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Abstract:

Graphene-based microelectromechanical systems (MEMS) are very promising candidates for
next generation miniaturised, lightweight, and ultra-sensitive devices. In this paper we review
the progress to-date of the assessment of the mechanical, electromechanical, thermomechanical
properties of graphene towards application in graphene-based MEMS. Graphene possesses a

plethora of outstanding properties—such as a 1 TPa Young’s modulus, exceptionally high 2D
failure strength that stems from its sp? hybridization, and strong sigma bonding between carbon
atoms. Such exceptional mechanical properties can enable, for example, graphene-based sound
sources capable of generating sound beyond the audible range. The recently engineered
piezoelectric properties of AFM-tip-pressed graphene membranes or supported graphene on
Si0O, substrates, have paved the way in fabricating graphene-based nanogenerators and actuators.
On the other hand, graphene’s piezoresistive properties have enabled miniaturized pressure and

strain sensors. Two-dimensional graphene nanomechanical resonators can potentially measure



ultralow forces, charges and potentially detect single atomic masses. The exceptional tribology
of graphene can play a significant role in achieving superlubricity. In addition, the highest
reported thermal conductivity of graphene is amenable for use in chips and providing better
performing MEMS, as heat is efficiently dissipated. On top of that, graphene membranes could
be nanoperforated to realize specialized applications like DNA translocation and desalination.
Finally, to ensure stability and reliability of the graphene-based MEMS, adhesion is an important
mechanical property that should be considered. In general, graphene could be used as a structural
material in resonators, sensors, actuators and nanogenerators with better performance and

sensitivity than conventional MEMS.

1. Introduction

Graphene, an allotrope of carbon, is a single atomic layer of graphite made up of very tightly
bonded carbon atoms with a carbon—carbon bond length of 0.142 nm and sp® hybridization
organised into a hexagonal lattice in 2D. In 2004, Geim and Novoselov exfoliated and
transferred monolayer graphene from bulk graphite onto thin SiO, on a silicon wafer using the

Scotch tape technique [1]. As a result of this study, they won the 2010 Nobel Prize in Physics
[2]

In this review, we will focus on the mechanical-related properties of graphene. The origin of
these exceptional properties is linked to sp? hybridization and sigma bonding, which is the
strongest covalent bond [3]. Graphene was reported to have a very high Young’s modulus of 1
TPa [4, 5]. In addition, defect-free graphene’s failure strength is 42 N/m, [4] 100 times stronger
than the strongest steel [2, 6]. Also, graphene shows exceptional experimental ductility: it is up
to 20% stretchable [7, 8]. Graphene could be used to produce transparent electrodes [9]; ultra
strong and tough composites [10, 11]; and ultra-thin, flexible [12, 13], stretchable [13] display or

touch-screens and energy storage applications [14, 15].

Among the various electromechanical coupling methods, the piezoelectric transduction is the
most common and most frequently used method for conventional MEMS. Until recently,
piezoelectric transduction could not be applied to graphene MEMS because intrinsic graphene is
symmetric in nature and therefore does not show piezoelectric properties. The piezoelectric
properties of graphene have been recently engineered, which paves the way for future dynamic

control of graphene-based MEMS/NEMS devices and opens up new possibilities for energy



harvesting, actuation, and transduction [8, 16]. On the other hand, using the piezoresistive effect,
graphene offers opportunities to replace currently available commercial MEMS pressure [17]
and strain [18] sensors. The sensitivity per unit area of a graphene-based pressure sensing device
is an order of magnitude higher than that of conventional devices [19]. In addition, the large
exposed surface area with ultralow mass and high Young’s modulus makes graphene
nanomechanical resonators suitable for high resolution mass sensing [20]. Moreover, these
resonators could be used as ultralow force and charge sensors [20], and as thermo-sensors [21].
Monolayer graphene was found to have thermal conductivity as high as 5000 W/mK at room
temparature [22, 23]. Thus, graphene could be used as a thermal management material because it
conducts heat away and prevents overheating [24]. Another interesting property of graphene is

its negative coefficient of thermal expansion (CTE) below a critical temperature [25].

The adhesion energy of graphene with substrate is an important mechanical property for the
wafer- level production of micro- and nano-devices because high adhesion ensures
manufacturability and stability of operation over a long period [26]. Thus, adhesion of both
transferred and transfer-free graphene with the substrate should be investigated. On top of that,
tribology will be investigated since the exceptional tribology of graphene makes it useful for
reducing friction between tribo pairs, using as a solid lubricant, protecting metal from corrosion,
and providing a protective coating. In this review, we intend to highlight graphene’s nano-scale

and macro-scale friction and wear properties.

2. Brief Review of the Types of Graphene

For replacing currently available commercial MEMS to realize graphene based devices on a
large scale, the quality of graphene and the cost of the graphene production are of paramount
importance. Moreover, researchers have to produce large sheets of graphene of ultimate purity
and large domain size; with minimum defects or structural disorders; and of uniform thickness,
with control of the thickness as needed. In addition, graphene should be available in a suitable
form, at the required quantity, and of desirable thickness, according to individual application
requirements, and there should be an appropriate control of these factors in the graphene
production process.

In order to meet these challenges, several promising graphene synthesis techniques have been

reported such as chemical vapor deposition (CVD) onto transition metal foil [9, 27, 28];



mechanical/liquid phase/thermal exfoliation [1, 29]; chemical reduction of graphite oxide (GO);
and epitaxial graphene (EG) [30, 31] on SiC.

CVD graphene is promising in making flexible and transparent electronics [12, 32-35] and
corrosion protective coatings [36-40]. However, the transfer of the CVD graphene to an
appropriate substrate is the main drawback for using CVD graphene at the wafer level.

When purity and quality of graphene is not the major issue, then the exfoliation
(mechanical/thermal/liquid phase) and reduction of GO are the most suitable methods for
producing large quantities of graphene at low cost. For example, in conductive coatings and inks
[41-44], fuel cells [45], and lithium batteries [46-48], exfoliated graphene could be efficiently

used.

In general, graphene production can be categorized into two types: transferred graphene and
transfer-free graphene. The CVD growth on metal foil [49-51], the reduction of GO and the
exfoliation technique can be generalized as transferred graphene, since the transfer of the
graphene onto an appropriate substrate is needed for device fabrication. On the other hand,
epitaxial graphene is transfer-free graphene as it is grown on a wide bandgap semiconductor
substrate (SiC) without the need for transfer [52]. This transfer-free epitaxial graphene on SiC is
a potential method for future wafer level production of graphene based devices [53]. The main
limitation of epitaxial graphene is the high cost of SiC and the requirement of elevated
temperatures for its production [54].

Table 1. Overview of different methods for production of graphene

Method How to Produce Advantages Disadvantages Application

Micromechanical Layers of graphite are peeled off by Does not need high- Not scalable Lab-based

exfoliation using Scotch tape and repeated peeling tech instruments; experiments
results in graphene. high quality
graphene

Liquid phase and
thermal
exfoliation

Using chemical solvents or thermal
shock, graphene flakes are produced
from graphite.

Chemical
reduction of

Graphene oxide is
ultrasonically/thermally exfoliated in an

Scalable to large-
scale production

The number of
layers is hard
to control, the
process can

Batteries of the fuel
cells, inks,
conductive coatings.

graphene oxide aqueous  solution, processed by introduce
centrifugation, deposited as a thin film impurities.
on substrate and reduced to graphene.
Chemical vapour Carbon-containing gases (e.g. CHy, Scalable Complex Flexible, transparent
deposition (CVD) C,Hs) decompose on a transition metal High quality transfer electrode/electronics,
(e.g. Cu, Ni) surface at high temperature Low cost process sensors, coating
(700-1000°C) and turn into graphene. Good control
Thermal Evaporation of Si takes place at high Scalable, High cost of Sensors, current
decomposition of temperature  (>1200°C);  annealing High quality silicon carbide CMOS technology

SiC

causes the evaporation of Si and a
graphene layer is formed.

No transfer required

Good control over
the process




3. Mechanical Properties of Graphene

3.1. Elastic and Fracture Properties

Graphene has exceptional elastic properties; the strength, elasticity and intrinsic stress of
graphene were measured by both theoretical modelling [55, 56] and lab-based experiments [4,
57]. Because graphene is a nanoscale material, most of the physical attributes are different from

those of bulk graphite.

As the monolayer graphene is two-dimensional in structure, its elastic properties are described
by a two-dimensional stress ( a2?), second order elastic stiffness, or Young’s modulus ( E2P)
and third order elastic modulus (D?P). If ¢ is the uniaxial Lagrangian strain, then the symmetric

second Piola-Kirchhoff stress is given by [4, 58],

o?® =E®+D*°(g) 1)
and the intrinsic stress is given by, o, =—-E?/4D (2
at the strain ¢,, =—E /2D 3)

Figure 1. AFM nanoindentation to evaluate mechanical properties (adapted from Ref. [59])

Some exceptional elastic properties of a defect-free, suspended single layer of mechanically
exfoliated graphene which was clamped by small circular (~ 1 to 1.5 pm diameter) holes, were
measured by Lee et al. [4] by means of atomic force microscope nanoindentation. For monolayer
graphene, E2P =340 + 50 N/m and D?P = - 690 + 120 N/m. According to Lee et al., if the

thickness of graphene is taken as 0.335 nm, then the Young’s modulus (E) becomes 1.0 £ 0.1
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TPa (which is similar to that of graphite) and the third-order elastic stiffness (D) becomes —2.0 +
0.4 TPa with intrinsic stress o;,; = 130 £ 10 GPa at a strain of &;,; = 0.25 [4]. In another study,
Lee and his co-workers [57] applied a pressure difference on a clamped circular monolayer
exfoliated graphene membrane. They used the Raman G-peak shift to measure strain in graphene
membranes, then compared the measured strain to the numerical simulation, and reported a
Young's modulus of 2.4+0.04 TPa.

Lee and his co-workers [4] measured the 2D failure strength or intrinsic strength of graphene as
42 N/m by nanoindentation with an atomic force microscope. A hypothetical steel film of the
same thickness as graphene would give a 2D failure strength of 0.084-0.40 N/m, which proves
that defect free graphene is more than 100 times stronger than the strongest steel and can be
considered as the strongest material [2]. On the other hand, nanoindentation measurements
suggest that the breaking stress at the grain boundaries of CVD graphene is ~35 GPa or less
[60]. In graphene, hexagonal unit cells contain two carbon atoms with an area of 0.052 nm?,
thereby giving the calculated density of graphene as 0.77 mg/m?. A hypothetical graphene-made
hammock weighing 0.77 mg can cover 1 m? area and support 4 kg weight [2]. Moreover,
graphene can theoretically sustain up to 25% in-plane tensile elastic strain [61, 62] whereas 20%
of stretch has been demonstrated experimentally so far [7, 8]. Note that the mechanical

properties in this section have been measured at room temperature.

The heat generation in graphene-based devices causes an increase in temperatures, which causes
detrimental effects on the mechanical properties of graphene. For example, Zhang et al. [63]

theoretically showed that increasing temperature leads to a linear decrease of Young’s modulus.

T
=
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O
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=
S
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Figure 2. Change of Young’s modulus as a function of temperature (adapted from Ref. [63])
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3.2. Thermo-Mechanical Properties

Thermal management is one of the most important challenges for micro and nano devices. As
graphene exhibits excellent thermal conductivity, it will efficiently remove heat from circuit hot
spots, to heat sinks [64]. Balandin et al. [22] reported an extremely high thermal conductivity of
defect-free monolayer suspended graphene, which ranges from 4840 to 5300 W/mK at room
temperature. To extract the value of thermal conductivity, the temperature rise with respect to
laser power was determined from the G peak shift of a suspended graphene layer using confocal
micro-Raman spectroscopy, while heat propagated transversely towards the graphitic heat sinks.
The thermal conductivity of suspended graphene exceeds that of a single-walled carbon
nanotube (3500 W/mK) [65]; multi-walled CNT (3000 W/mK) [66]; diamond (1000-2200
W/mK) [22]; and graphite (1910 W/mK [67]). On the other hand, exfoliated monolayer
graphene supported on a silicon dioxide substrate shows a thermal conductivity of about 600
W/mK near room temperature, still higher than those of metals [68]. The thermal conductivity is
affected by isotopic doping; for example, isotopically pure **C (with only 0.01% **C) graphene
demonstrates a higher value of thermal conductivity than any other percentage combination of
12C and °C [69].

Using atomistic simulations based on an accurate interatomic potential for carbon, Los el al. [70]
estimated the melting temperature of graphene, T, = 4510 K. Los et al. proposed that the
melting of graphene is a two step process, namely, 2D solid — quasi-2D liquid — 3D liquid,
where the first step follows a first order transition [70]. Zakharchenko et al. [71] found that
clustering of Stone-Wales defects and formation of octagons leads to a liquid of entangled

carbon chains, and thus melting of graphene occurs.

Figure 3. a) Heating process and b) Cooling process (adapted from Ref. [25])

The coefficient of thermal expansion (CTE) for graphene is negative [25], whereas it is positive

for most of the substrates, for example, Si, SiC, SiO, and so on. As a result, when heat is



applied, contraction of graphene and elongation of substrate (e.g. SiO,) take place
simultaneously (figure 3a). During the cooling process, expansion of graphene simultaneously

occurs with contraction of SiO,, that is, the opposite phenomenon takes place (figure 3b).

A precise and accurate description of the CTE over a wide range of temperatures is essential to
fabricate graphene-based devices. Several authors have calculated or measured the CTE of

monolayer graphene using various experimental methods and theoretical simulations.
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Figure 4. CTE of graphene vs. Temperature; a comparison of different studies (adapted from
Ref. [72])

From ab initio density functional theory (DFT) calculations and a quasiharmonic approximation
(QHA), Mounet et al. [73] demonstrated a negative coefficient of thermal expansion for
graphene with the help of Griineisen parameters. Note that positive Grlineisen parameters
correspond to positive CTE and negative Grineisen parameters are associated with negative
CTE.

Grineisen parameters are defined by the following equation [73]:

_ a da),(q)
7;(@) = l:zmj(q)}{ da ] 4)

where g stands for wave vector and 2w;(q) represents the frequency of the j™ mode of a phonon

in the Brillouin zone.



The substrate materials, such as silicon or silicon carbide, demonstrate positive Griineisen

parameters only. However, the theoretical study by Mounet et al. [73] demonstrated that, in

graphene, negative Grineisen parameters associated with out of plane acoustic bending modes

could be easily excited (figure 5). The dominance of the phonon modes associated with these
negative Griineisen parameters give rise to the negative CTE of graphene.
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Figure 5. Bending mode of a graphene sheet which is responsible for negative CTE (adapted

from Ref. [73])

Table 2. Summary of the CTE of graphene by different methods

TEC (K™
-8x10°

Method

Author

—7x10°°

—6x10°°

—7x10°°

~-3.7x10°

Raman spectroscopy

Frequency of suspended graphene
electromechanical resonators
Nonequilibrium Green's function
approach

With SEM image of graphene
membrane

DFT calculations

Yoon et al. [25]
Singh et al. [74]

Jiang et al. [75]

Bao et al. [76]

Mounet et al. [73]

Unlike both quasiharmonic approximation (QHA) [73] and Green's function method [75],
molecular dynamics (MD) simulations [72] demonstrated a monotonic increase of CTE of

graphene with temperature (figure 4). The main reasons for the inaccuracy of classical MD

simulations at low temperatures (T< 100 K) are the quantum effect and difficulty in predicting

small dimension change.
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With Raman spectroscopy, Yoon et al. [25] measured the CTE for monolayer graphene, which
was found to be a function of temperature, and is negative for temperatures between 200 K and
400 K (e.g. -8 x 10 K~ at room temperature). Using scanning electron microscopy, Bao et al.
[76] observed a transition from a negative to positive CTE for suspended graphene between 300
K and 400 K. From the resonance frequency shift with a temparature change of suspended
graphene electromechanical resonators, Singh et al. [74] reported a negative CTE (a < 0) for
the temperature range 30 K <T< 300 K. In conclusion, there is significant difference in
experimental and theoretical values of the CTE of graphene (Figure 4). Note that for the

temperature range 0 K<T< 700 K, graphite also shows a negative CTE [77].

Jiang et al. [75] used a nonequilibrium Green's function approach to measure CTE. The striking
feature they found was that the CTE is very sensitive to the substrate-graphene interaction. Jiang
et al. [75] also demonstrated that if the substrate-graphene interaction is ~0.06% of the in-plane
interaction, then the negative TEC region of graphene is significantly reduced. Moreover, a

strong interaction of graphene and the substrate leads to positive CTE for any temperature.

Due to thermal expansion mismatch of graphene and the substrate (figure 3), thermal stress is
created when the temperature changes. The tensile thermal stress suppresses the thermal
rippling, but compressive thermal stress favours thermal rippling of graphene on the substrate
[76]. Thus temperature-dependent rippling amplitude could be attributed to the stress created

from thermal expansion mismatch [78].

3.3. Tribology

The tribology of graphene includes the study of its wear and lubrication properties and of its
frictional force and mechanisms at the micro- and nano-scale. The factors that play crucial roles
in determining the friction of graphene are the graphene growth technique, structural defects,
number of layers [59, 79], chemical functionalization [80, 81], substrate material [82] etc,
among others. Moreover, some extrinsic factors such as environment (e.g. temperature,
humidity), scan speed [83], applied load [84], tip geometry (e.g. size, shape) and composition
can also affect the friction measurement and they need to be kept constant for a comparative
study of friction [59, 85]. In addition to nano-scale friction tests performed by friction force
microscopy (FFM), there are several reports of micro-scale friction tests [86]. Nanoscale

friction, F¢ is proportional to the real contact area, A.
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F, =7A, (5)
where T is a proportionality constant that represents the shear force per unit area [80, 87, 88] .

The real contact area increases when the applied normal force between the tip and sample

increases [87].

In order to measure nanoscale friction, a normal force needs to be applied to make AFM/FFM
tip-graphene contact. After that, a lateral force needs to be applied by tilting the tip, and then the
stick—slip motion of the tip needs to be measured [81]. While the counter tip is moved back and
forth in one cycle, the difference between the lateral forces divided by two gives an estimate of
friction forces [89, 90]. For explaining the nanoscale friction of graphene, two proposed

mechanisms are possible: electron—phonon coupling [91], and the puckering effect [84, 89].

121
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Figure 6. Friction vs. number of layers of graphene (adapted from Ref. [59])

6 =0°

Tip

Figure 7. A schematic showing the puckering effect in an individual domain (redrawn from Ref.

[84])

The nanoscale and microscale friction of graphene depends on the adhesion of graphene with the
underlying substrate and on the number of graphene layers. The frictional force between a

silicon tip of AFM and mechanically exfoliated graphene decreases monotonically with an

12



increase in the number of layers; above four layers, the frictional force approaches that of bulk
graphite [59, 79]. Li et al [79] demonstrated that this trend applies only if the adhesion between
graphene and its substrate is low. In that case, the bending stiffness is lower than the in-plane
stiffness and thus the AFM tip/graphene top surface adhesion leads to out-of-plane deformation,
which is also known as puckering [79, 89]. The final result of puckering is an increase in friction
through the increase of contact area or additional work done [89]. As the number of layers
decreases and a graphene sheet becomes thinner, its bending stiffness decreases and thus the
puckering effect becomes more prominent [79, 89]. Moreover, Choi et al. [84] reported that a
mechanically exfoliated monolayer graphene surface supported on the SiO, substrate, has
domain structures that have different friction properties. In each domain, the ripples induce the
puckering effect, which causes significant friction anisotropy with an angular periodicity of 180°
on each friction domain. On the other hand, for strongly adhered graphene samples (e.g.
graphene on mica), the puckering effect is suppressed, and thus friction is independent of the
number of layers of graphene [79, 92].

Figure 8. Map of lateral force and line profiles on monolayer graphene obtained by using a

silicon tip having 13 nN normal load and 20 nm/s scan speed (adapted from Ref. [93])

Filleter et al. [93] observed periodic hexagonal stick-slip patterns with the same orientation for
both single and two-layer graphene films on SiC(0001) which was grown by thermal
decomposition. The sawtooth-shaped lateral force acts on the tip of the friction force microscope
(FFM). However, below a critical load value, the stick-slip pattern and sawtooth lateral force

disappear and smooth sliding begins [93].
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Friction Force

Ktotal

1A xsﬁp

Lateral displacement

Figure 9. Schematic stick—slip friction profile (adapted from Ref. [87])

In an atomic stick-slip friction profile, each segment has a sloped part, stick, followed by a sharp
decrease in the friction force, slip [89, 94]. For the stick—slip friction profile (figure 9) the
measured friction force is represented as [87]

Fr = Ky - AXgp - (6)

total

In equation (6), the first term k;,:; IS the total lateral stiffness which can be measured by the
slope in Figure 9. The total lateral stiffness is associated with the mechanical strength of the
AFM tip and graphene. In addition, Axg;, stands for the lateral displacement due to the slip
motion that starts by breaking the AFM tip and graphene adhesion. Thus the nanoscale tip-
graphene friction is proportional to two factors: first, the mechanical strength of the tip and

graphene; and second, the graphene-tip adhesion strength [80, 87].

Filleter et al. [91] reported a twofold increase of friction in monolayer graphene compared to
bilayer graphene, which they attributed to the difference in electron-phonon coupling between
monolayer and bilayer graphene. Filleter et al. [91] used angle-resolved photoemission
spectroscopy, and inferred that an efficient energy dissipation mechanism in monolayer

graphene originated from efficient electron scattering by the excited phonons.

Using lateral force microscopy, the frictional force between the surface of the graphene and the
tip of the Si3N,4 cantilever was measured by Lee et al. [83]. The obtained frictional force ranged

from 8.5 pN to 9.5 pN as a function of logarithmic scanning velocity.

When coated on a surface, graphene can cause a significant reduction in frictional forces and in

the coefficient of friction [82]. Kim et al. [82] found that with a fused silica counterpart in a

14



microtribometer, the coefficient of friction (COE) is in the range 0.03-0.22 for CVD graphene on
different substrates (e.g. Cu- or Ni-grown), which is much less than its COE with SiO,.

1.0

Coefficient of friction

sio Cu-grown Ni-grown  Nj-grown G
2 . .
G/Si0, G/si0, (as grown)
Samples

Figure 10. Coefficient of friction for graphene samples (adapted from Ref. [82])
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Figure 11. Comparative frictional forces for a) SiO2, b) graphene, and c) graphite (adapted from
Ref. [83])

On the other hand, a chemical modification can significantly alter out-of-plane bending stiffness
and hence the frictional property of graphene [81]. For example, nanoscale friction is about six
times higher for fluorinated CVD graphene than for pristine graphene [80, 81]. Hydrogenated
and oxidized graphene have shown doubled and seven-fold increases in friction respectively

[80]. The additional dissipation takes place through flexural phonons [81].

15



An early study into the wear of graphene was done by Li-Yu Lin [95] and his co-workers. With
the critical load (5 uN), after 100 cycles of sliding with the Si tip of AFM, a graphene monolayer
was removed. At this point, stress generated within the graphene layers exceeds a certain value
along the border of the wear track, and the interplanar carbon-carbon bonds break. Thus, failure
strength needs to be generated for the initiation of wear in monolayer graphene; and for wear in

bilayer or multilayer graphene, higher applied loads are required [95].

3.4. Adhesion

Adhesion is the ability of an interface to resist mechanical separation [96]; in other words, the
effective work of fracture per unit area to separate the interface of interest is defined as adhesion.

To determine adhesion, an important quantity is the strain energy release rate (G), which is the

energy dissipated during fracture per unit of newly created surface area (A) [97] i.e.G = —[%} :

where U = potential energy available for crack growth. Adhesion is quantified in terms of the
critical value of the strain energy release rate G, (J/m?). Sufficient interfacial adhesion of
graphene with substrate is very important to guarantee structural stability and also the
mechanical reliability of the performance for graphene-based microdevice over long periods of

time.

Table 3. Comparative study of the adhesion of graphene

Adhesion
Type Methodology Interface Energy Author
(J/Im9)
Monolayer 0.45
graphene on
SiO, Koenig et al. [98]
Two to five
layer graphene 0.31
Blister Test on SiO;
Graphene on .
Exfoliated SiO, 0.24 Boddeti et al. [99]
or CVD Graphene on 0.34 Cao et al. [100]
graphene Cu
Graphene on 0.151 Zong et al. [101]
silicon
Nanotessiramh g:%p;g:‘e on 2.978 Das el al. [102]
Double Monolayer
cantilever beam graphene on 0.72 Yoon et al. [103]
(DCB) test Cu
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model and |3i1 16
Transfer- scanning ayerh 3.0+t— Wells et al. [104]
free tunneling g%p ggglon 1.0
graphene microscope IC( )

: bilayer
Four Point .
. graphene on i lacopi et al. [54]
Bending Test SiC (111) 4-8

Bilayer or multiple layer graphene sheets having a separation of 0.35 nm are attracted by weak
van der Waals forces (figure 12). Likewise, when graphene is transferred to any substrate, the
primary force of interaction is the van der Waals force and the adhesion energy is < 1 J/m?. This
low adhesion is not a threat for fabricating a single device in the laboratory. On the other hand,
adhesion is several orders of magnitude higher in the case of transfer-free graphene than
transferred graphene most likely as a result of the chemical interaction between graphene and the
substrate through a buffer layer [104]. For example, interaction between graphene and silicon
carbide substrate is mediated by a buffer layer, which is a single layer of carbon atoms [105,
106], and every atom in the buffer layer is covalent bonded to an Si atom underneath; thereby,
unprecedented adhesion is achieved [104]. Moreover, the buffer layer could be decoupled from

the SiC (0001) by hydrogen intercalation [106] and , whereby adhesion is expected to change.

(a)
$99499¢¢ SN

(b) e H
.m”' Dangling
100660064 pond

Figure 12. (a) Before and (b) after hydrogen intercalation (adapted from Ref. [106])

High adhesion energies would be extremely useful in graphene straintronics or graphene-based
strain sensors, and flexible and stretchable electronics. To influence the graphene bandstructure
significantly and to achieve significant electromechanical coupling, a strain as high as 5% or
more is necessary. In order to avoid delamination while such a high strain is applied, strong
adhesion is needed. Transferred graphene cannot sustain this high strain through the van der
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Waals force with the substrate [107]. In order to reach ~5% strain in pressurized graphene
blisters, an adhesion energy as high as ~ 3 J/m? [108] is required, which is impossible to attain

with transferred graphene due to the low reported adhesion energy associated with it.

3.5. Electromechanical Properties
3.5.1. Piezoresistive Property

The piezoresistive effect of graphene is an interplay between its mechanical and electrical
properties [109]. The gauge factor (GF) is given by the ratio of relative change in the electrical
resistance to the applied mechanical strain [110, 111]. The sensitivity of a strain sensor is

described by GF as follows,

AR Ap
- R
GF = R R0/5= AT [N W (7)
R, g £

where R, and p, are the resistance and resistivity under zero strain and R is the resistance under
strain (¢), v is the Poisson’s ratio, AR represents change in resistance and p, represents change

in resistivity.

It is known that the sensitivity of membranes increases as the thickness decreases [19]. Because
of the nanometer order of the thickness of graphene, graphene-based piezoresistive sensors
demonstrate orders of magnitude higher sensitivity than that of currently available MEMS
sensors. The highest reported GF for graphene is 1.8x10* whereas for doped polysilicon GF, it is
~30-40 [112]. In addition, the graphene-based pressure sensor outperforms carbon nanotube

(CNT)-based pressure sensors as well.

Table 4. Comparative study of piezoresistive properties of graphene

Strain Gauge Description Purpose Author
Factor*
3% ~1.9 Exfoliated graphene Electronic- Huang et al. [61]
Mechanical
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Coupling

1% ~6.1 CVD graphene on Strain sensor Lee etal. [113]
PDMS
30% ~2 Exfoliated graphene on Strain sensor Wang et al. [114]
PDMS
0.1% ~11.4 Graphene/epoxy Strain sensor Kim et al. [115]
composites
2.5%10 1.8x10* SixNy/electrode/graphene AC strain Hosseinzadegan et al.
i) sensor [112]
0.29% 2.92 CVD Graphene on SiO; Strain sensor Smith et al. [19]
0.25% ~1.6 CVD graphene on SiNx Pressure sensor Zhu et al. [116]
~30 Si-based Pressure sensor Christel et al. [117]
~5 Si-based Pressure sensor Melvas et al. [118]
~0.05 CNT-based Pressure sensor Fung et al. [119]

* For pressure sensors, the unit of the Gauge factor is uV/V/mmHg.

Graphene can act as a membrane through which no standard gases, molecules, or ions can pass,
except the hydrogen ion, and it can also withstand a pressure difference larger than 1 atmosphere
[120]. Thus, graphene is convenient for making a pressure sensor. For a membrane-based

piezoresistive pressure sensor, the sensitivity/gauge factor is given by [116],

AR (av
s=| Ro || v |_AV ®)
P P | VP

where R, and V are the resistance and voltage respectively when pressure is zero; R is the
resistance when pressure difference P is acting on the membrane, and AV is the change in

voltage.

In general, the key factors that determine the sensitivity (i—R) of membrane-based piezoresistive
0

pressure sensors are the thickness and the area. In the case of large deflections relative to

membrane thickness, the sensitivity is given by [19],
2 2
SocA—RocﬂPEZa , 9)
R, h
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where E is the Young’s modulus, a® is the area, and h is the thickness of the membrane. Note
that in order to avoid noninert gas adsorption and to keep the resistivity independent of the
influence of the environment, measurements should be taken in argon gas [19]. Moreover, the
sensitivity of the graphene-based pressure sensor can be increased by designing low noise
electronics and by optimizing sensing wire patterns [116]. In order to sense high pressure, the
adhesion needs to be high enough to prevent the delamination of the graphene from the

substrate.

3.5.2. Piezoelectric Property

Assuming the applied electric field vector E and an applied strain tensor o, the resulting
polarized electric displacement vector is D and the produced stress tensor € are related through

d

converse piezoelectric coefficient c¢ and the direct piezoelectric coefficient ¢ as follows:

Ry

where e and s are the dielectric tensor and the elastic compliance tensor, respectively. The direct
and converse piezoelectric coefficients are two important parameters that can be used to evaluate
the piezoelectric properties of a material. The direct piezoelectric coefficient can be defined as
the electric displacement per unit stress at a constant electric field [121]. On the other hand, the
converse piezoelectric coefficient can be defined as the strain per unit electric field at constant

stress [122]. In 2D materials such as graphene, both of these coefficients are 2x2 tensors.

Intrinsic graphene is 2D in nature, with perfect physical symmetry, and as a result it does not
show piezoelectric properties. However, sereral theoretical predictions or experimental
demonstrations show that graphene can be modified or engineered to have a piezoreponse. Ong
et al. [123] used density functional theory and performed a simulation to predict the
piezoelectric properties of graphene. By doping one side of the graphene with either Li, K, H
and F or doping both sides with different atoms (e.g. H and F; Li and F), they theoretically found
significant piezoelectric properties. In another study, Chandratre et al. [124] used quantum
mechanical calculations to show that porous graphene sheets with holes of the right symmetry
can show a piezoelectric coefficient that is nearly 72% of the piezoelectric quartz. In contrast,
Wang et al. [8] and Rodrigues et al. [16] achieved piezoelectric properties of graphene through

experimental techniques.
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Figurel3. Schematic band bending under applied mechanical load (adapted from Ref. [8])

Wang and co-workers [8] applied an in-plane biaxial-strain in a graphene membrane by pressing
with an AFM-tip. Across the suspended/supported graphene boundary, biaxial-strain creates
band bending. The corresponding work function mismatch separates the charges and
accumulates in the space charge region, so polarization is produced. In this recent paper, Wang
et al. [8] experimentally demonstrated the direct piezoelectric constant as ~37nCN~! and

converse piezoelectric coefficient as ~12.5umV 1,

W/W

Graphene —» G}m:&;ciq—o @ Qﬁ

Q
€ &
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Figure 14. The origin/mechanism of the piezoelectric effect of graphene supported on SiO;
(adapted from Ref. [16])

Unlike Wang et al. [8], who measured the in-plane direct piezoelectric effect of graphene
membranes subjected to in-plain biaxial-strain (i.e. under a non-equilibrium condition),
Rodrigues et al. demonstrated a piezoresponse under a stable equilibrium (static) condition [8].
Rodrigues et al. [16] demonstrated that, in the supported graphene on SiO,, because of the
chemical interaction of C atoms with O atoms underneath, a non-zero dipole moment is induced
in the vertical direction and results in electrical polarization. Because of the polarization, an in-
plane, anisotropic strain as high as ~4 — 5% was found to be induced on the supported graphene
(figure 14). Vertical electric polarization was observed with the help of piezoresponse force

microscopy (PFM). The induced high in-plane strain gradient in the supported graphene was
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measured by the frequency shift of the G-band of polarization-dependent Raman mapping. There
is an excellent correlation between piezoresponse signal distribution and tensile strain
distribution. The out-of-plane converse piezoelectric coefficient (d;; = 1.4 nmV~1) found by
Rodrigues et al. is more than two times higher than the best piezoelectric ceramics of the lead
zirconate titanate family [16].
d;3 = induced strain in z direction per unit electric field applied in z direction

= 1.4 nmV~! [16]

4, Nanomechanical Clamped-Clamped

Resonator

Figure 15. Graphene nanomechanical resonator (adapted from Ref. [125])

A graphene nanomechanical resonator is a monolayer (or few-layers) graphene sheet on a
support that oscillates at its natural frequency [20, 126]. Some examples of this are a graphene
cantilever [127], a graphene clampled-clamped resonator [128] and a graphene drum resonator
[129-132]. A resonator complete with an actuation and readout system can work as a sensor by
measuring the shifts from the natural resonator frequencies as the result of an added charge or
mass (dynamic response) [133]. The resonator’s natural frequency (fp) reduces as the resonator
mass increases, for example due to the adsorption of targeted species on its surface [134].

Another important parameter for dynamic sensing is the quality factor (Q). Q is defined as the

stored vibrational energy over the energy loss per cycle of vibration. It can also be defined as

Q= f,/Af, (11)
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where Af is the full width half maximum of the response peak [20, 135]. The Q-factor is
inversely proportional to damping parameters. It is desirable to increase the resonator’s Q as
much as possible in order to have minimum mechanical coupling to the surrounding
environment and thus minimum energy dissipation to the environment. This further results in

high resolution and stability of the resonant sensor [136, 137].

4.1. Electrical Actuation and Detection Schemes

Unlike a silicon nitride or silicon carbide resonator, a graphene-based resonator is electrically
conductive and thus is typically actuated and detected by using electrical modulation [138]. The
ultrasmall geometric capacitance makes the conventional direct capacitive readout extremely
difficult and necessitates frequency mixing methods such as the amplitude modulation (AM)
actuation and detection scheme. However, the main drawback of the AM detection scheme is the
large noise originated from parasitic capacitance of the gate to the contact pads of the graphene
resonator [138]. In order to suppress this noise, the frequency modulation (FM) detection
scheme can be used, where a high frequency signal is down converted into a low frequency
(~kHz) and therefore the detection is simplified, enabling better detection of the mechanical
motion of graphene [140]. Nevertheless the low operating frequency (~kHz) causes significant
reduction of the measurement bandwidth making these measurements very time consuming and
reduces the speed of detection. Therefore, it has limitations for real-time applications such as
mechanical signal processing and radio frequency applications [125][138]. The two frequency

mixing methods are discussed in the following subsections.

4.1.1. AM Actuation and Detection Scheme

| Reray

Lock-in j’

# Ampllilel

V. gate
# -|- — V,PC + 8V, cos2nft

Figure 16. Schematic of a AM actuation-detection scheme (adapted from Ref. [74, 126])
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A gate voltage with a DC component (VgDC) and a small AC component (8Vy) with radio
frequency (RF) f is applied to the gate electrode,

DC
V, =V, + 0V, cos2aft (12)

Suppose that the capacitance between the gate and the graphene sheet (placed between the drain
(d) and source (S) electrodes) is given by C, and Cg , where Cg is the derivative of C, with
respect to distance between the resonator and the gate. Consequently, an additional charge
(q = C4Vp) is induced on the resonator surface, whereas an opposite charge of —q is present on
the gate electrode. The attaction between them is given by:

F, = %c;v; ~ %c;ngC (V>0 +26V,), (13)
where F is the attraction force. The role of I{gDC is to produce a static force on the resonator that
enables us to control its tension. On the other hand, the 6V, periodic force sets the resonator into
motion. The displacement becomes very large as the driving frequency approaches close to the
resonance frequency of the resonator. Thus the resonator is actuated with desired displacement

or modulation using the electrostatic force between the resonator and the gate electrode.

A high-frequency mixing approach is used for the readout purposes as shown in figure 16 [74,
126]. For this, an RF signal with frequency of (f + Af) , SVS’;iAf, is applied to the drain
electrode. The magnitude of the current (1%/) is measured by a lock-in amplifier and then 8z/

which is the amplitude of vibration at the driving frequency (z is the graphene-gate distance), is
calculated using the following equation (14) [139].

L dG o' N
14" =BV ™ = W(a\/g +V, Tjé\/sé - (14)

g
where &G is the modulated conductance. The first term in parentheses, 8V, is nonzero at any

driving frequency and only shifts the current curve. In contrast, the second term 8z, is obtained
from the resonator vibration. Consequently, the 6z/ value changes significantly as the driving
frequency approaches the resonance frequency. The Q can be obtained afterwards using the

respective frequency and associated 8z
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4.1.2. FM Actuation and Detection Scheme
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(a) (b)
Figure 17. a) Schematic of the FM actuation/detection scheme, b) Frequency response showing

nonlinear damping of the mixing current (adapted from Ref. [21])

The FM detection scheme (figure 17), which is simpler and yet more noise tolerant as compared
to AM detection scheme, was first applied to carbon nanotubes resonators [140] and later to

graphene resonators [21, 135] to detect the mechanical motion.

In the FM detection scheme, a frequency-modulated voltage, V™, is applied to the source
electrode of the resonator. In this case, a low frequency (f;) signal from the lock-in amplifier is
sent to FM input of an RF generator. Consequently, the RF generator outputs a frequency-

modulated voltage, V7M.,

V™ =V, cos(P(t)), (15)

where, ¥(t) = {Zm‘t + [%]sin(anLt)} . (16)

and Vac is the amplitude (alternative current voltage) of the frequency-modulated voltage. In
equation (16), f is the carrier frequency and f,is the frequency deviation between the low

frequency and the carrier frequency.

As a result of this frequency-modulated voltage, the resonator starts vibrating and the motion
(the real part of its oscillation amplitude: Re[x,]) is calculated from the measured mixing current

at f; following equation (17). The current measurement is performed through a lock-in amplifier

[138, 140].
1 dG o C 0
. Ve 2V, . f, —Re[Xx 17
mix 2 dV DC C AC* 6 [ ] ( )
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where V;°¢ is the gate voltage, C is the gate-resonator capacitance and C'is the first derivative of

the C. The Q can be calculated afterwards following figure 17 (b) and equation (17).

4.2. Dynamic Resonant Sensing Parameters

4.2.1. Resonance Frequency

Assuming zero bending stiffness of graphene, the resonant frequency of fundamental mode of a

graphene clamped-clamped resonator is given by [126, 136],

1 |[T+T.(V,)

0~ oL oh (18)

where L stands for the length, h represents the thickness, T stands for tension in the resonator,
Te(l(g) = external tension induced by electrostatic force, and p is the material density. Chen et al.

[126] experimentally demonstrated that the resonant frequency scales inversely with the length
of the graphene resonator. When T, (V) = 0, then [136]

fozi\/I:i\ﬁ, (19)
2L\ ph 2L p

where o represents the tensile stress in the resonator.

It is evident from equation (19) that the resonant frequency of clamped-clamped resonators
increases upon application of tensile stress. One way to increase the tensile stress is through the
application of DC gate voltage at room tempretaure, where the resonator tensile stress increases
as the voltage increases. Another way to increase the tensile stress is through thermal effects [74,
126]. This has been shown for both below and above room temperatures. The first case applies
for a graphene resonator with metal electrodes. In this case, the graphene resonator needs to be
cooled down to a temperature below 300 K to have a negative CTE. This further results in the
expansion of the graphene resonator and the contraction of the metal electrodes and thus the
increase of tensile stress within the graphene resonator. The second case is applied to a graphene
resonator with SU-8 anchors with annealing temperatures between 673 K to 873 K as shown in
figure 18. Here, the SU-8 resist anchors contract and the graphene resonator expands as the
result of annealing. Annealing temperatures above 873 K resulted in the fracturing of the
graphene resonator anchors. A maximum of 1 GPa tensile stress was measured at 873 K
annealing temperature [136]. SU-8 clamped graphene drum resonators demonstrated similar
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behaviour where hard baking of SU-8 resulted in increased strain and an order of magnitude
higher resonant frequency [141]. A recent paper of Chen et al. [142] demonstrated that, other
than tensile stress, chemical potential variation can also result in the resonant frequency shift of a

graphene resonator.

Shrinkage

Figure 18. Strained graphene resonator (adapted from Ref. [136])
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Figure 19. Dispersion of an electromechanical mode in graphene resonator as a function of

temperature (adapted from Ref. [74])

Resonator frequency tuning is a critical parameter for various applications. Figure 19 shows DC
gate voltage vs. frequency for clamped-clamped graphene resonators as temperature reduces
from room tempreture (300 K) to 6 K. It can be seen that frequency tunability reduces as the
temperature reduces. So at low temperatures, even though the frequency is high, the frequency
tuning is minimal. This limits the application range of the graphene clamped-clamped resonator
and thus is not desirable. Drum resonators also demonstrates similar characteristics. Chen et al.
[143] fabricated micrometre-size  graphene drum oscillators whose frequencies can be

electrostatically tuned by as much as 14% at room temperature.
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The major drawback of graphene nanomechanical resonators is the low reported quality factor at
room temperature [20, 126, 144, 145], which is evident from Table 5. This table shows various

reported values of resonant frequency and quality factor for graphene resonators.

4.2.2. Quality Factor

At room temperature, the Q factor of graphene nanomechanical resonators is significantly lower
than that of the SizN,4 resonator. Molecular dynamics (MD) simulations [146, 147] attributed the
low Q-factor of these mono to few atomic layers graphene nanomechanical clamped-clamped
resonators at room temperature to the flipping of the free edges of the clamped-clamped
resonator which destroy the coherence of the mechanical oscillation [135].

To overcome the low Q of the room temperature operation of graphene nanomechanical
clamped-clamped resonators, lower temperatures can be used. It has been shown that at low
temperatures, graphene NEMS clamped-clamped resonator Q is affected by the nonlinear
dissipation term of the equation of motion unlike the room temperature where the linear
dissipation term is dominant [21, 148]. Thus, graphene NEMS clamped-clamped resonator Q is
highly temperature dependant unlike thicker NEMS resonators fabricated from the SizNy4
resonator or stressed SiC resonator on Si [149].

The Q of graphene NEMS clamped-clamped resonators at low temperature where nonlinear
dissipation is dominant can be approximated from;

1.09f,
- , 20
Q v (20)

The temperature (T) dependency is further devided to two temperature regions as shown in
equation (21) and (22). For a temperature region from 100 to 300 K, the energy dissipation (Q?)
is proportional to square of temperature [150]. Whereas for temperatures below 100 K, the Q™

changes with slower trend and roughly with 73794 [126].

éoc T2 for 100K <T< 300K 1)
éoc O304 for T< 100K (22)
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Q~10° [21] has been reported for graphene clamped-clamped resonators at mK range
temperature, which is closer to that of a highly stressed SisN4 or epitaxial silicon carbide
resonators at room temperature (Q~10° [149]).

Despite of showing relatively low quality factor at room temperature, the graphene resonator is

still promising because of its high Young’s modulus and large surface-to-volume ratio.

Table 5. Mechanical f, and Q for clamped-clamped graphene resonators with different number

of layers and length-width geometries and at different temperatures, actuated electrically. The

measurements were all performed at high vacuum (pressure < 10”°). Mass resolution can get as

low as 2zg.
Lengt .
Layer Width fo T
Substrate h Q Author
No. nm MHz K
(um) (nm) (MHz) (K)
Si0,/Si Ifae%r 5 ~1930 20-850 1-170 300 Bunch et al. [20]
SU-8 L
resist/Si0 5 10 ~300 7723 1591 93 Oshidariet
) al.[136]
Si/SiO, 10* ~34 77  Xuetal. [125]
Si/Si2 1 052 5880 14x10° ~130 5  Chenetal. [126]
SiO, 1 2 800 10° ~156.1 0.09 Eichler et al. [21]

To overcome the problem of the flipping of the free edges of the graphene clamped-clamped
resonators, drum resonators can be used. Unlike the clamped-clamped graphene resonator, the
drum resonator has all sides clamped to the substrate, the edge vibrational modes are absent and
the energy dissipation is less. Therefore, the drum resonator shows comparatively higher Q-
factor (e.g. Q~2400 at room temperature [129]). The primary dissipation mechanism is believed
to be phonon scattering which is very intrinsic in nature and as a result, Q is inversely

proportional to the temperature (T) [138, 148],

%oc Temparature for 20K < T < 300K (23)

It has been reported that the Q increases as the drum diameter [129, 130, 151] and tensile stress
[134] increases. Robinson et al. [152] fabricated reduced grapheneoxide (r-GO) drum resonators

by solution-based transfer process. Because of built-in tension, Q-factors (1500 to 4000) and
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frequency (14-54 MHz) exceeded those of pure graphene resonators at room temperature of
similar geometries. In addition, high quality factor (Q =31000) at room temperature was reported

using chemically modified multilayer graphene (CMG) film [153].

5. Potential of Graphene in MEMS

Although silicon has dominated MEMS technology for the last two decades, it is anticipated that
graphene will outperform this in the near future. The unique combination of outstanding
mechanical, thermal, electromechanical and electrical properties of graphene is integral to the
ever-increasing potential for graphene-based devices. The remarkably higher thermal
conductivity and high current-carrying capacity of graphene allows its use as interconnects in
graphene-based chips, potentially replacing copper. A graphene based touch panel has superior
optical transmission, less sheet resistance and it can withstand more strain than currently
available MEMS touch panels e.g. the ITO touch panel [9]. Exfoliated graphene could be used in

fuel cells, batteries, inks, conductive coatings, and polymer composites.

Figure 20. Flexible graphene/PET touch panel (adapted from Ref. [9])

5.1. Graphene Resonator

The ultimate limit of two-dimensional nanoscale resonators are graphene resonators [20],
because they are only one atom thick, and even a few deposited atoms make up a significant
fraction of the mass of graphene itself. Graphene has a higher Young’s modulus, larger surface-
to-volume ratio than a current MEMS resonator. Therefore, fabrication of high frequency and
high Q resonators from graphene would be possible in future. Graphene-based resonators could
be used as charge sensors [20], precision measurements of mass [126, 154], and as weak or
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ultralow force measurements [21]. Whereas single-molecule mass detections are possible with
NEMS resonant sensors [19], graphene-based resonators have the potential for detecting a single
atomic mass [74, 109]. Unlike state-of-the-art SizN4 and SiC resonators, graphene resonators are
good conductors; so an integrated readout from a graphene nanomechanical resonator could be
performed easily with good signal-to-noise ratio [126]. Futher applications of graphene
nanomechanical resonators are as MEMS voltage controlled oscillators (VCOs) [143] and in
quantum information technology [155, 156]. MEMS voltage controlled oscillators (VCOs) have
large footprints and also the frequency tuning is difficult at high operating frequency. Graphene
VCO, consists of graphene nanomechanical resonators, demonstrates smaller footprints, large
frequency tunability at room temparature and therefore, can be efficiently used in transmitting
the audio signal [143]. Moreover, graphene resonators are promising in quantum information

technology because it demonstrates dynamical intermodal coupling [156].

5.2. Pressure and Strain Sensor

In MEMS, the application of the piezoresistivity of graphene is found as a pressure sensor [17,
19, 116], strain sensor [18, 115, 157], and potentially acceleration sensor [158]. Graphene-based
strain/pressure sensors have higher sensitivity yet are smaller in dimension than conventional Si-
based sensors. Silicon-based piezoresistive sensors have typical length in the order of hundreds
of microns, whereas a graphene-based sensor would result in just a few microns in length [19,
159]. Because of their smaller area and lesser thickness, normalized sensitivity is orders of
magnitude higher for graphene-based pressure sensors than that for conventional Si-based
piezoresitive pressure sensors [116]. Its transparency, flexibility and piezoresistive properties
pave the way for using the graphene-based strain sensor as a touch screen. In addition, flexible
graphene-based strain sensors have potential biological applications e.g. in making artificial
electronic skin [160], and for finger movement detection [157]. Graphene could be engineered to
respond to strain as high as 100% [157], which is useful because human joint movement

generates up to 55% strain upon stretching and contracting [161].

5.3. Piezoelectric Actuator and Energy Harvester

Until June 2015, the missing aspect of graphene MEMS was piezoelectric transduction. Wang et
al [8] and Rodrigues et al [16] demonstrated that although unstrained pristine graphene does not
show piezoelectric properties at all, applying strain or engineering graphene can lead to

piezoelectric properties which are comparable to, or better than, those of conventional
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piezoelectric materials. Recently engineered piezoelectric properties of graphene have paved the
way for future applications such as in motors, actuators, sensors, energy harvesters, resonators

and so on.

5.4. Flexible Sound Source and Ultrasonic Sound

Production

As opposed to normal commercial earphones, graphene-based thermoacoustic earphones have
demonstrated a capablility of delivering sound of up to 50 kHz; and numerical simulation has
predicted that sound frequency of up to 1 MHz is achieveable [162]. Thus the frequency
response of graphene-based thermoacoustic sound sources is in the audible range of different
animal species, and so has the potential to be suitable for inter-communication between humans
and other animals [162]. Moreover, because of its mechanical robustness, atomic thickness, and
transparency, single-layer graphene exhibit the potential for flexible, stretchable and transparent
loudspeakers [163].

6. Examples of Applications

6.1. Graphene-based Sound Generator

Sound Emission -, Silver Contact
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Figure 21. Schematic of thermoacoustic sound generator (adapted from Ref. [164])

Graphene-based thermoacoustic generators are capable of generating sound beyond the audible
range [165]. Low heat capacity per unit area (HCPUA) and minimum heat loss to the substrate
are two essential pre-conditions for an efficient thermoacoustic sound emission [163]. These
conditions can be met through using monolayer graphene because of its minimal thickness
(0.335 nm) [164]. The combination of exceptional mechanical and thermal properties suggests
that graphene is a suitable material for fabricating thermophones [163, 166]. Tian et al. [165]

first demonstrated that graphene-based thermophones are capable of producing audible and
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ultrasound sound frequency through thermoacoustic effect. When an alternating current is
applied to graphene, a temperature oscillation takes place which results in density and pressure
oscillation in air; thus, sound waves are produced [165]. Monolayer graphene films on PET or
PDMS could also function as transparent and flexible thermophones [162, 163, 167]. On the
other hand, in order to minimize heat leakage, Fei et al. [166] employed 3D graphene foams
(GFs) produced on nickel by CVD and therefore, operating voltage significantly drops to 3V.
Heat leakage could also be minimized by using porous substrates such as porous anodic

aluminum oxide [164].

Sound emission

I I I I I I -—Slllcon electrode

-------------- S|0; protective coating

I I I I ﬁ\!Suppomngframe

_ Graphene diaphragm
Sound emitting window

Figure 22. Schematics of the electrostatically driven graphene-based speaker (adapted from Ref.
[168]

In general, the major limitation of thermoacoustic graphene generators is their low power
efficiency. Hence, for a more efficient generation of sound in the audible range, Zhou et al.
[168] fabricated an electrically driven graphene-based audio speaker, in which the diaphragm
vibrates mechanically and which has comparable or better efficiency than existing commercial
counterparts. This audio speaker has a power efficiency six times higher than that of

thermophones [168].

6.2. Graphene Coating and Lubrication
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Figure 23. Schematic illustrating single layer graphene as an oxidation barrier (adapted from
Ref. [40])

Graphene can function as a protective coating for nanoelectronic devices [169]. Graphene can
form the thinnest transparent protective layer on different materials of interest because
monolayer graphene has a 0.34 nm thickness [170] with 97.7% ideal transmittance [171].
Moreover, both under room temperature and at elevated temperatures, graphene shows chemical
inertness, exceptional thermal stability, and impermeability to gas diffusion [40]. All these
properties enable a graphene layer to better protect metals from surface oxidation than any other
material [37, 169]. For instance, Chen et al. demonstrated that graphene films grown by CVD
can protect the surface of Cu and Cu/Ni alloys from air oxidation even after heating at 200°C in
air for up to 4 hours [40]. On the other hand, CVD graphene can protect Ni substrate surfaces
from oxidation even after heating at 500°C in air for up to 3 hours [169]. The corrosion occurs
through the defects [37, 172] or coating discontinuities or lifting [173] of graphene. A corrosion
inhibiting coating (in which pre-annealed (at 600°C) Cu-foil was coated with acetone and
annealed at 1000°C), , with fewer defects than CVD, has been reported by Huh et al. [174].
Graphene could replace conventional coating layers and act as a better metal protection layer
provided that it is without defects and grain boundaries, from where corrosion originates [40,
175]. Graphene corrosion protection coating would work on Cu, Fe, Ta, Pt, Ir, Ru [40, 169]. The
efficiency of the corrosion protection coating would be significantly enhanced by producing
large-grain graphene with high uniformity and ensuring high fidelity of mechanical transfer [37].
In addition to corrosion protection coating, different types of hybrid coating for devices could be
prepared using graphene such as self-cleaning or anti-fouling coating [176-178] and fire
retardant coating [179-181].

Due to its exceptionally low friction behavior, graphene coating is an excellent choice for solid

lubrication and for wear- and scratch-resistant coatings. A few layers of graphene can be used as
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a solid lubricant for tribo-pairs consisting of stainless steel surfaces open to the air and the
coefficient of friction (COF) is 6 times lower if graphene is used [182]. Graphene forms a
conformal protective coating on the sliding contact interfaces, facilitating shear, and slows down
the tribo-corrosion, thus reducing wear by 4 orders of magnitude [182] until graphene transforms
to amorphous carbon [183]. Moreover, in contrast to graphite-based lubricants which work well
only in humid conditions, graphene shows reduction in the coefficient of friction and wear under
dry and inert test conditions as well [184]. Graphene could be used as a lubricant on SiC-based
MEMS and NEMS [90], and on different substrates like silicon oxide [83, 84], and copper foils
[185].

In a recent study, Berman et al. [186] reported that graphene coated nanodiamonds can show
macroscopic superlubricity against diamondlike carbon (DLC), and the resulting COF is as low
as ~0.004 in a dry environment. Nanoscrolls are formed when graphene patches are wrapped
around nanodiamonds; thus the contact area with the DLC is significantly reduced, and this leads

to superlubricity.

6.3. Piezoresistive Sensors

In a piezoresistive sensor, a change in resistivity allows us a read-out of strain or pressure.
Several types of graphene-based materials, e.g. suspended graphene over a cavity [19], a
nanographene island [18], a stretchable graphene nanopaper made of cellulose and graphene
[157], a graphene/epoxy composite [115], and a film stack membrane [112], use the
piezoresistive effect to make strain sensors and pressure sensors. Note that the graphene
drumhead can confine ~(um)® of gas, and would potentially act as an ultra-small pressure sensor
[120].
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6.3.1. Pressure Sensors

Figure 24. Different resistor components for calculating the gauge factor of a pressure sensor
(adapted from Ref. [19])

Smith et al. [17, 19] fabricated a pressure sensor by suspending CVD graphene on a 1.5 um
deep rectangular cavity etched by RIE. To create contacts, another four RIE etched cavities were
first filled with titanium and next with gold, using metal evaporation. Then the graphene was
transferred over the cavity and finally, the strain gauge was wire bonded. In order to measure
GF, Smith et al. [17] placed a graphene membrane as a resistor (R;) in a wheatstone bridge.
Because of the piezoresistive effect, the initial resistance (R,) of the graphene just above the
cavity, changed with the change of pressure, whereas resistances from other parts (R1, R3, R4, Rs)
were constant. The ratio of the change in resistance to the change in strain gives the GF of the

pressure sensor as 3.67 [19].
Zhu et al. [116] fabricated a pressure-sensing device utilizing the piezoresistive effect of

multilayer CVD graphene on top of a square silicon nitride membrane, and their reported gauge

factor was ~1.6 for the differential pressure range from 0 to 700 mbar.
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6.3.2. Strain Sensors

Cr,r’Au Graphene

Figure 25. A graphene-based MEMS strain sensor (redrawn from Ref. [112])

Hosseinzadegan et al. [112] made a film stack comprised of a low stress-SixNy, Cr/Au electrode
and graphene. For actuation purposes, a PZT actuator was used to excite the first breathing mode
of the film stack. In order to estimate the change in the resistance of the film stack membrane,
the voltage between the inner Cr/Au electrodes of a four-point probe was measured. The
displacements obtained from the optical interferometer in conjunction with finite element
simulations, gave an estimation of strain at each point. In the plot of change in resistance vs. AC
strain, the slope represents the gauge-factor (~1.8x10* ) for a few-layer graphene membrane
[112].

Zhao et al. [18] explored nanographene for sensing strain through piezo-resistivity. Quasi-
continuous nanographene (NG) films were directly deposited on fluor-phlogopite mica
substrates by PECVD with tunable sizes, densities, and layers. Under strain, a significant
variation in resistance arises from the change of charge tunneling between neighboring NG
islands, giving rise to large piezoresistive GF (= 300). The main advantage of the high
sensitivity NG-based strain sensor is that the gauge factor can be tuned by controlling the initial

sheet resistances of NG films.

Kim et al. [115] took another approach to make a strain sensor from a hybrid material made of
graphene and epoxy. In this hybrid material, the contact area of the adjacent nanofiller was
reduced upon tension and the contact resistance was increased, which lead to the higher
resistivity of the strain sensor composites. This strain sensor showed symmetrical and reversible

strain with reported GF = 11.4 within 0.1% strain.
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In order to make a strain sensor, Yan et al. [157] mixed crumpled graphene with nano cellulose,
filtering it in a vacuum and made ‘flexible nanopaper’. Then ‘stretchable nanopaper’ was
obtained by embedding the ‘flexible nanopaper’ in polydi methylsiloxane (PDMS). The
‘stretchable graphene nanopaper’ can be stretched up to 100% with 1 mm thick substrates and is

capable of sensing in all directions, due to the soft nature of PDMS.

Crumpled Nanocellulose
Graphene Fibril

. T Flexible Nanopaper Liquid PDMS Stretchable Nanopaper
J Embedding Cure /

Filtration
__PeMembrane, = » & Y

Vacuum Filtration

Up to 100% Strain

Figure 26. Fabrication processes for stretchable graphene nanopapers (adapted from Ref. [157])

6.4. Resonant Sensors

A graphene resonator with a uniform gap was fabricated by transferring graphene to the
substrate and then etching the underlying oxide using buffered hydrofluoric acid (BHF) [21,
126]. In order to avoid breaking the suspended graphene because of surface tension, transfer to

another solution (i.e. water, acetone, ethanol etc.) and critical point drying [187] were used.

Another way of fabricating a graphene resonator is using predefined trenches on SiO, substrates
and transferring exfoliated/CVD grown graphene sheets to that substrate [20, 144]. Bunch et al.
[20] made these predefined trenches by etching an SiO, surface with dry RF plasma. In all cases,
the electrodes are defined by e-beam photolithography.

6.4.1. Mass Sensing

Unlike conventional resonators, graphene has a two-dimensional structure, large exposed surface
area and large surface-to-volume ratio, which make the interaction with external masses
convenient [151]. Moreover, graphene resonators have high operating frequencies which make it
very efficient for sensing applications [20] [21]. Thus for atom or molecular mass sensing, or

atomic dust-detecting [188], a graphene mechanical resonator is promising.
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In general, the technique that a graphene-based mass sensor utilizes is the correlation between
the mass of the attached object and the resonator’s resonant frequency. Several studies [188-190]
have demonstrated that mass added to the resonator results in a decrease in a mass sensor’s

resonance frequency.

If M, is the effective vibratory resonator mass of the resonant mass sensor, f, represents the

resonant frequency of the sensor without external mass and the minimum detectable frequency

shift is &f ,, then the minimum detectable mass (also known as mass resolution) of the system is

given by [138, 189, 191-193],

6M eff -1 M eff
~ Sy =R, =—2—"5,. (24)
of, fo
f, . -
where R=—2%—=— 5 0__js the mass responsivity of the mass sensor.
eff eff

Therefore, responsivity can be increased by increasing f;, and reducing the dimensions of the
resonator to make the mass lower. For a supported rectangular graphene resonator, Lee el al.
[188] reported the theoretical value of the inverse of responsivity (R™) of 10%" g Hz *, whereas
the experimental value of (R™') reported by Chen et al. was 2x10~15 g Hz * [126] for a
clamped-clamped graphene resonator. Wong et al. [130] reported that a mass sensor made of
circular graphene membrane has a theoretical R™ of 10°%° g Hz!. On the other hand, the
reported inverse mass responsivity of silicon-based resonators ranges from 10 *2 g Hz * to 10 *
g Hz ' [130, 189, 190].

The minimum detectable frequency shift is of, against a background of noise is [194],
f0 _DR

oAy =—10 72, (25)
Q

where DR=dynamic range.

Therefore, from equation (24), we obtain the minimum detectable mass as [126],
2M

_DR
M = — 10 7 (26)

If the current noise spectral density of the measurement is represented by SY?, then the mass
sensitivity, SY? is given by [126],

;’2 :aM_eﬁﬂSi/Z, (27)
of, ol
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where, Z—: is the slope of the response function.Chen et. al. [126] estimated the mass sensitivity

as 7.6x10-15 g /+/Hz for the fabricated graphene resonator.

Two other important factors for mass sensing are the control over resonant frequency and its
tunability. Singh et al. [74] reported that the built-in tension, the added mass and the thermal
expansion of graphene determine the resonance frequency and the tunability of a graphene mass
sensor. They also found that the tunability of the resonant frequency is sufficient at room

temperature for mass sensing purposes, but it is poor at low temperature [74].

6.4.2. Force and Charge Sensing

The ultimate limit on force sensitivity is given by [20],
o :{41% (kBT)}%

f,Q
with the effective spring constant, K, s = messf¢ = 0.735Lwtfi where L, w and t are the

(25)

length, the width and the thickness of the resonator, respectively.

Force sensitivity is inversely proportional to the square root of resonant frequency, fo and the Q-
factor. So, force sensitivity is very high when f, and Q are very high, but the temperature is very
low. An increase in force sensitivity is limited by thermal oscillation in the resonator, even when

it is not being driven. The root mean square (RMS) amplitude of thermal oscillation is given
1/2
by x,p, = [II:LT] . Bunch et al. [20] calculated the force sensitivity to be 0.9 fN/ Hz*? for a
ef f
resonator with dimensions t =5 nm, L = 2.7 mm, and w = 630 nm, and having a resonance
frequency fo = 35.8 MHz and Q = 100 at room temperature. Note that in this case, thermal RMS

motion is X, = 76 pm.

For a distance ‘d” between the graphene sheet and the gate electrode, the charge sensitivity is
given by,

%
f f d _ d 4Keff (kBT)
Q= [ngc J ) (ngc ]{ fQ } | 29

1/2

Bunch et al. [20] calculated that the charge sensitivity is 8x10™ e/ Hz"? at room temperature.
However, as lowering temperatures will result in higher quality factors and thus higher charge
sensitivity, the graphene resonator would be a potential competitor of RF single-electron

transistor electrometers, having a charge sensitivity of 1x107° e/ Hz"2 [20].
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6.5. Piezoelectric Transduction

6.5.1. Nanogenerator

Wang et al. [8] designed a nanogenerator from the two-dimensional piezoelectric effect of a
suspended graphene membrane. They fabricated the holes (~3um) on the substrate using
photolithography and reactive ion etching and, after that, graphene was deposited by mechanical
cleavage and exfoliation. Finally, to fabricate electrodes on the graphene, they used the
lithography-free process, a good way to avoid breaking the suspended graphene membrane
(figure 27a) [8]. The open circuit voltage was minimized by choosing gold as the cathode and an
AFM tip as the anode, which have high and low work functions respectively. The band bending
from the AFM-tip-generated-deformation resulted in a forward output voltage because the
separated charges can accumulate on external electrodes. The nanogenerator’s output current

characteristics can be obtained by replacing a voltmeter with an ammeter (figure 27b).
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Figure 27. (a) Schematic of nanogenerator containing a monolayer graphene channel; b) Short
circuit current of the nanogenerator made of graphene membrane (adapted from Ref. [8])

6.5.2. Actuator

A recent experimental demonstration of piezoelectric properties was given by Rodrigues and co-
workers [16]. They used a SiO, calibration grating that had a series of parallel rectangular
grooves of 1,317+10 nm height, with a periodicity of 1,500+10 nm, as a substrate (figure 28).
They transferred monolayer graphene (produced by CVD) onto this SiO, grating substrate,
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which has oxygen termination. Thus a series of supported and unsupported graphene layers was
formed on the SiO, grating substrate where the supported parts gave rise to piezoectric
properties. With the reported piezoelectric constant d;; ~ 1.4 nmV~?!, Rodrigues et al. [16]
have predicted the graphene/SiO, structures as a potential platform for fabricating nano-

actuators.

. 3.0um

Figure 28. Schematic of graphene-SiO; nanoactuation platform (adapted from Ref. [16])

6.6. Ultrafiltration Medium

Several theoretical [195] and experimental works [196] have demonstrated that nanosize
porosity in a graphene membrane allows one element to pass through it, but does not let through
other elements, thereby acting as an ultrafiltration medium. For example, tiny but precise holes
can be used for desalinating sea water [197] and potentially for separating different gases [198,
199]. The desired porosity can be achieved in a number of ways, such as ion bombardment [200,
201], electron beam irradiation [202], chemical etching and surface-assisted aryl-aryl coupling

of cyclohexa-m-phenylene [203, 204].

6.6.1. DNA Translocation
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Figure 29. DNA translocation through graphene membrane (adapted from Ref. [205])

A free-standing nanoporous monolayer graphene membrane is a single atom thick (~3 A) ,
which is close to the stacking distance (~3.4 A) of a DNA base pair [205]. Moreover, a graphene
membrane is robust; it can withstand large membrane pressure; it is a very good electrical
conductor and can be used as an electrode and simultaneously as a membrane. On the other
hand, DNA has a negative charge and thus it can be pulled through the nanoporous graphene by
applying an electric field. Because of these reasons, a graphene nanopore would be convenient
for DNA translocation and sequencing with a single-base resolution [206]. Unlike the traditional
Sanger method, graphene nanopores provide faster, reduced-cost, higher resolution DNA
sequencing. The first reported DNA translocation was done by Merchant et al. through a 1-5 nm
thick graphene membrane having 5-10 nm diameter nanopores fabricated by electron-beam
[207]. Garaj et al. translocated DNA through a nanoporous graphene membrane of 1 nm

thickness immersed in AgCl ionic solution [196].

6.6.2. Desalination

Figure 30. Schematic of desalination of seawater by nanoporous graphene (adapted from Ref.
[197])
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Cohen-Tanugi et al. [197], who predicted desalination with graphene for the first time, used an
MD simulation, where a hydroxylated/hydrogeneted nanoporous graphene membrane was used,
and a reverse osmosis was applied. The nonoholes let the water through and left the salt-bonded
larger entity on the other side. Although graphene nanopores could be made using ion and
electron bombardment [208], the steeper experimental challenge is to create cost-effective,
scalable right-diameter (< 1 nm, [209]) pores for efficient desalination [210]. Unlike current
polyamide-based filters, water will easily flow through graphene because of its thinness and
large pressure-withstanding capability. Thus desalination through nanoporous graphene would
potentially be fast, more energy efficient than any other available process in this field, and thus

would be cost-effective [211].

/. Summary

In this work, we reviewed the mechanical, electromechanical, thermomechanical and related
properties of graphenic material for MEMS and other membrane applications. Graphene’s
outstanding mechanical, electromechanical, and thermomechanical properties were instrumental
in evergrowing research in fabricating graphene-based sensors and devices. Efficient dissipation
of heat linked with the highest reported thermal conductivity of graphene provides a special
advantage for graphene MEMS. Moreover, for fabricating graphene-based devices and ensuring
their stability over long period of time, knowledge about accurate coefficient of thermal
expansion (CTE) of graphene at different temperatures is mandatory. Although several
transduction techniques are available, robust transduction of mechanical motion still represents a
central challenge for graphene MEMS. Recently engineered piezoelectric properties of graphene
[8, 16] which is comparable to those of conventional piezoelectric material, provide a promising

approach for future transduction and in applications such as actuators, and energy harvesters.

Graphene’s high piezoresistivity, large pressure withstanding capability, and atomic thickness
are the main properties that created huge potential for graphene based pressure sensors [17, 19,
116]. The higher sensitivity, smaller dimension, transparency, flexibility of graphene-based
strain sensor [18, 115, 157] are useful in fabricating touch screen, artificial electronic skin

[160], and finger movement detection [157].

A major drawback of graphene resonator is the low quality factor (Q<10%) at room temperature
compared to state-of-the-art Q-factor (Q~10° [149]) of high-tensile SisN, or SiC resonator.

However, the temperature reduction can significantly improve the Q of graphene resonator and
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as the temperature approaches to mK range, the quality factor of graphene resonator become as
high as ~10° [21]. The higher Young’s modulus of graphene and the larger surface-to-volume
ratio stemming from its atomic thickness make the graphene resonators promising for ultra-low
charge, force and mass detection. The source of dissipation in graphene nanomechanical
resonators is not properly explained in the literature, which is a major limitation and therefore

providing a large scope for future research.

An economically viable mass production of high-quality graphene via environmentally friendly
and mass-nontransferable processes is still a challenging problem. With the advent of new,
innovative graphene synthesis routes, this situation is improving at a good pace. Future research
is necessary for graphene growth process control, fast and efficient pre-evaluation of graphene
quality and adhesion, and for integrating graphene into MEMS at wafer level. Adhesion energy
between graphene and its substrate is of paramount importance for microfabrication. Whereas
transfer-free graphene such as catalytic graphene has demonstrated sufficient adhesion, the next
step for exfoliated or CVVD graphene is to work on further improving the adhesion with the
substrate because sufficient adhesion is a precondition for realizing wafer-level fabrication of
graphene-based MEMS.

The extremely promising performance of graphene-based sensors and devices offers exciting
possibilities for the application of graphene in MEMS. However, we can see that there is still a
need to address the reproducibility problems of graphene devices in order to make their real-life
application possible. Reproducibly of sensitivity, adhesion, and thermomechanical
characteristics is highly desirable in MEMS and more research should be conducted to overcome
the dependency of these properties on the fabrication process. Although graphene is showing an
ever-increasing potential and compatibility with the mature IC technologies developed for

silicon, integrating graphene into MEMS at a wafer level is still a steeper challenge.
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