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Abstract 

    This thesis presents a novel approach to integrate chemical vapor deposition (CVD) graphene 
into silicon micro- and nanoelectromechanical systems (MEMS/NEMS) to fabricate different 
graphene based MEMS/NEMS structures and explore mechanical properties of graphene as well as 
their applications such as acceleration sensing, humidity sensing and CO2 sensing. The thesis also 
presents a novel method of characterization of CVD graphene grain boundary based defects.  
    The first section of this thesis presents a robust, scalable, flexible route to integrate double-layer 
graphene membranes to a silicon substrate so that large silicon masses are suspended by graphene 
membranes.  
    In the second section, doubly-clamped suspended graphene beams with attached silicon masses 
are fabricated and used as model systems for studying the mechanical properties of graphene and 
transducer elements for NEMS resonators and extremely small accelerometers, occupying die areas 
that are at least two orders of magnitude smaller than the die areas occupied by the most compact 
state-of-the-art silicon accelerometers. An averaged Young’s modulus of double-layer graphene of 
~0.22 TPa and non-negligible built-in stresses of the order of 200-400 MPa in the suspended 
graphene beams are extracted, using analytical and FEA models. In addition, fully clamped 
suspended graphene membranes with attached proof masses are also realized, which are used for 
acceleration sensing.  

In the third section, CO2 sensing of single-layer graphene and the cross-sensitivity between CO2 
and humidity are shown. The cross-sensitivity of CO2 is negligible at typical CO2 concentrations 
present in air. The properties of double-layer graphene when exposed to humidity and CO2 have 
been characterized, with similarly fast response and recovery behaviour but weak resistance 
responses, compared to single layer graphene.  

In the fourth section, a fast and simple method for large-area visualization of grain boundaries in 
CVD graphene transferred to a SiO2 surface is demonstrated. The method only requires vapor 
hydrofluoric acid (VHF)-etching and optical microscope inspection and therefore could be useful to 
speed up the process of developing large-scale high quality graphene synthesis, and can also be 
used for analysis of the influence of grain boundaries on the properties of emerging graphene 
devices that utilize CVD graphene patches placed on a SiO2 substrate. 

 
Keywords: Micro-electromechanical systems (MEMS), Nano-electromechanical systems (NEMS), 
heterogeneous 3D integration, Graphene, single-layer graphene, double-layer graphene, bilayer 
graphene, chemical vapor deposition (CVD), suspended graphene beams, suspended graphene 
membranes, doubly clamped, fully clamped, silicon on insulator (SOI), vapor hydrofluoric acid 
(VHF), Young’s modulus, built-in stress, built-in tension, piezoresistivity, gauge factor, 
accelerometer, resonators, electromechanical sensing, advanced transducers, humidity, gas sensing, 
sensitivity, CO2 sensing, graphene grain boundary, line defects, optical microscopy, wire bonding 
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Sammanfattning 

Denna avhandling presenterar ett nytt tillvägagångsätt för att integrera kemisk 
förångningsdeponering (CVD) av grafen i kisel MEMS/NEMS för att tillverka olika grafen 
baserade mikro- och nanoelektromekaniska system (MEMS/NEMS) strukturer samt utforskar 
grafens mekaniska egenskaper såväl som dess tillämpningar för att mäta acceleration, fuktighet 
och CO2. Avhandlingen presenterar även en ny metod för karakterisering av CVD grafens 
korngränsbaserade defekter.  
    Den första delen utav denna avhandling beskriver ett robust, skalbart och flexibelt sätt att 
integrera dubbelskiktiga grafenmembran på ett kiselsubstrat så att stora kiselmassor bärs upp av 
grafenmembranet.  
    I den andra sektionen tillverkas dubbeliufästa frihängande grafenbalkar som bärs upp 
kiselmassor. Dessa används som modellsystem för att studera de mekaniska egenskaperna hos 
grafen och transduktorelement i NEMS resonatorer för extremt små accelerometrar som upptar en 
chipyta som är minst två storleksordningar mindre än de chipytor som upptas av de mest kompakta 
bärs upp kiselaccelerometrarna. En genomsnittlig Young’s modul för dubbelskikt grafen på ~ 0.22 
TPa och en icke-försumbar inbyggd spänning av storleksordningen 200-400 MPa i den 
suspenderade grafen balkarna extraheras genom att använda en annalistisk modell och en FEA 
modell. Dessutom realiseras suspenderade grafenmembran som fullständigt täcker den 
omgränsande graven med fastsittande massor, vilka används för accelerations mätningar.   
    I den tredje sektionen demonstreras CO2 detektering av enkelskiktatgrafen samt tvärkänslighet 
mellan CO2 och fuktighet. Tvärkänsligheten för CO2 blir försumbar för de typiska CO2 
koncentrationer som finns i luften. Egenskaperna hos dubbelskiktatgrafen vid exponering av 
fuktighet och CO2 har karakteriserats, med likartat snabbt respons- och återhämtningsbettende, 
men med låg resistans respons jämfört med enkelskiktatgrafen. 
    I den fjärde sektionen demonstreras en snabb och enkel metod för att visualisera stora areor av 
korngränser i CVD-överfört grafen till en SiO2 yta.  Metoden kräver endast förångad fluorvätesyra 
(VHF)-etsning samt inspektion med optiskt mikroskop och kan därför användas för att snabba upp 
processen för att utveckla storskalig, högkvalitativ grafensyntes, och kan även användas för 
efterhandsundersökning av fromväxande grafen enheter som utnyttjar grafen membran placerade 
på ett SiO2-substrat.  
 
Nyckelord: Mikroelektromekaniska system (MEMS), Nano-elektromekaniska system (NEMS), 
htrogen 3D-integrering, enskitigt grafen, dubbelskiktat grafen, kemisk förångningsdeponering 
(CVD), suspenderade grafen balkar, suspenderade grafen membran, dubbel klämd, helt klämd, 
kisel på isolator (SOI), förångad fluorvätesyra (VHF), Young’s modul, inbyggd stress, inbyggd 
belastning, inbyggd stress, piezoresistivitet, accelerometer, resonatorer, elektromekaniska 
avkänningar, avancerade omvandlare, fuktighet, gas avkänning, känslighet, CO2 avkänning, 
korngräns baserade defekter, lin defekter, optisk mikroskopi, trådbindning 
 
 
 
 
Xuge Fan, xuge@eecs.kth.se 
Avdelningen för Mikro- och Nanosystems, Skolan för Elektro- och Systemteknik,  
Kungliga Tekniska Högskolan, 10044 Stockholm, Sverige  



v 
 

 
 

 
 

 

Contents 
 

Contents                                                                                                                                 v   

List of Publications                                                                                                               ix 

Abbreviations                                                                                                                        xi 
 

 

1  Introduction....................................................................................................................................1 

1.1 Micro- and Nanoelectromechanical systems (MEMS/NEMS) ..................................................1 

1.2 Graphene ....................................................................................................................................2 

1.3 Graphene MEMS/NEMS ...........................................................................................................3 

1.4 Objectives of this thesis .............................................................................................................4 

1.5 Structure of thesis .......................................................................................................................4 

2  Integration method for graphene MEMS/NEMS .......................................................................7 

2.1 Introduction ................................................................................................................................7 

2.2 Fabrication .................................................................................................................................8 

2.2.1 Substrate preparation ...........................................................................................................9 

2.2.2 Graphene transfer and patterning ........................................................................................9 

2.2.3 Proof mass release ............................................................................................................ 10 

2.3 Characterization and evaluation .............................................................................................. 11 

2.3.1 Device dimensions and qualities ...................................................................................... 11 

2.3.2 Device yields .................................................................................................................... 12 

2.3.3 Cleanness of graphene surface ......................................................................................... 13 

2.3.4 Different fabrication process flows .................................................................................. 13 

2.3.5 Different layers graphene ................................................................................................. 13 

2.4 Summary ................................................................................................................................. 13 

3  Doubly-clamped graphene beams with suspended mass as transducers ............................... 15 

3.1 Introduction ............................................................................................................................. 15 



vi 
 

 
 

3.2 Fabrication .............................................................................................................................. 16 

3.3 Basic characterization ............................................................................................................. 16 

3.4 Mechanical characterization .................................................................................................... 17 

3.4.1 FEA device description .................................................................................................... 17 

3.4.2 Analytic device description .............................................................................................. 18 

3.4.3 Static mechanical characterization ................................................................................... 20 

3.4.4 Dynamic mechanical characterization ............................................................................. 21 

3.5 Electromechanical measurements of acceleration ................................................................... 24 

3.5.1 Measurement circuit, setup and method ........................................................................... 24 

3.5.2 Measurement results ......................................................................................................... 24 

3.5.3 Performance evaluations .................................................................................................. 25 

3.5.4 Size comparison ............................................................................................................... 25 

3.5.5 Discussions of electromechanical sensing ....................................................................... 27 

3.5.6 Discussion of possible effects at the graphene anchor positions ...................................... 27 

3.6 Summary ................................................................................................................................. 27 

4  Fully-clamped graphene membranes with attached masses for NEMS accelerometers ...... 29 

4.1 Introduction ............................................................................................................................. 29 

4.2 Design and fabrication ............................................................................................................ 30 

4.3 Equivalent resistance model .................................................................................................... 30 

4.4 Acceleration measurements .................................................................................................... 32 

4.5 Results discussion ................................................................................................................... 33 

4.5.1 The influence of the geometries of devices on the sensitivity ......................................... 33 

4.5.2 Stability and repeatability ................................................................................................ 33 

4.5.3 The influence of the design of the graphene on the sensitivity ........................................ 34 

4.5.4 Stability, yields, life-span and sensitivity ......................................................................... 35 

4.6 Summary ................................................................................................................................. 35 

5  CO2 sensing of single-layer graphene and its cross-sensitivity with humidity ...................... 37 

5.1 Introduction ............................................................................................................................. 37 

5.2 Fabrication and experimental setup ........................................................................................ 38 

5.3 Sensitivity and selectivity of graphene sensing to different gases .......................................... 39 

5.4 DFT calculations ..................................................................................................................... 39 

5.6 Passivation of graphene device using Al2O3 ........................................................................... 42 

5.7 The influence of humidity on contact resistance ..................................................................... 44 



vii 

5.8 Summary ................................................................................................................................. 45 

6  Humidity and CO2 sensing of double-layer graphene ............................................................. 47 

6.1 Introduction ............................................................................................................................. 47 

6.2 Fabrication and characterization ............................................................................................. 48 

6.3 Experimental Setup ................................................................................................................. 48 

6.4 Humidity sensing properties ................................................................................................... 49 

6.6 Simulations.............................................................................................................................. 53 

6.7 Summary ................................................................................................................................. 55 

7  Characterization of CVD graphene grain boundaries ............................................................ 57 

7.1 Introduction ............................................................................................................................. 57 

7.2 Experimental methods ............................................................................................................. 58 

7.3 Characterizations ..................................................................................................................... 59 

7.3.1 Optical microscopy and SEM .......................................................................................... 59 

7.3.2 LEEM/LEED.................................................................................................................... 61 

7.3.3 Raman spectroscopy ......................................................................................................... 61 

7.3.4 AFM ................................................................................................................................. 63 

7.4 Etching mechanism ................................................................................................................. 66 

7.5 Discussions.............................................................................................................................. 67 

7.6 Summary ................................................................................................................................. 69 

8  Summary & Outlook .................................................................................................................. 71 

Acknowledgements .......................................................................................................................... 75 

Bibliography .................................................................................................................................... 79 





ix 

List of Publications 

This thesis is based on the following peer-reviewed journal publications and manuscript: 

1. Xuge Fan, Anderson D. Smith, Fredrik Forsberg, Stefan Wagner, Stephan Schröder,
Andreas C. Fischer, Mikael Östling, Max C. Lemme and Frank Niklaus,
“Manufacturing of Graphene Membranes with Suspended Silicon Proof Masses for
MEMS and NEMS”, submitted 2018.

2. Xuge Fan, Fredrik Forsberg, Anderson D. Smith, Stephan Schröder, Stefan Wagner,
Henrik Rödjegård, Andreas C. Fischer, Mikael Östling, Max C. Lemme, Frank
Niklaus, “Graphene beams with suspended masses as electromechanical transducers
in ultra-small accelerometers”, under review 2018.

3. Xuge Fan, Fredrik Forsberg, Anderson D. Smith, Stephan Schröder, Stefan Wagner,
Mikael Östling, Max C. Lemme, and Frank Niklaus, “Suspended graphene
membranes with attached proof masses as piezoresistive NEMS accelerometers”,
manuscript 2018.

4. Xuge Fan, Stefan Wagner, Philip Schädlich, Florian Speck, Satender Kataria, Tommy
Haraldsson, Thomas Seyller, Max C. Lemme, and Frank Niklaus, “Direct
Observation of Grain Boundaries in Graphene Through Vapor Hydrofluoric Acid
Exposure”, Science Advances, 4, eaar5170, 25 May 2018.

5. Xuge Fan, Karim Elgammal, Anderson D. Smith, Mikael Östling, Anna Delin, Max
C. Lemme, Frank Niklaus, “Humidity and CO2 gas sensing properties of double-layer
graphene”, Carbon, 127, 576-587, 2018.

6. Anderson D. Smith, Karim Elgammal, Xuge Fan, Max C. Lemme, Anna Delin,
Mikael Råsander, Lars Bergqvist, Stephan Schröder, Andreas C. Fischer, Frank
Niklaus and Mikael Östling, “Graphene-based CO2 sensing and its cross-sensitivity
with humidity”, RSC Adv., 7, 22329-22339, 2017.



x 
 

 
 

 

7. Arne Quellmalz, Anderson D. Smith, Karim Elgammal, Xuge Fan, Anna Delin, 
Mikael Östling, Max Lemme, Frank Niklaus, Kristinn B. Gylfason, “The influence of 
humidity on contact resistance in graphene devices”, submitted 2018.  

 

 

The contribution of Xuge Fan to the journal publications and manuscript is 
highlighted below: 

    1.  major part of design and characterization, fabrication, experiments, and writing 

    2.  design, fabrication, experiments, characterization, writing,  part of theoretical analysis  

3.  design, fabrication, experiments, major part of characterization, writing 

4.  design, fabrication, experiments, writing, half part of characterization 

    5.  design, fabrication, experiments, major part of characterization and writing 

    6.  part of experiments, characterization and data analysis  

7.  part of experiments and data analysis 

 

  This thesis is also based on the following international scientific conference 
proceedings: 

     8. Anderson D. Smith, Karim Elgammal, Xuge Fan, Max C. Lemme, Anna Delin, Frank 
Niklaus and Mikael Östling, “Toward Effective Passivation of Graphene to Humidity 
Sensing Effects”, in: Solid-State Device Research Conference (ESSDERC), 2016 46th 
European, IEEE, 2016: pp. 299–302. 

 

 



 
 

xi 
 

 

 

 

 

Abbreviations 

 

          MEMS Microelectromechanical systems 
          NEMS Nanoelectromechanical systems 

CVD                   Chemical vapor deposition 
2D   Two-dimensional 
IOT  Internet of Things 
VHF  Vapor hydrofluoric acid 
AFM                   Atomic force microscopy 
LDV                    Laser Doppler velocimetry 
SEM                    Scanning electron microscopy 
FEA                     Finite element analysis  
LEEM                 Low-energy electron microscopy 
LEED                  Low-energy electron diffraction 
SOI                      Silicon-on-insulator 
RIE                      Reactive ion etching 
DRIE                   Deep reactive ion etching 
PR                        Photoresist 
BOX                     Buried Oxide 
PMMA                 Poly (methyl methacrylate) 
PC                         Poly (bisphenol A carbonate) 
IPA                       Isoproponal    
K                           Spring constant 
D                           Damping factor 
Q                           Quality factor 
GF                         Gauge factor 
Eq                          Equation 
E                            Young’s modulus 
FET                       Fast Fourier transform 
DIP                        Dual-in-line-package 
DFT                       Density functional theory  
RH                         Relative humidity 
GGA                      Generalized gradient approximation 
ONCV                   Optimized norm-conserving scalar relativistic pseudopotentials 
PBE                       Perdew, Burke and Ernzerh 
QE                         Quantum Espresso



xii 
 

 
 

 
CCDs                    Charge density differences 
TEM                     Transmission electron microscopy 
STM                      Scanning tunneling microscopy 

        TLM                      Transmission Line Model 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



1 

Chapter 1 

Introduction 

1.1 Micro- and Nanoelectromechanical systems (MEMS/NEMS) 
Microelectromechanical systems (MEMS) generally refer to miniaturized mechanical 

and electro-mechanical elements that are commonly fabricated by selectively etching away 
parts of the silicon wafer or adding new structures [1]. MEMS have been studied for 
decades and recently aroused increasing interest due to the growing commercial 
applications, from automotive to consumer electronics, industry and internet of things (IoT). 
Typical dimension of MEMS devices are in the several µm to hundreds of µm range. 
MEMS devices include from relatively simple structures without moving elements, to 
extremely complex electromechanical systems with multiple moving elements that are 
controlled by integrated microelectronics. MEMS sensors are one of the most interesting 
elements (transducers) of MEMS and typically convert the measured mechanical signal into 
the electrical signal. In the past decades, many types of MEMS sensors based on different 
sensing principles such as temperature, humidity, pressure, inertial forces, chemical species, 
gases, magnetic fields, radiation, biomedical species, etc. have been demonstrated by 
MEMS communities [1-2]. Obviously, such microscale sensors have shown better 
performances and smaller sizes, compared to macroscale sensors. MEMS fabrication is 
compatible with batch fabrication techniques used in the integrated circuit industry and 
therefore leads to relatively low costs for per-device production. Nanoelectromechanical 
systems (NEMS) is a promising field of technology based on the MEMS, and a critical 
feature of NEMS devices has at least one dimension smaller than 100 nm [3, 4]. On one 
hand, the continuous miniaturization of devices is required by Moore’s law, a simple 
scaling law describing technology improvements results in a doubling of the number of 
transistors on a-chip roughly every two years [5]. On the other hand, as device dimensions 
decrease, NEMS show new physical properties, such as increases in resonance frequency, 
improvements in force, mass and displacement sensitivity and low-temperature behaviour 
that reflects quantum limit, which may dominate the operation of the devices [6, 7]. The 
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ultimate limit would be one atom thick, but reducing most materials to such small 
dimensions generally affects mechanical stability and stiffness. New fabrication approaches 
are needed to realize the NEMS structures. Basically, there are two approaches of operating 
NEMS: the top-down and the bottom-up [8]. In the top-down approach, devices and 
structures are made from bulk materials e.g. silicon using many of the same techniques as 
used in MEMS except they are made smaller in size, usually by employing more advanced 
photolithography and etching methods. The bottom-up approach typically involves 
deposition, growing, or self-assembly technologies, employing nanostructures such as 
nanowires and nanotubes, etc. as building blocks [8]. The future trend of MEMS/NEMS 
technology involves complex levels of integration with ultimate target of all components 
being onto a single substrate. MEMS/NEMS can be merged not only with microelectronics, 
but with other technologies such as nanotechnology that manipulates matter at the atomic 
or molecular level to make something useful at the nanoscale, etc., which is sometimes 
called “heterogeneous integration” [9, 10].  

 

1.2 Graphene  
Graphene intrinsically refers to a single layer of carbon atoms of the graphite structure 

and a two-dimensional sheet of sp2-hybridized carbons arranged in a hexagonal honeycomb 
structure [11]. Since Geim and co-workers first experimentally isolated single-layer 
samples from graphite in 2004 [12], graphene has aroused increasing interest in both 
theoretical and experimental studies. Initial studies of graphene included observations of 
graphene’s ambipolar field effect [12], the quantum Hall effect at room temperature [13], 
measurements of extremely high carrier mobility [14], and the detection of single molecule 
adsorption [15]. Its extended honeycomb network is the basic building block of other 
important allotropes. It can be wrapped up into 0D fullerenes, rolled into 1D nanotubes or 
stacked into 3D graphite [16]. Long-range π-conjugation in graphene yields extraordinary 
thermal [17], optical [18], mechanical [19], and electrical properties [20]. Another 
interesting feature of graphene is that in a single layer graphene, all atoms are in direct 
contact with the environment and thus, the environment directly and strongly influences the 
electrical properties of all atoms of the graphene sheet, which is especially interesting for 
humidity and gas sensing applications. Based on these remarkable properties, there is 
increasing interest in the possible implementation of graphene in a large amount of devices 
for various promising applications, such as radio frequency devices [21], transistors [22], 
thermally and electrically conductive reinforced composites [19, 20], sensors [21–23], 
resonators [24, 25], transparent electrodes for displays [30], lithium ion batteries [31], 
supercapacitors [32], solar cells [33], photodetectors [34], spintronics [35] and biomedical 
applications [36], etc. Graphene is normally made up of less than ten carbon atom layers, 
while graphene traditionally refers to a single layer of sp2 bonded carbon atoms, there are 
also important investigations on bilayer [33–35] and few layer graphene [36, 37]. So far, th- 
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e original approach of mechanical exfoliation [12] has produced the highest quality samples, 
but the method is neither high throughput nor high-yield. In order to exfoliate a single sheet, 
van der Waals attraction between exactly the first and second layers must be overcome 
without disturbing any subsequent sheets [16]. Therefore, different types of alternative 
graphene synthesis methods have been explored, such as liquid-phase exfoliation [42], 
chemical vapor deposition (CVD) [39, 40] or epitaxial method [41, 42]. Among these, 
CVD graphene is one of the most attractive materials for large-scale device application as it 
is readily available on large substrates with a good quality [47].  

 

1.3 Graphene MEMS/NEMS 
Graphene is an promising material for use in NEMS applications due to its extremely 

high carrier mobility [14], high mechanical strength [19] and low density. Graphene, an 
atomically thin 2D material, is the thinnest known material (with a monolayer thickness of 
~ 0.335 nm) and yet it is extremely strong and stiff and has ultrahigh charge carrier 
mobility. The ultrathin structure and remarkable mechanical and electrical properties make 
graphene a very promising structural and transducer material for beams and membranes in 
MEMS/NEMS applications with potential for substantial device scaling, while providing 
improved performance of devices [44, 45]. Its excellent electrical conductivity enables 
integrated electrical transduction and its planar geometry allows itself easily being 
compatible to standard lithographic processing. An obvious advantage is that although 
graphene is intrinsically nanoscale, it can be patterned using standard lithographic 
processes at wafer scale [48].  

    Studies on graphene membranes for NEMS began in 2007 featured with  
electromechanical resonators that are made from single-layer graphene sheets by the 
research group of Cornell University [28]. Graphene membranes suspending over trenches 
in the underlying substrate of graphene resonators represent the thinnest mechanical 
resonators ever produced. The devices can operate either optically or electronically at 
frequencies in the megahertz range [28]. Following the above initial breakthroughs, the 
research group at Columbia University extended the scope of graphene resonators that can 
be used for sensing mass and temperature [50]. In 2013 the graphene based pressure 
sensors with high sensitivity and small footprint are developed [25]. At present, atomically 
thin suspended graphene membranes and beams have been used in many exciting 
applications due to the ultra-small footprint and high performance of graphene NEMS 
devices, such as electromechanical resonators [28], piezoresistive pressure sensors [25], 
high responsivity photodetectors [51], nanoelectromechanical switches [52], etc. Taking 
advantage of ultra-low weight, the electromechanical transduction property [53] and strong 
adhesion with SiO2 substrate [54], atomically thin suspended graphene membranes have 
great potential for high performance NEMS applications with dramatically reduced size and 
improved performance, such as miniaturized accelerometers, microphones. Such advanced 
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electromechanical transducers including accelerometers, gyroscopes normally require 
suspended beams with integrated transduction mechanisms and attached proof masses. 
These types of NEMS transducers have a broad range of emerging applications for which it 
is of critical importance that the transducer devices are aggressively miniaturized due to the 
application requirements, going beyond the obvious advantage of reduced cost. 
Applications calling for ultraminiaturize devices include for example wearable electronics 
for activity level monitoring [55], patient recovery monitoring [56], implantable systems 
for heart failure monitoring [57], and various transducers for the Internet of Things (IoT) 
[58]. However, downscaling of electromechanical transducers such as accelerometers 
comprises that the die area occupied by the proof mass and the electromechanical 
transduction mechanism is substantially reduced, thereby dramatically reducing device 
sensitivity. These limitations can be overcome by realizing atomically thin suspended 
graphene beams with attached proof masses as an enabling fundamental component for 
advanced NEMS devices with ultraminiaturized dimensions and improved sensitivities. In 
addition, such structures will also be crucial for characterizing material properties and 
transduction mechanism of suspended graphene. 

 

1.4 Objectives of this thesis 
The thesis presents research in the field of graphene and MEMS/NEMS and specifically in 
the area of integration of graphene into MEMS/NEMS and sensing properties of graphene 
MEMS/NEMS based devices. The objective of this thesis is (a) to introduce a method of 
fabrication of free-standing graphene membranes with suspended silicon proof masses that 
is suitable for MEMS/NEMS mechanical or electromechanical devices (b) to highlight the 
mechanical and electromechanical properties of suspended graphene beams and membranes 
with attached proof mass and their applications in ultra-small NEMS accelerometers as 
electromechanical transducers (c) to explore the humidity and CO2 gas sensing properties 
of graphene based devices and their cross sensitivity. Additionally, fast and large-scale 
observation and characterization of grain boundary based line defects in CVD graphene that 
influences its electrical, mechanical and chemical properties was studied by an approach 
that is based on exposing graphene to VHF. 

 

1.5 Structure of thesis 
This thesis is divided into seven chapters and is organized using the general structure as 
detailed below. 

Chapter 1 gives a brief introduction to the recent trends in technologies of MEMS/NEMS 
and graphene and the advantages of application of graphene in MEMS/NEMS. In addition, 
this chapter describes the objectives and outline of the thesis. 
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Chapter 2 focuses on the integration technologies of graphene into MEMS/NEMS. A 
robust route for integrating CVD graphene into MEMS/NEMS and suspending proof 
masses on the graphene membranes or beams with high yields has been developed.  

Chapter 3 consists of design, fabrication, characterization and measurement of doubly-
clamped graphene beams with suspended masses and their applications as transducers for 
NEMS accelerometers. The static and dynamics properties of the devices are characterized 
by atomic force microscopy (AFM) and laser Doppler velocimetry (LDV), respectively. A 
finite element analysis (FEA) description and a detailed analytic description of the devices 
are also developed to deeply explore the mechanical behaviour of devices. An average 
Young’s modulus of 0.22 TPa for the suspended double-layer graphene and built-in stress 
of the order of 200-400 MPa in the graphene beams are extracted, respectively. The 
viability of a graphene beam with suspended proof mass for applications in NEMS 
accelerometers based on piezoresistivity effect is evaluated. The die area of fabricated 
graphene-based NEMS accelerometers is at least two orders of magnitude smaller 
compared to state-of-art silicon accelerometers, thereby demonstrating the huge potential 
for device scaling using the graphene-based NEMS transducers. 

Chapter 4 discusses the design, fabrication and measurement of graphene-based NEMS 
accelerometers using fully-clamped graphene membranes with suspended masses as 
electromechanical transducers.  The sensitivity, robustness, acceleration range and 
compatibility with high current supply of fully-clamped graphene accelerometers are 
discussed and compared to the doubly-clamped graphene accelerometer that is described in 
chapter 3. 

Chapter 5 consists of design, fabrication and measurement of single-layer graphene 
devices for CO2 sensing and its cross-sensitivity with humidity as well as their 
corresponding theoretical support and simulations.  

Chapter 6 consists of design, fabrication and measurement of double-layer graphene 
devices for humidity and CO2 gas sensing as well as their corresponding theoretical support 
and simulations. 

Chapter 7 concentrates on a new method to use optical microscopy, or scanning electron 
microscopy (SEM) to realize rapid, simple and large-scale imaging of grain boundaries in 
CVD graphene on a SiO2 surface by graphene exposure to VHF and partial etching of the 
silicon dioxide underneath the graphene as VHF diffuses through graphene defects. Low-
energy electron microscopy (LEEM) and low-energy electron diffraction (LEED) are used 
to characterize the size of grain boundaries in graphene on copper substrate. Raman 
spectroscopy, AFM and probe station are used to characterize Raman spectra, the 
topography and electrical properties of graphene before and after exposure to VHF, 
respectively. 



6                                                                                           CHAPTER 1.  INTROSUCTION 
 

 
 

Chapter 8 concludes and summarizes the findings and achievements of the work presented 
in this thesis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

7 
 

 

 

 

 

Chapter 2 

 

Integration method for graphene MEMS/NEMS 
 

A brief introduction to the recent trends in technologies of MEMS/NEMS and graphene has 
been done in chapter 1. This chapter focuses on the method to integrate graphene into 
MEMS/NEMS. A robust route for integrating CVD graphene into MEMS/NEMS and 
suspending proof masses on the graphene membranes with high yields has been developed. 
The integration process is compatible with large-scale wafer semiconductor fabrication 
technologies. This lays the foundation for the study and large-scale fabrication of graphene 
based MEMS/NEMS. 

 

2.1 Introduction 
Graphene is the thinnest known material (with a monolayer thickness of ~ 0.335 nm) and 
yet it is both impermeable to gases [59] and extensively strong (commonly reported 
Young’s modulus is ~ 1 TPa, corresponding to a 2-D elastic stiffness of 340 N/m; breaking 
strength of a defect-free sheet ~ 42 N m-1, corresponding to intrinsic strength ~ 130 GPa) 
[19]. It has been shown that graphene can be elastically stretched by as much as 20% [60] 
and freely suspended graphene has ultrahigh charge carrier mobility [14]. Experiments, 
analytical models and atomistic simulations [49, 56] show that van der Waals force plays 
an important role in the strong adhesion of graphene to SiO2 substrates. The ultrathin 
structure and remarkable mechanical and electrical properties make graphene a very 
promising structural and transducer material in MEMS and NEMS applications [44], [45], 
[57–59]. The application fields of the suspended graphene structures have been mostly used 
for fundamental studies [57], [59–61], resonators [24, 44, 62, 63], and pressure sensors 
[64–66]. Such structures typically include doubly clamped graphene beams, fully clamped
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graphene drums or suspended graphene based-cantilevers. Many conventional MEMS and 
NEMS devices such as accelerometers and gyroscopes employ masses attached to 
suspended membranes, beams or cantilevers. There are few examples of suspended 
graphene membranes with attached masses [67–69] but their attached mass (gold, carbon or 
SU-8) are extremely small and fabrication methods are slow and typically not compatible 
with large-scale fabrication, all of which hinder the emerging NEMS. In this chapter, we 
present a robust and scalable fabrication approach to realize CVD graphene membranes and 
beams with large suspended silicon proof masses with a high yield and compatibility with 
silicon MEMS/NEMS processes and large scale integration. 

 

2.2 Fabrication  
A schematic of the fabrication and integration process is shown in Figure 2.1. Major steps 
in the process scheme include trench etching, wafer backside etching, graphene transfer and 
mass release by a combination of BOX (Buried Oxide) layer dry etching and VHF etching. 

 

Figure 2.1: Schematic of fabrication and integration process. (a) Trench etching; (b) Backside 
etching; (c) Graphene transfer; (d) Proof mass release. 
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2.2.1 Substrate preparation 
In our integration process, the silicon-on-insulator (SOI) wafers with a thickness of the Si 
device layer, BOX layer and handle layer of 15 µm, 2 µm, and 400 µm respectively, as 
shown in Figure 2.1 (a1) are adopted. The SOI wafer was thermally oxidized to grow a 1.4 
µm thick SiO2 layer on both sides of the Si wafer, as shown in Figure 2.1 (a2). A 
photoresist (PR) layer was spin-coated on the SiO2 surface and patterned for subsequent 
etching of the SiO2 and the Si device layer. Reactive ion etching (RIE) was used to etch the 
SiO2 layer and pattern the trenches, as shown in Figure 2.1 (a3). The remaining PR layer 
was kept as a protection layer for the deep Si trench etch, as shown in Figure 2.1 (a4). The 
15 μm thick Si device layer was etched in deep reactive ion etching (DRIE) to form the 
trenches and define the masses. After the Si trench etch, the PR residues were removed 
using an oxygen plasma etch. The final trench structure is shown in Figure 2.1 (a5), Figure 
2.2 (a) and (e). After trench etching, the backside of the SOI wafer was patterned using a 
PR layer that is spin-coated on the surface of the SiO2 layer on the SOI substrate, using the 
lithography with backside alignment, as shown in Figure 2.1 (b1) and (b2). Then, the SiO2 
layer was selectively etched by a RIE etching process, as shown in Figure 2.1 (b3). Both 
the patterned PR and the SiO2 layer were used as protection layers to etch the Si handle 
substrate of the SOI wafer using a DRIE process, as shown in Figure 2.1 (b4). The PR 
residues were then removed by an oxygen plasma etch. The resulting structure is shown in 
Figure 2.1 (b5) and Figure 2.2 (b) and (f).  

 

2.2.2 Graphene transfer and patterning 
Commercially available CVD monolayer graphene films on copper ordered from the 
company (Graphenea, Spain) were used for the graphene layer, as shown in Figure 2.1 (c1). 
A standard wet transfer approach was employed [70, 71] and the double-layer graphene 
membrane was obtained by transferring two monolayers of graphene on top of each other. 
The resulting double-layer graphene was then transferred from the copper substrate to the 
prefabricated SOI substrate. To be specific, a PMMA solution (solids: 4% in Anisole) was 
spin-coated on the front side of the first graphene/copper foils at 2600 rpm for 5s followed 
by 4000 rpm for 30s and then baked for 5 minutes at 85 ℃ on a hot plate to evaporate the 
solvents and cure the PMMA, as shown in Figure 2.1 (c2). Then, carbon residues on the 
backside of the copper foil were removed using an O2 plasma etch at low power, as shown 
in Figure 2.1 (c3). For wet etching of the copper, the copper foil was placed on a solution of 
iron (III) chloride hexahydrate (FeCl3) with the copper foil floating on the FeCl3 solution 
and the graphene side facing away from the liquid. Then, with the help of a silicon carrier 
wafer, the PMMA/graphene stack without copper, as shown in Figure 2.1 (c4), was 
transferred onto the surface of deionized (DI) water, then diluted HCl solution and, back to 
DI water for cleaning, removing the FeCl3 residues and removing chloride residues, 
respectively. During these transfer processes, it is required to keep the PMMA/graphene 
stack floating on the surface of the liquids and keep the graphene side on top, in order to 
make sure the PMMA covering the graphene is not wetted by the etch solution. A second 
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graphene on copper foil was used for a second graphene layer deposition as shown in 
Figure 2.1 (c5). The PMMA/graphene stack floating on the DI water was transferred on the 
top side of the second graphene/copper foil as shown in Figure 2.1 (c6), and subsequently 
put on a hotplate at 45 ℃ to increase the adhesion between the 2 graphene layers. Carbon 
residues on the backside of copper were removed using O2 plasma etch, as shown in Figure 
2.1 (c7). A layer of PMMA was spin-coated on the surface of the PMMA/double-layer 
graphene/copper stack as shown in Figure 2.1 (c8), using identical process parameters as 
the first graphene layer. Then the same processes were performed to remove the copper 
substrate，as shown in Figure 2.1 (c9), and to transfer the final PMMA/double-layer 
graphene stack to the pre-patterned SOI substrate, as shown in Figure 2.1 (c10). The SOI 
substrate was then baked at 45 ℃ on a hotplate for 10 minutes in order to dry it and 
improve the adhesion between the double-layer graphene and the SiO2 surface. Next, the 
SOI substrate was placed in acetone for 24 hours to remove the PMMA, and subsequently 
in isopropanol for 5 minutes to remove acetone residues. A nitrogen gun was used to gently 
dry the chip, followed by baking at 45 ℃ for 10 minutes on a hot plate. The final substrates 
with the graphene membranes suspended over the trenches are shown in Figure 2.1 (c11). 
Details of key steps of CVD double-layer graphene transfer are shown in Figure 2.2. 

 

Figure 2.2: Details of key steps of CVD double-layer graphene transfer. (a) PMMA deposition onto 
graphene layer. (b) Copper etching of PMMA/Graphene/Copper stack in FeCl3. (c) Transfer of 
PMMA/Graphene stack on the second Graphene/Copper. (d) Copper etching of PMMA/Double-
layer Graphene/Copper stack in FeCl3. (e) Transfer of PMMA/Double-layer Graphene to a target 
chip. 

 

2.2.3 Proof mass release 
In order to suspend the masses on the double-layer graphene membranes, RIE dry etching 
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followed by VHF etching was used to effectively and completely remove the box layer (2 
µm SiO2 layer, while, minimizing the risk of damaging the graphene membranes on the top 
side of the substrate. Therefore, the chips were attached on the surface of a clean 4 inch 
carrier Si wafer by using tape as shown in Figure 2.1 (d1). To prevent the plasma and the 
etching gases (such as CHF3, CF4, Ar, O2, N2) from contacting and destroying the graphene, 
all 4 sides of the chip were sealed by Kapton tape. Then an RIE etching process was 
employed to etch the main part of the BOX layer, as shown in Figure 2.1 (d2). In order to 
avoid over-etching and thereby destroying the suspended graphene membranes, only part of 
the SiO2 layer was etched and a thin layer of SiO2 was kept by carefully tuning the etch 
time for the SiO2 layer to reach about 100 nm. VHF was then used to continue etching the 
remaining thin SiO2 layer. The VHF setup has the capability to control temperature and 
prevent HF from reaching the front side of the substrate while the SiO2 layer retains its 
integrity. 25% of HF is put into the VHF chamber and the temperature was adjusted to 
40 ℃. The VHF etch rate was calibrated and the thin SiO2 layer was removed in less than 
10 minutes by VHF. Despite a slight over etching at the time the SiO2 is removed and the 
VHF reaches the graphene, the suspended graphene membranes were not destroyed by the 
short exposure to the VHF (Figure 2.1 (d4)).  

 

2.3 Characterization and evaluation 
 

2.3.1 Device dimensions and qualities  
Different trench widths and dimensions of the Si masses were fabricated, with a minimum 
trench dimensions of 1 µm × 7 µm per trench and maximum dimensions of 5 µm × 110 µm 
as well as minimum mass dimensions of 5 µm × 5 µm and maximum mass dimensions of 
100 µm × 100 µm. Trench depth is 16.4 µm including 15 µm for the Si device layer and a 
1.4 µm thick SiO2 layer, as shown in Figure 2.3 (a) and (c). The weight of our Si mass is 3 
orders larger than the SU-8 mass, 6 orders than the gold mass and 7 orders than the carbon 
mass that have been reported in previous literature respectively [67–69]. The side length 
and depth of the space formed by backside etching in the handle layer of the SOI substrate 
is 150 µm × 150 µm, 400 µm respectively, as shown in Figure 2.3 (b) and (c). The Raman 
spectrum of one fabricated graphene device shows typical characteristic peaks of graphene: 
the “G-peak” occurring at roughly 1600 cm-1 and the “2D-peak” occurring at roughly 2700 
cm-1 [76], which demonstrates the presence of graphene (see Paper 1). As an example, 
Figure 2.4 shows SEM images of structures with 2 µm wide trenches and different sized 
masses. More typical examples of SEM images of the suspended graphene membranes over 
different trench widths and with attached masses of different dimensions after releasing the 
BOX layers can be seen in Paper 1. Most of the structures survived while typically a few 
small holes in the suspended graphene membranes are present. There are also some 
structures without any holes. The sizes of the holes in the suspended graphene membranes 
are related to the dimensions of the attached mass and the trenches (see Paper 1). In-plane 
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tension, shear and compression of suspended graphene membranes are some possibilities 
that different sizes of holes occur in the suspended graphene membranes. Some water 
remains in the trenches after transferring graphene and its evaporation might also rupture 
the suspended graphene membranes. In addition, occasional tears might occur at 
mechanically weak grain boundaries between crystals in the CVD growth graphene.  

 

 
Figure 2.3: (a-c) 3 D schematic side view, bottom view and cross-sectional view, respectively. 
 

 
Figure 2.4: SEM images of structures with 2 µm wide trenches and different sized masses. (a) 5 µm 
× 5 µm mass. (b) 15 µm × 15 µm mass. (c) 25 µm × 25 µm mass. (d) 50 µm × 50 µm mass. 
 

2.3.2 Device yields 
 

The yields versus coverage area of suspended graphene membranes over trenches are 
estimated. Here, the coverage area was defined as the area of suspended graphene 
membranes on trenches in each structure. In total, about 75% of structures have >90% of 
coverage of the trench areas with graphene membranes. More details can be seen in Paper 
1. 



2.4.   SUMMARY                                                                                                                13 
 

 
 

2.3.3 Cleanness of graphene surface 
During graphene transfer, PMMA was used as a support layer for graphene. After an 
exhaustive rinse in acetone, there are PMMA residues sticking to the graphene due to the 
strong dipole interactions between PMMA and chemical groups on graphene [77]. Thermal 
annealing helps to further decompose the PMMA residues and results in cleaner graphene 
surface (see Paper 1).  

 

2.3.4 Different fabrication process flows 
Different methods to fabricate structures of graphene membranes with attached silicon 
masses have been tested experimentally, indicating that wet HF etching process was 
difficult to control and often caused graphene displacement, wrinkle or collapse probably 
due to etching of the SiO2 layer underneath the graphene [78]. Moreover, the process of 
releasing masses occurred in the liquid environment (liquid HF, acetone, and isoproponal 
(IPA), etc.), which increased the probability of masses being detached from the suspended 
graphene membranes due to capillary force.  

 

2.3.5 Different layers graphene 
Transferring single-layer graphene over the trenches based on wet and dry transfer was also 
tried. When using single-layer graphene our fabrication yield was on the order of 1% and 
the resulting devices were extremely sensitive and manual handing of the devices was 
difficult. However, double-layer graphene can substantially improve the yields compared to 
single-layer graphene. It is also assumed that tri-layer graphene or multiple-layer graphene 
would improve the yields further as compared to double-layer graphene.  

 

2.4 Summary 
We have demonstrated a robust route to transfer and integrate double-layer graphene 
membranes to a silicon substrate. The proposed fabrication process can suspend masses on 
the graphene membranes and is based on SOI wafer technology and is scalable and highly 
compatible with silicon MEMS/NEMS technology. The ability to realize graphene 
membranes with suspended large Si masses increases the number of potential applications 
of graphene in MEMS/NEMS. The fabrication route shown here is a flexible and high yield 
fabrication process. 
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Chapter 3 

Doubly-clamped graphene beams with suspended mass as transducers  
 

Chapter 3 focuses on graphene beams with suspended mass and their applications in ultra- 
small accelerometers based on the integration method of graphene MEMS/NEMS that is 
introduced in chapter 2. In this chapter, free-standing graphene beams with suspended proof 
mass are achieved and they can be used for studying the mechanical properties of graphene, 
such as its Young’s modulus, the built-in stress in the graphene beams, etc. An average 
Young’s modulus of 0.22 TPa for the suspended double-layer graphene is extracted and the 
built-in stress of the order of 200-400 MPa in the graphene beams is estimated. Free-
standing graphene with suspended proof mass can be used as ultra-small combined spring-
mass and piezoresistive transducer elements for potential use in NEMS resonators and 
NEMS accelerometers. The fabricated graphene NEMS accelerometers occupy at least two 
orders of magnitude smaller die area compared to state-of-the-art silicon accelerometers.  

 

3.1 Introduction 
As described in chapter 1, NEMS devices have a promising potential for a wide range of 
applications. For example, ultra-small NEMS accelerometers and gyroscopes will have 
applications in the IoT [58], in wearable electronics for activity level monitoring [55] and 
patient recovery monitoring [56], and in implantable systems for heart failure monitoring 
[57]. Such NEMS devices typically requires ultra-small suspended electromechanical 
transducer elements that will allow to aggressively down-scale device dimensions by 1-
2 orders of magnitude to a few tens of square micrometers, while retaining relatively high 
device sensitivity. Ultra-small and sensitive NEMS transducer elements can be obtained by 
employing atomically thin suspended beams with attached proof masses and integrated 
transduction capability. As described in chapter 1 and 2, graphene is an extremely
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promising material for NEMS due to its atom-layer thinness, and unique electrical and 
mechanical properties [10, 15]. Therefore, graphene should be one of the pretty good 
candidates that is used for ultra-small and sensitive NEMS transducer elements for 
satisfying the requirements of emerging NEMS. 

 

3.2 Fabrication  
The fabrication of the basic structures of graphene-based resonators and accelerometers are 
based on the integration process of graphene into MEMS/NEMS that is described in 
chapter 2. In order to realize the electrical connection to graphene for basic electrical 
characterization and electromechanical characterization, the Ti/Au metal electrodes are 
added to the structures of suspended graphene with attached masses by electron beam 
evaporation after the thermal oxidation of 1.4 µm SiO2 layer but before trench etching. The 
schematic of graphene device is shown in Figure 3.1 (a). To electrically characterize the 
devices, they were placed in a ceramic package and wire-bonded. One example of SEM 
image of a fabricated device can be seen in Figure 3.1 (b).The concrete fabrication steps 
and details can be seen in Paper 2. 

 

Figure 3.1: (a) Schematic of graphene device. (b) SEM image with top view of one device with a 
length of the two suspended sections of the graphene beam of 3 µm each, and side lengths of the 
squared masses of 25 µm. 

 

3.3 Basic characterization  
Optical microscopy, white light interferometry (Wyko NT9300, Veeco), Raman 
spectrometry (alpha300 R, WITec) and SEM imaging are used to observe and characterize 
the morphology of the devices during and after device fabrication. In order to confirm that 
the proof masses are fully released, white light interferometry was used to detect SiO2 
residues inside the trench structures, and to measure the height of the silicon proof masses 
in relation to the substrate surface after VHF etching of the BOX layer. The white light
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interferometry measurements show small static displacements of the released proof masses 
in relation to the substrate surface, indicating that rounded edges with sub-100 nm radiuses 
at the trenches may cause some pre-straining of the graphene beams. The adhesion between 
the graphene beam and the SiO2 surfaces of the substrate and the proof mass is due to van 
der Waals forces [15, 75]. A probe-station connected to a parameter analyzer (Keithley 
SCS4200, Tektronix) was used for preliminary electrical characterization of the double-
layer graphene. More details can be seen in Paper 2. 

 

3.4 Mechanical characterization  
The static and dynamics properties of the devices by atomic force microscopy (AFM) and 
laser Doppler velocimetry (LDV) are characterized respectively (see Paper 2). A finite 
element analysis (FEA) description and a detailed analytic description of the devices were 
developed to deeply explore the mechanical behaviour of devices. These models are used to 
extract the Young’s modulus, built-in stress and spring properties of the double-layer 
graphene beams, and to analyse the frequency behaviour of the spring-mass systems. The 
summary of dimensions of the devices that are characterized mechanically (chaper 3.4) and 
electromechanically (chapter 3.5) can be seen in Paper 2. 

 

3.4.1 FEA device description 
The FEA device model in Ansys along with the used elements and parameters are shown in 
Figure 3.2. Using this FEA model, the static displacement of the proof mass caused by the 
force acting on the mass was simulated under different values of built-in stress in the 
graphene beams (see Paper 2). The resonance frequencies as a function of the built-in 
stress in the graphene beam were investigated. The simulations revealed that the rigid body 
motion of the proof mass only can take place in a small number of ways. The modal 
analysis illustrates that the motion in z-axis direction is practically the easiest rigid body 
mode (Z-mode) of the proof mass (Figure 3.2 (c)). More details of FEA simulation can be 
seen in Paper 2.  

 

Figure 3.2: FEA model in Ansys. (a) Three-dimensional model of the complete device structure, 
including the different materials (graphene, silicon and SiO2, depicted by blue, red and purple, 
respectively) and the clamped substrate (fixation depicted by light blue markers). The coordinate 
system indicates the axes used in the model. (b) In the model we used ~1 000 shell 4-node elements 
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that account for bending, membrane stress and strain for the graphene, and ~12 000 solid 8-node 
elements for the proof mass and the anchor region. (c) Modal analysis illustrates that the motion in 
z-axis direction (Z-mode) is the vibration mode of the proof mass that is easiest to excite. 

 

3.4.2 Analytic device description 
To compare our experimental results with a theoretical description of the devices, we used 
the system shown in Figure 3.3 (a) as a model for the devices. The suspended sections of 
the graphene beam deflect in response to a force acting on the proof mass. Since the system 
is symmetric and the proof mass is rigid compared to the graphene beam, the model can be 
simplified to a doubly-clamped graphene beam with a centre point load (Figure 3.3 (b)). 
For a doubly-clamped beam with a centre point load, and large deflections compared to the 
thickness of the beam, the relation between the beam-deflection at the centre of the beam 
caused by a centre point load is, according to reference [2], approximated by 

𝐹𝐹 = 𝜋𝜋4
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�𝑇𝑇
𝐿𝐿
� 𝑍𝑍                                                                          (3.1)                           

where F is the load applied at the centre of the beam, Z the resulting beam deflection at the 
centre of the beam, E is the Young’s modulus, W the beam width, H the beam thickness, L 
the total length of the two suspended sections of the beam, and T the built-in tension force 
of the beam. This approximation is derived using a sinusoidal deflection shape of the beam, 
which is valid for beams in conventional MEMS structures. However, a more realistic 
deflection shape of graphene beams is instead a linear deflection shape. Introducing that 
and combining it with the classical handbook expression for small-deflection amplitudes [2] 
results in the following updated equation for the beam-deflection at the centre of a graphene 
beam: 

𝐹𝐹 = 8 �𝐸𝐸𝐸𝐸𝐸𝐸
𝐿𝐿3
� 𝑍𝑍3 + 16 �𝐸𝐸𝐸𝐸𝐸𝐸3

𝐿𝐿3
� 𝑍𝑍 + 4 �𝑇𝑇

𝐿𝐿
� 𝑍𝑍                                                                           (3.2)  

The concrete derivation process of equation (3.2) can be seen in Paper 2.                    

 

Figure 3.3: (a) Model of a graphene beam with attached poof mass. The proof mass is displaced in 
response to a force acting on the mass, thereby deflecting the suspended sections of the graphene 
beam. (b) Simplified device model consisting of a doubly-clamped graphene beam with a centre 
point load. 

    The average residual built-in stress (σ0) in a doubly-clamped beam can be approximated 
by  
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𝜎𝜎0 =  𝑇𝑇
𝐸𝐸𝐸𝐸

                                                                                                                              (3.3)                       

    A comparison of the calculated beam deflection values for different forces using our 
FEA model and equations (3.1) and (3.2) shows that equation (3.1) overestimates the 
deflection of the graphene beam by about 12% for low built-in tension values (if the stress-
stiffening Z3-term dominates the equations), and by about 18% for large built-in tension 
values (if the tensing-related Z-term dominates the equations). In contrast, equation (3.2) 
produces more accurate results for all cases (see Paper 2).  

    If the built-in stress in the graphene beam is of the order of hundreds of MPa and the 
applied force is small, the tension term dominates equation (3.2) and the nonlinear (cubic) 
term can be neglected. In this case equation (3.2) can be simplified to  

𝐹𝐹 = 16 �𝐸𝐸𝐸𝐸𝐸𝐸3

𝐿𝐿3
� 𝑍𝑍 + 4 �𝑇𝑇

𝐿𝐿
� 𝑍𝑍                                                                                                  (3.4)                           

    The system is then approximated by the standard linear accelerometer model based on a 
spring-damper-mass system to arrive at the mechanical transfer function [80] 

H(s) = 1

𝑠𝑠2+𝐷𝐷
𝑀𝑀𝑆𝑆+
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                                                                                   (3.5)                                                                                                   

where D is the damping factor, M is the mass and K is the effective spring constant of the 
system. The effective spring constant (K) and the damping factor (D) of the system are 
expressed by  

K = (2πf0)2m                                                                                                                       (3.6)                         

D = √Km
Q

                                                                                                                              (3.7)     

where m is the mass, Q is the quality factor and f0 is the resonance frequency. The 
relationship between the built-in stress and resonance frequency is expressed by 

𝜎𝜎0 =  𝐿𝐿
4𝐸𝐸𝐸𝐸

[(2𝜋𝜋𝑓𝑓0)2𝑚𝑚 − 16𝐸𝐸𝐸𝐸𝐸𝐸3

𝐿𝐿3
]                                                                                       (3.8) 

    Using equation (3.4) together with geometric considerations, the average strain (ε) of the 
suspended sections of the graphene beam, and the gauge factor (GF) of the strain gauge 
defined by the two suspended sections of the graphene beam can be approximated by 

ε = 2𝑍𝑍2

𝐿𝐿2
                                                                                                                               (3.9)                                                                                                       

GF = ∆𝑅𝑅𝑆𝑆𝑆𝑆 𝑅𝑅𝑆𝑆𝑆𝑆⁄
𝜀𝜀

                            (3.10)                                       

According to equation (3.4), (3.9) and (3.10), assuming the piezoresistive effect mainly 
contributes to the resistance change of graphene beams, the theoretical relationship between 
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the resistance change ∆𝑅𝑅𝑆𝑆𝑆𝑆 (corresponding to the output voltage) and applied acceleration 
(a) is 

∆𝑅𝑅𝑆𝑆𝑆𝑆 ~ a2                                                                                                                         (3.11) 

If the nonlinear term in equation (3.2) is large enough so that the linear terms in equation 
(3.2) can be ignored, then the theoretical relationship between the resistance change ∆𝑅𝑅𝑆𝑆𝑆𝑆 
(corresponding to the output voltage) and applied acceleration (a) is 

 ∆𝑅𝑅𝑆𝑆𝑆𝑆 ~ a2/3                                                                                                                      (3.12)  

                               

3.4.3 Static mechanical characterization 
For static mechanical characterization, force versus proof mass displacement of devices 
was measured using AFM (Dimension Icon, Bruker) tip indentation at the centre of the 
suspended proof masses, as shown in Figure 3.4. The suspended double-layer graphene 
beams survived the largest used indentation force of 1000 nN, resulting in proof mass 
displacements of 374 nm and 310 nm in devices 1 and 2, respectively. At the same 
indentation force, for device 1 with a graphene beam width of 6 µm the displacement of the 
proof mass is larger than for device 2 with a graphene beam width of 10 µm, consistent 
with theory. Figure 3.4 (a) shows the resulting force-displacement curves of devices 1 and 2, 
respectively, showing a near perfect match with the force-displacement curves predicted by 
both, equation (3.2) and our FEA model, for Young’s modulus values of the suspended 
double-layer graphene of 0.23 TPa and 0.21 TPa, and built-in stress values in the graphene 
beams of 318 MPa and 351 MPa, respectively. For comparison, a fit of the AFM 
measurement data to equation (3.2) for negligible built-in stress values in the graphene 
beams (σ0 ~ 0 Pa) yielded Young’s modulus values of 0.32 TPa and 0.35 TPa, respectively, 
but resulted in poor curve fitting (Figure 3.4 (b)). AFM indentation measurements of more 
devices and the corresponding extracted Young’s modulus and built-in stress values by 
fitting are also performed (see Paper 2). The extracted Young’s modulus of double-layer 
graphene is lower than the commonly reported [15, 77] value of 1 TPa for single-layer 
graphene but it is close to the value of 0.25 TPa for chemically derived single-layer 
graphene [82]. A comparison of reported Young’s modulus values of graphene-based 
materials and more discussions can be seen in Paper 2. 
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Figure 3.4:  Static mechanical characterization of suspended graphene beam with attached proof 
mass. (a) Force-displacement data points of the proof masses of devices 1 and 2 using AFM tip 
indentation. The red and blue solid lines are curve fittings to the measured AFM force-displacement 
data of devices 1 and 2, respectively, using equation (3.2) including the term for the built-in tension. 
(b) The red and blue solid lines are curve fittings to the measured AFM force-displacement data of 
devices 1 and 2, respectively, using equation (3.2) and assuming zero built-in stress.  

 

3.4.4 Dynamic mechanical characterization 
To explore the resonant properties and frequency modes of our devices and obtain an 
independent estimate of the built-in stress of the graphene beams, we measured the 
resonance frequencies of the mass-spring systems of our devices using LDV (see Paper 2) 
and compared the measurement results to the modal analysis based on our FEA model. The 
LDV measurements showed that the most likely Z-mode resonance frequencies (f0) of the 
spring-mass systems of devices 3 and 4 are 14.9 kHz and 24.2 kHz, respectively (Figure 3.5 
(a) and (b)). The LDV measurements showed several peaks in the frequency spectrum, 
most of which are spurious modes caused by parts external to the proof mass and the 
graphene beam, like the vibration excitation through the shaker and the measurement set-up 
during LDV measurements. The features of the peaks in the frequency spectra of devices 3 
and 4 and related discussions can be in seen in Paper 2.  

    Based on the measured resonance frequencies and the dimensions of devices 3 and 4 we 
used our FEA model to extract the estimated built-in stresses in the graphene beams, 
arriving at values of 228 MPa and 231 MPa, respectively. These values are of the same 
order as the built-in stresses of device 1 and 2 of 318 MPa and 351 MPa, respectively, 
extracted by AFM indentation measurements. Our values are consistent with reported 
typical built-in stress values of fully-clamped graphene membranes (102 to 103 MPa), but 
larger than reported typical built-in stress values of doubly-clamed beams measured by 
AFM indentation (≤ 101 MPa) (Table 3.1). The built-in stresses in the graphene beams may 
be caused by pre-straining of the beams as a result of the van der Waals attraction between 
the graphene beams and the SiO2 substrate surfaces at the edges of the trenches [15, 24, 49, 
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75, 85], which is consistent with geometrical considerations of the situation at the graphene 
anchor positions and with the measurements of the static deflections of the proof masses in 
our devices using white light interferometry (see Paper 2).  

The displacement of the proof mass at different applied accelerations and frequencies are 
measured by LDV (see Paper 2). The obvious differences in proof-mass deflection at 
different actuation frequencies in our devices is a strong indication that resonances of parts 
that are external to the proof mass and the graphene beam distort the real acceleration 
acting on the proof mass of the device. This can easily cause significant amplifications of 
the acceleration acting on the proof mass, resulting in actual accelerations that are 1-2 
orders of magnitude higher than the acceleration introduced by the shaker, thus leading to 
proof mass displacements that are much larger than expected. 

 

Figure 3.5: Dynamic mechanical characterization of suspended graphene beams with attached 
proof masses. Measured resonances of devices 3 (14.9 kHz) (a) and 4 (24.2 kHz) (b), using LDV. 
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Table 3.1: Comparison of the built-in stress and tension of clamped graphene devices. 
 

Author Graphene 
type Structure Thickness (nm) Measurement 

method 

Built-in 
stress 
(MPa) 

Present 
work CVD 

Doubly-clamped 
suspended graphene with 

attached mass 

Double-layer (0.67 
nm) 

Mechanical 
resonance frequency 

 
~2 × 102  

 
AFM 

nanoindentation ~3 × 102 

Davidovikj 
[84] 

Mechanical 
exfoliation 

Fully-clamped 
suspended membrane on  

circular  cavity 

Multi-layer graphene 
flake (5 nm) 

Electrostatic 
resonance ~2× 101 

AFM 
nanoindentation ~2× 101 

Patel [85] Mechanical 
exfoliation Graphene drum Multi-layer graphene 

flake (~ 7.5 nm) 
Mechanical 
resonance ~3 × 102 

Lee [86] CVD SU-8 polymer-clamped 
graphene drum 

Single-layer (0.335 
nm) 

Mechanical 
resonance ~2.3 × 103 

Annamalai 
[87] 

Mechanical 
exfoliation 

Fully-clamped 
suspended membrane on  

circular  cavity 

Single-layer to five 
layer 

(0.335 to 1.675 nm) 

AFM 
nanoindentation ~103 

Zande [67] CVD 
Doubly-clamped 

suspended beam over 
trench 

Single-layer (0.335 
nm) 

Mechanical 
resonance ~101 

Chen [50] Mechanical 
exfoliation 

Doubly-clamped 
suspended beam over 

trench 

Single-layer  
(0.335 nm) 

Mechanical 
resonance ~101 - 102 

Bunch [79] Mechanical 
exfoliation 

Fully-clamped 
suspended membrane on  

well 

Single-layer (0.335 
nm) 

Pressurized blister 
tester and resonance 

frequency 
~2 × 102 

Theoretical 
estimation by van 

der Waals 
interaction 

~3 × 102 

Lee [19] Mechanical 
exfoliation 

Fully-clamped 
suspended membrane on  

circular  cavity 

Single-layer (0.335 
nm) 

 
AFM indentation ~103 

Poot [88] 
Mechanical 
exfoliation  

 

Fully-clamped 
suspended membrane on  

circular  cavity 

Graphene flakes 
(< 33 nm) AFM indentation ~102 

Gómez-
Navarro [82] 

Chemical 
reduction of 

graphene oxide 

Doubly-clamped 
suspended beam over 

trench 

Single-layer (0.335 
nm)  AFM indentation ~101 

Garcia-
Sanchez [83] 

Mechanical 
exfoliation 

Doubly-clamped 
suspended beam over 

trench 

Multi-layer graphene 
sheets 

Electrostatical 
resonance ~1.5 × 103 

Bunch [28] Mechanical 
exfoliation 

Doubly-clamped 
suspended graphene over 

trench  

Single-layer 
(0.335 nm) 

Electrical or optical 
resonance ~ 22 

Graphene sheets 
(< 7 nm) 

Electrical or optical 
resonance ~10-1 - 101 

Frank [89] Mechanical 
exfoliation 

Doubly-clamped 
suspended graphene over 

trench 

Graphene sheets 
(2-8 nm) 

AFM 
nanoindentation ~101 
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3.5 Electromechanical measurements of acceleration 

3.5.1 Measurement circuit, setup and method 
The packaged graphene accelerometers are characterized using an air-bearing shaker (PCB 
396C11, The Modal Shop) in combination with a commercial high-precision reference 
accelerometer. The total resistance of the graphene beam is the input resistance in the 
measurement circuit supplied with an adjustable DC current and the corresponding voltage 
output signal from the amplifier circuit (500 X) is recorded by a dynamic signal analyser 
(HP 35670A, Agilent Technologies Inc.). The air-bearing shaker and the dynamic signal 
analyser are controlled by a computer interface to apply a defined acceleration and read out 
the sensing signal in form of the output voltage (see Paper 2). The acceleration acting on 
the mass results in the deflection of the suspended graphene beams. The resulting strain that 
builds up in the suspended sections of the graphene beam causes resistance changes in the 
graphene beam due to the piezoresistivity in graphene. The output voltage induced by the 
change of the resistance was read by a first-order high-pass filter with a cut off frequency of 
0.079 Hz to filter any DC drift observed in the graphene resistors, amplified by the 
amplifier, read by a first-order high-pass filter with a cut off frequency of 15 Hz and then 
recorded by a dynamic signal analyser, and finally recorded through the computer interface.  

 

3.5.2 Measurement results 
The amplified output voltages of a device (device 5) and a reference device (reference) 
exposed to an nominal acceleration of 1 g (as measured by the built-in reference 
accelerometer) at a frequency of 160 Hz are shown in Figure 3.6 (a) and (b), respectively 
(see Paper 2 for more devices and control measurements). The reference device consisted 
of a graphene strip that is similar to the ones in the accelerometer devices, but without 
etched trenches in the underlying substrate surface. The output signal from device 5 
correlates with the acceleration (red peaks in Figure 3.6 (a)), while no apparent signal is 
present in the output from the reference device (black curve in Figure 3.6 (b)). This 
indicates that it is the acceleration-induced displacement of the proof masses that caused the 
measured resistance changes in the graphene strain gauges, and that the resistance changes 
are not significantly influenced by parasitic electromagnetic signals induced in the graphene. 
The increased acceleration yields a higher output voltage signal. When exposed to an 
acceleration of 1 g at a frequency of 160Hz, the absolute resistance changes (ΔRSB) in the 
suspended sections of the graphene beams in devices 5 are ~41 mΩ, while the relative 
resistance changes (ΔRSB/RSB) of the suspended sections of the graphene beams are 
~0.0188 %. More details can be seen in Paper 2. 
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Figure 3.6: Measured spectrum of the output voltages from device 5 (a) and from the reference 
device (b) at a measured acceleration of 1 g at the reference accelerometer of the shaker with a 
frequency of 160 Hz.  

 

3.5.3 Performance evaluations 
To verify that influences from humidity or gas flow in the vicinity of the graphene 
transducer are not causing the signal response of our devices, we placed a device inside a 
ceramic package with an actively pumped vacuum of ~10-5 bar and exposed it to an 
acceleration of 1 g at a frequency of 160 Hz. We found that the signal response of the 
device was not significantly changed as compared to operating the device at atmospheric 
pressure (see Paper 2). To evaluate the reproducibility of the measured output signal, we 
measured the same device at different times while exposing it to an acceleration of 1 g and 
observed very good reproducibility of the output signal (see Paper 2). To evaluate the 
reproducibility of device properties, two devices with comparable designs, were measured 
at an identical nominal acceleration of 1 g at a frequency of 160 Hz, showing comparable 
output voltages (see Paper 2). To evaluate the functionality of a device that has the proof 
mass attached with an offset relative to the centre line of the graphene beam, we have 
realized and measured such a device and obtained a signal response that is of the same 
order as the response of devices with centred proof masses (see Paper 2). The noise spectra 
density of devices was also measured and analysed (see Paper 2). 

 

3.5.4 Size comparison 
The die areas occupied by the functional elements of our graphene devices are more than 
two orders of magnitude smaller than the one occupied by the functional elements of  
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conventional piezoresistive and capacitive accelerometers (Table 3.2), thereby 
demonstrating the huge potential for device scaling using the graphene-based NEMS 
transducers.  

Table 3.2: Comparison of proof mass dimensions and weights of piezoresistive and 
capacitive accelerometers. 

Author Material Type 
Area of 

proof mass 
(µm2) 

Effective die 
area (µm2) 

Volume of 
proof mass 

(µm3) 

Weight of 
proof mass 

(g) 

Present work 
(device 5) graphene piezoresistive 

 
4 × 102 

 

 
~ 4.8 × 103 

 
6.56 × 103 1.55 × 10-8 

Wung [90] silicon piezoresistive 2.4 × 105 > 2.4 × 105 9.6 × 107 2.27 × 10-4 

Kavitha [91] silicon piezoresistive 2.7 × 107 > 2.7 × 107 2.33 × 1010 5.5 × 10-2 

Roy [92] silicon piezoresistive 1.23 × 107 > 1.23 × 107 8.27× 109 1.95 × 10-2 

Roy [93] silicon piezoresistive 4.84 × 106 > 4.84 × 106 3.27 × 109 7.73 × 10-3 

Zhang [94] silicon piezoresistive 5.24 × 105 > 5.24 × 105 2.62 × 107 6.2 × 10-5 

Haris [95]    poly  
silicon piezoresistive 2.5 × 105 > 2.5 × 105 1 × 107 2.37 × 10-5 

Kal [96] silicon piezoresistive 1.23 × 107 > 1.23 × 107 3.43 × 109 8.1 × 10-3 

Plaza [97] silicon piezoresistive 8.1 × 106 > 8.1 × 106 3.65 × 109 8.62 × 10-3 

ADXL 05 
(commercial) silicon capacitive ~ 2.9 × 104 ~ 1.93 × 105 5.8 × 104 1.35 × 10-7 

Ma [98] silicon capacitive 5.2 × 106 > 5.2 × 106 1.3 × 109 ~ 3× 10-3 

Junseok [99] silicon capacitive 2.4 × 106 > 2.4 × 106 1.14 × 109 2.65 × 10-3 

Zhou [100] silicon capacitive 7.3 × 105 > 7.3 × 105 2.92 × 107 6.81 × 10-5 

Aydin [101] silicon capacitive 4.66 × 106 1.06 × 107 1.63 × 108 3.8 × 10-4  

Sun [102] silicon capacitive 1.71 × 106 > 1.71 × 106 8.58 × 107 2 × 10-4 

Amini [103] silicon capacitive 1.2 × 107 > 1.2 × 107 4.8 × 108 1.2  ×  10-3 
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3.5.5 Discussions of electromechanical sensing 
To explore the electro-mechanical response of the device, both our FEA model and 
equation (3.2) were used to estimate the expected deflection of graphene beam, assuming 
the measured average Young’s modulus of 0.22 TPa of the graphene and an estimated 
built-in stress of 250 MPa in the graphene beam. For these parameters in combination with 
acceleration levels of the order of 0.1-1 g along the z-axis, the calculated centre point 
displacement of the graphene beams and the proof-masses in our devices are below 1 nm, 
following a linear relationship with the acceleration. For resistance responses of the order 
of 0.02 % as measured in our device, the graphene beam deflections should be on the order 
of 10 nm if realistic gauge factors of the order of 10 are assumed for the suspended sections 
of the graphene beams [21, 64, 104–110]. It should be noted that the reported gauge factors 
of graphene strain gauges span a wide range and are still being debated in the research 
community (see Paper 2). According to our device model, to reach beam deflections of 10 
nm when assuming built-in stress in the graphene beam of about 250 MPa, the effective 
acceleration levels have to be of the order of 20-30 g. Alternatively, to reach beam 
deflections of 10 nm at effective acceleration levels of 1 g the built-in stress in the graphene 
beam has to be < 1 MPa. The different proof-mass deflections of devices measured by LDV 
at applied accelerations at different excitation frequencies indicate that the effective 
acceleration acting on the proof-mass may be significantly higher than the 1 g acceleration 
measured by the reference accelerometer of the shaker (see Paper 2). If an external part 
such as the package, measurement set-up or read-out circuit is going into resonance it can 
amplify the applied vibration, thus obviously increasing the effective acceleration to which 
the proof mass is exposed.  

 

3.5.6 Discussion of possible effects at the graphene anchor positions 
The interactions between the graphene beam and the SiO2 surface at the trench edges and 
delamination effects might contribute to the resistance changes in the graphene beams in 
our acceleration measurements. However, based on our theoretical analysis, the possible 
contributions from effects at the trench edges on the measured resistance changes in the 
graphene transducers can be negligible (see Paper 2).  
 

3.6 Summary 
In summary, we fabricated atomically thin suspended graphene beams with attached silicon 
masses as model systems for studying the mechanical properties of graphene and for 
potential use as transducer elements in NEMS resonators and accelerometers. We use these 
transducer elements to realize extremely small NEMS accelerometer structures, occupying 
die areas that are at least two orders of magnitude smaller than the die areas occupied by the 
most compact state-of-the-art silicon accelerometers. We extracted a Young’s modulus of 
double-layer graphene of ~0.22 TPa and non-negligible built-in stresses of the order of 200-
400 MPa in the suspended graphene beams. Our study paves the way for new types of 
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graphene nanoelectromechanical sensors with dramatically reduced size and increased 
performance and demonstrates that graphene is a promising material for next-generation 
NEMS, such as ultra-miniaturized NEMS accelerometers, gyroscopes and microphones, for 
potential applications in biomedical implants, nanoscale robotics, vehicle safety systems, 
consumer electronics, wearable electronics and IoT.  
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Chapter 4 

Fully-clamped graphene membranes with attached masses for NEMS 
accelerometers  
 

This chapter focuses on the fully-clamped graphene membranes with attached silicon proof 
masses for application of NEMS accelerometers. Fully-clamped graphene membranes-
based NEMS accelerometer are found to have a longer life span, wider measurement ranges, 
higher yields, higher compatibility with high current supply and can suspend larger silicon 
proof masses, compared to doubly-clamped graphene beams-based NEMS accelerometer. 

 

4.1 Introduction 
Atomically thin suspended graphene membranes have been used in many exciting 
applications, such as electromechanical resonators [28], piezoresistive pressure sensors [25], 
high responsivity photodetectors [51] and nanoelectromechanical switches [52]. Graphene 
based NEMS have demonstrated remarkable performance for sensing applications with 
dramatically reduced size and improved performance due to extremely high carrier mobility 
[14], high mechanical strength [19], ultra-low weight, high electromechanical transduction 
[53] and strong SiO2 substrate adhesion [54]. The monitoring of acceleration is essential for 
a broad range of applications from consumer electronics [111], to biomedical implants [57], 
to navigation and vehicle safety systems [80]. Miniaturization and increasing integration of 
accelerometers is currently ongoing, resulting in smaller sensor dies, smaller component 
packages, and ultimately in reduced costs. Miniaturization of the sensor dies further 
advances emerging fields such as wearable electronics [56], biomedical implants [57], 
nanoscale robotics [112], and IoT [58]. In chapter 3, NEMS accelerometers based on 
doubly-clamped graphene beams with suspended silicon proof masses have been 
introduced. In this chapter, NEMS piezoresistive accelerometers based on fully-clamped
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graphene membranes with suspended silicon proof masses are presented, with advantages 
such as longer life span, wider acceleration measurement range, higher fabrication yield, 
compatibility with higher supply current and suspension of larger proof masses.  

 

4.2 Design and fabrication  
The fabrication of proposed NEMS accelerometers based on fully-clamped graphene 

membranes with suspended silicon proof masses are the same as those described in chapter 
2 and 3. After the device fabrication, the devices are placed in a ceramic chip package and 
wire-bonded. Figure 4.1 shows SEM images of two wire-bonded devices. These devices 
respectively represent two basic types of fabricated devices with different geometric 
graphene membrane shapes. The device shown in Figure 4.2 (a) is defined here as “device 
with narrow graphene patch” (“type A”) while the device shown in Figure 4.2 (b) is defined 
as “device with wide graphene patch” (“type B”). The measurement setups are the same as 
that of chapter 3. More details can be seen in Paper 3. 

 

Figure 4.1: SEM images of “type A devices” (a) and  “type B devices” (b). The trench width in (a) 
is 3 µm while the trench width in (b) is 4 µm. The side length of the squared mass in (a) and (b) is 
40 µm and 100 µm respectively. 

 

4.3 Equivalent resistance model 
Acceleration acting on the proof mass leads to displacement of the proof mass, thereby 
resulting in strain in the suspended graphene membranes and its resistance change, due to 
the piezoresistive properties of graphene. Figure 4.2 shows the schematic of equivalent 
resistance model for “type A devices” (Figure 4.2 (c5)), where R is the measured resistance 
of the graphene device as a whole,  𝑅𝑅1𝑙𝑙 is the resistance of the non-suspended graphene 
between the left electrode and the left trench, 𝑅𝑅1𝑟𝑟 is the resistance of the non-suspended 
graphene between right electrode and right trench,  𝑅𝑅3𝑡𝑡  is the resistance of the non-
suspended graphene above the top trench, 𝑅𝑅3𝑏𝑏  is the resistance of the non-suspended 
graphene below the bottom trench,  𝑅𝑅5𝑙𝑙 is the resistance of the suspended graphene on the 
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left trench, 𝑅𝑅5𝑟𝑟  is the resistance of suspended graphene on the right trench,  𝑅𝑅7𝑡𝑡  is the 
resistance of suspended graphene on the top trench and  𝑅𝑅7𝑏𝑏 is  the resistance of suspended 
graphene on the bottom trench, 𝑅𝑅8 is the resistance of non-suspended graphene on top of 
the proof mass. Assuming an ideal symmetrical relationship in device (Figure 4.2), 𝑅𝑅1𝑙𝑙 =
𝑅𝑅1𝑟𝑟 = 𝑅𝑅1 ,  𝑅𝑅3𝑡𝑡 = 𝑅𝑅3𝑏𝑏 = 𝑅𝑅3 , 𝑅𝑅5𝑙𝑙 =  𝑅𝑅5𝑟𝑟 = 𝑅𝑅5 , 𝑅𝑅7𝑡𝑡 =  𝑅𝑅7𝑏𝑏 = 𝑅𝑅7 . The sheet resistance of 
double-layer graphene is defined as 𝑅𝑅𝑆𝑆, and according to the square shape of the graphene 
area of 𝑅𝑅4  and 𝑅𝑅8 ,  𝑅𝑅4  = 𝑅𝑅8  = 𝑅𝑅𝑆𝑆 . The variable resistances of the suspended graphene 
membranes are 𝑅𝑅5 and 𝑅𝑅7 while 𝑅𝑅1, 𝑅𝑅3 and 𝑅𝑅8 are assumed to remain constant.  

For an applied measurement current (Figure 4.2), a series of equations can be deduced 
(see Paper 3). Two key equations are shown below. 

∆𝑅𝑅4 = 𝑅𝑅4′ − 𝑅𝑅4 ≈ 2∆𝑅𝑅5                                                                                                (4.1)             

∆R = 𝑅𝑅2′ − 𝑅𝑅2 ≈
𝑅𝑅32×∆𝑅𝑅4

(𝑅𝑅3+2𝑅𝑅4)2
                                                                                            (4.2) 

Equation (4.1) shows that the influence of the resistance change in the suspended 
graphene membranes in the top and bottom trenches (∆𝑅𝑅7𝑡𝑡 and ∆𝑅𝑅7𝑏𝑏) on the total resistance 
change of a graphene device (∆R) can be neglected, while the resistance change of the 
suspended graphene membranes of the left and right trenches (∆𝑅𝑅5𝑙𝑙 and ∆𝑅𝑅5𝑟𝑟) are the main 
contributing factors that result in the total resistance change of the device (∆R). Equation 
(4.2) shows the resistance change of suspended graphene membranes over the left and right 
trenches (ΔR5 =  ∆𝑅𝑅5𝑙𝑙  =∆𝑅𝑅5𝑟𝑟 ) can be extracted according to the corresponding overall 
resistance change of the graphene device (ΔR). Here, we define the resistance of suspended 
graphene membranes of either the left trench or the right trench as RSB, that is RSB = R5=𝑅𝑅5𝑙𝑙 
= 𝑅𝑅5𝑟𝑟 and ΔRSB = ΔR5 = ∆𝑅𝑅5𝑙𝑙 =∆𝑅𝑅5𝑟𝑟. 

 

Figure 4.2: Equivalent resistance model of the fully-clamped graphene device. The equivalent 
resistance model for the graphene devices. The resistances of the unsuspended graphene areas are 
represented by 𝑅𝑅1𝑙𝑙 and 𝑅𝑅1𝑟𝑟 (𝑅𝑅1𝑙𝑙 = 𝑅𝑅1𝑟𝑟 = 𝑅𝑅1), 𝑅𝑅3𝑡𝑡 and 𝑅𝑅3𝑏𝑏 (𝑅𝑅3𝑡𝑡 = 𝑅𝑅3𝑏𝑏 = 𝑅𝑅3), and R8 respectively. 
The resistances of the suspended graphene areas over the trenches are represented by 𝑅𝑅5𝑙𝑙  and 
𝑅𝑅5𝑟𝑟 (𝑅𝑅5𝑙𝑙 = 𝑅𝑅5𝑟𝑟 = 𝑅𝑅5), and  𝑅𝑅7𝑡𝑡 and 𝑅𝑅7𝑏𝑏 respectively (𝑅𝑅7𝑡𝑡 = 𝑅𝑅7𝑏𝑏 = 𝑅𝑅7). 
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4.4 Acceleration measurements 
The spectra of the amplified output voltages from accelerometer devices and the reference 
device exposed to an acceleration of 1 g at a frequency of 160 Hz are measured (see Paper 
3). The corresponding SEM images of devices 1-7 and the reference device are shown in 
Figure 4.3. Most of the device units present one or few defects and small holes in 
suspended graphene membranes. Detailed information about the dimensions of each device 
can be seen in Paper 3. When exposed to an acceleration of 1 g at 160Hz, the output 
voltage (U) and the overall resistance changes (ΔR) of the graphene devices are shown in 
Figure 4.4 (a), while the absolute resistance changes (ΔRSB = ∆𝑅𝑅5 ) and the relative 
resistance changes (ΔRSB/RSB) of the suspended graphene membrane of devices are shown 
in Figure 4.4 (b). The extraction process of the absolute resistance change of the suspended 
graphene membrane (ΔRSB) is based on equation (4.2), assuming that all suspended 
graphene membranes in the graphene devices are ideal (without any hole or defect).  

 

Figure 4.3: Corresponding SEM images of devices 1-7 and the reference device. In all devices 
there are one or few small holes in the suspended graphene membranes which could not be avoided 
during the process of the fabrication. 

Figure 4.4: Comparison of output voltage and overall resistance change of devices 1-7 (a) and  
comparison of the calculated resistance changes of the suspend graphene membrane areas (ΔRSB) 
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and corresponding relative resistance changes (ΔRSB/RSB) of devices 1-7 (b) when exposed to an 
applied acceleration of 1 g with a frequency of 160 Hz. 

 

4.5 Results discussion 
As we concluded in chapter 3, built-in stress in the doubly-clamped suspended graphene 
beams with attached mass is on the order of hundreds of MPa, which cannot be ignored. 
Due to the identical fabrication process, the identical order of built-in stress should exist in 
the fully-clamped suspended graphene membranes with attached mass. Similarly, chapter 3 
also indicates that the effective acceleration acting on the proof-mass may be significantly 
higher than the acceleration measured by the reference accelerometer of the shaker. Such an 
effect can be caused by vibration modes of parts that do not belong to the spring-mass 
system of the device, including parts of the package, measurement set-up or read-out circuit. 
It should be noted that different devices might have different built-in stresses and different 
amplitudes of effective accelerations to which the proof mass is exposed at the same 
applied acceleration.  

 

4.5.1 The influence of the geometries of devices on the sensitivity 
For relatively small proof masses such as in device 1 and device 2, the output voltage (U), 
the overall resistance change of the graphene devices (ΔR) and resistance change of the 
suspended graphene membranes (ΔRSB) are relatively high, compared to devices with 
relatively large proof masses such as device, device 4 and device 6 (Devices 1, 2, 3, 4 and 6 
have the same trench width of 3 µm), as shown in Figure 4.4. For relatively wide trenches 
such as in device 5 (trench width: 4 µm), the output voltage (U), the overall resistance 
change of the device (ΔR), resistance change of the suspended graphene membranes (ΔRSB) 
and relative resistance change of the suspended graphene membrane (ΔRSB/RSB) are high 
compared to that of the narrow trench such as in device 6 (trench width: 3 µm) and device 7 
(trench width: 2 µm) (Device 5, 6 and 7 have the same proof mass dimension: 50 µm × 50 
µm × 16.4 µm). This comparison indicates that designs with wider trenches obtain larger 
device sensitivities. Besides the dimension of devices, the number and positions defects 
(like holes) of suspended graphene membranes or built-in stress of suspended graphene 
membranes would probably influence the output characteristics of the devices and we will 
discuss more in later sections.  

 

4.5.2 Stability and repeatability 
In order to verify the stability and repeatability of the output signal of the graphene 

devices, devices 9 and 10 are chosen for the acceleration measurements at different time 
periods. These devices have the identical proof mass dimensions and an identical trench 
width but different number of defects in the suspended graphene membranes as shown in 
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Figure 4.5. Device 9 exhibits good repeatability while device 10 presents a much lower 
repeatability (see Paper 3). This illustrates that the better the quality and integrity of the 
graphene membrane, the better the resulting device repeatability and stability. The 
influence of the number and the size of the holes in the suspended graphene membranes on 
the output signals of the graphene devices are also analysed and the results show that more 
holes in the graphene membrane and holes with larger dimension result in higher 
sensitivities of the device but the repeatability is significantly reduced (see Paper 3). 

Figure 4.5: SEM images of devices 9 to 13. Devices 8 to 13 are “type A devices” (device with 
narrow graphene patch). Device 9 has only one defect each and both have relatively predictable 
device characteristics. Devices 10 to 13 have a large number of defects and have comparably 
unpredictable device characteristics.  

 

4.5.3 The influence of the design of the graphene on the sensitivity 
In order to compare the influence of the design of the graphene on the sensitivity of the 
device, “type B device designs” are fabricated and corresponding acceleration 
measurements are also performed, as shown in Figure 4.6. The results illustrate that “type 
A devices” present higher output voltage sensitivities than “type B devices”. This result is 
expected based on our resistance model of the devices based on parallel and in series 
connected resistances (Figure 4.2). More explanations can be seen in Paper 3. 

Figure 4.6: (a) and (b) SEM images of devices 14 and 15. (c) Comparison of output voltage and 
overall resistance change of devices 14 and 15 when exposed to an applied acceleration of 1 g with 
a frequency of 160 Hz.  
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4.5.4 Stability, yields, life-span and sensitivity 
Our experiments indicate that one or two small holes do not significantly influence the 
stability of graphene devices while several large-scale holes have a significant impact on 
the stability of graphene devices. NEMS accelerometers based on fully-clamped graphene 
membranes have a longer life span and increased robustness as well as higher fabrication 
yield, can suspend larger proof masses, compared to NEMS accelerometers based on 
doubly-clamped graphene beams. However, its sensitivity (measured output voltage) is 
lower than that of NEMS accelerometers based on doubly-clamped graphene beams with 
identical dimensions of the proof mass and trench width. More discussions can be seen in 
Paper 3. 

 

4.6 Summary 
We have demonstrated NEMS accelerometers based on fully-clamped graphene membranes 
with attached proof masses. Although their sensitivity is generally lower than NEMS 
accelerometers based on doubly-clamped graphene beams that were previously shown in 
chapter 3, our results show that they have a longer life span, wider measurement ranges, 
higher yields, compatibility with higher measuremnt currents and the potential to suspend 
larger proof masses.  
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Chapter 5 

CO2 sensing of single-layer graphene and its cross-sensitivity with 
humidity 
 

In this chapter, the selectivity of single-layer graphene-based gas sensing to various gases 
including argon (Ar), nitrogen (N2), oxygen (O2), carbon dioxide (CO2), and air is assessed. 
Although there is virtually no response from O2, N2 and Ar, there is a sizeable cross-
sensitivity between CO2 and humidity occurring at high CO2 concentrations. However, 
under atmospheric concentrations of CO2, this cross-sensitivity effect is negligible – 
allowing for the use of graphene-based humidity sensing in atmospheric environments. 
Density functional theory (DFT) simulations are performed in order to better understand 
single-layer graphene’s CO2 sensing mechanisms.   

 

5.1 Introduction 
Graphene is an attractive sensing material due to its extraordinary electronic properties, 
which has demonstrated the ultimate level of sensitivity-the ability to detect a single 
molecule [15].  Graphene’s high electrical conductivity is formed by its dangling π-orbitals 
that interact with the orbitals of neighboring atoms forming conduction bands [113] and 
lead to high carrier mobility [10, 123]. However, these delocalized electrons are highly 
sensitive to changes in the local environment. This allows graphene to have a high 
sensitivity to a number of gases [124–128].  When molecules adsorb onto the graphene 
surface, hybridization causes changes in the band structure of graphene. This 
correspondingly changes its effective mass and carrier mobility. There are numerous 
studies which have been performed on graphene’s humidity sensing properties [129–133]  
Further, CO2 sensitivity has been both theorized and previously reported in graphene [134–
140]. However, the possibility of cross-sensitivity of humidity with CO2 has not been 
addressed well in graphene. This chapter analyzes the sensitivity and selectivity of both 
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humidity and CO2 sensing for a single-layer graphene gas sensor and demonstrates that, 
while a cross-sensitivity between the two gases exists, the sensitivity of single-layer 
graphene to CO2 is negligible for typical CO2 concentration conditions in air.   

 

5.2 Fabrication and experimental setup 
As shown in Figure 5.1, a p-type doped silicon substrate is used for fabrication of graphene 
device. SiO2 is then thermally grown and Ti/Au are deposited onto the SiO2 using e-beam 
metal evaporation and then patterned using a lift-off process. Next, commercially available 
CVD graphene is transferred using a standard wet transfer technique [70, 71, 73], and 
patterned using standard photolithography and O2 plasma etching. Devices are then wire 
bonded and housed inside a dual-in-line-package (DIP).  The packaged devices are 
electrically characterized inside a vacuum chamber. CO2 in the chamber is controlled by 
venting and pumping the desired gas into the evacuated chamber through the connection of 
a compressed CO2 gas bottle to the vacuum chamber. CO2 in the chamber is monitored by a 
commercial CO2 Engine K30 CO2 sensor for concentrations of CO2 below 4000 ppm. The 
chamber pressure is monitored by a PDR 9000 digital vacuum transducer, the chamber 
humidity is monitored by an HIH-4000 humidity sensor and the chamber temperature is 
monitored by a LM35 temperature sensor. In most experiments, since pure CO2 gas is 
introduced into the chamber, chamber pressure is used as an indicator for the chamber’s 
CO2 molar volume.  Along with CO2, pure dry gases of O2, Ar, N2, as well as air are also 
pumped into the evacuated chamber in order to determine their effect on the device 
resistance. Ground-state DFT calculations for single-layer graphene exposed to both humid 
and CO2-rich conditions have been performed to understand the underlying sensing 
mechanism. The simulation details can be seen in Paper 6. 

 

Figure 5.1: (a) Schematic of single-layer graphene device for humidity and CO2 sensing. The active 
sensing region of the device consists of the region between the two innermost contacts.  A close-up 
of the active region is represented by the area within the orange dash rectangle.  (b) Color-enhanced 
SEM images of a wire-bonded device. 
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5.3 Sensitivity and selectivity of graphene sensing to different gases 
CO2 is vented into the chamber from a compressed CO2 bottle allowing the CO2 molecules 
to bind with the graphene surface as they diffuse into the chamber (Figure 5.2 (a)).  In the 
case of the device response shown in Figure 5.2 (b), as the chamber pressure is modulated 
by the pump (changing the CO2 molar volume), there is a corresponding resistance 
response. In order to mitigate humidity sensing effects during evaluation of graphene’s CO2 
sensing properties, chamber humidity is kept less than 1% relative humidity, by first 
evacuating the chamber to less than 100 mbar and then venting the chamber with argon for 
3 to 4 cycles.  The chamber is then evacuated to low pressure (less than 100 mbar) before 
the initial venting of CO2 gas.  The CO2 is then kept in the chamber in order to allow the 
device response to reach a steady state value before pumping the CO2 from the chamber 
and monitoring the device response. Figure 5.2 (b) shows the graphene resistance response 
to changes in CO2 molar volume during pumping is highly linear.  Figure 5.2 (c) shows the 
CO2 resistance response of the graphene is very stable when the chamber pressure is held 
constant.  Figure 5.2 (d) shows the device has a fast response time (of less than 3 seconds). 
Figure 5.2 (e) shows the chamber pressure is used to estimate the chamber’s CO2 molar 
volume using the Ideal Gas Law (see Paper 6).  As shown in Figure 5.2 (f), by relating the 
pressure to device resistance, a comparison of the relative sensitivity of various gases 
(including air) to changes in pressure is performed. Graphene’s resistance response to each 
individual gas, including CO2, is small relative to air. This suggests that the dominant effect 
is humidity sensing and not sensing of any constituent gases of air.  Figure 5.2 (g) shows 
graphene’s high selectivity to humidity is more apparent when considering the relative 
concentrations of each gas species in air. The results suggest that the concentration of CO2 
present in air has negligible impact on the device sensitivity to H2O and thereby graphene-
based humidity sensors may be operated in environmental conditions without concern for 
cross-sensitivity effects to atmospheric gases at typical concentrations.     

 

5.4 DFT calculations 
For both H2O and CO2, a change in resistance as the concentration of the gases in the 
chamber changes has been observed.  This suggests a doping of the graphene layer by both 
CO2 and H2O, possibly facilitated by the substrate’s atomic configuration. A control case 
with only graphene and the defective substrate is performed for comparison. In order to 
simulate the effect of the two gas species, DFT calculations are performed for different 
cases of H2O and CO2 coverage with 𝑄𝑄30 substrate defects [142, 143] present on the surface 
of the cristobalite SiO2 substrate for one case. In the calculations, the substrate defects give 
rise to an impurity band, similar to the results of Wehling et al. [135]. The electrostatic 
dipole moment of the H2O molecules may now shift this impurity band, leading to an 
effective doping and increased conductivity in the graphene layer, which complies with 
experimental observations. Figure 5.3 summarizes the calculated results for the case of 
cristobalite SiO2 substrate where the graphene/substrate distance is relaxed. Different
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Figure 5.2: (a) Schematic of what occurs inside the vacuum chamber on the active graphene 
sensing area of the device.  As CO2 is pumped into the evacuated chamber, the CO2 molecules bind 
with the dangling pi-orbitals of the graphene.  (b) Resistance response of the device to changes in 
pressure.  The resistance response is linear with an R2 value of 0.9661. (c) Resistance response to 
CO2 where the chamber pressure is varied by evacuating from a molar volume of 34 dm3/mol of 
CO2 and subsequently held constant at different pressures (different CO2 molar volumes)-indicating 
reasonable device stability.  (d) Response time of the CO2 sensor corresponding to a chance in 
molar volume from 34 dm3/mol of CO2 to 59 dm3/mol of CO2.  (e) Relationship of the resistance 
versus the Molar volume of CO2 in the chamber.   (f) Device sensitivity of various constituent gases 
of air. (g) Normalized sensitivity of each gas with respect to its relative concentration in air.  The 
combined response of all gases is insignificant in comparison to the response in air shown in 
previous reports [132].  This suggests that the CO2 response, while present does not significantly 
impact the device performance of humidity sensors in air.     

orientations and configurations for the CO2 and H2O cases are examined and the lowest 
energy occurs when each adsorbate molecule lies parallel to the graphene sheet. Figure 5.3 
(a) shows graphene on top of the SiO2 substrates. The top Si atoms are displayed in green. 
Figure 5.3 (b) and Figure 5.3 (c) present the same graphene/SiO2 system in the presence of 
a H2O molecule and CO2 molecule respectively. The charge density difference is defined 
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according to Equation (5.1) where the (sc, s, g, ads) abbreviations stands for the supercell, 
substrate, graphene and adsorbates respectively.  The charge density difference is displayed 
as a contour map with a 2D cut through the carbon dioxide molecule plane in each of the 
three unit cells, as indicated by the dashed lines in Figure 5.3 (g), (h), and (i). 

∆𝜌𝜌 =  𝜌𝜌𝑠𝑠𝑠𝑠 − 𝜌𝜌𝑠𝑠 − 𝜌𝜌𝑔𝑔 − 𝜌𝜌𝑎𝑎𝑎𝑎𝑠𝑠                                                                                               (5.1) 

    Charge depletion regions exist along the graphene sheet for the system without 
adsorbates (Figure 5.3 (d)). With the addition of H2O or CO2 molecules as adsorbates, 
larger charge depletion regions develop and co-exist alongside charge accumulation regions 
(Figure 5.3 (e) and Figure 5.3 (f)). This suggests that an increase in concentration of the gas 
species will correspondingly affect the electrical resistance, which is also verified by 
experiments (Figure 5.2). The case of CO2 adsorbents in Figure 5.3 (f) features distributed 
charge accumulation regions localized along the sites of the graphene sheet underlying the 
CO2 molecules, leading to a semi-continuum of excess charges on the graphene sheet. 
Meanwhile in the case of H2O, charges experience a distortion (Figure 5.3 (e)), where 
charge accumulation regions are isolated by charge depletion regions.  

 

Figure 5.3: (a) Case for a monolayer of graphene 2x2 super cell (in yellow) on top of (111) cut in 
cristobalite SiO2 (oxygen in red, silicon in blue) forming a slab (with 𝑄𝑄30 defective Si surface atom 
in green).  Cases in (b), and (c) are the same in “a” with added molecules of water (hydrogen in 
grey) and carbon dioxide respectively. Charge density difference plots for the three systems in (a), 
(b), and (c) are represented as 2D cuts in (d), (e), and (f) according to the cutting planes 
demonstrated in (g), (h), and (i) with a dashed black line passing through adjacent carbon atoms in 
the graphene hexagon as well as the oxygen in the water molecule and the center of the carbon 
dioxide molecule. Red/blue regions in (d), (e), and (f) correspond to regions with electron charges 
changes greater/less than ±0.0007 (Å)-3, i.e. red regions are with higher electron carrier density and 
the opposite with the blue regions which have a higher hole carrier density. In both cases of water 
and carbon dioxide (e), and (f); charge accumulation/depletion is larger at the graphene sheet 
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compared to the case in (d). Charge density difference plots were generated using xCrysden [136] 
visualization program [137]. 

 

5.5 Initial response of CO2                                                     

Figure 5.4 (a) shows a separate initial response to initial venting of the chamber with CO2, 
which cannot be explained by surface adsorption and its implications for cross-sensitivity 
with the device response to humidity.  As the pressure increases due to venting of the 
chamber with CO2 from a compressed CO2 bottle, the graphene resistance shows a sharp 
initial decrease.  After the chamber is filled with CO2 to 0.7 bar of pressure, it is maintained 
at a steady state pressure. Although the CO2 concentration remains at a stable value, the 
resistance slowly begins to recover from its initial response to roughly 67% of its original 
resistance value (Figure 5.4 (b)).  This suggests a secondary effect, which is not due to 
direct adsorption of CO2 molecules.  Evaluation of the device’s CO2 sensitivity to the initial 
response is then performed to determine its possible cross-sensitivity effect with humidity. 
Normalization of device sensitivity is performed with respect to air by dividing the device 
sensitivity to the CO2 (Figure 5.4 (c)) by the device sensitivity to air (humidity).  The initial 
response for pure CO2 is much higher than for air.  However, CO2 typically is only about 
0.039% of the relative concentration of air.  Therefore, Figure 5.4 (d) shows the normalized 
sensitivity multiplied by the relative concentration in air. When the concentration of CO2 in 
air is taken into account, the effect of CO2 cross-sensitivity remains negligible compared to 
graphene’s humidity response.  Figure 5.4 (e) compares the measurement signal of the 
commercial CO2 sensor in conjunction with the signal of the graphene sensor. In addition, 
an LM35 temperature sensor was used to monitor the chamber temperature, demonstrating 
that the chamber temperature is maintained at room temperature during the measurements. 
As the CO2 concentration varies from 0 to 2000 ppm (as the chamber is evacuated and 
slightly vented with high concentration CO2), there is no corresponding change in the 
graphene device resistance. This verifies that the response seen in Figure 5.4 (a) is 
suppressed at atmospheric concentrations of CO2 and confirms that the cross-sensitivity 
between CO2 and H2O is negligible for measuring humidity in air using these graphene 
devices.   

 

5.6 Passivation of graphene device using Al2O3 
As previously mentioned, the signal response of the graphene device to CO2 appears to be 
the result of two different phenomena (adsorption of CO2 in Figure 5.2 and initial CO2 
response in Figure 5.4). In order to further analyze a separate effect caused by the initial 
CO2 venting (behavior shown in Figure 5.4), the graphene devices were passivated with a 
25 nm layer of Al2O3 deposited over the entire device surface before packaging the devices 
[138]. Figure 5.5 (a) displays a passivated device where the Al2O3 layer prevents CO2 
molecules from being adsorbed directly onto the graphene surface.  CO2 was introduced
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Figure 5.4: (a) Initial response of the graphene device to pure CO2.  As the pressure increases (blue 
line) the resistance decreases (black line).  An increase in pressure is also analogous to an increase 
in the amount of CO2 in the chamber. (b) After the chamber is filled with CO2, the graphene 
resistance slowly begins to recover to roughly 67% of its original deviation. (c) Normalized 
sensitivity of the initial gas response compared to the sensitivity of a humidity sensor.  (d) 
Normalized sensitivity divided by the concentration.  When the concentration of CO2 in the air is 
taken into account, the effect becomes negligible.  (e) Signal from the commercial CO2 sensor in 
conjunction with the signal from the graphene sensor and temperature sensor in concentrations 
similar to air (roughly 400 ppm).   

into the chamber in a series of venting and pumping cycles as shown in Figure 5.5 (b1) in 
order to observe whether the passivated device shows the same behavior as the non-
passivated.  In Figure 5.5, there remains an initial response when CO2 is introduced, despite 
the graphene device is passivated. This confirms that the effect observed in Figure 5.4 
involves a different mechanism rather than direct surface adsorption.  Just as in Figure 5.4, 
after the initial response (red line), there is a recovery period.  This recovery is not affected 
by subsequent removal of the CO2 during the pumping portion of the cycle.  In the non-
passivated resistance response shown in Figure 5.2 (b) (which has already reached a 
recovery after the initial CO2 response), the mechanism is due to direct adsorption because 
the non-passivated device resistance varies linearly as CO2 is removed from the chamber- 
an effect which is not present during CO2 removal from the chamber in the passivated 
device.  During repeated pumping and venting of the chamber with CO2, the same behavior 
is present as in Figure 5.4 (a) and Figure 5.4 (b).  The recovery period follows an 
exponential decay in each cycle (Figure 5.5 (b1) as black dotted lines).  Figure 5.5 (b2) 
displays the same response and recovery with the exponential fits subtracted, providing a 
more clear demonstration that the behavior of passivated devices is only affected by the 
initial introduction of CO2 molecules and not determined by the CO2 concentration in the 
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chamber. In order to demonstrate the distinction between graphene’s initial resistance 
response to CO2 from its response to direct CO2 adsorption, Figure 5.5 (c) combines the 
data of Figure 5.2 and Figure 5.4.  In devices without passivation layer, there is a definite 
signal response when CO2 is evacuated from the chamber.  This effect is not present in 
passivated devices – signaling that the response in Figure 5.2 (f) is due to direct CO2 
adsorption.  Since the initial signal response and subsequent exponential decay is present in 
both passivated and non-passivated devices, this response is possibly due to capacitive 
coupling from electrostatically charged CO2.  More analysis can be seen in Paper 6 and 8. 

 

Figure 5.5: (a) Schematic of a passivated gas sensor effectively isolating the graphene channel 
region from the adsorption of CO2 molecules.  (b) Signal response (red line) of the passivated 
device as CO2 is pumped and vented into and out of the previously evacuated chamber. An 
exponential fit to the recovery is performed (black dotted lines) and the fit subtracted from the 
signal response (2).  (c) Combination of signal responses from Figure 5.2 and Figure 5.4 
demonstrating both resistive and capacitive components to graphene’s CO2 sensing properties.   

 

5.7 The influence of humidity on contact resistance 
The influence of humidity on contact resistance in single-layer graphene-based devices is 
studied by experimentally extracting the contact resistance from Transmission Line Model 
(TLM) test structures at various humidity levels. The sensitivity of device and contact 
resistance to humidity is compared. The experimental results show that the contact 
resistance of single-layer graphene-based devices is less sensitive to variations in the 
humidity than the overall device resistance, meaning a minor degradation of performance of 
graphene devices by alterations in contact resistance when exposed to humidity. DFT
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simulations are employed to investigate the effect that adsorbate molecules have on the 
electronic structure at the interface between the graphene and a metal contact. According to 
the performed simulations, both the substrate underneath and adsorbates on the graphene 
have a combined effect on the electronic structure of graphene. However, the significance 
of the contribution depends on the substrate material. For silica substrates, the contribution 
of water molecules is substantial whereas gold strongly reduces its influence. This 
observation is in accordance with variations of graphene’s binding energy to the substrates. 
This indicates that strongly bond systems are less likely to interact with adjacent molecules 
which are therefore less sensitive to external influences. More details can be seen in Paper 
7. 

 

5.8 Summary 
CO2 sensing of single-layer graphene is demonstrated. Two distinct effects associated with 
the sensor (a resistive effect from direct adsorption onto the graphene surface and a possible 
capacitive effect) are observed. The response of graphene to O2, Ar, and N2 is minimal. The 
cross-sensitivity between CO2 and humidity exists. However, the cross-sensitivity of CO2 
becomes negligible at typical CO2 concentrations present in air.  This high selectivity to 
H2O in the presence of other gases is attractive for implementation of graphene-based 
humidity sensing in ambient air environments.   
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Chapter 6 

Humidity and CO2 sensing of double-layer graphene 
 

This chapter focuses on the humidity and CO2 sensing properties of double-layer graphene. 
In this chapter, the resistance response of double-layer graphene when exposed to humidity 
and CO2 molecules is studied respectively. The measured response and recovery times of 
the graphene resistance to humidity are on the order of several hundred milliseconds. The 
resistance response of double-layer graphene that is exposed to different molar volumes of 
pure CO2 gas at low humidity level is further explored, showing a consistent response and 
recovery behaviour. DFT simulations are done to qualitatively investigate the influence of 
the adsorption of H2O and CO2 on the electronic structure, as expressed through charge-
density differences, of double-layer graphene, confirming the trends observed in our 
experimental data.  

 

6.1 Introduction 
Detection of gas is important in many areas such as in environmental and safety monitoring, 
industrial applications, military applications and medical diagnostics [148–151]. A variety 
of materials have been explored for gas sensor applications, including inorganic 
semiconductors, metal oxides, dyes, conducting polymers, and carbon nanomaterials [148, 
152]. Among these materials, graphene has recently attracted intense attention, mainly due 
to its large specific surface area, excellent chemical stability, atomically thin two-
dimensional structure, high conductivity, and inherently low electrical noise [153–158]. 
Every carbon atom in single-layer graphene can be considered as a surface atom, providing 
the greatest possible surface area per unit volume, which is a very attractive feature for gas 
detection. However, the high sensitivity of graphene may result in low specificity for a 
given gas [153, 155]. This means that graphene-based gas sensors show similar response 
signals to different gases (i.e. high cross-sensitivity) [144]. The humidity sensing properties 
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of double-layer graphene are not well researched [150] and CO2 sensing characteristics of 
double-layer graphene have, to the best of our knowledge, not yet been reported. CO2 
sensing using graphene devices in low humidity environments with real-time monitoring of 
the humidity levels has not yet been studied. 

 

6.2 Fabrication and characterization  
Devices were fabricated from a SOI substrate that is thermally oxidized to grow a 1.4 µm 
thick SiO2 layer on the silicon device layer. Four electrode contacts are fabricated by 
embedding the electrode metals (Ti/Au) into the SiO2 layer. Double-layer graphene is 
obtained by transferring a single-layer graphene to another single-layer graphene on a 
copper foil and the final PMMA/double-layer graphene stack is transferred to the SiO2 
surface of the pre-processed SOI chip. After graphene transfer (as shown in chapter 2), the 
graphene is selectively patterned in a well-established photolithographic process using thick 
photoresist and low power oxygen plasma for selective etching. The fabricated devices are 
characterized by SEM and Raman spectroscopy. Next, the devices are glued in a ceramic 
chip carrier and wire bonded using Au wires to connect the devices to the bond pads of the 
chip carrier (Figure 6.1 (a) and (b)). The detailed process of fabrication and characterization 
can be seen in the Paper 5.  

 

Figure 6.1: (a) Ceramic package with wire bonded devices on the chip. (b) SEM image of a wire 
bonded device with metal electrode contacts and wire bonds. (c) Vacuum chamber used in the gas 
sensing experiments. 

 

6.3 Experimental Setup 
The experimental setup used for the humidity and CO2 gas sensing experiments includes a 
vacuum chamber connected via pipes to nitrogen (N2), Argon (Ar) and CO2 tanks, and to a 
vacuum pumping system (Figure 6.1 (c)). A commercial humidity sensor (HIH-4000, 
Honeywell International Inc.) and a pressure sensor (PRC X1, WENZEL) are used to 
monitor the chamber humidity and pressure, respectively. For the humidity sensing 
experiments, air is firstly evacuated from the vacuum chamber and Ar is subsequently 
pumped into and out of the chamber in several cycles, causing a decrease of the humidity 
level from ~ 20% Relative humidity (RH) down to ~ 1% RH. In order to obtain a wide 
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humidity range for the experiments (up to ~100% RH), a humidifier is connected to the 
vacuum chamber that can pump water vapor into the vacuum chamber through a pipe. For 
the CO2 sensing experiments, once a certain low humidity level (1% RH-3% RH) is 
reached, pure CO2 gas is introduced into the evacuated chamber (~0.15 bar) from the CO2 
gas supply by controlling the gas valve. The number of CO2 molecules in the chamber is 
controlled by venting and pumping the dry CO2 into and out of the chamber. An amplifier 
circuit with a Wheatstone bridge is used for electrical readout of the graphene devices. A 
graphene device forms the variable resistor in a Wheatstone bridge and a 200 mV square 
pulse wave with a 500 µs pulse duration, produced by a function wave form Generator 
(33250 A, Agilent), is provided to the Wheatstone bridge circuit as an input voltage signal. 
The resulting output voltage signal is amplified (870 X), low pass filtered and sampled 
through the analog-to-digital converter to the LabVIEW interface for real-time electrical 
readout. The voltage output signal is converted to the corresponding changes of the 
resistance of the graphene device. The pressure sensor and the commercial humidity sensor 
are connected to the same signal sampling setup for simultaneous data acquisition from all 
three sensors. More details can be seen in the Paper 5. 

 

6.4 Humidity sensing properties 
A decrease in chamber humidity causes a corresponding resistance increase in the graphene 
device. The sensor response, i.e. the relative change of resistance, is about 0.084% (from 18% 
RH to 9% RH) (Figure 6.2 (a)). As the humidity increases, more water molecules are 
adsorbed on the graphene surface, while as the humidity decreases, water molecules are 
desorbed from the graphene surface. Water influences the conductance of graphene by 
redistributing electrons within the graphene sheet or between the graphene sheet and the 
substrate [151]. Another possible mode in which water can influence the conductance of 
graphene is for increasing humidity, the physisorbed water layers exhibit a liquid-like 
behaviour, and H3O+ and H+ hopping between adjacent water molecules occurs in the 
charge transport by a Grotthuss chain reaction (H2O + H3O+ ↔ H3O+ + H2O), thereby 
contributing to the conductance [161–163]. It was also reported [155] that water molecules 
adsorbed on top of graphene can possess electric dipoles and form a dipole layer on top of 
graphene that can generate an electric field as large as ~ 109 Vm-1. In our experiments 
(Paper 6 and 8), graphene was selectively passivated by a layer of Al2O3, which 
effectively suppressed the humidity sensing effect, thereby confirming that the electrostatic 
mechanism is not a dominating effect in graphene-based humidity sensing. The measured 
resistance of a double-layer graphene device (black line) with the relative humidity 
measured by the commercial humidity sensor (blue line) and the chamber pressure 
measured by the commercial pressure sensor (red line) is compared (Figure 6.2 (b)), 
indicating the changes in the chamber pressure correlate with changes in concentration of 
water molecules in the air, which affects their adsorption and thus, the resistance of the 
device. Based on our measurements, the response and recovery times of the double-layer 
graphene device are at least 5.5 s and 8.5 s faster than the response and recovery times of
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the commercial humidity sensor, respectively. Figure 6.2 (c) shows the corresponding 
resistance decreases of another double-layer graphene device by ~1 Ω with the increase of 
the relative humidity from ~20% RH to ~100% RH. The humidity sensing properties of 
double-layer graphene at very low humidity levels was also investigated. As shown in 
Figure 6.2 (d), when the humidity is lower than 3% RH, there is no significant influence of 
the change of humidity on the resistance of the double-layer graphene device. This 
indicates that humidity levels of below 3% RH are potentially good for measuring a target 
gas, such as CO2, while minimizing problems of cross-sensitivity with humidity. In 
addition, our experiments demonstrate that a change of gas pressure itself does not affect 
the graphene resistance and the insensitivity of graphene to the main gases constituting air, 
including N2, O2, and Ar (see Paper 5).  

 
Figure 6.2: (a) Resistance response of a double-layer graphene device versus relative humidity 
(% RH) in the vacuum chamber. (b) Resistance response (black line) of the double-layer graphene 
device in comparison with the % RH response from a commercial HIH-4000 humidity sensor (blue 
line) as well as the response from a commercial pressure sensor (PRC X1, WENZEL) during three 
consecutive cycles of pumping air from the environment into and out of the vacuum chamber. (c) 
Resistance response of another double-layer graphene device versus a wide relative humidity range 
from 20% RH to 100% RH. (d) Humidity sensing behaviour of the device at low humidity levels in 
three consecutive cycles of pumping Ar into and out of vacuum chamber after performing the 
experiments describes in (b). 

    In order to determine more precisely the response and recovery times of the graphene 
devices to abruptly changing humidity levels, a N2 gun was used to induce a more local, 
direct and rapid displacement of water molecules from the double-layer graphene surface, 
placed in an environment at room temperature and atmospheric pressure (initial humidity 
level of ~ 20% RH). These experiments indicate that the response and recovery times of 
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double-layer graphene devices are on the order of milliseconds (Figure 6.3). For 
comparison, double-layer graphene has similar response and recovery times as single-layer 
graphene, but single-layer graphene has a stronger resistance response than double-layer 
graphene. More details can be seen in Paper 5.  

 

Figure 6.3: (a) Resistance response of a double-layer graphene device when exposed to air and 
subject to N2 flow pulses from a N2 gun. (b) Schematic diagram of the N2 flow over the surface of 
the graphene, affecting the local humidity level and the resistance of the graphene. (c) Response 
time of the device when N2 gas flow is introduced using a N2 gun with the data from the first cycle 
of the experiment in (a). (d) Corresponding recovery time of (c) when the N2 flow is switched off. 
 
6.5 CO2 sensing properties 
When the humidity level is decreased to below 3% RH, CO2 is pumped into the evacuated 
chamber (~0.15 bar) and the CO2 molecules adsorb on the graphene surface and modify its 
electronic properties. Figure 6.4 (a) shows the measured graphene resistance of a device 
that is placed in the vacuum chamber (black line), the relative humidity measured by the 
commercial humidity sensor (blue line) and the chamber pressure measured by the 
commercial pressure sensor (red line). Since the change in humidity levels ranges from 2.2% 
to 2.8%, they are not the reason for the resistance response in the device, as confirmed by 
the humidity sensing experiments. Thus, it must be the changing number of CO2 molecules 
present in the chamber that causes the response in the graphene resistance (Figure 6.4 (b) 
and (c)). The CO2 gas molecule adsorption on the double-layer graphene surface results in a 
decrease of the device resistance. The resulting relative change of the devices resistance is 
(0.073%) is lower than that (0.284%) of single-layer graphene when exposed to CO2 in an 
identical operation. Results also indicate that CO2 molecules are more easily adsorbed and 
desorbed on the graphene surface than many other gas molecules [148]. As shown in Figure 
6.4 (d), there is a fast decrease of the resistance of the double-layer graphene device while 
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CO2 is pumped into the chamber for the first time. Thereafter, the graphene resistance is not 
significantly changing with the subsequent second and third steps of pumping CO2 into the 
chamber. Figure 6.4 (e) shows the situations of three steps of pumping CO2 out of the 
chamber. The initial fast response (3-5 s) in the graphene resistance when CO2 is pumped 
into the chamber is further confirmed, by three consecutive cycles of fast pumping of CO2 
into and out of the previously evacuated vacuum chamber, with real-time monitoring of the 
humidity level (see Paper 5), which is also in accordance with the data reported in 
literature [156]. Recovery behaviour during pumping CO2 out of the chamber in each cycle 
again indicates that CO2 desorbs quickly from the graphene surface. Three consecutive 
cycles of fast pumping of CO2 into the previously evacuated chamber, keeping CO2 in the 
chamber for a fixed period of time and pumping CO2 out of the chamber, with real-time 
monitoring of the humidity levels were also done and similar results were observed (see 
Paper 5). Gas sensing mechanisms in graphene are typically based on charge transfer from 
physically or chemically adsorbed molecules to graphene or on local electrostatic gating 
effects resulting in the conductance change of graphene [153–158]. The adsorbed gas 
molecules act as electron donors (such as reducing gases CO, ethanol, NH3 and H2S) or 
electron acceptors (such as oxidizing gases NO2, CO2, SO2) on graphene, both of which 
will change the concentration of the charge carriers of graphene and thereby changing its 
conductivity. In line with our experimental results, we attribute the CO2 sensing in double-
layer graphene mainly to molecule adsorption and the resistance change correlates with the 
number of CO2 molecules present in the vicinity of the graphene device. 
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Figure 6.4: (a) Resistance response (black line) of a double-layer graphene device and real-time monitoring 
of the humidity level, while slowly pumping and venting CO2 into and out of the previously evacuated 
vacuum chamber. (b) Resistance response of the device versus chamber pressure while slowly pumping pure 
CO2 into the evacuated chamber. (c) The same relationship as in (b) by using the Molar volume to illustrate 
the correlation between the resistance response of the double-layer graphene and the number of CO2 
molecules per unit volume. (d) Resistance response of the device when the chamber pressure is kept constant 
at different pressure levels while step-wise pumping CO2 into the evacuated vacuum chamber. (e) Resistance 
response of the device when the chamber pressure is kept constant at different pressure levels while step-wise 
pumping CO2 out of the vacuum chamber. 

 

6.6 Simulations  
In order to qualitatively investigate the influence of the two different adsorbate types on the 
electronic structure of double-layer graphene, expressed through charge-density differences, 
DFT calculations were performed for different cases of H2O and CO2 coverage on top of a 
double-layer graphene stack resting on an under-coordinated silicon-terminated (0001) 𝛼𝛼-
quartz substrate. Two stacking orders were examined for double-layer graphene: AB 
stacking and AA stacking. DFT simulations were performed using the plane-wave basis set 
Quantum Espresso (QE) [157] code. Optimized norm-conserving scalar relativistic 
pseudopotentials (ONCV) [158] were used at the recommended plane-wave cutoff of 60 Ry.  
The generalized gradient approximation (GGA) in the Perdew, Burke and Ernzerhof (PBE) 
[159] parametrization for the exchange-correlation functional was used, in conjunction with 
the semi-empirical Grimme correction [169, 170] to account for the van der Waals 
interaction. The calculations were non-spin-polarized. Gaussian smearing of 0.03 Ry was 
applied and the Brillouin zone was sampled with a k-point mesh density corresponding to 
32 x 32 x 1 when folded onto the graphene unit cell. The slab cuts as well as the supercell 
formation and transformation operations were generated via the CIF2Cell utility code [162]. 
More simulation details can be seen in the Paper 5. The binding energies and charge 
density differences (CDDs) are calculated according to the following set of equations: 

𝐸𝐸𝑔𝑔𝑠𝑠
𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑔𝑔 = 𝐸𝐸𝑔𝑔 + 𝐸𝐸𝑠𝑠  − 𝐸𝐸𝑔𝑔𝑠𝑠                                                                                                     (6.1) 

𝐸𝐸𝑚𝑚𝑔𝑔
𝑏𝑏𝑏𝑏𝑏𝑏𝑎𝑎𝑏𝑏𝑏𝑏𝑔𝑔 = 𝐸𝐸𝑔𝑔𝑠𝑠 + 𝐸𝐸𝑚𝑚 − 𝐸𝐸𝑚𝑚𝑔𝑔𝑠𝑠                                                                                                (6.2) 

𝛥𝛥𝜌𝜌𝑔𝑔𝑔𝑔 = 𝜌𝜌𝑔𝑔𝑔𝑔 − 𝜌𝜌𝑔𝑔 − 𝜌𝜌𝑔𝑔                                                                                                              (6.3) 
𝛥𝛥𝜌𝜌𝑚𝑚𝑔𝑔 = 𝜌𝜌𝑚𝑚𝑔𝑔𝑔𝑔 − 𝜌𝜌𝑚𝑚 − 𝜌𝜌𝑔𝑔𝑔𝑔                                                                                                        (6.4) 
Here, 𝐸𝐸𝑔𝑔is the total energy for a free-standing double-layer graphene, 𝐸𝐸𝑠𝑠 the total energy of 
the substrate, 𝐸𝐸𝑚𝑚 the total energy of the molecule, 𝐸𝐸𝑔𝑔𝑠𝑠 the total energy of the double-layer 
graphene plus substrate combined, and 𝐸𝐸𝑚𝑚𝑔𝑔𝑠𝑠 the total energy of the double-layer graphene 
plus substrate plus molecule taken all together. The corresponding charge densities are 
denoted by 𝜌𝜌𝑔𝑔,𝜌𝜌𝑠𝑠 ,𝜌𝜌𝑔𝑔𝑠𝑠, and 𝜌𝜌𝑚𝑚𝑔𝑔𝑠𝑠. 

Our calculations confirm that AA stacking is indeed less energetically favourable 
compared to AB stacking, and we found an energy difference of 6 m eV per carbon atom 
between the two stacking orders. The small energy difference implies that it is likely that 



54              CHAPTER 6.  HUMIDITY AND CO2 SENSING OF DOUBLE-LAYER 
GRAPHENE 
 

 
 

many varieties of stacking order, so-called turbostratic graphene, may be present in stacked 
graphene systems at ambient conditions [163]. The results on the binding energy of both 
H2O and CO2 for AA and AB stacking are very similar, and we conclude that the binding 
energies will be similar to the computed ones also for stackings intermediate between AA 
and AB. Figure 6.5 shows the charge density differences 𝛥𝛥𝜌𝜌𝑔𝑔𝑠𝑠 and  𝛥𝛥𝜌𝜌𝑚𝑚𝑔𝑔 . Here, 𝛥𝛥𝜌𝜌𝑔𝑔𝑠𝑠 
illustrates how the substrate affects the charge density of the double-layer graphene, 
whereas 𝛥𝛥𝜌𝜌𝑚𝑚𝑔𝑔 shows the additional effect of the adsorbed molecule. Clearly, the charge 
density of the lower graphene layer is affected by the substrate, whereas the top graphene 
layer is essentially isolated from the substrate. The molecule, on the other hand, affects the 
top graphene layer but hardly at all the bottom layer. It appears that double-layer graphene 
to a significant extent isolates the molecule from interacting with the substrate, and that the 
altered transport properties are due to changes in the electronic structure of the top 
graphene layer alone. This is a quite different situation compared to the one that we and 
others have found previously for single-layer graphene on the same type of substrate [141, 
173–176]. For single layer graphene [141, 175], the molecule-substrate interaction plays an 
important role for the gas sensing properties of graphene. Thus, our calculations suggest 
that double-layer graphene should have a weaker response compared to single-layer 
graphene [164], in agreement with the present experimental data.  

 

Figure 6.5: Charge density difference (CDD) iso-surface contour plots. Red/blue regions correspond to 
regions with electron accumulation/depletion of values more/less than ±0.00001 (Å-3), representing 
positive/negative iso-surface regions. The first-row panels represent the CDDs for AA stacking order while 
the second-row shows the CDDs for AB stacking. Panels (a, d) show the CDDs for both graphene stacked 
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sheets on top of the substrate, panels (b, c, e, f) show the same with added adsorbate molecule on top of the 
stack, which is H2O molecule in (b, e) and CO2 molecule in (c, f). 

 

6.7 Summary 
In summary, we have characterized the properties of double-layer graphene when exposed 
to humidity and CO2. The resistance of double-layer graphene shows fast response and 
recovery behaviour that are on the order of several hundred milliseconds for humidity, and 
several seconds (3-5s) for CO2. The resistance of double-layer graphene decreases when 
exposed to CO2 gas molecules. Both experiments and theoretical calculations show that the 
resistance responses to humidity and gas of double-layer graphene are weaker than of 
single-layer graphene.  
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Chapter 7 

Characterization of CVD graphene grain boundaries  
 

This chapter focuses on characterization of grain boundary defects in CVD graphene. An 
approach is introduced that allows fast visualization of the large-area distribution of grain 
boundary-based line defects in CVD graphene on a silicon dioxide surface. The approach is 
based on exposing graphene to VHF, causing partial etching of the silicon dioxide 
underneath the graphene as VHF diffuses through graphene defects. The defects can then 
be identified using optical microscopy or scanning electron microscopy. LEEM/LEED, 
Raman spectroscopy, AFM and probe station are used to characterize the size of grain 
boundaries in CVD graphene, Raman spectra, topography and electrical properties of 
graphene before and after exposure to VHF, respectively. 

 

7.1 Introduction 
Large-area high-quality graphene growth has been intensively studied and significant 
advances have been made towards practical device application of graphene [37, 39, 55, 
177]. Among the options for graphene synthesis, CVD can yield high-quality, 
polycrystalline single-layer graphene on catalytic substrates such as Cu [43]. Grain 
boundaries represent defects in the graphene lattice, as they typically deviate from the ideal 
honeycomb structure. Grain boundaries occur when graphene domains nucleate 
simultaneously at different locations on the growth substrate and then coalesce. The form 
and distribution of grain boundaries are critically impacting the electrical, thermal, 
mechanical and chemical properties of the graphene, with smaller grain sizes potentially 
reducing electronic mobility [41], lowering thermal conductivity [169], and reducing 
ultimate mechanical strength [170]. Yet, defects such as grain boundaries might be 
beneficially exploited by controlled grain boundary engineering [171]. Thus, the study of 
grain boundaries in graphene is important for graphene characterization, for understanding 
the characteristic behavior of graphene in specific device applications and for optimizing 
graphene growth conditions. The methods for characterizing graphene grain boundaries
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such as the techniques using transmission electron microscopy (TEM), scanning tunneling 
microscopy (STM) or AFM [181–184] can obtain atomic resolution at graphene grain 
boundaries, but are time-consuming and have limited capabilities in accessing large-scale 
information about the distribution of the grain boundaries. Alternatively, techniques using 
optical microscopy [185–189], two-dimensional Raman imaging of the integrated 
intensities of the G and D peaks [181] or SEM imaging of transition metal dichalcogenides 
that are epitaxially grown on graphene [182] are in principle suitable for characterizing 
graphene grain boundaries at larger scales , most of which are based on selectively 
oxidizing the underlying copper foil through graphene grain boundaries under different 
conditions. These techniques are either very elaborate or require the graphene to be placed 
on a copper substrate. Here, we show a simple method for visualizing grain boundaries in 
CVD graphene placed on a SiO2 substrate with optical microscopy, scanning electron 
microscopy (SEM) or Raman spectroscopy. The method requires the exposure of the 
graphene to VHF prior to imaging and allows for efficient and rapid large-scale 
visualization of graphene grain boundaries. 

 

7.2 Experimental methods 
Commercial (Graphenea, Spain) and in-house [47] CVD-grown single-layer graphene has 
been used in our experiments. Before transferring the graphene, the SiO2 substrate surface 
has been cleaned in piranha solution (a mixture of sulfuric acid and hydrogen peroxide with 
a volume ratio of 3:1) to remove possible organic contaminations. A poly (Bisphenol A) 
carbonate (PC) layer has been spin-coated on the front-side of the graphene/copper foils at 
2000 rpm for 5 s and 2500 rpm for 30 s to deposit the polymer support layer 
(approximately 200 nm thick) during the graphene transfer process. The consequent 
graphene transfer steps are similar to that of chapter 2. The details of graphene transfer can 
also be seen in Paper 4. The completed chips have been mounted onto a custom designed 
reaction cell with the graphene side facing towards the VHF chamber. VHF has been 
generated passively from a 25% liquid HF solution placed in a small reservoir at the bottom 
of the reaction cell. In order to obtain a microscopic water film on the surface without 
producing droplets and to accurately control the etching homogeneity, the chips have been 
gently heated from the backside by a heater plate during the exposure to the VHF. In our 
experiments the set temperature was 40℃. The graphene films have been inspected in-situ 
using optical microscopy (Olympus BX 51 M, Japan) to obtain images with different 
magnifications displaying the morphologies of the graphene/SiO2 surfaces before and after 
different times of VHF exposure. A SEM has been used to investigate the surface 
morphology of the samples at different acceleration voltages to obtain high-contrast images 
at different magnifications. Raman spectroscopy has been performed using an alpha300 R 
spectrometer (WITec, Germany) with a λ = 532 nm laser and a 100x objective. AFM 
images have been obtained with a PSIA XE-100 (Park systems, US) in tapping mode to 
analyze the morphologies and dimensions of the graphene grain boundaries after VHF 
exposure. A conventional probe station in connection with a SCS4200 parameter analyzer
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(Keithley, US) has been used for four-probe measurements of the sheet resistances of the 
graphene samples before and after VHF exposure. LEEM/LEED characterization of CVD 
graphene on copper has been done using a low-energy electron microscope (FE-LEEM P90, 
Specs, Germany).  

 

7.3 Characterizations 
 

7.3.1 Optical microscopy and SEM 
Schematic illustrations of graphene on SiO2 surface during exposure to VHF can be seen in 
Figure 7.1. Before VHF exposure, graphene grain boundaries are not visible using optical 
microscopy, SEM because of the nanoscale dimensions of the line defects (Figure 7.2 (a) 
and Figure 7.3 (a)) [177]. After the graphene on the SiO2 surface is exposed to VHF at 40℃ 
for different time periods (30 s, 60 s and 120 s), line patterns in the areas covered by the 
graphene become visible in both optical microscopy images (Figure 7.2 (b-d)) and SEM 
images (Figure 7.3 (b-d)). These line patterns become more distinct and increase in number 
with increasing time of exposure to VHF. The CVD graphene used in our experiments has a 
polycrystalline graphene structure with grain sizes in the order of a few micrometers. The 
optical microscope and SEM images in Figure 7.2 and 7.3 show that the dimensions of the 
areas surrounded by the line patterns are in the range of a few micrometers, which indicates 
that the line patterns are likely caused by, and represent, the grain boundaries in the 
graphene. More SEM characterizations can be seen in Paper 4. 

 

Figure 7.1: Schematic illustrations of graphene on SiO2 surface during exposure to VHF.  
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Figure 7.2: (a-d) Optical images of graphene on a SiO2 surface of a Si substrate before exposure to 
VHF, and after exposure to VHF for 30 s, 60 s and 120 s, respectively. Line patterns are visible 
using optical microscopy after VHF exposure and the patterns increase in number and become more 
distinct with increasing time of exposure to VHF. For instance, very distinct line patterns can be 
observed after exposure to VHF for 120 s, as shown in (d). 

 
Figure 7.3: (a-d) SEM micrographs of graphene on a SiO2 substrate surface before exposure to 
VHF, and after exposure to VHF for 30 s, 60 s and 120 s, respectively. Line patterns are visible 
using SEM imaging after VHF exposure and the line patterns increase in number and become more 
distinct with increasing time of exposure to VHF. When the time of exposure to VHF is increased to 
120 s, the density of the line patterns does not increase further, while the existing line patterns get 
more pronounced, i.e. the lines get wider. 
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7.3.2 LEEM/LEED 
To further demonstrate that the line patterns correspond to the grain boundaries of CVD 
graphene, the same type of CVD graphene on copper that was used in our VHF exposure 
experiments was characterized by LEEM and LEED. The LEED pattern (Figure 7.4 (a)) 
shows the presence of multiple rotated graphene domains on various facets of the copper 
foil surface, similar to what has been reported previously [182]. By successively selecting 
single diffraction spots for imaging (dark-field LEEM), the lateral distribution of domains 
becomes visible (Figure 7.4 (b)). The observed grain sizes range from ~ 2 µm to ~ 10 µm. 
Both, the grain pattern and the dimensions are consistent with the observed patterns and 
dimensions visualized by our method. This further indicates that the line patters in our 
method are mainly attributed to the grain boundaries of CVD graphene.  

 
Figure 7.4: LEED/LEEM characterization of graphene on copper. (a) LEED pattern of graphene on 
copper substrate. Diffraction spots corresponding to different rotational domains (1-6) are 
highlighted. The field of view for the LEED image is 7 Å-1. (b) LEEM dark field images acquired 
by selecting the diffraction spots 1-6 show the lateral distribution of rotated domains of graphene on 
copper substrate. The grain size ranges from ~ 2 µm to ~ 10 µm. The electron energy was 43.7 eV. 
 

7.3.3 Raman spectroscopy 
The quality of the transferred graphene on SiO2 was characterized by scanning micro-
Raman spectroscopy before and after exposure of the graphene to VHF for different 
exposure times of 0 s, 30 s, 60 s and 120 s (Figure 7.5). The absence of an appreciable D 
peak (1350 cm-1) shows relatively high quality single-layer graphene before exposure to 
VHF (Figure 7.5 (a)). After exposure to VHF for 30 s, there is still an obvious G and 2D 
band, both on the line patterns and in between the line patterns (within the grains) (Figure 
7.5 (b)). This can be explained by the fact that the width of the line patterns created during 
VHF exposure for 30s is smaller than the diameter of the Raman laser spot (~ 300 nm) that 
is represented by the blue and purple circles in Figure 7.5 (a2), (b2), (c2) and (d2). After 
exposure to VHF for 60 s and 120 s, the line patterns are found to widen and the G and 2D 
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bands weaken substantially at the line patterns. In contrast, the G and 2D bands remain in 
the areas between the line patterns (Figure 7.5 (c) and (d)). The disappearance of 
characteristic peaks at the line patterns (Figure 7.5 (d3)) may be explained as follows: Due 
to the enhanced chemical reactivity of graphene at grain boundaries [189, 192, 193], 
fluorination preferentially occurs at such sites, thereby opening a relatively wide band gap 
in the energy spectrum of the graphene [185]. An increase of the time of exposure to VHF 
leads to an increase in the degree of fluorination of the samples, thereby increasing the band 
gap (Figure 7.5 (b3), (c3) and (d3)). As shown in Figure 7.5 (d3), when the width of the 
band gap of the graphene at the grain boundaries is larger than the excitation photon energy 
of the Raman spectrometer (here λ = 532 nm), the fluorinated graphene at the grain 
boundaries acts like a wide-band gap semiconductor and becomes transparent for the 
excitation radiation of the Raman tool laser [185]. In addition, cracks may form at the 
graphene grain boundaries after exposure to VHF that can lead to decreased or vanished 
intensities of the characteristic peaks of the Raman signals. 

Figure 7.5: Raman characterization. Raman spectroscopy map of graphene placed on a SiO2 
surface before exposure to VHF (a): (a1) is the map of the intensities of the 2 D-band. (a2) is a 
close-up of (a1). (a3) and (a4) are Raman spectra of two areas in (a2), respectively. The 
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corresponding data after VHF exposure for 30 s, 60 s, and 120 s, respectively, are displayed in 
panels (b) - (d).  

 

7.3.4 AFM 
The microscopic features defining the line patterns in our samples were correlated with 
nanoscale information using AFM imaging before and after exposing the samples to VHF 
(Figure 7.6). Before exposure to VHF, no topographical features can be observed in the 
transferred graphene layers on the SiO2 substrate surface (Figure 7.6 (a) and (b)). When the 
VHF exposure time was 30 s, 60 s and 120 s, respectively, obvious topographic features 
outlining the line patterns start appearing with heights on the order of 15-20 nm (Figure 7.6 
(c) and  (d)), 25-40 nm (Figure 7.6 (e) and 7.6 (f)) and 70-80 nm (Figure 7.6 (g) and (h), 
respectively. These topographic features in the SiO2 layer below the graphene are resulting 
from the exposure to VHF and they are the reason why the line patterns can be easily 
observed with optical microscope and SEM imaging as shown in Figure 7.2 and 7.3. In 
another experiment, after exposure to VHF the graphene was removed from the surface of 
several samples by an O2 plasma etching process (1 minute at 80W with 80 sccm O2 at 80 
mtorr pressure), followed by 30 minutes in Piranha solution to remove residues from the 
sample. The AFM topographic images show that the surface of the line patterns outlining 
the graphene grain boundaries are at a higher level than the surfaces of the areas previously 
covered by the pristine graphene crystallites, i.e. the areas between the line patterns (Figure 
7.7). The surfaces of the line patterns, in fact, are at the same level as the SiO2 surfaces that 
were not covered by graphene during VHF-etching. This illustrates that the etching rate of 
SiO2 in areas that are not covered by graphene is identical with the etching rate of the SiO2 
at the line patterns (i.e. the graphene grain boundaries). The etching rate of the SiO2 
underneath the graphene crystallites (i.e. the areas in between the graphene grain 
boundaries) is higher than the etching rate of both, the SiO2 directly exposed to the VHF 
and the SiO2 at the line patterns. 

 

7.3.5 Four-point probe station 

The electrical properties of the graphene are monitored by measuring the sheet resistance of 
graphene on a SiO2 layer before and after exposure to VHF by four-point probe station. 
Figure 7.8 shows the dependence of the graphene sheet resistance on the time of exposure 
to VHF The sharp increase of the sheet resistance from ~103 to ~1012 Ω/sq indicates the 
gradual formation of insulating regions, possibly due to the fluorination of graphene and/or 
the formation of cracks at the graphene grain boundaries after exposure to VHF for more 
than 15 s and up to 120 s, which is in good agreement with the results of the Raman 
spectroscopy experiments (Figure 7.5). 
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Figure 7.6: AFM characterization. (a) AFM image of the surface topography of graphene placed on 
a SiO2 substrate surface before exposure to VHF. (b) Height profile of the selected area in (a). The 
corresponding data after VHF exposure for 30 s, 60 s, and 120 s, respectively, are displayed in 
panels (c) – (h).  
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Figure 7.7: AFM characterization of a SiO2 surface that has been covered with graphene, and a 
SiO2 surface that has not been covered with graphene while exposed to VHF. AFM data were taken 
after exposure of the sample to VHF for 120 s, O2 plasma etching for 60 s at 80 W with 80 sccm of 
O2 at 80 mtorr and piranha clean for 30 minutes. (a) Optical microscope image of the SiO2 surfaces 
after the etching and cleaning procedure. (b) AFM image of the surface topography of the SiO2 
surfaces after the etching and cleaning procedures. (c) Height profile of the selected area in (b), 
spanning SiO2 surfaces that were covered, and that were not covered by graphene while exposed to 
VHF. (d) and (e) show an AFM image and a height profile of a SiO2 surface that was not covered 
by graphene while exposed to VHF. 

Figure 7.8: Sheet resistance of graphene placed on SiO2 layers of different thicknesses, after 
exposure to VHF. (a) Evolution of the sheet resistance of graphene placed on a 125 nm thick SiO2 
layer on a Si substrate after exposure to VHF for different time periods, measured with 4-point 
probes. (b) Evolution of the sheet resistance of graphene placed on a 1.4 µm thick SiO2 layer on a Si 
substrate after exposure to VHF for different time periods, measured with 4-point probes.  
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7.4 Etching mechanism 
Based on the characterizations of part 7.3, our experiments clearly demonstrate that the 
visibility of the line patterns in areas covered by graphene is caused by a differential 
etching of the underlying SiO2 during exposure to VHF. As shown in Figure 7.9, first, VHF 
along with water molecules evaporate from the liquid HF solution and preferentially 
interact with the graphene grain boundaries due to their enhanced chemical reactivity [189, 
192, 193], thereby forming open channels through which molecules can diffuse. Next, 
water condenses at the surfaces and dissolved HF interacts with the graphene and the SiO2 
underneath the graphene grain boundaries. A simple illustration of the net reactions shows 
that an excess of H2O molecules is produced during the etching reaction [195, 196].  

𝑆𝑆𝑆𝑆𝑆𝑆2 + 2 𝐻𝐻2𝑆𝑆 →  𝑆𝑆𝑆𝑆(𝑆𝑆𝐻𝐻)4                                                                                                (7.1) 

𝑆𝑆𝑆𝑆(𝑆𝑆𝐻𝐻)4 + 4 𝐻𝐻𝐹𝐹 →  𝑆𝑆𝑆𝑆𝐹𝐹4 ↑  +4 𝐻𝐻2𝑆𝑆                                                                                (7.2) 

    The SiO2 etch rate in HF is intimately linked to the presence of water [196–198]. Thus, 
SiO2 etching in a low water-concentration environment, such as SiO2 that is directly 
exposed to HF vapor (i.e. the cases of SiO2 that is not covered with graphene and SiO2 in 
the areas of the graphene grain boundaries) will be slower than etching of SiO2 that is 
exposed to liquid water with dissolved HF (i.e. the case of the areas beneath the graphene 
crystallites in between the line patterns) [188]. We speculate that VHF diffusing through 
the graphene grain boundaries is absorbed by the water trapped underneath the graphene in 
the regions between the grain boundaries, thereby efficiently transferring HF molecules 
across the graphene grain boundaries to the liquid water reservoirs trapped underneath the 
graphene crystallites, thereby effectively realizing liquid water reservoirs with dissolved HF 
(Figure 7.9). In this manner higher etch-rates are achieved underneath the graphene 
crystallites as compared to the SiO2 areas that are directly exposed to VHF and in which the 
etch-rate depends on the water condensation rate. The etch rates of the SiO2 used in our 
experiments when exposed to VHF or liquid HF have been measured and support the above 
hypothesis (see Paper 4).  

To further verify our proposition that the graphene grain boundaries are indeed 
predominant for the reaction with VHF in forming the visible line patterns, we have used 
CVD graphene samples where the growth time for the graphene was set to obtain partially 
isolated single grains of graphene. After transfer, the grains thus only partially cover the 
surface of the chip substrate. In these samples the graphene grain boundaries can be clearly 
distinguished between different grains. After exposing these samples to VHF, the line 
patterns predominantly appear at the locations of grain boundaries surrounding grains 
where a grain merges with a neighboring grain. More details can be seen in Paper 4. 
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Figure 7.9: Proposed etching mechanism during exposure to VHF. Schematics of the proposed 
reaction processes when exposing graphene that is placed on a SiO2 substrate surface to VHF.  
 

7.5 Discussions 
Beside the line patterns, in the SEM images we observed a gradual change of the surface 

morphology in the areas surrounded by the line patterns upon exposure to VHF (Figure 
7.10). In these areas corrugations with a characteristic size of 50-100 nm in plane were 
formed across the surface of the samples (Figure 7.10). The SiO2 surface areas that had not 
been covered by graphene show very similar corrugations after exposure to VHF, while no 
line patterns appear in these areas (Figure 7.11). The evolution of the surface morphologies 
in the areas in between the line patterns (the grain areas) in dependence of the time of 
exposure to VHF illustrate that the reaction of VHF with the SiO2 substrate underneath the 
graphene is initiated near the graphene grain boundaries and spreads from there across the 
graphene crystallites. In order to verify the stability and repeatability of our proposed 
method, different graphene samples were prepared and very similar phenomena were 
observed. More details can be seen in Paper 4.The results from these control experiments 
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show that the presence of a SiO2 layer of sufficient thickness underneath the graphene is 
critical for creating pronounced line patterns after exposure to VHF.  

 

Figure 7.10: Initial formation of line defects after exposure to VHF for short time and formation of 
corrugations after exposure to VHF for a long time. (a) SEM images of graphene placed on a SiO2 
surface after exposure to VHF for 20 s, showing the initial formation of the line patterns. (b) SEM 
images of graphene placed on a SiO2 surface after exposure to VHF for 120 s, showing the 
pronounced line patterns and the corrugations in the areas in between the line patterns. 

 
Figure 7.11: SiO2 without graphene coverage after exposure to VHF. (a-d) SEM images with 
successively increasing magnifications of a SiO2 surface after exposure to VHF for 60 s. 
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    To evaluate what happens when double-layer graphene is present on the SiO2 surface 
instead of single-layer graphene, manually stacked double-layer CVD graphene transferred 
onto a SiO2 substrate surface was exposed to VHF for 120 s under the same conditions as 
the single-layer graphene. In these experiments, line patterns can still be observed by 
optical microscope and SEM imaging in selected areas, but the effect is significantly less 
pronounced than in single-layer graphene (see Paper 4). In addition, a control experiment 
was performed in which single-layer graphene placed on a SiO2 substrate surface was 
immersed in 5% liquid HF at room temperature for 60 s, 120 s, 180 s and 240 s, 
respectively. The graphene was destroyed or lifted off the SiO2 surface during immersion in 
the liquid HF, confirming the proposed method relies on the specific chemical reactions 
that occur when exposing graphene on a SiO2 surface to VHF (see Paper 4). 

 

7.6 Summary 
A fast and simple method for large-area visualization of grain boundaries in CVD graphene 
transferred to a SiO2 surface is demonstrated. Our methodology relies on the differential 
etching behavior of SiO2 near graphene grain boundaries and of SiO2 placed underneath 
graphene crystallites upon exposure to VHF. Indirect evidence from different 
characterization approaches along with control measurements yields consistent results 
supporting the proposition that our method visualizes grain boundaries in CVD graphene. 
The method only requires VHF-etching and optical microscope inspection, which both are 
standard processes in wafer fabs and thus, the method can be applied in these environments 
without additional investment. The approach could be very useful to speed up the process 
of developing large-scale high quality graphene synthesis as it offers a quick evaluation of 
the grain boundary density on large-area graphene samples. It can also be used for analysis 
of emerging graphene devices that utilize graphene patches placed on a SiO2 substrate, such 
as graphene-based pressure sensors, transistors, and gas sensors, to study the effects of 
grain boundary line defects on device performance. 
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Chapter 8 

Summary & Outlook 
 

The purpose of this thesis was to mainly introduce graphene to MEMS/NEMS and 
demonstrate that graphene is a promising transducer material in MEMS/NEMS. This work 
mainly includes different designs and fabrications of MEMS/NEMS devices based on 
graphene for sensing applications, such as different types of graphene based MEMS/NEMS 
devices for acceleration sensing, humidity sensing and CO2 sensing, as well as 
characterization of graphene grain boundary based defects. This final chapter summarizes 
the major scientific contributions that were presented in this thesis. The presented work in 
this thesis included: 

 

Integration of graphene into MEMS/NEMS 

A robust route to transfer and integrate double-layer graphene membranes to a silicon 
substrate for MEMS/NEMS structures has been demonstrated. The large silicon masses are 
suspended by graphene membranes, thereby increasing the number of potential applications 
of graphene in MEMS/NEMS. The proposed fabrication process based on SOI wafer 
technology is scalable, flexible, and highly compatible with silicon MEMS/NEMS 
technology, with high yield. 

 

Graphene based MEMS/NEMS devices for acceleration sensing 

Doubly-clamped suspended graphene beams with attached silicon masses are fabricated 
and used as model systems for studying the mechanical properties of graphene and 
transducer elements in NEMS resonators and accelerometers. The achieved NEMS 
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accelerometer structures are extremely small, occupying die areas that are at least two 
orders of magnitude smaller than the die areas occupied by the most compact state-of-the-
art silicon accelerometers. An averaged Young’s modulus of double-layer graphene of 
~0.22 TPa and non-negligible built-in stresses of the order of 200-400 MPa in the 
suspended graphene beams are extracted, using analytical model and FEA model. In 
addition, fully clamped suspended graphene membranes with attached proof masses are 
also realized using micro-fabrication process, which are used for acceleration sensing. 
Although the sensitivity of NEMS accelerometer structures based on fully-clamped 
graphene membranes is commonly lower than NEMS accelerometer structures based on 
doubly-clamped graphene beams, they have a longer life span, wider measurement ranges, 
higher yields, compatibility with higher supply currents and the potential to suspend larger 
proof masses. The study paves the way for new types of graphene nanoelectromechanical 
sensors with dramatically reduced size and increased performance and demonstrates that 
graphene is a promising material for next-generation NEMS. 

 

Graphene based MEMS/NEMS devices for humidity and CO2 sensing 

CO2 sensing of single-layer graphene is demonstrated. Two distinct effects associated with 
the sensor (a resistive effect from direct adsorption onto the graphene surface and a possible 
capacitive effect) are observed. The response of graphene to O2, Ar, and N2 is minimal so 
that they can be neglected. The cross-sensitivity between CO2 and humidity exists. 
However, the cross-sensitivity of CO2 becomes negligible at typical CO2 concentrations 
present in air. The properties of double-layer graphene when exposed to humidity and CO2 
have been characterized. This high selectivity to H2O in the presence of other gases is 
attractive for implementation of graphene-based humidity sensing in ambient air 
environments. The resistance of double-layer graphene shows fast response and recovery 
behaviour that are on the order of several hundred milliseconds for humidity, and several 
seconds (3-5s) for CO2. Both experiments and theoretical calculations show that the 
resistance responses to humidity and gas of double-layer graphene are weaker than of 
single-layer graphene.  

 

Characterization of graphene grain boundary based line defects 

A fast and simple approach for large-area observation of grain boundaries in CVD graphene 
transferred to a SiO2 surface is demonstrated. The methodology is based on the differential 
etching behavior of SiO2 near graphene grain boundaries and of SiO2 placed underneath 
graphene crystallites upon exposure to VHF. The method only requires VHF-etching and 
optical microscope inspection, both of which are standard processes in wafer fabs and thus, 
it can be applied in these environments without additional investment. The approach could 
be very useful to speed up the process of developing large-scale high quality graphene 
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synthesis as it offers a quick evaluation of the grain boundary density on large-area 
graphene samples. It can also be used for analysis of emerging graphene devices that utilize 
graphene patches placed on a SiO2 substrate, such as graphene-based pressure sensors, 
transistors, and gas sensors, to study the effects of grain boundary line defects on device 
performance. 

 

Outlook 

This thesis paved the way for new types of graphene nanoelectromechanical transducers 
with dramatically reduced size and increased performance and demonstrated that graphene 
is a promising material for emerging MEMS/NEMS. For the main work of this thesis, that 
is, the NEMS piezoresistive accelerometer structures based on suspended graphene with 
attached masses, their sensitivity needs to be improved further and their yields need to be 
increased further. The built-in stress in the suspended graphene needs to be reduced by 
optimizing the fabrication process. Single-layer graphene for suspended graphene with 
attached masses should be explored again for improving low yield. Maybe different 
graphene transfer methods should be tried for this purpose. Multiple-layer graphene should 
also be used for fabricating such NEMS accelerometer structures in terms of pursuing 
higher yields. More sizes of proof masses and suspended graphene beams should be 
fabricated and measured for obtaining the graphene devices with high sensitivity as well as 
high yields.  

In order to improve the selectivity and sensitivity of graphene devices to CO2, chemical 
modification, doping or functionalization to the graphene should be carried out in the future. 

    The validity, simplicity and universality of the proposed approach of visualizing CVD 
graphene grain boundaries for large-scale high quality graphene synthesis and post-mortem 
analysis of emerging graphene devices that utilize graphene patches placed on a SiO2 
substrate needs to be further verified and expanded. The graphene should be produced by 
CVD method and the density and size of grain boundaries in the CVD graphene synthesis 
should be characterized by the proposed VHF exposure approach, to optimizing the CVD 
synthesis process to obtain higher quality graphene. Graphene-based devices, such as 
acceleration sensors, pressure sensors, transistors, and gas sensors, should be used to study 
the effects of grain boundary line defects on device performance, by the proposed VHF 
exposure approach. 
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