop frequency tuning with Vg . Device number
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CC2-17-3000-9-4 , Vd =50 mV, tested
at 78 K in vacuum.
From data shown in Figure 6.20, we still observe linewidth compression in closed
loop operation, as shown in detail in Figure 6.22 a. However, when we reduced the
applied bias Vd , albeit the enhancement of open loop Q, we have found linewidth
broadening in closed loop operation, as shown in Figure 6.22 a. The oscillator Q
is attained with brutal Lorentzian fit of power spectrum. If we only consider the
temperature rise caused by Joule heating, this is in accordance with our previous
observation: the compression ratio drops with lower temperature (larger open loop
Q).
The open loop Q shows strong dependence with Vg , and more pronouncedly at
larger Vd (Figure 6.22 a). The electrical resistance R of the graphene will change with
Vg , and for most of our samples, R is smaller at larger |Vg |. Therefore, the increase of
Q at larger |Vg | is in contradiction with possible Joule heating induced temperature
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Figure 6.22: Quality factors of open and closed loop at different Vg at (a) Vd = 300
mV and (b) Vd = 50 mV. The drastic change of open loop (resonator) quality factor
change probably arises from Joule osc_Q_Vg
heating. Device number CC2-17-3000-9-4 , tested
at 78 K in vacuum.
rise. One possibility is the electrical transduction scheme induced external dissipation
channel [72; 78], and within the electrostatic transduction frame, the total dissipation
can be written as [79]:
−1
Q−1 = Qintrinsic
+

R
η2
R = (1 +
)Q−1
,
mω0
Rm intrinsic

(6.7)

where Q−1
intrinsic is the intrinsic dissipation of mechanical origin, η = Cg Vg /z0 is the
electromechanical coupling coefficient as defined in Chapter 3, m is effective mass
and ω0 is resonant frequency. When Vg is changed, both R and Rm will change as
well, however, that ratio

R
Rm

can be tuned either way, therefore, resulting change of

apparent quality factor Q.
Our prototype graphene mechanical oscillator is operated with off-chip amplifiers
and phase shifters, and the feedback loop is constructed outside the vacuum chamber, with meters of coax cables. This long cable and electronic components adds
considerable amount of phase delay in the circuit, and is sensitive to frequency in
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Figure 6.23: a. Open loop transimission
S21 , showing large frequency tuning. b.
osc_vco_3
Oscillation spectrum at Vg = -6.3 V. c. Oscillation spectrum at Vg = -7.6 V. Device
number HS1-14-C4-2um, Vd = -0.5V, tested at room temperature in vacuum.
RF range (about 2π per 20 MHz). Therefore, it is different to tune the oscillation
frequency over large range without compensate the phase delay. Nevertheless, we can
adjust the feedback parameter at specific Vg to meet Barkhause criterion, as shown
in Figure 6.23. Compare to open loop characterization (Figure 6.23 a), we performed
closed loop oscillation at Vg = -6.3 V (Figure 6.23 b) and Vg = -7.6 V (Figure 6.23
c). Further engineering such as automatic phase compensation can largely improve
the applicability of our graphene voltage controlled oscillators.
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6.7

Graphene FM radio

Another important specification of VCO is the modulation bandwidth: when the
tuning voltage is changed at a slow rate, the VCO responds to the voltage changes
faithfully. When the change rate of the tuning voltage is increased, the frequency
output of VCO may not follow as coherently. However, due to the small oscillation power and phase delay in our prototype graphene voltage controlled oscillators (GVCO), it is very difficult to perform regular wideband modulation bandwidth
measurements[142]. Therefore, we turn to characterize the modulation bandwidth of
the embedded graphene mechanical resonators, as shown in Figure 6.24. In addition
of the r.f. stimulus, we also apply a low frequency modulation at the gate (square
wave with 0.4 V peak-to-peak value). The resonant frequency tuning characterization of this sample can be found in Supplementary Information. The dashed black
line in Figure 6.24 a shows the un-modulated transmission at Vg = 4.2V, with single
resonance around 107 MHz. At low modulation rate, we observe two clear resonance
“side-bands” around 104 MHz and 110 MHz, corresponding to resonant frequencies at
Vg = 4V and 4.4V, respectively. As the modulation rate is increased, the amplitudes
of the two side-bands start to decrease, at high modulation rate, the two side-bands
“merge” into one central peak, at around 107 MHz. We use three Lorentzian peaks
to fit to observed resonances, and compare the height of side-bands and central peak,
as shown in Figure 6.24 b. We find that the open-loop modulation bandwidth is
above 15 kHz. However, this open-loop modulation bandwidth is largely limited by
the finite linewidth of the resonance peak (about 2 MHz for this sample), and our
GVCO usually shows much narrower linewidth, therefore, such open-loop modulation
bandwidth only sets the lower bound of modulation bandwidth of GVCO.
There are many applications can be immediately scale-downed in dimensions with
GVCO, for example, in situ mass sensing[143] and r.f. signal processing[51]. Here we
employ our prototype GVCO as frequency modulator (FM) to up-convert audio signal
(below 10 kHz) for radio broadcasting. Figure 6.25a shows the simplified diagram
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of our graphene radio station. To receive and de-modulate the FM signal properly,

osc_bw

we choose and configure our GVCO accordingly (oscillation frequency 103 MHz), so
that the oscillation frequency falls into the FM broadcast band (87.7 MHz to 108
MHz). We first transmit a pure sinusoid signal at 440 Hz, and acquire the downcoverted signal with digital oscilloscope, as shown in the insert of Figure 6.25a. The
FM receiver is set to 103 MHz. It is clear that we have a clean waveform faithfully
reproduces the original signal. Next, we send in audio signals, and connect the demodulated output directly to a speaker. Figure 6.25b and Figure 6.25c show 1 second
segments of transmitted and received audio waveforms, of “Gangnam Style” by PSY.
We have recorded continously more than 1 minute in such operation withou degrading
the sound quality. During the test, when we purposely detune the frequency of the
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FM receiver, the sound is lost, confirming the validity of our GVCO operation.
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Chapter 7
Conclusions and outlook
Caught on with the fast pace of graphene research, I was fortunate to be in part of the
most exciting field of nanotechnology. Driven by graphene’s excellent electrical and
mechanical properties and the determination to combine those for NEMS application,
I have demonstrated the fabrication and efficient electrical transduction methods
for graphene mechanical resonators. With such abilities, I carefully examined the
properties of graphene resonators, with change of strain, temperature, mass, and
quality factors. After gaining enough information, I used graphene NEMS (GNEMS)
for two distinct purposes.
First I took the advantage of the compliant spring constant of graphene resonators,
and turn them to force sensors to monitor the chemical potential oscillation in applied
magnetic field. The superb sensitivity, especially compared to conventional electrical
transport techniques opens a new route for thermodynamical measurements for low
dimensional materials, and can be extend to study the fundamental properties of
other 2D materials of interests.
Then I took a rather opposite angle, hammering the engineering applications
with GNEMS. The active nature of graphene makes it possible to demonstrate selfsustained mechanical oscillators, and the atomic thinness and mechanical strength
makes it possible of large range of strain tuning. These two attributes result in
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graphene voltage controlled oscillators (VCOs), as I demonstrated in the last part of
this thesis. The miniatured size makes graphene VCOs a strong candidate to replace
bulk off-chip quartz oscillator as timing reference.
The work described in this thesis has clearly established the promise of GNEMS.
However, the pace is not slowing down even a little bit, and there are still plenty
of room left for better GNEMS. One of such directions will be pushing the resonant
frequency toward GHz range [144]. Aside from keep reducing the critical length scale
below 100 nm, one can also increase the resonant frequency with innovated strain engineering. This will allow GNEMS being useful for both quantum mechanical ground
state studies and wireless communications. Better theoretical understanding of quality factor and subsequential improvements will also make GNEMS more versatile.
Moreover, actual applications of GNEMS are largely unexplored to date. Two
such applications hold promise in particular: mass sensing and RF signal processing.
In the area of mass sensing, significant progress has been made in applying Si-based
NEMS to mass spectrometry of large proteins for which traditional mass spectrometry
is extremely difficult [145; 146; 99]. GNEMS should show greater mass sensitivity than
Si-based NEMS, while maintaining a relatively large capture area. Furthermore, with
the demonstration of our prototype self-sustained oscillators, it is possible to create
graphene mass sensors which can operate in real-time.
In the area of RF signal processing, Si MEMS have been explored for timing and
frequency control, to replace bulky and high-power off-chip Quartz components [147;
51]. Graphene has the advantage over Si-based technologies (both NEMS and MEMS)
in that it can serve as an active element in the circuit. Therefore, high frequency
graphene NEMS resonators with large Q may be usable as on-chip elements for oscillators, RF front end filters and switches [148; 149], while remaining compatible with
current Complementary Metal Oxide Semiconductor (CMOS) fabrication processes.
In addition to these practical applications, GNEMS are also well suited toward
explorations of mechanics at the quantum limit [17; 18; 19; 20; 150; 151]. In particular,
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the zero-point vibration amplitude, given by zzp = (~/4πmf0 )1/2 , is in the range of
0.1-1 pm for micron-scale devices with GHz resonant frequencies. The highly efficient
transduction mechanisms available for GNEMS may allow researchers to access this
regime experimentally.
A number of challenges still must be overcome in order to realize these and other
applications. In particular, in spite of tremendous progress, the synthesis and manufacturing of large-scale graphene is not yet reproducible enough: CVD-synthesized
graphene suffers from variable tension, electronic mobility and doping. All of these
factors will strongly affect the performance of GNEMS, and thus the reproducibility
of devices. In spite of the promise of high-tension devices, no fabrication method
has been demonstrated to achieve controllable high (> 1%) strain in GNEMS. Finally, many basic techniques that will be necessary for robust electronic readout of
GNEMS, such as impedance matching and integration onto CMOS, have not yet been
demonstrated.
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Appendix A
iMeazure
iMeazure is a data acquisition software developed by Kirill Bolotin, then quickly gain
popularity among Columbia University after he brought it with him after he moved
from Cornell. First out of curiosity and desire to hone my program skills, I spent
some time reverse engineering the codes, and then start modifying the software to
add more instruments for my own purpose.

A.1

Overview of iMeazure

iMeazure is written with National Instrument LabWindows/CVI, a C++ based environments. The main panel is shown in following Figures, an extra panel can be
called upon request. It has three acquire channels (y-axis), and two (I added third
one in extra panel) sweep channels. The communication is GPIB-based, but can also
communicate via DAQ boards.
The structure of iMeazure is described below: iMeazure interface.c defines all the
call back functions on the panel, linked all the buttons and graphics between the panel
and main body of the software. iMeazure logic.c defines the main logic of the software:
at every given time interval, it will update both the y-channels (read data) and xchannels (calculate then send commands to certain instruments, for example, set
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voltage values of power output). The slight tricky part the ”bin size” setting in data
acquisition, it is defined as the resolution of x-column in acquired data, independent
of sweep speed.
Each instrument has its own head file and source file, in which the specific communication syntax is defined. GPIB address assignment is also defined in each head
file. Most of the syntax can be found in the manual of the given instrument.

A.2

Add instruments to iMeazure

Unfortunately, it is somehow quite complicated yet tedious to add a new instrument
into iMeazure, and almost impossible without certain level of understanding of the
software (or C++). I will try to summarize the procedures below.
To add a sweep instruments (x-channel):
1. Add instrument to the front panel in x channels (in iMeazure interface)
2. Define the function when the instrument is selected in the drop-down menu of
each x-channel (such as initialization, defined in iMeazure interface.c).
To add acquire instruments, we have to first to identify the type of acquisition,
either slow (one data point per acquisition, such as lock-in amplifiers or digital multimeters), or fast (spit out a chunk of data strings, such as network analyzers or
spectrum analyzers).
In the first case (slow), it is very similar to adding a sweep instrument:
1. Add instrument to the front panel, in y channels (in iMeazure interface)
2. Define the function when the instrument is selected in the drop-down menu of
each y-channel (defined in iMeazure interface.c).
In the second case (fast), it is somehow more difficult. After tell the instruments
to export the data strings to buffer, I need to separate the y-values and then match
up with x-values.
We can also perform ”megasweeps” with iMeazure. A megasweep is to acquire
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data (y-values) with two varying parameters (x-channel 1 and x-channel 2), the result
will be a matrix. In iMeazure, the algorithm is to sweep up channel 1 (fast channel)
at given value of channel 2 (slow channel), then step up value of channel 2, sweep
down channel 1, then up again. If the y-channel instrument is selected as one of the
fast type, the procedure is similar.
However, in current version, during megasweep, channel 2 can only step up, but
not up or down. It might become an issue in certain cases, but can be solve with
external hardware, such inverter, or amplifier with gain of -1.
Based on what Kirill has built on, I also added a third sweep channel, which can
be stepped the same time as channel 2. This will add certain flexibilities to specific
measurements.
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Figure A.1: Main panel of iMeazure.
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Figure A.2: Extra panel of iMeazure.
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Figure A.3:

Acquisition channels of iMeazure, there are three y-channels in total

available.

178

im_y

APPENDIX A. IMEAZURE

Figure A.4: Sweep channels of iMeazure, there are two x-channels in total available.
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Figure A.5: Snapshot of iMeazure interface.c

im_interface
180

APPENDIX A. IMEAZURE

Figure A.6: Snapshot of iMeazure logic.c

im_logic
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Figure A.7: Example of a head file.

im_h

Figure A.8: Example of a source file.
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Appendix B
RF inserts for low temperature
measurement
I have used multiple low temperature inserts for different types of measurement and
to fit different dewars. Most of them are equipped with stainless steel coax cables for
RF signal transmission. The newest one (not yet operational) is made to fit all the
dewars in the Kim and Hone group. The smallest bore size of magnet is about 1 inch,
thus greatly limits the size the our operational space. To satisfy 1. RF compatible,
2. vacuum space, I have adopt the design of magnet lab in Florida and outsource the
manufacturing to Rutgers physics department machine shop. The detail drawings are
shown below, followed by close-in pictures.
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a

b

c

d

Figure B.1: Close-in picture of RF insert. a. Probe head with SMA connectors and
19 pin hematic connector. b. Close-in of taper seal, heat sink tail is not attached. c.
Attached heat sink tail with coax cables and PCB. d. Close-in of PCB.

im_insert
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