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Development of nanocrystalline graphite MEMS and Membranes
Sam Jeffery Fishlock

Thin carbon films such as graphite and graphene are promising materials for micro- and
nanoelectromechanical systems (MEMS and NEMS) applications, including resonators and
switches, and also to be used as membranes for molecular sieving. The potential of these materials
to be used in such applications is due to their electrical and mechanical properties, and also because
they may be used as ultra-thin films. However, the most widely-used methods to synthesise these
films have a tendency to cause poor performance in MEMS and NEMS. The most common
technique, chemical vapour deposition (CVD) onto a catalyst, is followed by a physical transfer of
the film to a separate substrate. This causes wrinkling and a variation in strain across the film, which
leads to variable performance of MEMS and NEMS. Therefore, plasma-enhanced CVD (PECVD),
which can be used to deposit nanocrystalline graphitic films directly onto large-area substrates, such

as 6-inch silicon wafers, is a promising route to overcome this issue.

Doubly-clamped beams and square micromechanical membranes were fabricated using nanographite
films of 300 to 400 nm thickness, on silicon substrates. The compressive built-in stress of the film,
measured as 436 MPa, caused these microstructures to buckle out-of-plane when they were released.
The buckling behaviour of both structures was used as a characterisation tool to measure the Young’s
modulus of nanographite, which is a key mechanical parameter of materials, and was measured as
23 GPa.

To demonstrate the use of nanographite in a MEMS application, cantilever and doubly-clamped
beam resonators of thickness around 300 nm were fabricated. Despite the built-in compressive stress
of the film, the doubly-clamped beams were fabricated without buckling, and were under an effective
tensile stress. This was achieved through the fabrication procedure, by using a 25 to 30 um isotropic
etch undercut of the 200 um-wide anchors. The stress gradient in the film caused deflection of the
anchors which ‘pulled’ the beams tight through the application of tensile stress. The devices were
actuated electrostatically and the vibration response was measured using laser Doppler vibrometry.

Cantilevers were measured with fundamental natural frequencies between 5 and 25 kHz, and for



doubly-clamped beams natural frequencies were measured between 245 and 640 kHz. Quality factors
under ambient pressure were around 5 to 10 for cantilevers and 20 to 30 for doubly-clamped beams,

and around 1800 under 30 mTorr vacuum for a doubly-clamped beam.

An ultrahigh vacuum system with mass spectrometer was constructed to measure the permeance of
gases through nanographite thin films. The permeance of He, Hz, Ne, CO; and O through 350 nm
thick nanographite membranes was measured. The permeance of He, H, and Ne at 150 °C was 5.1,
4.0 and 0.08 x 102 mol / (m? -s - Pa), respectively, but the permeance of CO; and O, was below the
limit of detection of the mass spectrometer. An estimation of the maximum permeance of CO; and
O; respectively were 1.12 x 10?2 and 4.76 x10* mol / (m? -s - Pa). The low permeance of Ne, CO;
and O relative to H, and He showed that nanographite is a promising membrane material for

molecular sieving.
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1. Introduction

1.1 Use of carbon in MEMS, NEMS and nano-membranes

Micro and nanoelectromechanical systems (MEMS and NEMS) are systems and devices which are

fabricated using technology which is adapted from silicon-based electronic integrated circuit (IC)
technology. The main difference between MEMS and purely electrical devices is that they have a
mechanical element, as well as an electrical element to them. The mechanical element is a part of the
system which is released (not adhered) from the substrate. For example, in Figure 1.1 (A), the beam
section is released from the substrate, and is free to deflect under an external force. This structure is
a building block for a MEMS application termed a resonator. The beam of the resonator has a large
vibration amplitude, much like a guitar string, when excited at certain frequencies. One application
of a resonator device is as a sensor of strain, for example. Here, as it is subjected to an external strain,
its frequency will change, like a guitar string being tightened. The change in the frequency can be

used to measure the strain; hence the resonator may be used as a sensor.

Figure 1.1. (A) Schematic of a resonating doubly-clamped beam. The black arrow shows how the
beam deflects when it is excited under resonant vibration. Image adapted from [1] (B) Scanning
electron microscope image of a doubly-clamped beam resonator made from silicon nitride [2].



The development of MEMS and NEMS has in some ways been similar to the development of ICs.
For example, the fabrication of MEMS has been dominated by the use of silicon as the main material.
Another similarity between MEMS and ICs is the fact that silicon has some material limitations,
which has led to the search for different materials to be used. A third similarity is that this search has
often led to carbon-based materials. For example, one of the limitations for silicon in MEMS is that
it cannot be readily used in some harsh environments, for example at temperature above 400 °C. This
is because the mechanical properties, including the Young’s modulus rapidly drop above this
temperature [3].

This has led to the search for materials which may be used at high temperature, for example, as
sensors in harsh environments. Another development in resonators is in creating devices from ultra-
thin films, since the sensitivity of a resonator-based sensor depends on the overall mass of the device.
This is a limitation of silicon, since it cannot currently be made into ultra-thin freestanding films of
less than a few atomic layers [4]. This is because silicon films become unstable at very low thickness,

and tend to misshape and buckle.

Carbon-based materials, such as graphite and graphene, offer some advantageous properties
compared with silicon. For example, crystalline graphite has a higher value of Young’s modulus
(1060 GPa in-plane vs. 169 GPa for silicon in the <110> direction [5,6]) and the Young’s modulus
of graphite does not decrease at high temperatures above 2000 °C [7]. Graphite can also be made in
ultra-thin sheets, even to a single atomic layer, called graphene [8]. There has been significant
research interest in graphene and graphite MEMS and NEMS, for example as resonators [9], switches

[10] and membrane-based pressure sensors [11].

Another related application for carbon thin films is in nano-scaled membranes [12]. Permeable
membranes have long been used as thin layers to filter molecules, where, for example, a mixture of
gases is purified, by way of larger molecules being blocked from travelling through the pores of the
material [13]. Recently, the use of thin layers of graphite for MEMS and NEMS devices has led to
research on the gas permeance through nano-scaled membranes [14]. These membranes are
fabricated from thin graphite films using methods which are usually used in NEMS, for example,
using patterned substrates [15] and ultraviolet etching [12]. Work by Koenig et al. showed that such
nano-scaled membranes show promising characteristics as compared to traditional larger
membranes, such as high permeance due to the lower thickness [16] and the ability to tailor the

material pore-size through etching [12].

One current complication for the use of thin graphite films in both MEMS/NEMS and for membranes

lies within the synthesis method used for their production. Graphite or graphene is generally
2



deposited using thermal chemical vapour deposition (CVD) onto a catalyst such as nickel, copper or
germanium [17-19]. However, it is difficult to use the graphitic layer whilst it is still adhered to the
catalyst, and it must then be transferred to a more useful substrate, such as silicon or quartz. For
applications such as resonators and membranes, this transfer process has a detrimental effect on the
device’s characteristics. This is because the film is fragile and is susceptible to tears and wrinkles, as
may be seen in Figure 1.2 [20]. Therefore there is significant interest in developing methods to
produce graphitic films which can be deposited directly onto silicon substrates for use in
MEMS/NEMS and membranes.

Multilayer
Graphene

Figure 1.2. Scanning electron microscope image of a multilayer graphene NEMS switch which has
failed during operation [20].

One such method to deposit graphitic films is through plasma-enhanced chemical vapour deposition
(PECVD) directly onto insulating substrates such as silicon and quartz [21-23]. In PECVD, a carbon-
containing gas such as CHjy is dissociated by an applied radio frequency (RF) electric field, and
carbon nucleates into graphene crystallites on the substrate. These crystallites grow to the order of
50 nm in diameter. The crystallite size is smaller than polycrystalline films grown on a metal catalyst
(50 nm compared with 10 to 50 um [24]). The crystal structure of PECVD-grown graphite, called
nanocrystalline graphite (nanographite for short), has a large effect on its material properties. For
example nanographite is more electrically resistive than single crystal or polycrystalline graphite
[22].

In comparing nanocrystalline graphite with polycrystalline graphite, it is clear that there is a trade-
off between some of the material properties and the ease and scalability of synthesis of the film. For
some MEMS and NEMS applications, whilst it seems promising that the simplicity and scalability
of PECVD means that the method may become widely used for future research and industrial
applications, there is currently little work on the use of nanographite thin films in MEMS/NEMS



(such as the measurement of its mechanical properties.) The work presented in this Thesis will seek

to add knowledge for the future use of MEMS/NEMS and membranes using nanographite thin films.

1.2 Research objectives

1. Present methods of fabricating MEMS and NEMS structures using nanographite deposited
directly on substrates such as silicon and quartz.

2. Characterise the mechanical properties of nanographite including the Young’s modulus
using microstructures.

3. Use nanographite in a MEMS application such as a resonator, and measure the key
parameters of natural frequency and quality factor for comparison with the performance of
related materials.

4. Fabricate nanographite membranes and characterise its properties for use in gas separation.

1.3 Thesis Structure

The following Chapter is split into two main sections. The first section reviews the literature
concerning the use of carbon thin films for MEMS and NEMS resonators, and the second section
focuses on the application of carbon membranes for gas separation applications. Chapter 3 presents
the experimental methods used in the main experiments of this Thesis, including the fabrication of
MEMS and membrane structures, and also includes a description of how they have been
characterised. The first types of structures I fabricated were micromechanical beams and membranes.
In Chapter 4, | measure the Young’s modulus of nanographite from the buckling characteristics of
these beam and membrane structures. In Chapter 5, | built on the fabrication process for released
beams and characterised electrostatically actuated beams as prototype resonators. In Chapter 6, |
present the results of an investigation into the permeance of gases through freestanding nanographite
membranes. Finally, in Chapter 7, I conclude the work of my Thesis along with suggestions for

furthering this investigation.



2. Literature review

In this Thesis | am researching the development of carbon thin films for applications in MEMS and
NEMS resonators and in membranes for gas separation. In the following Section, | provide a short
review of the use of carbon thin films in resonator applications, and demonstrate how nanographite
thin films deposited using plasma-enhanced chemical vapour deposition may prove a more scalable
and robust material than the currently used graphitic thin films. In Section 2.3 | will present an
overview of materials used for making membranes to separate gases, and show how nanographite

may be a promising material for this application.

2.1 Microelectromechanical systems

MEMS and NEMS are micro- to nano-scaled devices which have both electrical and mechanical
behaviour. The major difference between the fabrication of MEMS and NEMS and of purely
electronic devices is that the thin film is ‘released’ or suspended from the substrate, (i.e. there is a
section which is not stuck down) and is free to deflect under an applied external force. Typically
MEMS devices fall in two categories: (1) MEMS actuators, and (2) MEMS sensors.

The deflection behaviour of a material is governed by its stiffness which can be expressed as its
Young’s modulus. The Young’s modulus E of a material is a measure of its stiffness and governs
how much strain ¢ a material will undergo under an applied stress ¢ according to Equation 2.1.
E=— (2.2)
&
Where o and € may be calculated according to Equations 2.2 and 2.3:
o=— (2.2)
a
where F is the applied force and a is the cross sectional area.
Al
T

& (2.3)

where A/ is the elongation and | is the original length.

One widespread example of a MEMS device is a resonator. A good analogy for a resonator is a guitar
string: if a well-tuned ‘A’ string is plucked on a guitar, it will vibrate with a frequency of 110.0 Hz
[25], the natural frequency (fo) of the string. An example of a MEMS resonator structure is given in
Figure 2.1. In this example, an electrically conducting beam which is clamped at both ends has been
released and is suspended in air above the substrate. This is called a doubly-clamped beam. An
electrical potential difference V applied between the substrate and the beam creates an electrostatic
force F. on the beam [26]. If the frequency of the applied F. is equal to the natural frequency fo of

the beam, then the amplitude of its vibration will become relatively large, compared with the
5



amplitude at other frequencies. This is an example of a MEMS actuator i.e. a device which converts
the electrical input V into a mechanical motion of the beam. The resonator may also be used as a
sensor: if a mass or strain is applied to the resonator, as shown in Figure 2.2, the resonant frequency

fo will change. This is the basis for using resonators as sensors.

Conducting device layer

Silicon substrate

Figure 2.1. Schematic of a MEMS resonator based on a doubly-clamped beam. The potential
difference applied between the conducting device layer and the substrate creates an electrostatic force
which causes deflection of the beam.

A Mass

Added mass decreases fo

Strain
=
e
Strain

Applied strain increases fo

Figure 2.2. Schematic of how a MEMS resonator may be used as a sensor of (A) mass and (B) strain.
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A key parameter of resonators is called the quality factor, Q. Q is the ratio of energy stored over
energy loss, and is measured as the full width at half maximum (FWHM) of the power amplitude of
the frequency response, which is, for example, shown in Figure 2.3. The frequency response of
resonator with a high value of Q is typified by a high and narrow peak. The natural frequency of

vibration is shown as f, and the full width half maximum is FWHM and the peak amplitude is Ao.

The FWHM is defined for a power spectrum as Aj / 2 . Thus in the amplitude spectrum the FHWM

corresponds to A, /\/E. Q is calculated as in Equation 2.4 [27]. The quality factor is an important

parameter in resonators, as, for example, a higher value of Q may enable higher detection of forces,
as a more distinct peak may enable more sensitive detection in changes of f,.
Q=1 /FWHM (2.4)

Ag |-----mmmmmme e
g |
I |/ R — i —
= o
S : |
A2
v 't
Frequency

Figure 2.3. Schematic plot of the amplitude against frequency for a resonator excited in a natural
mode of vibration, with key points denoted.

MEMS are fabricated using methods adapted from the more mature IC industry. A typical process
involves the use of silicon substrates, on which thin films are deposited, patterned and etched.
Figure 2.4 shows a simple example of fabricating a silicon nitride (SiNy) cantilever beam [28]. The
released beam in Figure 2.4 (C) may also be used as the basic structure of a resonator. This is a
clamped-free beam, which is called a cantilever. Other structures which are commonly used as
resonators are doubly-clamped beams [29], and membranes (sheets which are fully clamped on all
sides) [30], double-end tuning forks [31] and disk-shaped resonators [32]. Micro and nano-scaled
membranes are also used in a range of different applications including filtration of biomolecules [33]

and gases [34] or as impermeable barriers [15].



HSQ
PR
SiNy

S'Nx

Figure 2.4. A typical cantilever fabrication process. (A) Overall layer stack where HSQ is Hydrogen
silsesquioxane resist and PR is a positive photoresist. (B) After patterning and etching of the SiNy
layer. (C) Release of the cantilever structure by an isotropic dry etch process. Image adapted from
[28].

This literature survey is split into two main parts and both parts focus on the use of carbon thin films.
Part 2.2 centres on the use of carbon in MEMS and NEMS resonator applications, and Part 2.3
focuses on membranes. These two applications are linked as they are fabricated using similar
techniques and are of similar materials. However, because of the difference in application, it is

helpful to split this discourse into two sections.

2.2 Introduction to MEMS resonators

For many communication applications (for example communication by mobile phone), a frequency
reference is required [35]. The most widely used frequency reference is a quartz crystal oscillator
[36]. In the case of a quartz crystal oscillator, the mechanical vibration of the crystal is excited
electrically, and the amplitude of vibration becomes large at its natural frequency fo, which may be
used as a timing reference since fo= 1/t (where t is time period of one oscillation). A quartz crystal
is usually within the size range of mm? - cm? [37] and is generally located externally to the IC of an
electronic device. The large size of the quartz crystal and inherently difficult material etch processes

means this type of oscillator is very inefficient in terms of space and integration with IC fabrication.

The first pioneering work to overcome the issue of integration dates to the 1960’s by
Nathanson et al.[38]. This work recognised the significant advantage of fabricating MEMS
structures using silicon IC technology. Their device, shown in Figure 2.5 (A-B), comprised of a
500 um long gold cantilever beam with a resonant frequency of 60 kHz and quality factor (Q) of

500, tested at ambient pressure.

For some context on the values of Q for resonators, Figure 2.6 shows a plot of Q for a number of

MEMS and NEMS resonators, and how this varies with the volume of the device. The value of Q

decreases as the volume decreases, because in a crystalline material the mechanical energy

dissipation is dominated by losses at or near the surface [39]. As a benchmark, a MEMS beam of
8



length 100 um, width 10 um and thickness 0.5 um has a volume of 5x107 mm?3. This is roughly the

volume of the devices which are fabricated in the work of this Thesis.
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Figure 2.5. (A) Schematic of the first micro machined resonator, a gold cantilever beam [38]. (B)
Photograph of the resonator. (C) Frequency response showing the detected output voltage of the
device with varying input frequency. Images adapted from [38].
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Figure 2.6. Maximum Q of various monocrystalline silicon MEMS and NEMS resonators plotted
against the volume of the structural element (for example, the volume of a beam). Image adapted
from [1].



2.2.1 Using resonators as sensors

The natural frequency fo of a structure at resonance is a function of its stiffness and mass; therefore

a change in these quantities will cause a change in fo as described in Equation 2.5.

1 k

- = (2.5)
27\ Mg + BAM

0

where an added mass is 4m, k is the spring constant of the structure, mes is the effective mass, and £
is a geometric constant.

This mechanism has been used for sensing the presence and mass of gas molecules [34], metals [40],
and biomolecules [41]. As an example, Figure 2.7 shows a plot of the frequency response of a silicon
resonator sensing the thickness of an added chrome layer of increasing thickness, up to 15 nm [40].
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Figure 2.7. Frequency response of a silicon resonator with added mass. Image taken from [40].

Similarly to an addition of a mass 4m, a change in the stiffness k will cause a change in f, and this
fact has been used in MEMS-based strain sensors to measure the strain caused by an applied pressure

[31], and for condition monitoring [42] where an applied strain is measured.

2.2.2 Materials issues in resonator sensors

Silicon is by far the most widely used material in MEMS and NEMS resonator devices [43]. Its
mechanical properties are well known, with a Young’s modulus (E) of 169 GPa for the <110>
direction [6] and a wide body of knowledge for its processing is available, such as etching and
deposition. Silicon MEMS may be fabricated using silicon-on-insulator (SOI), which has a thin layer
of single crystal silicon bonded to a layer of silicon dioxide [31]. The use of polycrystalline silicon

(polysilicon) is also common in MEMS [44]. Polysilicon may be deposited using a gaseous precursor
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through low-pressure chemical vapour deposition (LPCVD) using SiH. [45]. Polysilicon has an
isotropic value of E of 160 GPa [6].

Figure 2.8 shows the variation of the E of silicon with temperature [3]. This graph shows a rapid
decrease after 400 to 600 °C. This degradation in properties means that silicon may not be used in
many harsh environments. Some applications where the use of MEMS sensors is sought after include
combustion engines [46], in high radiation environments [47], and in the oil industry [48].
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Figure 2.8. Variation of the Young’s modulus of single crystal silicon of different resistivity. Image
taken from [3].

Polysilicon may be deposited using a gaseous precursor through low-pressure chemical vapour
deposition (LPCVD) using SiHa4 [45]. Polysilicon has an isotropic value of E of 160 GPa [6].
Amorphous silicon may be deposited using plasma-enhanced chemical vapour deposition (PECVD)
at relatively lower temperatures than polysilicon (200 vs 500 °C) and has a Young’s modulus of 110
to 159 GPa with recent application in MEMS resonators [49,50].

A recent development for MEMS and NEMS applications is towards the use of increasingly small
and thin devices [51]. For example, graphite has been made into thin sheets of one single graphene
layer, which is thermodynamically stable [52] even when released from its substrate. The silicon
analogy for graphene, single and bi-layers of silicon (both known as ‘silicene’), has recently been
produced experimentally [53]. However, silicene is unstable in a flat state, which leads to buckling
[4]. Therefore, with current technology it is very difficult to produce layers of silicon for ultra-thin
NEMS structures.

Silicon carbide (SiC) is a stiff, strong, and chemically resistant material [46] with a Young’s modulus
of between 232 (amorphous SiC) [54] and 694 GPa (Single crystal SiC) [48]. SiC has had wide
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interest in MEMS applications for use in harsh environments [46] and has been used in membrane-
based pressure sensors [55] and in resonator-based sensors [56]. There is recent interest in creating
ultra- thin layers of SiC [57,58] to a thickness of 0.5 to 3 nm. However, such ultra-thin samples have
only been produced on a very small scale, with flakes measuring up to 2 um. Thus, SiC may be a
promising material for ultra-thin NEMS, but the synthesis of large-area samples currently requires

further research.

2.2.3 Carbon materials for resonators

Silicon’s poor performance at high temperature, and instability at very low thickness, has led research
efforts for new MEMS and NEMS materials. A main group of materials under research for such

applications are carbon-based materials.

Graphite and graphene, in particular, have been the subject of wide research for NEMS resonators,
since graphene was the first ultra-thin 2D material [8]. This low thickness (and therefore low mass)
may be used to increase the sensitivity of resonator-based sensors, as the change in frequency caused
by an external force or mass depends, in part, on the total mass of a resonator. Graphite may also be
used in harsh environments since it retains its mechanical properties well above 2000 °C [7].

Carbon-based materials have a broad range of properties which depends heavily on the bonding type
and structure of the material. Diamond-based carbons with sp® bonds and graphitic carbons with sp?
bonds have very different electrical and mechanical properties, and may be useful in different types
of applications. In the following Section, the properties and applications of different carbon thin films

used in MEMS and NEMS resonators is reviewed.

2.2.4 Planar graphitic materials

Graphitic materials are strongly anisotropic, with very high value of E within the plane (1060 GPa),
and very low E out-of-plane (36.5 GPa) [5]. This is due to the mismatch in bond-types in the different
planes, with in-plane covalent C-C bonds, and out-of-plane van der Waals forces [59]. Graphite also
has high electrical conductivity, and when isolated to a single layer, graphene, it is the thinnest and
strongest known material [60]. Due to these properties, graphene and thin film graphite show promise
for MEMS and NEMS applications.

The methods for depositing graphene and thin graphite layers are diverse. These will be briefly

reviewed here, along with how they have been used in NEMS devices. A summary is made in Table
2.1.
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Method

Description with pros and cons

Mechanical
exfoliation

This method yields single-layer graphene samples and has been used to produce
NEMS resonators, but the small scale, random size distribution and poor control
of strain mean that it is not feasible to widely produce devices based on this
method.

Annealing of silicon
carbide

Annealing SiC provides high quality graphene on an insulating substrate and
may be undertaken on a large scale. The decomposition tends to create a
‘terraced arrangement’ with discontinuous films. The high stresses and fragility
of the film mean that it is difficult to fabricate suspended NEMS structures using
this type of film.

Chemical vapour
deposition with
transfer process

Large-area deposition and allows for production of a high quality film, but
requires a catalyst layer. However, defects and strain from the transfer process
have produced NEMS devices with poor performance.

PECVD deposition
onto insulating
substrates

The small grain size of nanographite leads to poorer electrical properties, but
may be used for wafer-scaled deposition and is reproducible. There is limited
amount of research on these films for NEMS in general and resonators in
particular.

Table 2.1. Summary of methods used to synthesise thin film graphitic materials.

2.2.4.1 Mechanical exfoliation

Mechanical exfoliation (using friction to separate layers) has been used to create thin layers of

graphite [61] with the aim of producing single layered sheets. This was achieved in 2004 [8], by

using adhesive tape to repeatedly cleave highly-ordered pyrolytic graphite (HOPG) samples until a

single layer was obtained. The flakes were then released from the tape in acetone and captured on a

silicon dioxide (SiO2) surface. This method can produce samples of a single crystal, without grain

boundaries or defects.

Using exfoliation, Bunch et al. [62] fabricated 5 um long NEMS resonators, which were actuated

electrostatically, from graphite and graphene, with Q between 20 and 850 at pressure below 1 uTorr.

They calculated the graphite/graphene to have a value of E of 1000 GPa, and fabricated resonators

of thickness ranging from 75 nm to 0.3 nm (the thickness of a single sheet). This represents the

thinnest material for resonators, for which the authors noted the good potential for mass sensing.

Mechanical exfoliation is a synthesis method which creates graphene and thin film graphite samples

of good crystalline quality. However, the use of adhesive tape gives no control over the size or

orientation of the sample, and the crystal size is typically of the order of 10um. This method severely

limits the ease, repeatability and scalability of fabrication using exfoliated graphite.
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2.2.4.2 Chemical vapour deposition with transfer process

Due to the small size of graphene samples obtained using mechanical exfoliation, interest in more
scalable methods which enable synthesis of large-area films has grown. To date, the most widely-
used method to achieve large-scaled thin graphite and graphene growth is by using thermal chemical
vapour deposition (CVD) onto nickel [63], copper [18] and germanium catalysts [19]. In CVD,
hydrogen mixed with methane (CHa,) is used to deposit graphene at temperatures of 900 to 1000 °C,
where carbon is dissociated from the CH,. The carbon then forms a graphene or graphite film on the
catalyst substrate.
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Figure 2.9. Schematic of methods to synthesis and transfer graphene using a nickel catalyst. Image
adapted from [17].

Before it can be used in any device, the graphitic film must be removed from the catalyst and
transferred to a different substrate, such as silicon coated with SiO.. For metal catalysts, this can be
done on a large scale [8] with a polymer support adhered to the graphene/catalyst. The catalyst is
then etched leaving graphene-on-polymer, which can then be transferred to a desired substrate, as
shown in Figure 2.9. For the germanium catalyst [19], a simpler dry transfer may be used to move

the layer to the intended substrate.

Graphene grown using thermal CVD onto a copper substrate has been used to fabricate large arrays
of graphene resonators, as shown in Figure 2.10 [64]. These had dimensions of 2 x 3 um and Q of
25 to 250 at pressure below 50 pTorr. Whilst the transfer process from copper to silicon substrate
has been performed on a relatively large scale, the quality of the graphene resonators was reduced in

14



this process. The devices suffered poor repeatability between nominally identical devices, and many
suffered tears and failed. This was due to wrinkles and defects introduced during the synthesis and
transfer process. The variation of strain across the material also caused large variation in the resonant

frequency of devices fabricated using this method [64].

The use of the germanium catalyst and subsequent dry-transfer may help to eliminate some of the
wrinkles, defects and poor reproducibility in graphene NEMS. However this has not currently been

investigated, and it is unclear whether the strain over a wide area is homogenous.

Figure 2.10. SEM images of arrays of graphene resonators, suffering from tears and wrinkles. Image
taken from [64].

2.2.4.3 Plasma-enhanced chemical vapour deposition of graphitic materials onto insulating

substrates
Plasma-enhanced chemical vapour deposition (PECVD) has been used as a more scalable method to
deposit graphitic thin films onto a range of substrates, including silicon and SiO; [21,22,65,66].
PECVD has been used to deposit continuous and ultra-thin nanographene films of thickness as low
as 2.5 nm [21] to 3 nm [22]. Since the deposition is directly onto the intended substrate, this removes

the need for transfer of the film between substrates as with thermal/catalytic CVD.

In PECVD, a gaseous carbon precursor such as CHy is introduced into a plasma reactor, and many
of the molecules in the gas are ionised through an applied RF electric field. This dissociates the CH4
into different carbon-containing radicals, which then nucleate on the substrate as graphite islands.
The islands grow into crystallites in the order of 10 to 50 nm in diameter [66]. A H diluent is often
used in the plasma reaction as the H, acts to etch weaker bonds in the film and promote sp? carbon
growth [66]. Temperatures in PECVD have been employed from 400 to 900 °C. These films are
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termed nanocrystalline graphite/graphene or nanographite/nanographene/NCG for brevity.
Nanographite films are electrically conducting, with a resistivity of around 30 mQ-cm and display
piezoresistive behaviour [67]. A summary of different results for the electrical and structural
properties of different nanographite/nanographene films is detailed in Table 2.2.

The use of PECVD nanographite films in resonators and NEMS in general has been limited. Recent
research by Sun et al. developed 5 nm thick nanographite films for NEMS-based switches, based on
buckled doubly-clamped beams [68], with a low pull-in voltage and uniform film thickness. Sun et
al. extracted a value of 860 GPa from the pull-in behaviour of the beams; however, this is an effective

value, which does not take into account the stress or buckled shape of the beams.

Deposition method  Electrical Grain size
Group and temperature resistivity (method of Notes

(°C) measurement determination)

L 29 mQ-cm Uniform thickness
ggz&;xg; PECVD, 13k Q per ?éza;?aﬁj M across 6-inch wafer.
P 750 to 900 square at 6nm ; Application for NEMS
[22][68]. analysis) !
on quartz switches.
Chinese Piezoresistive
Ac_ademy of Remote-PECVD, 40 kQ per Few to ~50 nm measurements show a
Sciences, square
Beiii 550 (AFM) gauge factor of up to
eijing group 300
[67][66] '
National Tsing  Electron cyclotron .
Lo 20 kQ per 2to3nm Low deposition

Hua University  resonance CVD, square (Raman/TEM)  temperature.

group [69] 400

Table 2.2. Summary of the deposition and properties of some graphitic thin films deposited by
PECVD.

2.2.4.4 Graphitic films from the annealing of silicon carbide

SiC is widely manufactured in the form of single crystal, wafer-scale substrates, and it may be used
as a template for graphitic film growth. Annealing SiC in an argon atmosphere [70] is a route for
graphene and graphite growth. Using this method, the silicon evaporates from the substrate, thereby
leaving a graphene/graphite layer on the top of the SiC substrate. The formation of graphene occurs
on long thin ‘steps’ or terraces of width ~3 pm and length 50 pm which follow the crystallographic
orientation of the substrate, and does not form one continuous film over the wafer. This greatly limits

the fabrication of devices, as they need to be contained within the terrace.

Shivaraman et al. [71] fabricated doubly-clamped nanomechanical resonators from thin films of

graphite (of a few layers) grown on SiC substrates, as shown in Figure 2.11. The resonators had
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lengths of 3 to 20 um and Q up to a maximum of 1000 (but typically between 50 and 400) at pressure
of around 10 pTorr. The repeatability of fabrication was poor. For example, many devices were
observed to have ‘crinkled” doubly-buckled geometries as a result of high stress and difficulty in
etching SiC.

Figure 2.11. SEM image of a doubly-clamped few layered graphene beam, made from SiC. Crinkle
defects are highlighted. Image taken from [71].

2.2.5 Diamond
Diamond has a value of E of 1035 GPa [72], high strength, and chemical inertness, and is therefore
a robust material for harsh-environment sensing [73]. There are various methods to deposit diamond
films including microwave plasma-CVD (MPCVD) [74], hot-filament CVD [74], and PECVD [75].
Diamond is a wide band-gap semiconductor and may be doped with, for example, boron [76], to give
it electrically conducting properties.

Tao et al. [77] fabricated nanomechanical resonators using cantilevers made of high quality single
crystal diamond for measuring force or mass, as shown in Figure 2.12. These cantilevers were of
length 20 to 240 um and had maximum Q of 1.2 million, at room temperature and pressure below
1 uTorr. These cantilevers were fabricated by bonding a single crystal diamond onto a silicon
substrate, before patterning and release. Single crystal diamond cannot currently be readily deposited
onto another substrate, and in this research, a relatively thick layer was bonded and subsequently
thinned by etching. This may be a plausible route of fabrication for certain niche applications, though
it is difficult to foresee this being used for large-scaled production, due to the complexity of

producing large-sized diamond-on-insulator substrates.
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Silicon substrate

Figure 2.12. Image showing nanomechanical diamond resonators fabricated from single crystal
diamond. Image adapted from [77]. Scale bar is 20 pm.

Nanocrystalline diamond films (NCD) represent a more scalable diamond thin film as it may be
deposited onto a substrate from a CH,4 precursor. NCD was deposited using MPCVD at 750 °C onto
a Si/SiO, wafer and machined into NEMS resonators by Sekaric et al. [78]. These devices had lengths
of 1 to 8 um and Q of 2400 to 3500 at a pressure of about 1 puTorr. Larger-grained polycrystalline
diamond (PCD) films have been grown by Sepulveda et al. using MPECVD [79]. PCD films require
a nanoparticle seeding layer for the diamond growth. The resonators grown using this method had

lengths of 90 um and a Q of around 10,000 at 1 pTorr pressure.

Currently, obtaining ultra-thin layers of NCD and PCD films is problematic. In research by
Yoshikawa et al. synthesis of NCD films of 14 nm thickness [80] contained pinholes, and a thicker
layer (>30 nm) was required for films without a significant number of pinholes. Therefore, it is
currently difficult to deposit NCD films of ultra-low thickness which are of sufficient quality for
NEMS applications.

PECVD and MPECVD represent large-area deposition methods for fabrication of diamond-based
MEMS and NEMS. The relative Q of each also highlights a common trend for thin film MEMS and
NEMS: the more reproducible and scalable fabrication is at the cost of a smaller grain structure. A
small grain structure considerably reduces Q compared with a single crystal film. Conversely, more
complex synthesis routes generally enable films of better crystallinity.
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2.2.5 Diamond-like carbon

Diamond-like carbons (DLC) include a range of materials and include a mix of diamond and
graphitic-type bonding. Figure 2.13 shows a ternary phase diagram which denotes most of the main
groups of DLC films [81], such as tetrahedral carbon (ta-C) and hydrogenated tetrahedral carbon
(a-C:H). The mechanical properties may range from being similar to graphite or similar to diamond,
and with a similar variation in electrical properties. DLC may have a value of E varying from
160 GPa [82] to 757 GPa [83].
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Figure 2.13. Ternary phase diagram of carbons. The corners correspond to graphite, diamond and
hydrocarbons, respectively. Image taken from [81].

DLC is commonly deposited using PECVD [84], sputtering [85] and filtered cathodic vacuum arc
[86]. These are all easily scalable methods of deposition over large-area substrates, and have been
used to fabricate high frequency, electrically-actuated and integrated NEMS resonators, of length
1 um and with a Q of 1400 at a pressure below 10 pTorr [82]. An image of a DLC resonator is
shown in Figure 2.14 (A), and it can be seen that the high built-in stress of the film caused it to
buckle. DLC thin films often have extremely large stress states (2 to 11 GPa) [82,86]. The stress state
of DLC has greatly limited the use of this material within MEMS, since this leads to buckling [82],
and delamination, as shown in Figure 2.14 (B) [86].
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Figure 2.14. (A) Image of a buckled DLC resonator. Image taken from [82]. (B) Example of
delamination from the substrate caused by very high compressive stress in a DLC film prepared using
cathodic vacuum arc. Image taken from [86].

2.2.6. Further applications for carbon-based probes.

Whilst the bulk of this literature survey has focused on the use of carbon thin films for resonator
applications (which primarily require values of high foand Q), the wide spectrum of carbon properties
such as low mass [87], low friction [88] and negative thermal expansion [89] have shown promise
for a range of applications beyond resonators, such as atomic force microscope (AFM) probes [90],
actuators [91] and nanoelectromechanical switches. For example, DLC coatings have been used as a
coating for silicon AFM cantilevers [90]. In this application, the high value of Young’s modulus of
DLC (616 GPa) raised the resonant frequency of the cantilever, and also increased the wear life of
the tip because of DLC’s higher hardness compared with standard AFM materials such as silicon or
silicon nitride. Graphene films, grown using thermal CVD were used in bimorph cantilever actuators
with epoxy [91], here the difference in thermal expansion between and graphene and epoxy, and the
low Young’s modulus of the epoxy enabled large deflections of cantilever. Loh et. al. [92] fabricated
nanoelectromechanical switches using two forms of carbon: a carbon nanotube (CNT) cantilever and
a DLC contact electrode. Here, the low cross-sectional area of the CNT cantilever enabled a switch
with a pull-in voltage of 23 V and the low friction characteristics of the DLC helped to reduce stiction

of the device, thereby increasing its lifetime.
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2.2.7 Conclusions for the literature based on the application of resonators

Resonators are promising devices for use as sensors of force and mass. The search for more sensitive
and more durable devices has led to wide-ranging research into materials beyond the traditionally-
used silicon. Some carbon thin films: graphite, diamond and DLC, all have promising properties and

have been reviewed here.

Diamond shows high promise as a material for resonators, particularly with single-crystal devices
showing very high values of Q. However, it is difficult to obtain thin films of single crystal diamond.
Other routes of deposition such as PECVD and MPECVD are relatively easily employed to deposit
NCD films directly onto substrates, and have been widely researched. Currently, continuous ultra-
thin NCD films cannot be deposited using PECVD or MPECVD. DLC typically has poor electrical
performance and exhibits extremely large states of stress which makes fabrication of released devices

very troublesome.

Graphitic thin film materials are a promising route for future carbon-based MEMS and NEMS

devices for two main reasons:

e These materials may potentially be used in harsh environments, enabling sensing of a
number of applications which have been ‘off-limits’.

e Ultra-thin graphite and graphene films may be deposited at lower thickness than the other
carbon materials. Such thin films can be used to fabricate stable suspended structures,
without buckling. The very low mass of ultra-thin devices may facilitate sensors of greater

sensitivity.

Graphitic thin films of high quality may be obtained using metal or germanium catalysts; however,
the transfer to an appropriate substrate leads to poor performance, particularly with variation in strain.
PECVD is a method used to produce electrically-conducting nanographitic thin films directly onto
insulating substrates, and at temperatures as low as 400°C. This type of film has been recently used
for NEMS switches [68], which in terms of fabrication, has many similarities to how one may
fabricate a resonator. The devices in this study were buckled, which creates difficulty in modelling
and designing devices, since the behaviour becomes nonlinear. Buckled devices are also likely to be
more fragile due to the large strain of the material. However, this work shows the promise of
fabrication of MEMS and NEMS using nanographite thin films, though clearly more research is

required. In particular the following are areas of interest:
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1. To measure the mechanical properties of nanographite and to characterise its performance
within MEMS and NEMS applications.
2. To demonstrate routes of fabrication of nanographite in particular, and carbon thin films in

general, which are reproducible and do not suffer from buckling.

2.3 Membranes for gas separation

Hydrogen is an alternative fuel to commonly-used hydrocarbons such as methane and natural gases,
and is seen as advantageous because its byproducts after combustion do not include CO, which is
predicted to increase the effect of the greenhouse effect in global warming [93]. The limited usage of
H, as a commercial fuel is largely due to the energy-intensive methods used to produce it. The most
commonly-used method currently to produce H; involves obtaining it from hydrocarbons [94]. This
process leaves a gaseous mix of H, and CO.. Cryogenic distillation is then used to separate these two
components; an energy-intensive process which limits its economic viability [95]. Another gas,
helium, is widely used in medical and industrial fields. The vast majority of He is extracted from
natural fields, where it is found as a mixture with other gases such as nitrogen [96]. Helium is then
typically purified using cryogenic distillation, as with H,. Less energy-intensive methods of
production are sought after for both these gases, with membrane separation being a widely researched
and promising technology method [97-100].

Permeable membranes are thin sheets of a porous material which may be used as filters to separate
different molecules. The molecules are commonly sorted by size, mass and charge [101]. Membranes
with an average pore size, for example, between that of the molecular size of H, and CO;, provide
greater resistance to the flow of CO, than H,. These are known as molecular sieve membranes. Some
materials, such as carbon, adsorb certain materials much more strongly than others, and this can be
used to provide different flow rates [102]. Figure 2.15 shows a schematic of some types of materials

which have been used for gas separation.
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Figure 2.15. Schematic of various types of crystal structure which is used to filter gases. Image taken
from [13].

For the ideal separation of H, and CO», for example, the flux (which is the flow of molecules, per
unit time, through the membrane) of H; should be large, and the flux of CO- should be small. The
ratio between these two is called the selectivity or separation factor (anzcoz). Typically there is a
trade-off in the permeability and selectivity of membranes [103], whereby materials with higher
permeance of H,tend to have a lower value of anzicoz. Another requirement for membranes for H;

separation is the ability to withstand conditions of elevated temperature [104].

Polymeric membranes, in particular, have been very widely researched for these gas separation
applications [103], as they are cheap to produce on a large scale. However, polymeric membranes
may degrade at high temperature, and offer a limited trade-off between permeance and a. For
example, Figure 2.16 shows a trade-off graph for or2/co2 which includes the ‘Robeson’s upper bound’
indicating the empirical best achievable trade-off for polymeric membranes [103].

The permeation unit here is the Barrer, which is a thickness-normalised unit of permeability

flux - thickness
area- Apressure

010 cm*(STP)-cm

> [105] (1 mol -m - m?2-s?- Pa?
sec-cm” -cmHg

J. One Barrer is equal to 1

is equal to 2.99 x 10°* Barrer [106]). This unit enables comparison of the intrinsic material

characteristics, since the thickness of the membrane is accounted for. However, more commonly the

flux
area- Apressure

unit (mol - m™2-s7' - Pa™!) is used in the literature. This unit gives ( ] and is not

normalised to thickness.
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Figure 2.16. Graph showing the H, permeation and H,/ CO- separation behaviour of many polymeric
membranes, with the empirical trade-off between permeability and separation. Image taken from
[103]. The ‘prior upper bound’ represents the best performance in 1991, and the ‘present upper
bound’ in 2008.

The performance limitations of polymeric membranes has led to a wide search for materials which
offer higher levels of flux and selectivity, and which may be used at higher temperature. Figure 2.17
shows the behaviour for Ha/ CO; separation of some inorganic membranes. Note the higher values
of selectivity a achievable from some of the inorganic membranes compared with the polymeric
membranes (Figure 2.16). The data points in this graph act as a reference for the following reviewed
membranes. Membranes with results raising towards the top-right corner of the graph (marked by

the star) in Figure 2.17 are sought.
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Figure 2.17. Graph showing the H, permeation and Hy/ CO; separation behaviour of some inorganic
membranes. The black line represents Robeson’s upper bound for the behaviour of polymeric
membranes [103]. The star represents the ideal separation performance. Image adapted from [16].
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2.3.1 Materials for membranes

The following Section sets out a short overview of some promising membrane materials for gas
separation based on the abovementioned trade-off in the behaviour of such membranes. Readers
should note that the overall literature extensively covers the performance of membranes separating
H2/CO,, whereas He separation is far less studied. As a result, most of the behaviour described in this

Section relates to H,/CO», thereby enabling comparison of the performance of different membranes.

2.3.1.1 Silicon composite membranes

SiC is a material which is mechanically stable at high temperature (> 350°C) [46] and as a result it
is a potentially useful material for membrane gas separation, where high temperatures are often used.
Elyassi et al. [104] characterised SiC membranes prepared by pyrolysis onto an aluminium oxide
support. The membranes had reasonable awzco2 0f ~50, but a relatively small permeance of 1.2 x10®
mol m~2 s™! Pa™! at 200 °C. This performance is similar to the polymeric upper bound, and the low
permeance of H. has currently limited the use of SiC membranes.

Silica-titania membranes (20 nm thick) were investigated by Gu et al. [107]. These membranes were
produced using thermal CVD and possessed H, permeance of 24 x 10 mol m2s™! Pa™! but a poor
anzicoz Of 14, De Vos et al. [108] produced silica membranes through isostatic pressing of powders.
These membranes showed very high H, permeance of 200x108 mol m2s™! Pa! at 200 °C, but a low

OlH2/CO2 of 7.5.

In all cases, silicon-based composite membranes were simple to fabricate on a large scale and
possessed stability at elevated temperature. However, the trade-off in performance is similar to that

achieved by the upper-bound of polymeric membranes.

2.3.1.2. Membranes based on metal-organic frameworks

Metal-organic frameworks (MOFs) are porous materials which comprise metal ions or clusters
connected with organic linkers. They are currently the subject of wide research for membrane-based

gas separation technology [109].
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Peng et al. [110] fabricated nanometer-thin MOFs sheets based on zinc, and an example of a
membrane is shown in Figure 2.18. These membranes had H, permeance of 91 x 108 mol m2 s™!
Pa ' and owzcoz Of 291 at 120 °C. These results show strong promise for gas separation. However,
the membranes did not appear to possess robust mechanical behaviour (to ensure stability, the authors
applied no absolute pressure differential across the membrane). Regarding temperature stability, the
performance rapidly dropped at elevated temperature, with permeance decreasing by a factor of 3.6
and awz/co2 dropping by a factor of 5.5 when the temperature increased from 120 °C to 200 °C. The
narrow band of conditions which facilitated high performance show that this type of MOF may
currently be too specialised for usage under real-life conditions.

Figure 2.18. SEM image showing a zinc-based MOF membrane on a porous support. Image adapted
from [110].

Guo et al. [111] constructed copper-based MOFs with high quality crystals of 5 to 10 um diameter,
which were formed over a copper mesh; a relatively simple technique for producing MOF
membranes. The membrane gave very high H, permeation values of ~1 x 10 mol m2s™! Pa!, but
poor anzicoz 0f ~7. The membranes were tested between room temperature and 70 °C, with no reliable

demonstration of permeation behaviour at elevated temperatures.

MOFs represent a specialised system for gas separation, with very high fluxes and high separation
values shown to be obtainable. Currently, MOF membranes appear to show high performance only
within a narrow band of temperature operation. The degradation in properties shows they currently
lack the robust material characteristics to withstand high temperatures and pressures to filter gases

industrially, though they clearly represent a very promising technology for membrane gas separation.

2.3.1.3 Carbon materials for membranes

Carbon has, for decades, been widely researched and used as a material for gas and ion separation

[112]. For many types of carbon membranes, polymeric precursors are graphitised to produce a
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carbon graphitic framework. Carbon’s chemical [113] and temperature stability [7] ensures it has a

wide window of operation compared to, for example, MOFs.

Carbon membranes may have different adsorption characteristics for different materials [102]; for
example, hydrocarbons are more strongly adsorbed than H, [102]. Selective adsorption can be used
as a separation mechanism, whereas silicon and MOF membranes primarily rely on molecular
sieving (filtering molecules by their size). The differential absorption behaviour has been utilised in
carbon membranes derived from PVC [102] which is shown in cross-section in Figure 2.19. In this
work, the high adsorption of hydrocarbons relative to H, gave an ‘inverse’ selectivity for Ho/CsH1o
of 0.01, despite H being a much smaller molecule (2.89 A vs 5 A [114]).

8928

Figure 2.19. SEM image of a cross section of a carbon membrane derived from PVC. Image taken
from [102]

The use of very thin carbon films such as graphene has opened up a range of materials which may
offer high permeability for gas separation based on low thickness. Such films may also be designed
and altered using micro- and nano-fabrication technologies such as focused ion-beam milling (FIB)
[115], ultraviolet (UV) etching [12] and substrate patterning [15].

The massive amount of research in graphene and related materials has extended to the development
for gas separation technologies. Li etal. [16] used graphene-oxide, derived from exfoliated
graphene-oxide powder, on anodic aluminium supports. The membranes had a minimum thickness
of 1.8 nm. However, despite the low thickness, the H, and He permeance were similar to SiC
membranes of a much greater thickness (2 pum thick [104]). The 1.8 nm membranes had a H>
permeance of about 20 x 108 mol m=2 s™! Pa! at 100 °C and 10 x 10® mol m2 s™! Pa! at 20 °C.
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However, anzicoz Was around 20 at 100 °C, reduced from a high value of ~2000 at 20 °C. Thus, the
trade-off in performance is poor at higher temperatures, which is more likely to be the case for real-
life applications. The sieving behaviour was attributed to intrinsic defects in the graphene-oxide
lattice. The relatively modest value of H, flux may demonstrate that the crystal structure of ~ 500 hm

sized flakes is not optimal for high flux of H.

The use of thin film graphitic materials also opens up different routes of fabrication and modification
which are more often associated with NEMS. For example, Koenig et al. [12] made 5 um diameter
freestanding membranes of single crystal exfoliated graphene, and created pores in the graphene
(which initially was free of defects) using UV etching. An AFM image of the porated graphene is
shown in Figure 2.20. The use of UV etching enabled the pore-size to be designed and were made
between 3.4 t0 4.9 A.

The drawbacks in synthesis methods which were discussed for graphene NEMS resonators equally
apply to graphene membranes. Mechanically-exfoliated graphene may only be produced in very
small crystals. Graphene grown using CVD has grain boundaries which strongly alter its gas
permeance [116] and the defects which arise from the transfer process also inhibit selective gas

permeance [14].

10.8 nm

Figure 2.20. AFM image of a porated graphene surface, where the red areas are pores made by UV
etching. Image taken from [14].

2.3.2 Conclusions of the literature based on the application of gas-separation membranes

Membranes for gas separation is a widely researched field, and it is clear that many different classes
of materials, including silicon composites, MOFs and carbons show high levels of promise for gas
separation technologies and specifically for H, and He separation. Conversely, each of the
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researched material groups have some areas which require further research. Table 2.3 briefly

summarises the properties of each of the reviewed inorganic materials for membrane gas separation.

Material

Description with summary

Silicon composites
[104][107][108]

Materials such as silicon-carbide, silica-titania and silicon-oxide (silica) all
possess good material stability at high temperature, and may be fabricated
relatively simply. The trade-off in H, flux versus selectivity is fair, and similar
to polymeric membranes.

MOFs
[109][110][111]

MOFs are an emerging material for membrane gas separation, and there is wide
interest in methods to fabricate them. Some membranes show very good
combination of H, flux and selectivity. However the behaviour typically
degrades at higher temperatures, and very thin MOF membranes do not currently
appear very mechanically robust.

Carbon
[112][102][115][14]

Carbon membranes based on polymeric precursors have been used for some
time. They offer high temperature stability. The large amount of research on
graphene and related materials has led to the use of graphene-oxide. However it
has relatively low flux for such a thin material, and the separation behaviour
degrades at higher temperatures.

Use of nanotechnology-based fabrication of membranes, such as using pre-
patterned silicon substrates for support and UV etching to create pores, offers
promising new routes for membrane fabrication. However, the scalability issues

which led to poor reliability of graphene NEMS also affect membranes.

Table 2.3 Summary of the behaviour trends of the reviewed membrane materials.

Carbon-based materials are promising materials for gas separation with attributes of high temperature
resistance and chemical stability, and may separate gases using differential absorption [102] and/or
through size-based molecular sieving [16]. Recent work on the use of fabrication technologies which
are more closely associated with nanotechnology, such as FIB milling and UV etching, have shown
promise for modification of thin graphitic films. However, many of the fabrication issues associated
with graphene NEMS, such as its troublesome transfer process and inherent fragility, are also

drawbacks for the use of graphene for gas separation technology.

Further work is required to utilise thin film graphitic membranes. The intrinsic defects in graphene-
oxide have shown to be selective for Ho/ CO,. However, the large flake size yields relatively few
defects and the relative permeance of the material is low. Nanographite may have a much higher
defect density than graphene-oxide, due to its low crystallite size, and PECVD offers wide-area

deposition. Thus, nanographite films deposited on silicon substrates may be used as membranes
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which: (A) filter gases through intrinsic defects and (B) can be used as a material to be altered using
NEMS-type fabrication (such as UV etching). This literature survey has highlighted that it would be

useful for further research to be conducted in the following two areas:

1. The demonstration of methods to fabricate nanographite-based membranes. This can be an
‘enabling technology’ for combining MEMS- and NEMS-type fabrication and modification
of membranes, with a scalable deposition method.

2. The measurement of the permeability and separation behaviour of H, / CO, and He through

nanographite membranes.

To summarise, this literature review has highlighted areas of research whereby the use of
nanographite thin films show promise for: (A) use as a material for MEMS/NEMS resonator-based
sensors, and (B) for membrane gas separation. The following Chapters in this Thesis describe the

work undertaken towards these aims.
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3. Experimental techniques

Here, the methods used to fabricate structures and devices which have been used for experiments in
this research are presented. Subsequently the experimental methods used to analyse them are
detailed.

3.1 Deposition of nanographite using plasma-enhanced chemical vapour deposition

This Thesis focuses on the characterisation of nanographite thin films for MEMS-type applications.
The synthesis of this film is based on prior work in the University of Southampton [22]. The use of
a commercial PECVD tool (Oxford Instruments Nanofab1000 Agile), as shown in Figure 3.1,
enables a repeatable method for depositing films over a large, commercial type substrate, and in this

work either 6-inch silicon wafers or 4-inch fused quartz wafers were used.

B Gas enters through top
‘showerhead’ electrode | | @
Plasma Deposition onto

l l & | heated wafer

S
S

Figure 3.1 (A) Image of the Oxford instruments Nanofab1000 Agile PECVD tool used to deposit
nanographite films (photo credit, Dr Ahmed Abuelgasim) (B) Schematic of the PECVD system for
film deposition.

The deposition conditions are summarised in Table 3.1. The carbon precursor is CHa, which is
dissociated into various free radicals such as CHy , C2Hy , CsH; during the reaction [66]. The H; acts
as a diluent, controlling deposition rate and promoting graphitic carbon growth by etching amorphous
carbon [21]. The relatively high deposition temperature of 750 °C was used, since this was the
minimum temperature to obtain graphitic carbon growth using this tool. Below 750 °C amorphous
carbon was formed, or no deposition took place. A deposition rate of approximately 2 nm per minute
was measured with the conditions described in Table 3.1.
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Temperature (°C) 750

RF power (W) 100
Chamber pressure (mTorr) 1500
CH, flow (sccm) 75
H> flow (sccm) 60

Table 3.1. Summary of PECVD deposition conditions for nanographite.

3.2 Fabrication of nanographite structures

The following subsections detail the fabrication of three different types of nanographite structure:

e Fabrication of doubly-clamped buckled beams.
o Fabrication of a MEMS resonator structure.

e Fabrication of membranes.

All devices were fabricated using 6-inch standard P-type silicon wafers, excepting the membranes
for gas permeation, which were deposited using 4-inch fused quartz wafers. UV photolithographic
exposure was used throughout for patterning and aligning.

All masks were newly designed for this body of work, using L-edit software. The mask sets for all
samples, excepting the fused quartz membranes, were printed transparency masks (Microlitho Ltd.,
U.K.) with minimum feature size of 10 um. The fused quartz membranes were exposed using chrome

on soda-lime glass photomasks, made in-house in the SnFPC, IMRE, A*STAR, Singapore.

For the avoidance of repetition, some common fabrication procedures are listed here:

e For devices fabricated using silicon substrates, each wafer was cleaned for 10 minutes using
fuming nitric acid to remove organic contaminants.

e Prior to resist spinning, the wafer was dehydrated for 20 minutes in an oven at 210 °C.

e Complete etching of films is confirmed using ellipsometry and stylus profilometry.

o Recipes, for example PECVD and RIE, are detailed at the first mention, and are not changed
throughout subsequent use.

o Residual resists, after etching steps, were cleaned using acetone or NMP solvent
(N-Methyl-pyrrolidone), then rinsed with deionised (DI) water and IPA before drying with

a Nz gun.
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3.2.1 Fabrication of simple doubly-clamped buckled beams

Released and freestanding beams are the most basic MEMS structures, and are the basis for a range

of devices, including resonators, sensors and switches. Here, the fabrication of doubly-clamped

m—
-

beams is presented.
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C
[ SiO2 |
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Nanographite

Mask | - Positive resist || Mask 2 - Negative resist

Figure 3.2. Process flow showing the main fabrication steps for doubly-clamped beams.

The first step for fabrication was to pattern a layer of SiO; (Figure 3.2 (A-B)), for use as a sacrificial
spacer, which defines the released beam length. SiO, was deposited to a thickness of 200 nm using
PECVD (Oxford instruments System 100LS) with the parameters set in Table 3.2. PECVD was
considered the most suitable method for SiO- film deposition, since this is a relatively quick process
for low numbers of wafers. The quality of film regarding density and etch resistance is lower than
thermally grown SiO; [117]; however in this case this was a sought-after property. This was because
it was preferential to reduce the exposure time of the device during etching, as, for example, the

nickel electrode (in subsequent devices) is increasingly roughened by the HF over time.

Temperature (°C) 350
RF Power (W) 20
Pressure (mTorr) 1000
SiH, flow-rate (sccm) 4.2
N2 flow-rate (sccm) 80
N2O flow-rate (sccm) 350
Upper chamber heater (°C) 90

Table 3.2. Summary of the deposition conditions for PECVD SiO;
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After deposition the wafer was spin coated using S1813 positive resist at 5000 RPM and then baked
at 115 °C. After cooling to room temperature the wafer was exposed using a UV EVG 620 T mask
aligner using Mask 1 (Figure 3.2). The exposed resist was developed using MF319 developer for 40
seconds, then rinsed in DI water and dried using an N2 gun. The resist thickness was 1.3 um. After
confirmation of the resist development, the SiO, was etched using reactive ion etching (RIE), with
the recipe in Table 3.3.

Temperature (°C) 20
RF Power (W) 200
Pressure (mTorr) 30
CHF;3 flow-rate (sccm) 18
Ar flow rate (sccm) 32

Table 3.3. Summary of RIE conditions used to etch SiO5.

The wafer was now an array of patterned SiO, sacrificial anchors, which are used to define the length
of the released beams of 65 to 140 um. Nanographite was deposited onto the patterned wafer to a
thickness of 400 nm (Figure 3.2 (C)). The thickness of the film must be larger than the thickness of
the anchor to ensure a continuous film, since the PECVD process was characterised to be largely

directional and non-conformal; this is demonstrated in the Figure 3.3.

Direction of deposition

R

‘ _

tnanographite < tsio2

—discontinuous film

e

tnanographite > tsioz

->continuous film

Figure 3.3. Diagram showing the thickness requirement for obtaining a continuous film when
depositing nanographite over pre-patterned substrates using non-conformal PECVD.

The wafer was then spun with AZ2070 negative resist at 6000 RPM, yielding 5 pum thick layer and
exposed after alignment to Mask 2 (Figure 3.2). This mask defines beams of 10 pm width, with large
34



anchors, as shown in Figure 3.4. The resist is baked at 110 °C and exposed in the mask aligner using
an I-line filter in place. After exposure the wafer was then further baked at 110 °C, before
development in AZ726 MIF. The nanographite was etched using RIE (recipe in Table 3.4). The wafer
was then spin coated with S1813 resist before it was diced into individual chips. The resist is used to
protect the surface from dust produced during the dicing process. Each chip was then cleaned in IPA

and deionised water to remove the protective resist layer.

SiO; spacer

Nanographite /
beam anchor

Figure 3.4. SEM image of a nanographite doubly-clamped beam, with both lithographic layers
visible. Scale bar is 100 pum.

Temperature (°C) 20
Pressure (mTorr) 100
RF Power (W) 100
O flow rate (sccm) 50

Table 3.4. Summary of the RIE etching conditions used to etch nanographite.

For the final step, the beam is released from the substrate (Figure 3.2 (D)). This is achieved using
hydrofluoric acid vapour, using an Idonus HF etching system with the chip heated to 40 °C. This
isotropically etches the SiO, without etching the nanographite. HF in the vapour phase avoids stiction
between the beam and substrate which can be caused by surface tension when using liquid etchants.
The built in stress of the film causes upward buckling of the released beam structure. Figure 3.5
shows a released device.
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Figure 3.5. SEM image showing a high angle view of a released, buckled doubly-clamped
nanographite beam. Scale bar is 10 um.

3.2.2 Fabrication of MEMS nanographite resonator device

The fabrication of MEMS resonator devices builds upon the steps described for the doubly-clamped
beams, with the same mask design used for the beam structures. For these resonators, both doubly-

clamped and cantilever beams were fabricated.
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Figure 3.6. Process flow showing the main fabrication steps for resonators.

Firstly, 200 nm SiO is deposited using PECVD, and then 350 nm nanographite is deposited directly
onto the unprocessed SiO; layer (Figure 3.6 (A)). The wafer is then coated in AZ2070 resist and
exposed using Mask 1 (Figure 3.6), which defines the beam outline with large square anchors. Both
SiO;and nanographite layers are then fully etched using RIE.
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The wafer is then coated in AZ2070 resist and Mask 2 (Figure 3.6) is exposed. This defines openings
over the beam anchors for the electrodes. After development of the resist, titanium/nickel electrodes
of 5/50 nm thickness are deposited over the wafer using e-beam evaporation (Leybold LAB700). The
evaporation of both metals is performed in the same step, without venting the system to atmosphere;
this avoids the formation of titanium oxide between the two metals. The entire wafer is coated in this
step, and the metal which lies over the remaining resist is then ‘lifted off” by dissolving the resist

using NMP overnight. This leaves the beam with metalised anchors (Figure 3.6 (B)).

The final step is to release the beam structures from the substrate using HF vapour (Figure 3.6 (C)).
A relatively large undercut of the beam anchors, caused by over-etching at this step, enables
buckle-free structures to be released. This is enabled by deformation of the beam anchors, and the
beam moves from a buckled state to a flat, tensile state. Part of the evolution in profile for the released
beam is shown in Figure 3.7, with the beam initially being buckled before being effectively ‘pulled’
into a state of tensile stress as the undercut length increases. These devices were etched using a
home-built HF vapour setup; the schematic is shown in Figure 3.8. In this setup, a lamp is placed
above the chip to provide heating, and the chip is placed over an opening in a Teflon sheet and placed
over a beaker filled with 25 % HF.

Increasing undercut f

Figure 3.7. Two SEM images showing the evolution from buckled beam to straight beam with
increasing period of etch and increase in undercut. Scale bars are 50 pm.
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Figure 3.8. Schematic of the homebuilt HF vapour etching setup.

The etch rate of SiO; in HF vapour was measured at around 2pm per hour. Samples were periodically
checked for the lateral etch depth under optical and scanning electron microscopy, since there was a
degree of variability between chips when etching using the home-built setup. A typical etch release
using this system was around 8 to 12 hours, compared with 10 to 15 minutes using the Idonus system.
Completed released devices are shown in Figure 3.9 (A-B).

Figure 3.9. (A) SEM image of released nanographite cantilever device, 150 um long. (B) SEM image
Released nanographite doubly-clamped resonator, 100 um long. Scale bars are (A) 50 and (B)
100 pm.
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3.2.3 Fabrication of membranes

3.2.3.1 Membranes using silicon substrates

Firstly, a 400 nm SiO- layer was deposited by PECVD onto the wafer front-side. This is used as an
etch-stop for a later step. A 350 nm layer of nanographite was then deposited onto the front-side
followed by deposition of 1 um thick layers of SiO, onto the front and backsides of the wafer using
PECVD. This is to act as a masking material against the deep wet anisotropic silicon etchant, TMAH,

and was found to have sufficient selectivity of etch rate.
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Figure 3.10. Process flow showing the main fabrication steps for membranes using a silicon substrate.

Square window openings were defined on the wafer backside through photolithography, using
positive S1813 resist, with the SiO; layer etched using RIE (Figure 3.10 (A-B)). The size of the
windows was designed to obtain membranes of front-side dimension 200 to 300 um square. Earlier
trial results using PECVD SisNs masking material and KOH as the silicon wet etchant provided
variable results, with delamination of the mask occurring in areas over the wafer and with pinholes
in wide regions over the wafer. This was never observed using the SiO, mask with TMAH etchant.
The deep silicon etching step is required to release the membrane structures from the backside.
TMAMH gives an anisotropic etch profile creating pyramid-shaped pits bound by the slow-etching
{111} planes of Silicon, as shown in Figure 3.11. 25% TMAH diluted in water was used at 70°C
which etched the silicon at around 25 pm per hour. The wafer was removed from the etchant when
there was around 100 um remaining of the silicon wafer (Figure 3.10 (B)). This was to ensure
sufficient thickness of silicon remained to retain stability of the wafer for dicing into individual chips,

which was the next step.

Inductively coupled plasma (ICP) and RIE etching was then used to fully release the membranes
from the wafer backside, with the ICP recipe summarised in Table 3.5. This method of wet-etching
the wafer bulk and then fully releasing the devices using a dry ICP etch was developed by my

colleague David Grech in the Southampton Nano Research group [118]. This technique removes the
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risk of failure of devices from surface tension, which was found to be an issue on some devices fully
released using TMAH.

Temperature (°C) 10
Pressure (mTorr) 20
SF¢ flow rate (sccm) 100
Ar flow rate (sccm) 25
RF power (W) 20
ICP power (W) 1500

Table 3.5. Summary of ICP conditions used to etch silicon.

Figure 3.11. SEM of cross section of TMAH and ICP-etched pit to observe sidewall profile. Scale bar is 250
pum.

The individual chips were placed onto a plain glass carrier wafer for ICP etching through the
remaining silicon of approximately 100 um thickness. RIE etching was then used for the SiO; layer
(Figure 3.10 (C)). Etching is completed in successive steps, and visual observation of ‘breakthrough’
of successive layers (firstly from silicon to the SiO; layer, and subsequently to the nanographite layer)
can be made using optical microscopy from the backside as shown in Figure 3.12 (A-C). After
breakthrough to the nanographite layer, there was typically a period of over-etching of around 30
seconds to ensure the SiO- layer is fuly etched, thus the nanographite is exposed to this RIE etching
step. The selectivity of etch rate between nanographite and SiO, under this etch is high (under 3 nm
compared with around 30 nm for SiO,. Both cases were measured using ellipsometry) and the etching
of the nanographite layer is small. Finally, the front-side SiO; layer is removed using RIE (Figure
3.10 (D)). A microscope image of a fully released membrane is shown in Figure 3.13; this device

has a thickness of 275 nm and is 193 pum square in lateral dimensions.
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Figure 3.12. Optical microscope images showing etching of the membrane: (A-B) Full etching of
the silicon bulk wafer using ICP. (C) Etching of SiO, using RIE reaching the nanographite layer.
Scale bars are 50 pm.

Figure 3.13. Optical microscope image of 193 um nanographite square membrane. View taken from
backside. Scale bar is 50 um.
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3.2.3.2 Membranes using fused guartz substrates

For testing the gas permeation of nanographite membranes, amorphous fused quartz substrates
were used, for two main reasons:

e The lower thermal coefficient of expansion of fused quartz reduces the thermal stress in the
nanographite layer compared with using a silicon substrate. Lower stress membranes are
more stable under a differential pressure.

e The use of a fused quartz substrate enables fabrication of circular membranes due to the
amorphous crystal structure, thus an isotropic etchant hydrofluoric acid (HF) can be used.
Circular membranes have significantly lower stress concentration than square membranes,
which focus stress at the corners. Lower stress concentration is important to enable relatively
higher pressure gradients across the membrane during permeation. Larger area membranes

can be fabricated at this lower stress state, with a higher absolute gas flux.

To fabricate the membranes, nanographite is deposited to a thickness of 350 nm onto one side of a
doubly-polished 4-inch fused quartz wafer. The basic process is to produce windows in the backside
mask, and isotropically etch the fused quartz through to the nanographite layer. The process flow for

fabricating these membranes is based on work by Jin et. al [119].

Nanographite | B

Fused quartz

Chrome/GoId

Figure 3.14. Process flow showing the main fabrication steps for membranes using a fused quartz
substrate.

The backside mask used to pattern the openings to release the membranes is of 10 nm chrome, which
acts as an adhesion layer to the fused quartz, followed by 300 nm gold with both layers deposited by
thermal evaporation (Figure 3.14 (A)). The gold layer is then coated with AZ4330 positive resist.
This acts as a mask to firstly pattern the gold/chrome layers, but also greatly aids in reducing the
density of pinholes during the deep HF etching step by acting as a further protective layer. The resist
is spun at 1000 RPM and then baked at 95 °C, yielding a layer of 7 um. The resist is then exposed

with a circular pattern sized between 25 to 100 um. The resist is developed for 60 seconds using AZ
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developer, and then post-baked for 20 minutes at 120 °C in an oven. This post-baking step is used to
make the resist layer more hydrophobic thereby reducing the HF diffusion through to the gold layer
[119]. The gold and chrome layers are etched using wet etchants, with a DI water rinse in between
(Aldrich gold etchant and Microchrome Technology, CEP-200 chrome etchant). The metal layers
are confirmed to be fully etched by microscope inspection. The wafer is then diced into individual

chips after this stage.

To protect the sides and front (nanographite side) of each chip, wax is used to adhere the chip to a
carrier, an offcut piece of blank silicon wafer. The wax is placed onto the carrier and heated to 100 °C
using a hotplate. At this temperature the wax is in a viscous, liquid state, and the patterned chip is
then pushed into the wax, face down, ensuring the sides are fully covered (Figure 3.14 (B)).

49% HF acid is used to etch through the bulk of the fused quartz wafer, until the nanographite layer
is reached, which is clearly visible during microscopy inspection. The HF etch step takes roughly 16
hours to reach the nanographite (Figure 3.14 (C)). Finally, the chip and carrier is heated to 100 °C
on a hotplate, melting the wax and releasing the chip from the carrier. The released chip is placed in
acetone overnight to remove the residual wax (Figure 3.14 (D)). A completed membrane is shown in

Figure 3.15, and is slightly wrinkled due to compressive stress in the film.

\

Figure 3.15. Optical microscope image of a nanographite membrane fabricated on a fused quartz
substrate. Scale bar is 100 pm.

3.3 Measurement of MEMS resonators

The resonator devices | have fabricated are electrically actuated and detected optically using laser
Doppler vibrometry (LDV). Here, the methods for actuation and measurement of the nanographite
resonator structures are detailed, with both doubly-clamped beams and cantilever resonators using

the same systems.
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3.3.1 Electrostatic actuation

The released devices were electrostatically actuated by applying voltage V = Vpc + Vac €0s (ot)
between the beam and the grounded silicon substrate. Here Vpc is the DC bias and Vac is the
amplitude of the AC voltage bias, applied at radial frequency w, (equal to 2zxf where f is the
frequency in Hz). This generates an electrostatic force F. applied on the beam. F. may be calculated
as in Equation 3.1 [26]. As the forcing frequency f becomes close to the natural frequency of vibration
of the mechanical beam fo, the natural mode shape of the beam is excited and the vibration amplitude

becomes large, this is known as resonance.

1oC, ,,
Fo~- S (Ve + 2VpeV,, cos(at)) 3.1)
where C is the effective capacitance between the resonator area and the underlying substrate at a
separation distance r. During testing, a DC bias of 2 V and AC voltage of 0.2 V was used unless

otherwise stated.

The voltage output is controlled by the LDV software, linked to a voltage function generator
(HP 33120A) and the device electrically contacted with probe needles (Cascade MH2-B positioners)
for measurement at ambient pressure. One sample was wire-bonded using gold wire for actuation
and measurement under vacuum. A custom built vacuum chamber with a window for the LDV was

used, with the base pressure measured a by manometer gauge (MKS Baratron).

3.3.2 Vibration measurements

A commercial LDV system (Polytec 300-F) was used to measure the vibrational velocity of the beam
during actuation. The software may be used to sweep the frequency f of the AC signal Vac between
0 and 1 MHz and measures the corresponding velocity of vibration of the beam at that frequency. A
schematic of the setup is shown in Figure 3.16, and is configured to measure out-of-plane motion of

the microfabricated test structures.

The LDV uses a polarised helium-neon laser, the spot size of which is around 10 um diameter, and
is focused on the centre of the beam for doubly-clamped devices, and at the beam end for cantilevers.

To measure the velocity of the structure, the laser is split into a ‘reference’ and ‘object’ path. The

motion of the structure adds a Doppler shift onto the object path, fo,,, = 2x V(t) x cos(77)/ A

where v (t) is the velocity of the target as a function of time t, # is the angle between the laser beam

and the velocity vector of the target, and / is the wavelength of the light (633nm) [120].
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Figure 3.16. Schematic of LDV head measuring a MEMS resonator.

3.4.3 Vibration analysis

A schematic of a resonance spectrum is shown in Figure 3.17. To determine the vibration frequency
and Q, a Lorentzian curve was fitted to the data. The natural frequency of vibration is shown as f,
and the full width half maximum is FWHM and the peak amplitude is Ao. The FWHM is defined for

a power spectrum as /%2 /2 . Thus in the amplitude spectrum the FHWM corresponds to A, /\/E.

3.4 Membrane permeation testing rig

The fabricated membranes were used for gas permeation testing with the permeance to various gases

characterised. The experimental setup and technique is summarised here.

3.4.1 Criteria for testing apparatus

For permeation testing of the nanographite membranes, a system which fulfilled the following
criteria was required:
e Repeatable and accurate measurement of gas flow, sensitive to many different types of gas.
e Measurement of membranes of diameter ~ 1 mm.
e Enable permeation testing at elevated temperatures.

¢ Non-destructive to the membrane with repeat measurements possible.
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3.4.2 System setup and diagram

The flow of gases through the membrane is calculated by measuring the downstream pressure of gas
using a residual gas analyser (RGA) type mass spectrometer. Figures 3.17 and 3.18 show the system

constructed and is similar to permeation testing rigs in other research [121,122].

Pure gas was used from 10 L cylinders (Air Liquide AlphaGaz). Prior to any experiment to fill the
HV chamber with gas, the gas line was fully evacuated, with the cylinder shut off. After evacuation
for around 5 minutes, the gas line was filled to a pressure of around 1 Bar. A needle valve was used
to fill the HV side in a controllable manner. This ensured that the gas was free of residual air when
the system was filled.

The rig comprises two effective chambers; a larger chamber at ultrahigh vacuum (UHV) in which
sensitive gas partial pressure measurements are made using the RGA, and a smaller chamber
evacuated to high vacuum (HV) conditions, which during testing is filled with the analyte gas to a
pressure in the range 30 to 100 Torr. The two chambers are separated by the membrane, yielding a
concentration gradient across the membrane. Thus if the membrane is permeable, gas will flow into

the UHV chamber and be measured under suitable conditions by the RGA.

The UHV chamber was evacuated using a Varian V-551 turbomolecular pump rated to 550 L sec™.
This chamber comprises stainless steel components with copper gasket sealing ‘Conflat’ flanges
(rated leak-tight to ~1x10722 Torr). The system was thoroughly baked overnight using external heater
tapes at ~150°C to remove water vapour and other contaminants from the system walls. After baking,

a UHV base pressure of around 1x1072° Torr was achieved.

The HV side comprises a series of crosses and valves sealed using Viton O-ring seals. This was

evacuated using a turbo pump (BOC Edwards EXT) rated to 50 L sec™.
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Figure 3.17. Schematic of the UHV gas permeation rig.
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Figure 3.18. Photograph of the gas permeation rig
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To install the membrane, UHV rated 2-part epoxy glue (Allectra 330s-GLUE1-M3) was used to
adhere the membrane over a stainless steel gasket. The gasket was then adhered over the orifice of a
Swagelok-CF adapter as shown in Figure 3.19. Leak-tightness was confirmed by adhering a ‘blank’

chip, which was a fused quartz chip without membrane, with no measurable gas flow observed.

Figure 3.19 (A) Photograph of a membrane chip adhered over an orifice of a UHV fitting. (B) Close-
up image of adhered chip, showing UHV glue providing a seal around the gasket edge.

The membrane is too fragile to withstand a differential pressure of 1 atmosphere, therefore the
chambers surrounding both sides of the membrane had to be evacuated simultaneously. This was
enabled by having the HV and UHV chambers linked with a separate hose. Thus, referring to
Figure 3.17, for installing a membrane, gate valve (GV) B and A were open, GV C was shut (this
ensured the main UHV chamber was kept under UHV) and the top load-lock section and HV chamber
were vented to atmosphere (and conversely, evacuated) equally on both sides of the membrane.

3.4.2 RGA partial pressure operation and calibration

The RGA is a quadrupole mass spectrometer, measuring the ion current at discreet mass/charge
values, which can be used to calculate the pressure of each individual gas (partial pressure) present

in a system.

The basic principle of operation is as follows, this summary is a precis from the RGA manufacturer
[123]. A filament, as shown in Figure 3.20 is held at negative potential and is resistively heated to
incandescence; this becomes the source of electrons which is used to ionise gas molecules in the
system. Electrons from the heated filament are accelerated toward a positive charged anode grid. An
electron may ionise a gas molecule present between the filament and anode grid and molecules are
ionised into fragments. The ions formed within the grid are attracted to the negative potential of the
focus plate, which draws ions and focuses them into the filter section. Within the filter, the ions are

separated based on their mass-to-charge ratio. The ion current at each mass-to-charge ratio is a
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function of the abundance of the associated molecule in the system, which is thus used to calculate

the partial pressure of that gas.

Filament, Repeller

------------ bemmmmmmdeemy
A 1
I
—————— === |
! ! I
i |
i i

L
Focus plate--»»-"l I- _____ _ﬁ___;___J i
V : 1
_______________ .','.....____._..I

Anode grid

Figure 3.20. Schematic of the RGA ioniser. Image from [123].

| used a calibration system as recommended by the manufacturer to calculate the partial pressure.
Using a leak valve, the analyte gas is introduced into the system, raising the overall pressure of the
system from, for example, a base pressure of ~3x107° to ~4x10® Torr. In this condition, it is clear
that the pressure of the system is dominated by the partial pressure of the analyte. The overall pressure
is measured by an ionisation gauge (IG). Thus a graph plotting the RGA ion current for the analyte
gas vs. the 1G pressure shows the conversion factor k between the uncalibrated RGA gauge and the

known IG pressure. These plots are shown in Appendix 3.

It is noted that the IG is not a calibrated instrument. Without access to a suitable calibrated total
pressure gauge, such as a spinning rotor gauge, this error is considered unavoidable in the scope of

this work.

3.4.3 Permeation measurement using closed volume method

Two separate methods to measure the membrane permeation were used, and a comparison of the
results is made in Chapter 6. The first detailed is the ‘closed-volume’ method. In this, the UHV
chamber is shut off from the evacuating turbo-pump, and the permeate pressure is allowed to build
up without being removed by the pump. The pressure rise over time into the known chamber volume
is used to calculate the molar flux and permeance through the membrane. The volume of the chamber
was calculated from the volume of 3D computer-aided-design models of each separate component

of the system.

The membrane leak rate Qn (Pa m® sec?) can be calculated by measuring the change in partial

pressure of the analyte gas with time, as described in Equation 3.2:
Q. =[(APaye / At)—(Ap, / At)]-v (3.2)
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where Apave is the measured change in pressure over a time period 4t, Apo is the measured change in
background pressure arising from gases emanating from the vacuum chamber internal surfaces and
v is the measured volume of the chamber [124]. From the leak rate, the molar flux, J, (moles sec™

m2) may be calculated by:

_Qu
"~ RTa 33

Where a is the geometric surface area of the membrane, R is the molar gas constant and T is the
absolute temperature. The permeance, B, mol m sec! Pa™ is defined as [125]:
J
B=—— (3.4)
Ap ups

Where pups is the upstream pressure of the gas, in the HV chamber.

3.4.4 Permeation measurement using the vacuum method

A second measurement scheme has been employed to compare the permeation values of the
membrane as measured by two separate methods. Here, the molar flux through the membrane is
measured during constant pumping of the UHV chamber. By definition, the total number of

molecules flowing into a system per second Ny, in moles, is the flux J multiplied by area (m)

N, =J-a (3.5)
Experimentally the ideal gas equation is used to calculate the molar gas flow as [121]:
p-EPS
N, = 3.6
. (36)

Where P is the pressure and EPS is the effective pumping speed, which is the volume removed per
unit time by the system pump. Combining Equations 3.5 and 3.6 yields the molar flux as:

J= p-EPS (3_7)
RTa
From which the permeance can be calculated as before:
J
B=— (3.8)
AP ups

In Equation 3.7, EPS must be measured. The quoted value for the turbo pump (550 L sec?) represents
an ideal case which cannot be readily achieved in a real-life experiment. Furthermore, to increase the
pressure of the analyte gas and thereby increase the sensitivity of the method, the turbo pump can be
throttled (the pumping speed effectively reduced) by partially closing the gate valve above the turbo
pump. In order to calculate the EPS, including in the case of throttling the gate valve, | used a leak
valve to introduce a flow of gas into the UHV system. The leak rate Qieax is measured using the closed

volume method, as in Equation 3.2, with the gate valve closed.
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The system is then pumped with the gate valve open (or throttled) and with the leak valve kept open
at the same level. The partial pressure of the analyte gas pieax is measured and hence the EPS pumping

speed can be calculated as:

EPS = Qleak / pleak (39)

3.4.5 Measuring gases in the presence of residual gas peaks

UHV systems typically have measureable peaks due to the following residual gases in the system.
Large residual gas peaks typically arise from the following:

e Water. This arises from the humidity in the air. The quantity of water in the system can be
reduced by ‘baking’ the chamber walls. Water has a main RGA peak at 18 AMU (H20 —
74.4 %), with other peaks at 17 (HO - 17.1 %), 16 (O - 8.2 %), 20 (H2+0O - 0.2 %) and 19
(H+0O - 0.07 %).

e Carbon dioxide, carbon monoxide and hydrogen are all present due to diffusion of gases
from the chamber walls which are made from stainless steel. These elements diffuse from
the region of high concentration and high diffusivity in the grain boundaries of the steel
[126]. For example, carbon dioxide has peaks at 44 (CO- - 78.4 %), 28 (CO - 8.6 %), 16
(0 -7.1%), 12 (C - 4.7 %), 45 (C+0O; - 0.8%) 46 (CO2++ - 0.4%).

An example of a typical residual gas background of a mass spectrometry graph is shown in
Figure 3.21. The presence of these residual elements is important because they can effectively ‘mask’
the flow of the analyte gas when they share a common mass to charge ratio. For example, Nitrogen
is ionised into N2 (28 AMU - 92.6%), N (14 AMU - 6.7%) and N2+ (29 AMU - 0.7%). During
measurement of nitrogen permeation through a membrane a problem arises from outgassing of
carbon monoxide from the vacuum chamber walls because CO also has atomic mass 28 AMU. If the
rate of diffusion at 28 AMU from CO is considerably higher than the measured N> flow through the

membrane; (this equates to the Apo in Equation 3.2), the permeation of N2 cannot be measured.
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Figure 3.21. Graph showing a typical background reading of gases obtained by mass spectrometry
in the UHV apparatus.
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4. Mechanical characterisation of nanocrystalline graphite using buckled

microstructures

4.1 Introduction
MEMS and NEMS devices are fabricated in a similar way to integrated electronic circuits, by
patterning and etching of thin films on substrates. However, MEMS have moving mechanical parts
as well as electrical parts. The Young’s modulus (E) of the material is fundamental to the behaviour
of MEMS and NEMS devices which undergo any actuation, sensing or deflection. In this Chapter, |
have measured the value of E of the nanographite thin film.

Techniques of characterising E of thin films, using released microstructures, were first described in
the late 1970’s [127] by measuring the resonant frequency of cantilever beams. Some other methods
to measure E using microstructures are summarised here. Sundararajan et al. [128] fabricated
micro-beams from silicon and SiO, and then used atomic force microscope to deflect the beams in
a 3-point-bend test. This is a downscaled version of the method described in international standards
[129] for measuring E for macroscopic samples. Another very widely used technique for measuring
both the built-in stress and E of thin films is known as the ‘bulge test’[130] which has recently been
used to measure the these two properties of Silicon Carbide [54]. In the bulge test, membranes are
subjected to a pressure on one side, and the deflection of the membrane can be used to calculate both

the stress and E.

There are various methods of characterising the Young’s modulus of thin films. In order for accurate
measurement of this physical parameter, all experimental errors must be taken account of.
Osterberg et. al. state that a reasonable goal for accuracy should be within a few percent [131] and
this is generally the order of error stated in literature [54,127,132]. Experimental errors may arise
from fabrication imperfections, such as over-etching, or excessive curvature due to stress gradients.
These imperfections create boundary conditions which are different to the typically ‘ideal’ models,

and may create significant differences if not accounted for [131].

Here, two types of released microstructures using nanographite thin films were fabricated:
membranes and beams. Nanographite, when deposited onto a silicon substrate, is under a high
compressive built-in stress. As a result, both types of structure exhibit a significant out-of-plane
buckling when they are released. This is generally not sought after for MEMS; nonlinear buckling
of structures creates difficulty in modelling and design. However, in this Chapter | have used the
buckling effect as a measurement tool. The amplitude of both types of buckled structure is a function
of E. Firstly, | used white light interferometry to measure the deflection of a number of buckled
membranes, and fitted these results to an analytical model for buckling of membranes, to extract a
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value for E. Using this value, | then used analytical and finite element models to predict the amplitude
of doubly-clamped buckled beams. Finally, these results were compared with the experimentally
measured buckling amplitude. I also present the material characterisation of hanographite by Raman
spectroscopy and scanning electron microscopy. These results help to describe the grain structure of

the material, thereby enabling a clear comparison with other carbon thin films.

This work is based on my publication “S. J. Fishlock et al. Mechanical characterisation of
nanocrystalline graphite using micromechanical structures, Microelectronic Engineering. 159
(2016).”

4.2 Material characterisation of nanographite

Graphitic materials are varied and may have a very wide range of electrical and mechanical
properties. The large variation is largely due to the grain structure of graphite, which is highly
anisotropic. The in-plane covalent bonds are very stiff, whilst the out-of-plane van der Waals bonds
are very weak [133]. As a result, it is difficult to accurately predict E for graphitic materials, which
may vary from very low: 10 GPa [134] , to very high: 1060 GPa [5]. Here, the results of material
characterisation using Raman spectroscopy are presented, to relate the mechanical and structural
properties of nanographite.

4.2.1 Raman Spectroscopy

Raman spectroscopy (Renishaw inVia) was used to characterise the structural properties of the
nanographite film, using a 532 nm wavelength excitation laser, with a spot size of around 10 pm.
Raman is a non-destructive characterisation technique, and was performed on the thin film when it

was still adhered to the substrate, prior to the microfabrication of any devices.

A Raman spectrum obtained from a nanographite thin film is shown in Figure 4.1, with the main
peaks highlighted. The D peak at 1350 cm* arises from defects within the graphite lattice, such as
grain boundaries and dislocations [135]. The G peak is so-called as it shows graphite is present and
arises from graphitic bonded carbon. The 2D, also known as G’ peak also arises from graphite bonds,
and D+D’ is related to the defects in the material. The amplitude of the D peak with respect to the G
peak Ip/lg of 1.7 shows that this is a nanocrystalline graphite [81].
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Figure 4.1. Raman spectrum of nanographite with main peaks denoted.

4.2.2 Scanning electron microscopy

Scanning electron microscopy is a useful tool to visually examine the crystal structure of a material.
Figure 4.2 shows an SEM image (taken with a JEOL JSM FESEM 6700F). The image shows

crystallites which are generally of diameter below 50 nm.

Figure 4.2. SEM image showing the surface of a nanographite film. The scale bar is 200 nm.

4.2.3 X-ray reflectivity for density measurement

X-ray reflectivity was performed on a nanographite film deposited on a fused quartz substrate. The
data for this was fitted using ‘X’Pert Reflectivity’ software and the plot of the X-ray reflectivity
intensity with angle of incidence is shown in Figure 4.3. This measurement is used to empirically
obtain the mass density of the film. The data was fitted to a generic model for carbon which gave a
mass density of 1900 kg m=.
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Figure 4.3. X-Ray reflectivity intensity vs angle of incidence for a nanographite 240 nm film on a

fused quartz substrate.

4.3 Theory governing the buckling behaviour of beams and membranes

4.3.1 Membrane buckling

A structure, such as a membrane or beam, under compressive loading F, will deflect linearly if the

magnitude of the load lies below a critical buckling load Fcit as shown in Figure 4.4 (A). If the

magnitude of the load is increased beyond a critical buckling load, the structure will not be able to
deflect linearly and will be forced to buckle out-of-plane as in Figure 4.4 (B). The amplitude of the

post-buckled state is a function of both the size of the load F and the stiffness of the structure, and

this relationship may be used to calculate E for the material.
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Figure 4.4. Schematic of how a structure can undergo: (A) Linear deflection under small compressive

loads. (B) Buckling under higher compressive loads.

In work by Ziebart et al. [136] the buckling behaviour of square micromechanical membranes was

analysed and presented as a method to measure the Young’s modulus of silicon nitride (SisN4). Here,
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the buckling characterisation of membranes is applied to nanographite membranes, the fabrication
for which was described in Chapter 3. An example of a nanographite buckled membrane can be
viewed in Figure 4.5. The membrane buckling pattern may at first appear random, but on closer

inspection has a clear rotation symmetry which can be predicted mathematically.

Figure 4.5. Optical microscope image, taken from the back-side showing a buckled nanographite
square membrane of 193 um side-length o. Scale bar is 50 um.

The geometry of compressively stressed square membranes lies within 3 regimes, defined by their

buckling shape, which depends on the level of in-plane stress, o.

e Forregime 1, o < ogin and the membrane is flat. Here the membrane is not buckled and has
no significant out-of-plane deflection.

e In regime 2, when ogin < 6 < oirz, the membrane is buckled with rotational and four-fold
symmetry (symmetrical about the x- and y-axes and the 45 ° diagonals). As the level of
buckling increases, the shape becomes increasingly complex, with further stages of
wrinkling progressing.

e Inregime 3, 6 > ocire and the membrane is buckled with rotational symmetry only. All the
nanographite membranes are in this regime. Figure 4.5 shows an example of a nanographite
membrane buckled in this stage.

The mathematical analysis of Ziebart et al. using energy-minimisation technique of the buckling
behaviour of square membranes is summarised here. In this analysis, trial displacement functions are
applied to the deformation of the membrane, the boundary conditions are set as zero displacement
along the membrane clamped sides. From the strain energy analysis of the trial functions, an energy
minima which represents the true deformation of the membrane may be found. The analysis is

performed for an isotropic material. Polycrystalline and nanocrystalline materials may be
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approximated as having an isotropic Young’s modulus, as the anisotropic elastic constants (in
graphite, the mismatch between stiff, covalent in-plane bonds and flexible Van der Waals out-of-
plane) are negated by the mismatch in angle between individual grains. Similar behaviour is observed

in isotropic graphite [134], DLC and nanocrystalline diamond [137].

This analysis establishes a relation between the maximum out-of-plane amplitude of a buckled square
membrane, and the in-plane strain of the material. The analysis uses dimensionless displacements
where the pre-strain &, is given in Equation 4.1, in terms of the strain ¢, side length o, and thickness
h. The strain ¢ is the physical built-in strain of the material. The dimensionless prestrain gois a
function of the strain which accounts for the physical dimensions of the membrane, for a simpler

mathematical analysis.

- &0
g0 = 2 (4.2)

The dimensionless deflection w is defined in terms of the real maximum deflection w:

w =% (4.2)

From their work, and accompanying simulation, a fitted displacement function was extracted. This
enables a relatively simple extraction of the pre-strain &, by measuring the maximum amplitude of

buckling. This function can be calculated as:

{c4AZo " c5A202}

Woric = | Ago(C, +C, tanh {csAEo} + (4.3)

=3
1-c,Aso
WhereWOfit is the measured maximum buckling amplitude and where the fitting parameters ¢, —c,

are calculated as in Equation 4.4, where v is the Poisson’s ratio.

c, ~04972  -02314  -0.2128

c, 0.0698 0.1625 0.200 .

Cy | _ ~7.19x10°  -0.0466 0.0367 4.4)
¢, | |-119x10° 0 551x10° |'| @
G | |-3.34x10° -7.43x10° 1.28x10* | ¥

c,) | 316x10° 4.80x10° -1.52x10°

The deflection Wom

obtained from Equation 4.4 is a weak function of the Poisson’s ratio of the
material. The constants in Equation 4.4 were obtained empirically from computer simulations,
measuring the deflection of materials of Poisson’s ratio 0 <v <0.5.

The stress has been separately calculated by measuring the change in the level of deflection or bowing

of the substrate before and after the deposition of the nanographite film, using the commonly used
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Stoney’s Equation (4.5) [138], where oy is the biaxial film stress, Es is the Young’s modulus of the
substrate, vs is the substrate Poisson’s ratio, hs and hs are the thickness of the substrate and film
respectively, and uo and u are the radius of curvature before and after film deposition.
E h2(1 1
o,=—— S | == (4.5)
6(1-v,) h; \u u,
From the measured values of stress and strain, ¢, E can be extracted from the definition of biaxial
stress [136]:

1-v)o
E= —( )% (4.6)
&
From the calculated values of stress and strain, ¢, E can be extracted from the definition of biaxial

stress [136]:

4.3.2 Beam buckling
I have then measured the buckling amplitude of doubly-clamped beams, in order to provide a second,

independent measurement of the Young’s modulus of the nanographite film. This has been done by
measuring the buckling amplitude of nanographite buckled beams, and fitting the experimentally
measured value of beam buckling amplitude to (i) an analytical model and (ii) a finite element (FE)

simulation model.

An analytical solution for the amplitude of a doubly-clamped beam is presented by Nayfeh et al.
[139]. The beam follows the cosine mode shape as described in Equation 4.7, where the non-

dimensional amplitude w along the length x is given by:

w(X) =s[1-cos(27X)] (4.7)
where s=42 FI -1 (4.8)
ElA®
and W=l (4.9)
I/a
d I—b—hS 4.10
an T (4.10)

where | is the beam length, the in-plane force is F, and second moment of area is I, calculated using
Equation 4.10 where b is the beam width and h is the beam thickness. The cross-sectional area of the
beamis a, A is an eigenvalue corresponding to the mode shape and W is the out of plane buckling
amplitude. Since the beam is considered a ‘wide” beam (of a width to thickness ratio b/h > 5), it is

under a plane strain condition and E may be modelled as an effective Young’s modulus
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E = E/ (1—v?)[131]. The plane strain condition is a simplification that satisfied in ‘wide’ beams as

there is negligible strain through the beam thickness.

4.4 Simulation of the mechanical behaviour of nanographite buckled beams

The analytical result shown in Equation 4.7 models the structure as a perfect beam, with the effective
boundary conditions shown in Figure 4.6 (A). However, as a result of the fabrication process, there
is one clear imperfection between the modeled structure and the real structure. The release process
creates ‘steps’ or ‘kinks’ in the beam at either clamped end, equal to the thickness of the sacrificial

layer, shown schematically in Figure 4.6 (B).

ANNANN

Figure 4.6. (A-B) Comparison of the ideal and actual clamping conditions of the fabricated beams.
(C-D) SEM images of the clamping conditions of a buckled doubly-clamped beam. (D) is a higher
magnification of the circled region in (C). Scale bars are 30 and 3 um, respectively, for (C) and (D).

To account for the imperfection of the fabricated structure, the doubly-clamped beams were modelled
using FE analysis software ANSYS. This was performed by applying biaxial thermal strain to the
beam. The Young’s modulus of the model was varied until the simulated value of the buckling

amplitude matched that of the experimental structure.

The beam was modelled using 2D shell elements (SHELL 281). Nonlinear static analysis was
undertaken, with the maximum buckled amplitude measured. Figure 4.7 shows part of the model end
clamping conditions, with the stepped anchors modelled on Figure 4.6 (D). The results are presented

in the following subsection alongside the experimental and analytical values. Other input values for
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the FE simulation are summarised in Table 4.1. A full input code for the simulation is shown in

Appendix 1, with mesh refinement study.

Shell thickness 394 to 409 nm

11 pm

AN

225 nm step
Figure 4.7. An image of a part of an FE model of one of the clamped anchors of the beam.

Young’s modulus (GPa) 23
Biaxial stress (MPa) 436
Biaxial strain -0.01896
Beam length (um) 65 / 90 / 140
Beam width ( um) 11

Beam thickness (nm) 394 to 409
Step thickness (nm) 225

Table 4.1. Summary of the input values used for FE simulation of doubly-clamped nanographite
beams.

4.5 Results of the mechanical characterisation of nanographite using buckled microstructures

4.5.1 Buckling behaviour of nanographite membranes

The buckling amplitude of square nanographite membranes were analysed using white-light
interferometry (Polytec MSA-400). The thickness of each membrane was measured using
ellipsometry (J. A. Woolham M2000), and side length was measured using optical microscopy. A
total of six square membranes were characterised, and an example of the buckling profile obtained

through interferometry is shown in Figure 4.8 for a 221 pm long, 281 nm thick square membrane.

61



250

200

. -
1404

1328

—
w
o

1162

. Deflection
3300 (um)

6640

Width (um)

—_
1=
=)

4080

3320

1.660

50

0 50 100 150 200 250

Figure 4.8. Interferometric contour plot taken from the front side of a buckled square membrane of
221 pm.

Sid?ul;r)]gth '[\)/Ie?l(elzg?on; Théﬁl:]?)ess Strain ¢
(pm)

221.0 16.6 281 -0.013
193.3 15.3 281 -0.014
273.4 24.0 285 -0.017
224.9 19.2 285 -0.016
217.4 15.8 275 -0.012
192.6 14.9 296 -0.013
Average -0.014

Table 4.2 Summary of the buckling results for six nanographite square membranes.

Table 4.2 summarises the geometry, deflection and calculated strain results of each membrane. This
yields an average strain ¢ value of -0.0142 (where the negative sign indicates compression). The
Poisson’s ratio of the nanographite film has not been measured, but a value of this is required here
to calculate E. For example, the constants required to calculate the strain in 4.4 show a weak
dependency on the Poisson’s ratio v of nanographite. In this case, an estimate that v lies between
0.17, of highly-ordered graphite, [5] and 0.31, of isotropic graphite [140] was made. A central
estimate of 0.25 has been used as the base figure, including for simulation. The error estimation
includes the use of these high and low possible values. The stress was measured as 436 MPa, and

using Equation 4.6, I obtain a Young’s modulus value of 23 + 1.4 GPa.
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Width (um)

4.5.2 Experimental buckling amplitude of microfabricated beams

The microfabricated buckled beams were measured using interferometry (Veeco, Wyko DMEMS

NT3300). An interferometry graph of a 140 um long beam is shown in Figure 4.9 (A) with the

corresponding profile in 4.9 (B).
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Figure 4.9. (A) Image showing the interferometry graph of a buckled 140 um beam. (B) The
associated profile along the beam.

A summary of the results for the buckling amplitude of beams is shown along with the estimated
results in Table 4.3.

4.5.3 Calculating E from the analytical solution of beam buckling amplitude

The buckling profile of doubly-clamped beams of length between 65, 90 and 140 um (as calculated
analytically using Equation 4.7) is shown for three beams length 65 to 140 um in Figure 4.10. Here,
the value of E for each beam was calculated by equating the buckling amplitude of the analytical
result to the experimentally measured value. The calculated value of E in each case is shown in

Table 4.3, along with the result from the FE simulation.

14

12 . ———— + E =16.88 GPa
— ot o, = E = 15.80 GPa
s o %0,
5! e, E =12.10 GPa
5] o,
5
= %,
= ",
e %o,
< "’0.

000%%
‘M
60 80 100 120 140

Distance along beam (um)

Figure 4.10. Buckling profile of doubly-clamped beams, length 65, 90 and 140 um, as predicted by
the mathematical model.
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The calculated value of E from the analytical results shows a large range of 12.10 to 16.88 GPa. The

calculated value of E increases with the longer beams.

Beam length Amplitud Calculated E, Calculated E,
g Thickness (nm) mplitude Analytical FE simulation
(um) measured (0m) 0401 (GPa) (GPa)
65.0 409 7.0 12.10 15.76
90.0 398 8.5 15.80 20.92
140.0 394 12.8 16.88 22.01

Table 4.3 Summary of the predicted values of the amplitude of buckled beams through an analytical
model and FE simulation, compared with the experimentally measured value.

4.5.4 Calculating E from the FE simulation of beam buckling amplitude

Beams of length 65, 90 and 140 um were simulated using ANSY'S finite element simulation. The
input value of E was varied between 15 and 25 GPa, and the maximum amplitude of buckling was
calculated. A plot of the value of input E versus the bucking amplitude is shown in Figure 4.11. From
this, the calculated value of E which gives an equal result to the experimental buckling amplitude
was calculated and shown in Table 4.3. The simulated deflection result of a 140 um beam, after
nonlinear thermal buckling is shown in Figure 4.12-A, and the corresponding Von Mises stress is

shown in Figure 4.12-B.
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Figure 4.11. Plot showing the variation of buckling amplitude, calculated using FE simulation, with
varying input value of Young’s modulus.
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Figure 4.12. FE simulation result of the buckling amplitude of a 140 um long nanographite beam,
with E =22.0 GPa input. (A) Result showing the deflection (B) Result showing the VVon Mises stress
of the same simulation.
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The simulated results give a range of E values between 15.76 to 22.01 GPa. This is lower than
calculated using the membrane structures, but higher than calculated from the analytical model of
beam buckling. The disparity between the result extracted from the FE simulation and analytical
models to be expected as the FE result more closely models the real structure. In the real structure,
the steps act as local stress concentrators, thereby lowering the effective stiffness of the structure.
Figure 4.12-B shows the VVon Mises stress plot of the buckled beam. This confirms that the stress is
concentrated at these steps caused by the release of the beam.

4.5.5 Comparison of the predicted and measured values of buckling amplitude of beams

A comparison of the value of E extracted from the FE simulation and analytical results is made here.
For both FE and analytical models the value of E is lower than that calculated from the membrane
structures. Both sets, however, show a trend of increasing value of E at the longest beam lengths

(with closest agreement at 140 um).

The different results obtained from the analytical method and FE simulation suggest that the
imperfections caused by fabrication (the steps in the structure) have a large effect on the buckling
behaviour. Consequently, the results obtained by modelling the buckled structure using the ‘ideal’
analytical method should be treated with caution, and the FE result should be preferred.

The FE results show closer agreement with that obtained using the buckled membranes, but there is
still a relatively large range of results (15.76 to 22.01 GPa), with a mean value of 19.56 + 5.16 GPa.
There appears to be a systematic error which affects the buckling behaviour of shorter beams more
strongly. Kobrinksy et al. [141] found a similar behaviour, whereby shorter beams were found to
buckle at significantly lower loads than were predicted ideally. The amplitude of buckling for shorter
beams was also larger than predicted in their simulations. This was due to some compliance, residual
stress and rotation in the beam anchors which may not be fully accounted for in the FE analysis. As
a result, the most reliable result obtained for E from the buckled beams is most likely from the 140
pm beam (22.01 GPa), which is in agreement with the result obtained using the membranes
(23 £ 1.4 GPa).

4.6 Discussion of results

4.6.1 Comparison with the mechanical properties of other related carbons

In this Chapter, the static buckling of membranes and beams have been used to extract E of thin film

nanographite. The measured E value extracted as 23 GPa is relatively low compared with pristine

graphite or graphene and other carbon forms such as diamond-like carbon (~300 GPa) [11]. The

value is more similar to that obtained by poorly orientated graphitic materials, such as isotropic

graphite with E of 9.5 GPa [134]. Table 4.4 summarises the Young’s modulus, and notes the grain
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structure of a number of related carbon materials. E for polycrystalline graphite is strongly dependent
on the orientation of its grains, and the misalignment between grains parallel to the substrate causes
a low in-plane stiffness [133]. In less-oriented graphite E becomes dominated by the weak van der

Waals inter-grain forces.

In-plane Young’s

Material Grain structure, size
Modulus (GPa)
Highly-ordered pyrolytic graphite [5] Well aligned graphite grains, 20 to 50 um. 1060
Pyrolytic graphite [142] Average grain size ~ 32 nm. 83.5
DLC [83] Mixture of diamond and graphitic bonding. 300
Nanocrystalline diamond [78] All diamond bonds, 5 to 15 nm grain size. 840
Isotropic graphite [134] Isotropic graphite, ~20 pum grains size. 9.5
Single crystal graphene [62] Single layer of graphite without grain boundaries. 1000
. Grain size 30 to 50 nm. Primarily graphitic
This work [143] ] 23
bonding.

Table 4.4. Comparison of the Young’s modulus of the nanographite obtained in this work with other
related carbons.

The membrane length dimensions were measured using an optical microscope, with an accuracy of
* 2.5 um and the thickness was measured using ellipsometry, by averaging three points around the
membrane edge, with an error of £ 5 nm. To measure the thickness of a film using ellipsometry, the
change in polarisation of light is measured, which is then fitted to a model of the film with optical
constants and extinction coefficient. The main source error associated with ellipsometry is due to
imperfections in the modelling of the film. The amplitude of buckling was measured using white
light interferometry, and was repeated three times with an error of £ 0.1 um, which is the resolution
of the interferometer. The combined errors of all these geometric uncertainties were accounted for in

the quoted value of strain and Young’s modulus.

The beam dimensions were measured using an optical microscope with an error of £ 2.5 um, and
thickness was measured using stylus profilometry, averaged over three measurements with an error
of + 5 nm. The amplitude of buckling was measured using white light interferometry, and was

repeated three times with an error of + 100 nm.
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4.6.2 Potential use of nanographite in MEMS and NEMS

The work in this Thesis is geared towards using and characterising nanographite in MEMS and

NEMS applications. Many such applications require a material of high stiffness, which may be
obtained using materials (1) such as diamond, which has a high value of E or (2) materials which
have a large tensile stress such as SisN4 [2]. The greater stiffness of such materials enables, for
example, higher natural frequencies for resonators. As a result, most MEMS research has been geared
towards high E and high tensile stress materials. However, for some applications, materials with low
stiffness may be sought after. Nanographite shows promise as a material for MEMS, particularly for
applications where the combination of low E, good electrical conductivity and high temperature
resistance are required. For example, two possible applications are:

o A membrane made of nanographite has a higher deflection to an applied pressure and may
therefore have a higher sensitivity over a stiffer material. The high temperature properties
can enable use in harsh environments, such as pressure sensing in combustion engines [46].

¢ A NEMS switch which has a lower pull-in voltage compared with one fabricated from a high
modulus material. Indeed, in recent work the use of buckled nanographite for use in NEMS
switches has been demonstrated [68]. However, the modulus value extracted from this work
is 860 GPa; considerably larger than the value obtained here. The reason for the disparity of
result is clear: that work uses a lumped or effective modulus which does not separate the
effect of stress on the bending stiffness.

The results have highlighted an issue of note with respect to the fabrication of released nanographite
MEMS-type structures; that fully-clamped structures, where the compressive stress cannot be
released, leads to buckling. This is clearly undesirable for most types of application, and some
methods to reduce the level of compressive stress have been employed for other materials. For
example in SisN4 deposited using PECVD, tuning of the parameters of deposition may be used to
lower built-in stress [144]. Using a different substrate or a composite substrate may also be used to
lower the thermal stress [145]. Such techniques may be useful to fabricate nanographite structures

with low compressive stress or moderate tensile stress.

4.6.3 Summary and conclusions

In this Chapter, I have used two types of micromechanical structure to measure the Young’s modulus
of nanographite. Both types of structure were buckled due to the in-built compressive stress in the
nanographite film, which arises from thermal mismatch, and intrinsic stresses due to deposition.
Buckling of this nature is not typically desirable for MEMS-type applications, however in this case
I used the buckling behaviour to measure E for nanographite, which is a key parameter for designing
MEMS.
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I measured the buckling profile of square nanographite membranes and fitted the result to a
mathematical model to calculate the in-built strain, which gave a value of -0.0142. Separately the
biaxial stress was measured as 436 MPa and from these two measurements a value of 23 + 1.4

GPa for the Young’s modulus was obtained.

I then repeated a similar experiment, using the buckling behaviour of doubly clamped beams, and
calculated the value of E from these structures, for an independent measurement, using an analytical
model and using FE simulation. From this analytical model, values of E between 12.10 to 16.88 GPa
were obtained, significantly below that calculated using the membranes. The FE results gave a range
of E between 15.76 to 22.01 GPa, higher than the analytical model results. The FE analysis showed
that the microfabrication imperfections lowered the overall stiffness of the structure by concentrating
stress at the beam anchors (which was not accounted for in the simple analysis). As a result, the
mathematical analysis is likely to underestimate the value of E. The value of E calculated from the
FE was in the range of 15.76 to 22.01 GPa, with a mean value of 19.56 + 5.16 GPa. However the
result systemically increased with longer beams. Comparable results have been observed in similar
studies of buckled micro beams [141] whereby shorter beams were found to buckle at significantly
lower loads than were predicted ideally. Consequently, the result obtained using the longest beam
likely represents the most accurate value (22.01 GPa) which is in agreement with that obtained using
the membranes (23 £ 1.4 GPa).
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5. Using nanographite in MEMS resonators

5.1 Introduction
A resonator is a structure which naturally oscillates with a high amplitude at certain ‘natural’
frequencies and can be made on the microscale by the fabrication of thin films. In Chapter 3, |
described the fabrication of doubly-clamped and cantilever beams from nanographite for use as

MEMS resonators. Such devices may be used as sensors of pressure [31] mass [40] and strain [42].

Novel materials for resonators are under research in order to extend their usage into harsh conditions,
such as in high temperature [56] or under corrosive and radiative environments [146,147].
Nanographite is a potential candidate for such applications due to the combination of its
characteristics: large-area deposition, the retention of mechanical properties at high temperature for
graphitic materials [7] and chemical resistance [113]. PECVD may also be used to deposit films of
ultra-low thickness (2.5 to 3 nm [22,66]) which may be used to fabricate downscaled NEMS devices,
for use as high resolution sensors, for example. Here, however, thicker films (> 300 nm) have been
used for MEMS-scaled structures, to demonstrate methods of fabrication for nanographite MEMS,

and to characterise its performance as a resonator.

| present the results and analysis of the use of electrostatically-actuated MEMS nanographite
resonators; both doubly-clamped and clamped-free (cantilever) beams. | made arrays of devices
using microfabrication, and present a method of obtaining a tensile stressed structure from a thin film
of overall compressive stress. This is achieved through altering the undercut and beam clamping
conditions. | studied the effect of the undercut on the resonance of cantilevers using finite element
simulation. | used laser Doppler vibrometry (LDV) to characterise the natural frequencies and
quality factor of a number of devices under ambient and vacuum conditions. The work here is aimed
to demonstrate the use of nanographite within a prototype device to provide knowledge for future

applications.

5.2 Theory of resonators

5.2.1 Basic theory of resonance and resonators

The resonance of a structure occurs where the amplitude of its oscillation becomes large at certain
natural frequencies, where a natural mode shape of vibration is excited. This concept can be used in
resonator-based sensors, for example, where a physical stimulus, such as an added mass or stress
creates a change in the natural frequency. Here, the background and theory for the resonant frequency

of structures is presented.
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A resonator may be simply modelled as a single degree-of-freedom (SDOF) mechanical system, with
a varying force F at radial frequency w applied to the mass m of the system, connected to a spring of
stiffness k and damping coefficient c as in Figure 5.1 (A). The Equation of motion for this system
can be written as [148]:

kx +cx+mX = F cos at (5.1)

The natural frequency wo (rad s*) and fo (Hz) of a structure of spring constant k and mass m can be

obtained using [148]:
N o
' \m "% 2z\m '

Equation 5.1 may be quite confusing when compared to a real resonator structure. In Figure 5.1, the
cantilever beam is both the mass and spring of the system and is in this case damped primarily by

viscous damping of the surrounding environment, represented by gas molecules.

L=_Jo

=

LSS L >

Figure 5.1. (A) Schematic showing a model of a spring-mass-damper system and (B) how this relates
to a model of a cantilever beam.

Whilst Equation 5.2 relates to the motion of any generic SDOF harmonic oscillator, the structures
under analysis are beams, which as noted above, represent both the mass and spring in the system.
The natural frequency fo of a cantilever beam is calculated using Equation 5.3, where the length of
the beam is I, Young’s modulus is E, second moment of area is I, density is p and cross-sectional
area is a [149].

£ Zi[l-fﬂf El (5.3)

27\ | pra

The amplitude of a forced structure at resonance can be described as in Equation 5.5, where x is the
initial static displacement calculated according to Hooke’s law [148]:

F=k-x (5.4)
where F is the applied force and k is the spring constant,
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where  is the damping ratio. This gives the ratio c / cc where ccis the critical damping level. This is

X

cos(awt —¢) (5.5)

steady—state =

defined as the level of damping which provides the fastest approach to steady-state vibration

amplitude.

The steady-state amplitude of the system becomes large when the forcing frequency w becomes close
to the natural frequency wo. Figure 5.2 shows the variation of amplitude for a system, with different
damping ratios from 0.01 to 0.03.
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Figure 5.2 Graph showing the relative amplitude of a structure with a force applied at varying forcing
frequency, with different damping ratios.

In resonator applications, it is more common to quote the quality factor Q rather than the damping

ratio {. The quality factor is defined as [150]:

@
Q=— 5.6
Aw (6)
Where Aw is the full-width at half maximum power. Q is linked to { as follows [151]:
1
= 5.7
g 20 (5.7)
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5.2.2 Effect of stress on cantilevers and on resonance of doubly-clamped beams

A cantilever is a singly-clamped beam and is unconstrained at one end. In the case of the cantilever,
the built-in stress of the material is released through deformation (contraction or bending) at this free
end. This is the case for cantilevers made of nanographite, which are under a stress gradient, whereby
the top of the film is more compressive than the bottom. Stress gradients cause a resultant moment
about the neutral axis of the beam and create downwards curvature in the cantilever as visible in
Figure 5.3. The stress gradient of the nanographite was calculated by measuring the curvature u of
released cantilever beams by SEM inspection. The stress gradient of a beam of thickness h can be
calculated by using Equation 5.8 [43].

h E

(5.8)

Ogad = —
T u (1-v)

Figure 5.3. SEM image showing the curvature of a released 150 pum long cantilever beam. The scale
bar is 20 um.

For cantilevers the average stress is zero. However, for a doubly-clamped beam, the built-in stress
may not be released since the clamping conditions do not allow the beam to elongate freely. In thin
film materials deposited at high temperature like nanographite, the stress can be highly compressive
or tensile due to differential contraction (from the deposition temperature of 750 °C to room
temperature) relative to the substrate. | measured the compressive biaxial stress as 436 MPa using
the change in curvature of the silicon substrate due to deposition of the nanographite film (the wafer

bow method as described in Equation 4.6).
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A beam under high tensile stress is analogous to a guitar string being pulled taut and can produce a
large increase in its natural frequency. The natural frequency of a doubly-clamped beam with axial

tensile stress o is calculated as [152,153]:

2
f = 1.0332 E 1+L2 (5.9)
<\ p 3.4Eh

Figure 5.4 plots a graph of the natural frequency of a theoretical beam under increasing axial stress.
It is clear here that even at relatively low values (compared with the amplitude of the in-built
compressive stress of nanographite when deposited on silicon), the magnitude of the frequency

becomes dominated by the effect of stress.
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Figure 5.4. Graph showing the theoretical variation of the fundamental natural frequency of a
doubly-clamped beam with applied stress. A summary of the beam properties is provided in the inset
table.

5.2.3 Changing the natural frequency by changing the DC bias.

The resonators are actuated electrically, with a potential difference V applied between the beam and
the substrate. The electrostatic force Fe applied to the cantilever is depicted in Figure 5.5. This force

can be calculated using Equation 5.10 [26]:

2 2
Fo_ V€ VG {1+2(5ﬂ (5.10)

¢ 2 or 2r r
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where C is the effective capacitance between the resonator area and the underlying substrate at a
separation distance r and x is the deflection caused by the electrostatic force. Co is the capacitance at

zero displacement.

® Beam

@ Dielectric Fe
spacer

® Substrate

Figure 5.5. Schematic showing a cantilever subject to an electrostatic force.

V is comprised of DC and AC components and thus V? is equal to:
V?Z= Vv ) =V2 + v+ L2 cosany + v v t
- (VDC TV COS(C{) )) —Vpc +E ac +E ac COS( ) )+ DCVac COS((O ) (5.11)

Inserting V? into Equation 5.10 gives:

F = _%(Z_Cr:(véc + %Vai + %Vazc cos(2mt) + 2V V., cos(a)t)j (5.12)

Equation 5.12 shows that F. has components at zero frequency, w and 2. However, the aim is to
have Feat w. This may be achieved if Vac << Vpc thus, removing the terms with no dependence on
Vbe.

10C
F ~ —EE(VDZC + peV,, cos(at)) (5.13)

and inserting this value of V2 into Equation 5.10 yields:

F ~ _&{14_ Z(EHV 24— COVDZC _ CoVocVae coSs wt — COVDZC X 2C VeV - X

cos wt
¢ 2r r 2r r r? r?

(5.14)

Using Hooke’s law F = kX, an electrostatic spring constant k. may be calculated. These are the third
and fourth terms, since these vary with the beam displacement x. However, if Vac << Vpc then the

third term dominates over the fourth term. Thus:
_ COVDZC
r2
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The electrostatic spring constant works in opposition to the restoring force of the beam mechanical

spring constant. This enables the resonant frequency to be tuned by changing the electrostatic spring

o=, ’1—:—6 (5.16)

5.2.4 Simulation of nanographite resonators

according to Equation 5.16 [26]:

In Equation 5.3, the fundamental natural frequency of an ideal cantilever beam can be calculated.
This may be used to compare the experimental results with theory. However, in the fabricated

structures, there are two deviations from the ideal model:

1) There is an undercut of around 25 to 30 um, as shown in Figure 5.6 (this has been measured
by SEM and is also visible in optical microscopy). In previous studies this type of undercut
has been shown to add an ‘effective length’ A/ to the device, lowering the resonant frequency
below the nominal value [154] according to Equation 5.17 and 5.18 respectively. This added
length is due to the fact that the undercut section is compliant, compared with a fully-fixed
anchor. 41 is not equal to the length of the undercut, however.

2) In addition, a stress gradient ograg Of 142 MPa / um exists within the film, which causes
curvature in cantilevers (Equation 5.8). The deflection of the cantilever changes the mass
distribution of the cantilever, which may alter the natural frequency compared to a straight
cantilever off the same dimension.

2
fzi(l 875) ﬂ (5.17)
|+ Al

B o(l+2al)
f= [103(I 7 \fN Y (5.18)

Figure 5.6. High angle SEM image of the anchor of a broken beam device, showing the undercut of
around 25 um, caused by over-etching the SiO- layer. Scale bar is 20 um.
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Figure 5.7. Meshed finite element model of a 150 um cantilever beam.

The average compressive stress of the nanographite was obtained by measuring the wafer bow before
and after deposition of the nanographite (this was done in Chapter 4) as 436 MPa. The material was
modeled using shell elements (ANSYS SHELL281) with 5 layers of equal thickness defined (the
total thickness was 350 nm). A linear variation in coefficient of thermal expansion CTE was applied
to each layer to create a differential expansion through the thickness, and strain € was applied by
applying a temperature increase AT where ¢ = AT -CTE. The stress gradient is - 142 MPa / um, which
was measured from the curvature of cantilever beams. Assuming a linear gradient of stress through

the film, the stress level of each layer is shown in Figure 5.8.

——
411 MPa — top layer
Increasingly compressive 424 MPa
stress moving down 436 MPa — middle layer 350 nm
towards the bottom layer 448 MPa
v 461 MPa — bottom layer A

Figure 5.8. Schematic of the stress gradient through the thickness of the film.

I performed FE simulations to take account of these two deviations. A summary of the model
parameters is made in Table 5.1. Figure 5.7 shows the meshed FE model. The simulations and

analytical calculations are summarised as:

e Analytical result: Cantilever analytical model using Equation 5.3.
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e Simulation A: FE simulation of ideal cantilever beam, with no stress gradient and no
undercut.
e Simulation B: FE simulation of cantilever beam with the presence of a stress gradient but no
undercut.
e Simulation C: FE simulation of cantilever beam with the presence of a stress gradient and
undercut.
The comparison of the results of the four sets of results are made in Table 5.2. The value of 4l was
extracted by using the value of f as calculated by the simulation C, and equating it to Equation 5.17.
All the parameters are known except for the value of 41.

The boundary conditions of the simulation are that the edge of the undercut section, where the
overhang is adhered to the substrate, is fully constrained. As a result of the boundary conditions, a
large section of the model (the central square under the electrode, where the material is fully clamped
to the substrate) is redundant and removed from the model. This reduction in the size of the model
represents a simplification of the structure, thereby reducing the computational expense, but

maintains the governing boundary conditions of the real structure.

The FE analysis solver takes two steps: (1) a nonlinear static analysis is used to obtain the deflection
and stress caused by the gradient, followed by (2) a modal analysis of the stressed structure to obtain
the vibration modes and frequencies. Figure 5.9 (A) shows a model after being subject to nonlinear

static defection caused by the thermal stress, in comparison to the deflection of the actual device.

Beam Width (um) 10
Beam length (um) 50, 75, 100
Anchor width (um) 200
Density (kg/m?®) 1900
Nanographite thickness (nm) 350
Electrode width/length (um) 170
Undercut (um) 25
Nanographite E (GPa) 23
Nanographite average stress (MPa) -436
Nanographite stress gradient (MPa/pum) - 142
Nickel E (GPa) [155] 200

Table 5.1. Summary of the input parameters used for the FE model.
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Beam length Analytical fo Simulation A - ideal Simulation B - Simulation C — full
(um) (kHz) beam fo (kHz) curved beam fo (kHz)  deflection fo (kHz)
75 34.97 35.18 33.48 30.85
100 19.67 19.76 19.00 17.86
150 8.74 8.77 8.46 8.10

Table 5.2 Comparison of f; as calculated and simulated using a range of models, for beams of length 75 to

150 pm.

Figure 5.10 shows the plot comparing the results of the ideal analytical result and simulated result.

Simulation C shows a systematic decrease in the natural frequency caused by the undercut.

Simulation B shows a slight decrease in f, over simulation A, the effect of the stress gradient and

undercut may be lumped together as an added length 41 (as in Equation 5.17) as shown in Figure

5.10. This is similar to the result obtained by Gavan et al. [154] with the measurement of silicon

nitride cantilevers. The undercut region is not a perfectly ‘clamped’ structure as modeled in theory.

This overhang is free to deflect, which means the nominal length | is lengthened by amount 47. The

value of 4/ has been calculated by fitting the results of f, from Simulation C to fo as calculated in

Equation 5.3. Thus, for these structures, which were all fabricated with a 25 um undercut, the added

effective length 47 is 4.85 um. Figure 5.10 plots the f, as calculated by (1) Equation 5.3, using

nominal length I, (2) the results of Simulation C and (3) using Equation 5.18 where 4/ = 4.85 um.

The result of using Equation 5.17 with 47 shows a good approximation to Simulation C.
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Figure 5.9. (A) Comparison of the deflection of the Simulation C of a 75 pum cantilever resonator.
(B) SEM image of corresponding real cantilever structure with a 50 pm scale bar.
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Figure 5.10. Comparison of Simulation C and analytical values of cantilever beams, taking account
of the undercut.

5.3 Results
The fabricated structures were characterised as prototype resonators by measuring their natural
frequency and Q. The structures were actuated electrostatically and the vibration modes measured
using LDV. The majority of the results were performed in ambient conditions, and low values of Q
were measured as the motion was highly damped by the surrounding air. One sample was wire-
bonded and actuated under vacuum conditions, enabling measurement of the Q when the structure is

not dominated by viscous damping.

5.3.1 Resonance of cantilever structures

11 resonator structures, from 4 separate chips were measured. The fundamental mode for a cantilever
is a ‘flapping mode’, shown in the schematic in Figure 5.11. The measurement of the fundamental
mode was confirmed as the amplitude was at maximum when the laser location was placed at any
location along the beam length. Figure 5.12 shows a resonance spectrum of the first peak for a
150 pm long cantilever, with a Lorentzian curve fitted to the data, from which the Q of 5.6 and fo of
27.06 kHz is found. The low value of Q is due to the dominant effect of viscous damping under the

ambient conditions.
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Figure 5.11. Depiction of the fundamental vibration modes of cantilever and doubly-clamped beams.
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Figure 5.12. A plot showing the frequency response of the fundamental vibration mode of a 75 um
long cantilever beam. The red line is a fitted Lorentzian curve.

Cantilevers of lengths between 75 to 150 um were measured, with frequencies in the range of 5.3 to
27.0 kHz and Q of around 5 to 10. The thickness of the nanographite on each of the 4 chips was
measured by stylus profilometry, as between 270 and 340 nm. The theoretical dashed line shown in
Figure 5.13 shows fo against t/1%as calculated by Equation 5.6, using the value of E = 23 GPa as
obtained in the previous Chapter. The results give close agreement, within experimental uncertainties
due to fabrication variations in undercut length, length, and thickness. Outlying results may be
accounted for small thickness variations in the chip after etching. The thickness of the layer on each
chip was measured using profilometry. However, due to the large deflection of each device, the
thickness of another artifact on the chip (a section of writing) was measured, not the beam itself. The
thickness of this artifact was measured three times per chip. There may be a slight variation in the
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thickness of the artifact and the beam which leads to a slight disagreement in the results. As a result,
the main error associated with the results shown in Figure 5.13 are of beam geometry and the error

bars are horizontal as a result.
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Figure 5.13. Frequency of the fundamental resonance mode of cantilever devices, plotted against
thickness divided by length? and compared with the theoretical value of fo using the value of 23 GPa.

5.3.2 Resonance of doubly-clamped beam structures

14 doubly-clamped beams were characterised in the same way as the cantilevers. Whilst the stress
of a cantilever beam is zero, these doubly-clamped beams were under a tensile stress. This is because
for doubly-clamped beams, the built-in stress cannot be released from the structure and this affects
the bending stiffness. The stress in these doubly-clamped beams arises from the geometric effect of

the anchors, which lift up and impart a tensile strain to the beam section.

Figure 5.14 shows the fundamental frequency of 14 doubly-clamped beams, plotted against t/I. The
structures have nominal lengths and natural frequencies of 566 to 640 kHz (75 um beams), 414 to
474 kHz (100 pm beams) and 245 to 267 kHz (150 pm beams). The values of Q for these structures
lie around 20 to 30 under ambient conditions. The plot in Figure 5.14 includes a comparison of the
experimental results to the analytical results using Equation 5.8. In the analytical results, the length
is varied from 75 to 150 pm, with a set thickness of 350 nm and stress values of 10 and 20 MPa.
Small variations in the undercut of devices between different chips may cause changes in the stress

and effective length of the structures, which can explain some of the small deviations from a single
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value of stress. The difference in undercut is due to the inhomogeneity of HF vapour etching using

the home-built setup.
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Figure 5.14. Frequency of the fundamental resonance mode of doubly-clamped beam devices, plotted
against thickness divided by length? and compared with the theoretical line of resonance with applied
stress of 10 to 20 MPa.

One device was wire bonded, and actuated under vacuum conditions. Figure 5.15 shows the
resonance peak of a 150 um device under vacuum conditions (30 mTorr). The value of Q under
vacuum was > 1819, compared with > 27 at ambient pressure. As expected, Q for beams under

ambient pressure is dominated by the external viscous damping.
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Figure 5.15. A plot showing the frequency response of the fundamental vibration mode of a 100 um
long doubly-clamped beam, under 30 mTorr vacuum.
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5.3.3 Tuning the natural frequency with DC bias

For many resonator devices, the ability to control the resonant frequency is very useful, as it allows
tuning to a set frequency. For these devices, tuning can be achieved by applying a varying DC bias
between the beam and substrate, according to Equations 5.14 - 5.15. This creates an electrostatic
‘spring” which opposes the spring constant of the beam itself, and lowers the natural frequency.
Figure 5.16 shows the variation in the frequency response of a doubly-clamped beam, actuated under

vacuum conditions, with different values of DC bias.
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Figure 5.16. A plot showing the varying frequency response for one doubly-clamped beam with an
increasing DC bias applied between the beam (top electrode) and substrate (bottom electrode). The
graph shows velocities of each measurement equalised to the same value for ease of viewing. The
inset graph shows the magnitude without equalisation.

Figure 5.17 shows the variation in the fundamental frequency for the doubly-clamped beam actuated
under vacuum conditions, plotted against the voltage squared. According to Equation 5.17 this is a
linear relationship for small deflections. It is clear that the fo vs. V? is linear up until a point of ~
900 V? (30 V). Past this value of 30 V, the relationship deviates away from linearity and starts to

become stiffer with increasing voltage. This is due to the high DC bias causing a relatively higher
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deflection of the beam. This high deflection causes the beam to bend outside of its linear regime, and

becomes increasingly stiff, and the relationship in Equation 5.14 - 5.15 does not hold.
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Figure 5.17. A plot of the natural frequency of a doubly-clamped beam against the applied Vpc?. The
dotted line is fitted for the results up to 900 V2,

5.4 Discussion of results

Here, | showed the performance of MEMS resonators made from nanographite. The devices were
fabricated using standard microfabrication and MEMS-type processes. A Q value of up to 1800 was
measured, and highlighted a novel type of process flow where the undercut can be used to effectively

change the stress state of the device.

| note that, only a single device has been measured under vacuum conditions and no trend in the
variation of Q against the length or volume of the device has been obtained. The low number of
devices tested under vacuum conditions was due to the difficulty in bonding to the nickel electrodes.
The single measured device at vacuum pressure has a reasonable value of Q, this is likely to be
dominated by a combination of intrinsic losses within the material [156] and losses through the
anchors [157]. Nanocrystalline materials typically have intrinsic material losses due to the presence
of defects near the surface of the material [158], though this needs to be studied further in the case
of nanographite. Table 5.3 shows a comparison of the Q and frequency range of this work with

comparable carbon-based resonators.
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The devices | have fabricated are from a material which is highly compressive (-436 MPa), but |
have demonstrated a method by which the beam section is under an effective tensile stress of 10 to
20 MPa, calculated by fitting the experimental results to Equation 5.18 (a model of a doubly-clamped
beam under tensile stress) as shown in Figure 5.14. This was achieved by the geometric effect of
undercutting the structure anchors. This is a simple way to obtain tensile-stressed structures from a
compressively-stressed material. For this application, the simple method of fabrication enabled the
effective stiffness and natural frequency to be increased by means of the application of tensile stress.
It is noted that the deformation of the beam lifted the beam around 10 pm away from the ground
electrode. This reduces the likelihood of stiction during fabrication, as the beam is pulled away from
the substrate. However, in the case of a resonator with capacitive feedback such as the doubly
clamped beam in research by Wiser et al. [159], the increase in distance between beam and ground
electrode would notably reduce the capacitance, and thus reduce the motional current which is used
to sense motion. The undercut is controllable, using the homebuilt HF vapour etching setup to within
=5 pum.

The method of inducing tensile stress through undercutting the anchors could have potential
applications for different types of MEMS devices. For example, many doubly-clamped beam
structures fabricated from carbon thin films in the literature appear to suffer from buckling [68,71,82]
which greatly increases unreliability and irreproducibility. Furthermore, the stiffness of an out-of-
plane MEMS or NEMS switching device could be tuned using this geometric method, thereby
altering the pull-in voltage. For example, a material of compressive stress could be designed to be
fabricate a ‘slack’ beam (as opposed to the ‘pulled tight” example in this work) which would have a

low effective stress (and stiffness), and therefore a low pull-in voltage for switching applications.
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Material Frequency range Q (Vacuum) Growth Actuation
Nanocrystalline )
. 17 to 66 MHz 600 to 2400 MPCVD Magnetomotive
diamond [39]
Nanocrystalline . .
] 6 to 30 MHz 2400 to 3500 MPCVD Piezoelectric
diamond [78]
Nanocrystalline . .
] 14 to 157 MHz ~3500 MPCVD Piezoelectric
diamond [156]
Diamond-like )
192 MHz ~ 1400 PVD Electrostatic
carbon [82]
Single — multilayer o )
) Exfoliation from Optical /
graphene (single 1t0 170 MHz 20 to 850 . .
graphite Electrostatic
crystal) [62]
Few-layer graphene . )
1] 3 to 50 MHz 50 to 700 Annealing SiC Optical
This work 245 to 640 kHz 1800 PECVD Electrostatic

Table 5.3. Comparison of the behaviour of carbon doubly-clamped beam flexural resonators.

Graphitic materials such as few layer graphene [9], highly-ordered pyrolytic graphite [160] and
related materials such as DLC [82] and nanodiamond [156] have been sought after as a material for
MEMS and NEMS. The main material properties of interest for these materials are as summarised
below:
¢ High value of modulus, for high-frequency resonator applications.
e Low value of thickness/mass for graphene which enables potentially high mass sensitivity
and also low pull-in voltage switches.

¢ High chemical and temperature stability for harsh environment sensing.

Nanographite has a low value of Young’s modulus which generally would not be sought-after for
high frequency resonators, and this suggests it may be more suited for low-powered MEMS and
NEMS switching applications (where a low stiffness and subsequent pull-in voltage are required).
However, | have shown here a method to alter the stress-state of the structure, and thus giving a much
higher overall stiffness, thereby, to some degree, overcoming the low value of Young’s modulus to
give the beam a high effective stiffness. The scalability and compatibility of the PECVD synthesis
route means that nanographite may be much more easily and cheaply produced compared with other

related materials, such as thin film graphite or graphene produced by thermal CVD [17,19], which
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shows it may be a promising graphitic thin film for upscaling to industrial applications. As such,
nanographite is considered a potentially useful material for MEMS applications, in particular for

harsh environment sensing and for switching applications.

My aim here and in the previous Chapter was to present examples for fabricating nanographite
MEMS and characterising the key mechanical property of the Young’s modulus. This work should
better enable the future design of nanographite MEMS and NEMS, going forward towards real life
applications.

5.5 Summary and conclusions

Here in this Chapter, | have presented the characterisation of MEMS nanographite resonators which
were fabricated using standard micromachining technology. | fabricated prototype resonators to
show the feasibility of fabricating MEMS devices from the nanographite thin film and actuated them
electrostatically.

Cantilever beams of length 75 to 150 um were electrostatically actuated and measured using LDV,
with natural frequencies between 5.3 to 27 kHz. The undercut of around 25 pum was found to increase
the effective length of the beams by just under 5 um. The natural frequency of the cantilever beams
showed that the Young’s modulus value of 23 GPa, which was extracted empirically in the previous

Chapter, agrees well.

Although the material is under a high compressive stress, | was able to obtain tensile stressed
doubly-clamped beams. The high undercut, coupled with the stress gradient in the film acts to lift up
the beam anchors, and thereby ‘pull’ the beam tight. This is a technique which may be of wide-
ranging interest, as the literature showed a large number of carbon doubly-clamped devices which
undergo buckling [68,71,82].

The wide-area and reproducible synthesis route of nanographite mean that it may be well placed to
be scaled up for MEMS and NEMS use, and the results show it is a promising material for NEMS
resonators and for NEMS switches. This work provides technology to pave the road towards scalable

NEMS based on graphitic films, thereby opening up technologies for highly sensitive sensors.
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6. Investigation of the permeance of gas through nanographite membranes

6.1 Introduction
In the previous Chapter, nanographite was used as a MEMS resonator. The primary aims of that work
were to demonstrate the use of the material in a MEMS-type application and to present an example
of microfabricating a device using a highly stressed film. In this following work, the gas permeation
behaviour of freestanding nanographite membranes is investigated. This work was undertaken to

consider two questions:

1. Can the permeability of a thin nanographite membrane be high enough and show sufficient
selectivity between gases such that it can be used as a molecular sieve? The basis for a
molecular sieve membrane is that the gas of interest should have a high flux through the
membrane, and the rejected gas should have a low flux.

2. Can the permeability of a relatively thick nanographite membrane be low enough such that
it can be used as a membrane based pressure sensor? The sensing basis for a membrane-based
pressure sensor is that a differential pressure applied across the membrane will cause a
deflection, which may be measured piezoresistively or capacitively, for example. A material
which is so porous whereby the level of escaping gases will not enable a steady deflection

under pressure is not a viable material.

These questions cannot be simply answered using analytical modelling methods, since the
permeability of a membrane to gases is highly dependent on the grain structure and pore size (dp).
There has currently been no study on d, in nanographite and this is not simple to measure. In this
Chapter, the flux of various gases through nanographite membranes was measured, in order to help

answer the two above questions.

Some of the main requirements for materials used for gas filtration and separation are:

e High flux of a certain ‘analyte’ gas and low flux of the ‘reject’ gas. The ratio of the fluxes of
these two gases («) is known as the separation factor or selectivity.
e Suitability for large area membrane development to be scaled for industrial applications.

e High chemical and temperature resistance.

The typical applications for gas separations are the purification of H, [161] from CO-, and of He

from other gases [98]. Recent research has shown high performance of graphene-based materials for

such applications, whereby the intrinsic defects within the crystal structure of graphene-oxide [16]
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porated graphene [12] and polycrystalline graphene [116] have been shown as having highly
selective gas permeation characteristics. In these materials, a relatively low density of defects in the
lattice led to modest permeance of H, for the relative thickness [16]. Nanographite has a crystal
structure related to these materials and may have similar sieving qualities which is of interest to

improve the performance of membrane molecular sieves.

As a secondary aim, the work in this Chapter demonstrates another important property of
nanographite which strongly links to the work of nanographite MEMS resonators. The use of
membrane structures as pressure sensors is well established. There is a particular requirement for
cheaper, high temperature-resistant sensors for high temperature applications [159] of which
nanographite is a good candidate due to its high temperature resistance and simple and scalable
synthesis route. The work in this Chapter helps towards furthering this application by:

1. Presenting the fabrication of nanographite membranes on a suitable high temperature
substrate such as fused-silica.

2. Testing the permeation of the nanographite film. Other carbon films are susceptible to tears
and defects [14] which mean they cannot currently realistically be used in real-life

applications.

Here, results for the gas permeation through nanographite are presented. A mass spectrometry system

using UHV equipment was constructed and used to evaluate the flow of gases through the material.

6.2 Behaviour of gases flowing through membranes.

To provide a basic description, a permeable membrane is a thin sheet which is porous to gases by
means of molecular diffusion. The permeation may be selective to different molecules, such that the
flow rate of one gas at a given pressure and temperature will be higher than that of a different gas

under the same conditions.

The mechanism of permeation depends on the material properties and here the relevant theory to the

gas diffusion and separation processes through thin porous membranes is presented.

6.2.1 Basic concept of diffusion through membranes.

The molecular flux J through a membrane of thickness L is the number of molecules which pass

through a unit area, per unit time. The flux is proportional to the concentration gradient, AG, between

92



the two sides of the membrane, which can be expressed as in Equation 6.1 [101] and is depicted in
Figure 6.1.

j-_pdc 6.1)
dx

Where D is the diffusivity constant, G is the concentration and x is the position across the membrane.
The flux can be approximated as Equation 6.2 by assuming a linear concentration gradient through
the membrane where the up and down-stream concentrations are G; and G, respectively.

Figure 6.1 Schematic showing the decrease in concentration of a gas, across two sides of a permeable
membrane.

J= Dﬂ (6.2)
The permeance B, is the area a and pressure p normalised flux and may be calculated as [101]:
J
B=— (6.3)
ap

The permeance is clearly related to the external conditions (G: and G) of the membrane, and its
thickness L. The intrinsic material characteristics are all ‘contained’ within D. The mechanism by
which molecules travel through a porous membrane is largely controlled by the relative size of the
molecule kq (kinetic diameter) to dp. The three main mechanisms of molecular permeation are shown

schematically in Figure 6.2.
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In this regime molecules are in the gas phase and are
filtered by mass according to the length of their

Knudsen diffusion differing mean free paths.

Here molecules are adsorbed to the pore walls and

hop, in a vibrational state, between adsorption sites to

move through the pore. Filtering occurs as molecules
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translation regime.

Figure 6.2. Schematic and summary of the three discussed mechanisms of gas permeation through
porous membranes.

6.2.2 Knudsen diffusion

Here, a description of the relevant basic theory regarding the mechanisms of gas flow through porous

membranes is presented [162,163]. This provides a framework for the analysis of the measurements

of nanographite membranes, obtained from the permeation experiment described in Chapter 3.

Knudsen diffusion occurs when the diameter of the pore is considerably smaller than the mean free
path of the molecule but greater than the size of the molecule. The size of a molecule may be
approximated as its kinetic diameter kq. This is the distance at which the inter-particle potential is

zero, if the molecule is modelled as a sphere [164,165].
In membranes where Knudsen diffusion dominates, each molecule is much more likely to collide

with the pore walls than with other gas molecules. During a collision with the pore wall, the molecule

is adsorbed and desorbed. The differing mean free path of molecules of mass M leads to a differing
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average velocity through the pore, thus giving differing flux. The diffusion constant (Dy) of

permeation for a membrane dominated by Knudsen diffusion is [163]:

d, [8RT
D, =—2,[— (6.4)

3 \zM
where d,, is the pore size, R is the gas constant and T is the temperature. Thus, the selectivity a (the
ratio of D for each gas) for two gases comprising molecules of mass M: and M; is the square root of

the ratio of the masses of the molecules:

M
ynudsen = M_l (65)
2

6.2.3 Surface diffusion

In a membrane made of a material with pores which are closer to the size of the molecular diameter

of the diffusing species, the mechanism of mass transport becomes different from purely Knudsen
diffusion. This is the case of surface-dominated flow, where the probability and frequency of
collisions between the molecule and pore walls increases, and is therefore more likely to adsorb. In
surface diffusion, the transport of molecules takes place by jumping between adsorption sites. The
diffusion coefficient Ds of molecules in this phase may be expressed as [166]:

_12-2 exp[_ij 6.6
=TV RT (6.6)

where z is a constriction of probability factor, z is the diffusional length which is the average distance
between jumps (Equation 6.7 [167]), w is the jump frequency and Es is the activation energy for
surface diffusion.
KT
T=—=
\/E”Uii p

where kg is the Boltzmann constant and g is the collision diameter of the molecule (the collision

(6.7)

diameter is the intermolecular distance between two molecules where the potential energy is zero

[168]) and p is the pressure.

6.2.4 Gas translational diffusion

At higher temperatures, and with molecules that adsorb less easily, the amount of adsorbed molecules
is less than in the surface diffusion. In gas translational (GT) diffusion, there is an activated step
where the molecule must overcome an energy barrier imposed by restrictions in the pore structure,
followed by gas-state diffusion in the Knudsen regime. During the Knudsen diffusion step, there is
little potential energy on the molecule from interaction with the pore wall. This is termed ‘gas
translational’, or ‘activated Knudsen’ diffusion, and has been noted in zeolite [166] and carbon-based

membranes [163]. This is an activated process, where the molecules have to overcome an energy
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barrier Ect caused by the restrictions of the pore structure. The size of the energy barrier increases

with the kinetic diameter of the molecule [162]. Here the diffusion coefficient may be expressed as

[163]:
_ /E B
Dar = Asr pry eXp[ RTJ (6.8)

Where Agr is a geometric constant related to the pore size, tortuosity and porosity of the membrane.
This is normally inferred by regression of the permeability results [163].

A related permeation mechanismto GT diffusion is known as molecular sieving [162]. The activation
energy Ea is related to the ratio of the molecule kinetic diameter to the pore size, whereby larger
molecules experience a repulsive force from interaction with the pore walls. The transition from gas
translation diffusion to molecular sieving is not sharp, except in molecular sieving the molecule does

not freely flow in the gas translational regime, and always under interaction with the pore wall.

6.2.5 Determining the sieving regime

If the process does not show an exponential increase in permeance with temperature, it may be
inferred that the dominant mechanism of permeation is Knudsen diffusion. This may also be verified
by measuring the permeance of two gases of different molecular weight and checking whether
Equation 6.5 holds.

If the permeance of a gas through the membrane shows an exponential change, it may be inferred
that one of the activated permeation mechanisms is dominant. The activation energy E. may be
calculated from an Arrhenius plot of the permeance B against the inverse of temperature, as the
gradient of this line represents Ea / R. Both surface diffusion and gas translation are activated
processes; however the value of the activation energy may be used to determine the mechanism of
permeance through the membrane [169]. A negative value of E. shows that the mechanism of
permeation is dominated by surface diffusion. This is because fewer molecules become adsorbed
onto the pore walls at higher temperatures, and the number of molecules transported by the surface-
diffusion hopping mechanism reduces. A positive value of E. shows that the mechanism of
permeation is dominated by gas translational diffusion, or molecular sieving, as the number of
molecules with sufficient energy to overcome the barrier to enter and permeate through the

membrane pores increases.

6.3 Results
The description of the UHV gas permeation rig was made in Chapter 3. The apparatus comprises two

evacuated chambers separated by a nanographite membrane. One chamber is filled with a pure gas
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to pressures of up to 80 Torr. The second chamber is evacuated to ultra-high vacuum conditions, and
the flow of analyte gas is measured using a residual-gas-analyser (RGA) type mass spectrometer and

calibrated using a total pressure ionisation gauge (1G).

The sample is a suspended nanographite membrane of diameter ~1 mm. The consequences of failure
of the membrane during testing were considerable and the resulting sudden spike in pressure into the
UHV chamber may cause failure of the RGA and IG ionising filaments. Thus the maximum applied

pressure was kept in the ‘safe’ range of below 80 T to avoid such an outcome.
In Chapter 3, two methods for measuring the gas permeance were detailed, the ‘closed volume’

method and the ‘vacuum’ method. These are compared in Section 6.3.4, but all other measurements

described excepting these for comparison were made using the closed volume method.

6.3.1 Permeation behaviour with temperature

The flux of He, H; and Ne was measured through a nanographite membrane at a range of
temperatures from 25 °C to 150 °C. The highest ‘safe’ pressure of 80 Torr was used throughout, to
maximise the absolute flux through the membrane and thus reduce the effect of the absolute errors
of background noise. The calculated values of permeance are an average of 5 readings taken at the

same pressure.

To measure the variation of gas flux through the membrane at elevated temperatures, the membrane
holder and adjacent components were wrapped in heating tape and aluminium foil, to help maintain
homogenous heating throughout. A thermocouple was taped to the outer face of the membrane holder
using conductive carbon tape and the sample was heated and maintained at temperature for one hour

prior to permeation measurement.

Figure 6.3 shows the gas permeation of pure He, Ne and H; through a nanographite membrane. For
each gas, the permeance increases exponentially with temperature. Hz and He follow similar trends,
and absolute values of permeance. Ne follows a similar exponential trend though with significantly
lower absolute values of permeance. The permeance value for He at 150 °C appears to show a

leveling-off, though Ne and H, show clearer exponential trends over this temperature range.
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Figure 6.3. Plot showing the permeance of three gases through a membrane as a function of
temperature. The inset graph shows the permeance of Ne only, for clarity. The membrane is 350 nm
thick and 1.1 mm in diameter.

Figure 6.4 is an Arrhenius plot showing the permeance against the inverse of temperature, which can

be used to calculate activation energy as the gradient of the line represents —g_ /R (Table 6.1). The

temperature dependence of the permeation shows an activated process for all gases, with the negative

slope of the Arrhenius plot indicating that gas translational diffusion dominates the flow.
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Figure 6.4. Arrhenius plot of Figure 6.3 showing the permeance of a nanographite membrane against
the inverse of temperature. The lines are fitted exponential curves. The membrane is 350 nm thick
and 1.1 mm in diameter.

Molecule  Activation energy (kJ/Mol)

He 18.31
Hz 20.03
Ne 28.50

Table 6.1. Summary of the calculated values of activation energy for H,, He and Ne.

6.3.2 Separation behaviour

As observed in Figure 6.4, He and H, have similar values of permeance across all measured
temperatures, whilst Ne has a value roughly two orders lower than the other two gases. Figure 6.5
and Table 6.2 shows a summary of the separation factors o of these gases, i.e. the ratio of the gas

fluxes.

99



Separation Separation

Tem(e%r;:l ture factor o for factor a for
Hz/Ne He/Ne
25 146.3 212.3
75 134.2 145.8
100 64.4 122.9
125 47.8 101.3
150 61.7 48.3

Table 6.2. Summary of the separation factor of H, and He, over Ne. The membrane is 350 nm thick
and 1.1 mm in diameter.

There is a clear decrease in the selectivity for both gases at higher temperatures. Ne has a higher
activation energy than He or Hj, and thus its permeance increases relatively more at higher
temperatures. However, at all temperatures, the flow cannot be dominated by Knudsen diffusion

because the selectivity is much larger than predicted from Equation 6.5

(aknudsen = \/ M Ne/M He — 2-2)- Hence, a mechanism other than pure Knudsen must be occurring.
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Figure 6.5. Graph showing the separation factor o between He / H> and Ne, respectively at a
temperature range of 25 to 150 °C. The membrane is 350 nm thick and 1.1 mm in diameter.
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6.3.3 Comparison of two methods for measuring the steady-state flux using UHV system.

Here, | compare the results of measurement of the membrane permeation using two separate
methods; the ‘vacuum method’ and the ‘closed volume method’. The two methods are similar

experimentally and should yield equal results for permeation.

I have used the closed volume method throughout testing and the results in previous Sections are
taken from this method solely. This is due to the relatively higher sensitivity obtained from the closed
volume method. For example, the permeation of He at temperatures below 100 °C could not be
measured using the vacuum method. This non-result was because the measured flux and pressure of
the analyte gas was below the RGA background noise pressure at these temperatures. The vacuum
method is a continuous method of measurement, whilst the closed volume method enables the
pressure to build up over time.
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Figure 6.6. Plot showing the comparison of permeance of He flowing through a 350 nm thick
nanographite membrane, using two different measurement methods. The lines are fitted exponential
curves. The temperature ranges from 100 to 150 °C.

Figure 6.6 shows a graph comparing two results taken under identical conditions and shows that the
results of the two method agree very closely. The gradient of the Arrhenius plot, representing the
activation energies calculated across this temperature range, give 15.18 and 15.22 kJ/mol, within
0.25 % agreement, for the closed volume and vacuum methods respectively. The values of activation
energy are slightly lower than those measured across the larger temperature range of 25 to 150 °C
(Table 6.1), and because of the limited temperature range of the data in Figure 6.6 is probably less

accurate.
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The permeance values are also close, varying by 0.6, 13.6 and 0.4 % at temperatures of 100, 125 and
150 °C, respectively. The two methods appear to agree well and there is clearly no evidence of any

systematic error between the two methods.

6.4 Discussion of results

6.4.1 ldentification of separation mechanism

The membrane shows activated permeation which is consistent with a gas translation type behaviour
since the permeation increases with temperature [169] and the permeance of the most massive
molecule (Ne) is lower than that of He and H,. This is evidenced in the increase in permeation with

temperature as shown in Figures 6.3 and 6.4.

Hence, | have modelled the behaviour of permeation versus temperature using the experimentally
extracted values of E,, To do so, in Equation 6.9, | insert the diffusion coefficient Dgr (Equation 6.8)

into the Equation for permeance (Equation 6.3):

_G,-G, / T Eq
" L-a-p For ( RT j 6.9)

For each point, all parameters are known except for Agr. The values of Egr are taken from Table 6.1.

Acrt is a geometric constant which is related to the pore size, tortuosity and porosity of the membrane.
Since these parameters are difficult to measure, the value of Agr is normally inferred by regression
of the permeability results [163]. In this case, | infer the value of Acr by initially assuming its value
to be 1, and then scaling the result to the measured value of permeance. To do so, | took the relative
values which were measured and predicted for B at each point, and took the mean of these numbers.
For example, assuming Agsr=1, the predicted value of B (Equation 6.9) for He at 150 °C for a
nanographite membrane of 1.1 mm diameter is 6.4 x10* mol /(m? -s - Pa), whereas the measured
value of B is 4.0 x102° mol /(m? -s - Pa). Thus, the value of A for this point is 6.3 x10%°, | have
averaged the values of A over all the measured points and obtained a mean value of Agr = 4.33 x 10°1®
for the nanographite membrane. | have only used the values for He and Ne to obtain this average.
This is due to the relatively large errors in the data in the H, permeance, which is cause by the large
background signal of the RGA for H,. The predicted plots, using this value of Agr, are shown in

Figure 6.7 alongside the experimental results.
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Figure 6.7. The experimental values (solid data points) of permeation for He, Ne and H, across a
temperature range of 25 to 150 °C for a 350 nm thick membrane. Predicted results modelled using
gas translational mechanism (Equation 6.9) are included for comparison (dashed lines). The scaled
value of A=4.33 x 10" %%,

Figure 6.7 shows that the general trends of permeation for these three gases can be reasonably
approximated using a gas translational diffusion model. There is a slight overestimation of Ne at
lower temperatures. However, the model shows a reasonable estimation of the behaviour for these
gases, and can be used for predictive purposes. Measurement of other gases, as well as the absorption
behaviour, may be useful to better understand the sieving mechanism of nanographite, but have not
been measured as part of this work. Part of the difficulty inhibiting this investigation was the very

low permeation of most gases through the nanographite membrane, as detailed below.

6.4.2 Measurement of larger molecules

The permeation of CO; and O, through the nanographite membrane was measured at 125 and 150 °C
respectively. In both cases, the permeation of the gas was below the background noise of the system.
As a result, no absolute values of gas permeation and separation were obtained. However, | can
estimate a maximum possible value of permeance, as set by the experimental noise. | have
conservatively estimated that a 50 % increase in the measured pressure, above the background signal,
would be the minimum clearly detectable signal. The resulting values are summarised in Table 6.3
along with the corresponding minimum values of gas separation compared to H, and He which were

also measured for this membrane.
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Maximum permeance  Separation factor o Separation factor «

Gas (mol /(m? -s - Pa)) for Hy for He
CO; 1.12 x1012 135 286
0, 4.76 x10'%® 84,000 107,000

Table 6.3. Summary of the maximum estimated values of CO; and O, and the calculated separation
factors a of between H, He and those two gases. The temperature is 150 °C (O,) and 125 °C (CO,),
for a 350 nm thick membrane.

The results show that CO2 has a maximum permeance similar to that of Ne, whilst that of O is
considerably lower. However this is misleading because it is largely due to the vast difference in the
size of the background signal in either case. It is important to recall that the noise level varied for
each RGA peak because the background pressure rise is different at each mass setting of the RGA,
for example the background signal of CO; (44 AMU) is relatively large due to outgassing occurring
from the chamber internal surfaces. Thus it is possible that the actual permeance of CO; is much
lower. In contrast there is very little O, present in the chamber; and the background signal at 32 AMU
is very low. That no permeation of O2 could be detected through the membrane, even above this low
background signal, shows the good molecular sieving qualities of the nanographite membrane, as
indicated by the very high values of a.

The permeance behaviour has been shown to fit well with a gas translational model. The general
trend of membranes which have permeance dominated by gas translational diffusion is that larger
molecules and more massive molecules have smaller permeance through the membrane. For
example, if the kinetic diameter kq is slightly larger than the pore size d,then there is a net repulsive
force on the molecule, which may greatly reduce the permeance [164]. This is because the value of
Ecr in Equation 6.8 depends on the ratio of the pore size to the kinetic diameter of the molecule
[162]. If the mechanism of separation is purely gas translational, then it would be expected that the
order of permeance would follow the order of kq for the measured molecules as shown in Table 6.4.
A graph showing the permeance against the kinetic diameter of the molecule is shown in Figure 6.8.
CO; is omitted due to the very large error caused by the background noise which means the

permeance is unlikely to be a close estimate.
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Kinetic diameter

Molecule A)

Helium [170] 2.60
Neon [166] 2.75
Hydrogen [170] 2.89
E:la;r(l))]on dioxide 339
Oxygen [171] 3.46

Table 6.4. Kinetic diameters of the gases measured in this investigation.
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Figure 6.8. Graph showing the permeance of He, Ne, H,, and O; at a temperature of 150 °C, plotted
as a function of the kinetic diameter of each gas. The membrane was 350 nm thick.

The results in Figure 6.8 show a general trend of decreasing permeance with larger molecules. The
permeation of Ne is lower than may be expected, compared with H,, which is shown by the higher
activation energy compared with H (28.50 compared with 20.03 kJ/Mol). The pre-exponential term
in Equation 6.9 includes a dependency on mass; however this dependency only gives rise to
separation factors as calculated in Equation 6.5, which is smaller than that observed here. This may
be indicative that the mechanism is not purely gas translational, and has some differential surface
diffusion occurring [163]. Similar behaviour has been observed in other membranes for which the
permeance is dominated by gas translational and molecular sieving. For example, the permeance of
H, has been observed to be higher than that of He in graphene-oxide membranes [16] and the

permeance of H, has been measured to be higher than that of Ne in zeolite membranes [166].
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6.4.3 Comparison with other membranes

Here, | compare the gas separation properties of nanographite membranes with some others from the
literature. The most viable and useful current application for gas separation membranes is the
separation of CO and H,. There is plentiful literature on membranes for this purpose [115,172-174]
and Figure 6.9 compares the nanographite membrane with literature values of H, permeance and a.
Although the permeation value for CO; is only an estimate, the gas pairing anzico2 is most commonly
compared, and this, then, enables some comparison with the literature. Note that Figure 6.9 uses the
00 cm*(STP)-cm

> . Therefore, the H,
sec-cm” -cmHg

permeation units of Barrer for H, which is defined asl

permeance for the nanographite membrane is 0.16 Barrer for H, and 0.001 Barrer for CO,. Thisis a
thickness normalised unit, allowing for easier comparison between the materials. Temperature results
at around 100 to 150 °C have been used for best comparison, though this was not always available

in the literature for all experiments.
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Figure 6.9. Comparison of the H, permeability and separation performance with CO- of a range of
membranes. The black line represents the empirical upper bound for polymeric membranes [103].
References and experimental temperatures listed below:

A[125] 150 °C. B [16] 100 °C. C [172] 140 °C. D [115] 25°C.

E [173] 200 °C. F [104] 150 °C. G [174] 150 °C. H[175] 35 °C.

This work: 125 °C.

The permeation of H, for nanographite is among the lowest of the relevant literature, whilst the
selectivity between H, and CO; is among the highest. This is a common trade off; and shows that
nanographite may represent an interesting material for gas separation, but requires a lower thickness

than other materials to become useful towards industrial applications. It is interesting to note that the
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selectivity value represents a minimum (because the permeance is only a maximum estimate) and
the actual value may be much higher than this. The high apparent separation between H./O, suggests

that nanographite exhibits qualities of high sieving of larger molecules.

6.5 Summary and conclusions

In this Chapter, | have studied the gas permeation properties of nanographite membranes using a
UHV system which | constructed. The flow of He, Ne, Hz, Oz and CO, was measured and the results
all showed an activated permeation process, with permeance increasing with temperature; thus
suggesting a gas translational type mechanism. Permeation of He, H, and Ne respectively was
measured between temperatures of 25 °C and 150 °C. However, the permeance of the larger

molecules (O, and CO;) was below the background noise of the RGA and could not be measured.

Overall, the material has a low permeability to all gases. Its permeance for H; is amongst the lowest
in the literature. However, the overall selectivity of the membrane was high, particularly so for H,/O;
(>84,000). This is effectively apparently impermeable to O.. This combination of gases is uncommon
(due to the flammability of Hzin Oy) and there is little literature to compare to. However, as a related
example of molecular sieving, N is a molecule of similar size to O, (3.64 A vs. 3.46 A), and it is
reasonable that the permeance of N2 and O, are similar through a nanographite membrane. A value
of o for the gas pair H2/N, of 960 is considered very high [103] [176]. Hence, the separation of H2/O-
suggests that the nanographite material may be of significant interest.

A consequence of this low permeability of nanographite is that it may only realistically be used at
higher temperatures and low thicknesses to obtain a reasonable trade-off in permeance and
selectivity. For example, extrapolating the results of Figure 6.4 to a temperature of 400 °C would
yield a permeance of around 2 x10° mol /(m? -s - Pa) for this membrane, which is 350 nm thick. The
thickness of the membrane in this experiment has been limited by the need for a suitably robust
freestanding structure, and the temperature has been limited by the stability of the copper gaskets in
the UHV system. Another method of using membranes is to support the membrane on a more porous
base, thereby enabling a much thinner layer to be used. Reasonably, a 5 nm layer could be used (this
was the thickness used for NEMS switches in work by Sun et al. [68] which is an application
requiring a robust and continuous film). A membrane of this thickness would yield an absolute H»
permeance of around 14x10°8 mol / (m?-s-Pa) at 400 °C, assuming a linear thickness relationship
for permeance, which is generally true for most materials, though not in graphene-oxide [16]. This,
in terms of absolute permeance would compare well with the reviewed literature in Chapter 2,

especially with the promising value of separation for H./O,,

107



The permeance was modelled as a membrane with diffusion dominated by gas translational diffusion
(Equation 6.9). The results of the permeance were scaled to the model using a value for the geometric
constant Agr = 4.33 x 105, The model gave a reasonable agreement to the experimental result. This

demonstrates that the simple model allows for predictions of membrane performance to be made.

The gas permeation results suggest that further study on the use of nanographite molecular sieves is
warranted, with promising potential for gas separation. Specifically, measurement of the following

is considered useful:

e Measurement of the full permeance of CO; and obtaining an accurate H./CO. separation
factor.

o Measurement of the permeance and sieving behaviour at increasingly higher temperatures
(400-500 °C) and thereby increase the H, and He permeance.

e Measurement of the permeance of ultra-thin (< 10 nm) nanographite membranes.

Methods of modifying the film properties may be of interest to increase the film permeability. For
example, annealing nanographite increases its crystallite structure [177], with Raman spectroscopy
showing that annealing causes a change in the density of defects of the nanographite film. This
change may thereby alter the permeance characteristics. Further study of the annealing behaviour in

nanographite and the corresponding effect on permeance would be of interest.

The ease and scalability of fabricating nanographite based membranes is good. For example it can
be deposited simply using PECVD and this can be done uniformly over the diameter of an 8-inch
silicon wafer. The substrate could then be used as a framework to support the membranes, as shown
by Huebner et al. [178], or the film could be delaminated from the substrate and used with a porous
support. I performed a simple small-scaled experiment by immersing a nanographite coated fused
quartz chip (1 cm?) in 49 % HF acid. Upon immersion in the HF, the film quickly delaminated from
the fused quartz, as a single sheet, and floated atop the liquid surface. | then transferred the floating
sheet to a patterned silicon chip with a hole etched through its thickness, which is another method to
fabricate freestanding nanographite membranes. This method could potentially be scaled up for

large-sized supported membranes.

This investigation into the gas permeation properties of nanographite has confirmed that it is a
potentially useful material for MEMS membrane-based pressure sensors, for use in harsh
environments. This is because the gas permeation for larger molecules is very low, and a thick

(>1pm) nanographite membrane would not undergo any significant change in displacement caused
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by leakage. The retention of mechanical properties for graphitic materials is very good, and they may
be used above 2000 °C [7] in a non-oxidising environment. The fused quartz substrate used for these
membranes is also a suitable material for high temperatures, and this material combination represents

a promising basis for fabricating nanographite membrane sensors.

Jian et al. [179] fabricated from gold/polymer nanocomposite membranes. The nanocomposite had
a Young’s modulus of between 4.3 to 9.6 GPa and thickness of 25 to 70 nm. The membranes had
much higher sensitivity than the theoretical limit of silicon membranes of the same dimensions as a
result of the lower thickness. The low modulus of nanographite places this material into a similar
stiffness regime as the polymeric nanocomposite, but coupled with the high temperature resistance
of nanographite, could be a more widely useful material.
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7. Conclusions and future work

7.1 Conclusions
Over the course of this Thesis, the predominant objective has been to characterise nanographite,
which is a thin film deposited using catalyst-free PECVD, in applications which use MEMS and
NEMS-type fabrication. This has been achieved through the measurement of intrinsic material
properties, and also demonstrated through the use of novel fabrication methods.

The first step was to measure the Young’s modulus of nanographite. To do so, I fabricated released
square membranes, of thickness between 275 and 296 nm, and side length between 193 and 273 um,
by etching through the silicon substrate. As the nanographite film was released from the substrate,
its compressive built-in stress caused out-of-plane buckling. | measured the amplitude of buckling
using interferometry, and from this, calculated the in-plane strain using a mathematical model by
Ziebart et al. [136]. From this measurement, | extracted a compressive strain of -0.0142. | also
measured the stress of the film, using the change in wafer bowing of the substrate after deposition,
as 436 MPa. Using the measured values of stress and strain, the Young’s modulus was calculated to
be 23 GPa. I then input this value into a nonlinear finite element simulation of doubly-clamped
beams, with a close agreement between the simulated and experimental buckling behaviour.

After this first step of measuring the Young’s modulus of nanographite, T went on to fabricate
resonator devices from cantilever beams and doubly-clamped beams. All the devices were of length
between 75 and 150 pum and thickness between 270 and 340 nm. These were fabricated using surface
micromachining on a 6-inch silicon substrate, with a 200 nm SiO> layer and with titanium / nickel
electrodes. A major issue of fabricating released microstructures, such as doubly-clamped beams,
from a compressively stressed film is buckling. In this work, a relatively large undercut (25 to 30
um, of 200 um wide anchors) was used to overcome buckling. This undercut, due to the stress
gradient of the film, caused upward deflection, whereby the anchors deflected up away from the
substrate. This effectively applied a tensile force to the beam and stopped the buckling. To
characterise the resonant frequencies and quality factors, | actuated the beams electrostatically and
used laser Doppler vibrometry to measure the vibration. The resonant frequencies of the cantilevers
were between 5 and 25 kHz, and for doubly-clamped beams, were between 245 and 640 kHz. Quality
factors under ambient pressure were around 5 to 10 for cantilevers and 20 to 30 for doubly-clamped

beams.
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I compared the measured resonant frequencies of the cantilevers to a mathematical model for natural
frequency, using 23 GPa as the value of Young’s modulus. There was a close agreement, which
confirmed the measured value of Young’s modulus measured from the previous Chapter. | fit the
measured results of the resonant frequencies of doubly-clamped beams to a model of beams under
tensile force, with a stress of 10 to 20 MPa applied. The effect of the stress was to greatly increase
the value of the natural frequency over the stress-free value. One doubly-clamped beam was
wire-bonded and measured in vacuum conditions (30 mTorr), with a higher quality factor of around
1800. The fabrication of nanographite MEMS resonators, and particularly the method of obtaining
buckling-free structures, may pave the way towards highly sensitive MEMS and NEMS sensors,

which may be used in harsh environments.

In my final experiment, | fabricated nanographite membranes on fused quartz substrates. The testing

of gas permeance of nanographite membranes was useful for two applications:

e To test the gas permeation and separation for possible application as a molecular sieve.

e To test the gas permeation for possible application as a MEMS-based pressure sensor.

I constructed and used an RGA mass-spectrometry system to measure the permeance of gases
through a nanographite membrane. From these measurements, the permeance at 150 °C of Ha, He
and Ne of 5.1, 4.0 and 0.08 x 10*° mol /(m? -s - Pa), respectively, was measured through a 350 nm
thick membrane. Whilst the flow of O, and CO, was so low that it could not be measured using the
RGA setup, the estimated minimum H./CO; separation factor of 135 is promising, and compares
well with the available literature. 1 compared the results of the permeance to a model for gas
translational diffusion and the model agreed well with the experimental results, and allows for

prediction of the permeance of gases to be made.

7.2 Future work

7.2.1 Optimisation of process conditions for PECVD of nanographite thin films

The stress of the nanographite film is compressive when deposited onto a silicon substrate. A film
with a high stress level is not generally ideal for MEMS and NEMS applications, since it causes
deflection and buckling after release. The undercut method to obtain tensile-stressed doubly-clamped
beams was, in this case, useful and may be applied to other materials. However, it is preferential for
some applications, such as membrane-based pressure sensors and switches, for the average stress to

be neutral or slightly tensile.

112



To obtain a film of lower stress level, an optimisation study of the deposition parameters should be
undertaken. For example, low frequency excitation of the plasma has been used to tune the stress of
silicon nitride deposited by PECVD [144] and this may potentially be employed for the deposition
of nanographite. Substitutionally doping boron into the graphite lattice may also be an option to
induce a tensile strain [180], since the carbon-boron bond length is larger than the carbon-carbon
bond. Using a composite-bonded wafer may also be used to alter the thermal expansion coefficient
of the substrate. The thermal expansion coefficient may be tuned to become close to that of
nanographite, and thereby reduce thermally induced stresses. A similar method was employed by
Delachat et al.[145] to fabricate buckling-free silicon membranes.

The optimisation of the PECVD parameters could also alter the grain structure of the film, which
may alter its mechanical properties. This is because the Young’s modulus of graphitic materials is
highly anisotropic, and for polycrystalline graphite depends on the mismatch in orientation of its
grains. If the deposition parameters were tuned to produce a film with larger grains, the relative
orientation of the grains may rise and therefore increase the Young’s modulus of the material. The
grain size may also affect the quality factor for a resonator, since smaller grained materials tend to
have higher losses [158]. A systematic study on the process parameters for depositing nanographite,
and its effect on Young’s modulus, quality factor and electrical properties would be useful in the

further development of nanographite MEMS and NEMS.

7.2.2 Downscaling the MEMS resonators to NEMS

In this Thesis, the fabrication of devices has been on the micro-scale. This was due to the availability

of low-cost lithographic masks using printed transparencies. However, many of the qualities (such
as ultra-thin film deposition) of nanographite may be better employed using e-beam lithography for
fabrication of NEMS structures. For example, this would better allow ultra-thin (< 5 nm) films to be
used, with device feature sizes of < 50 nm. | attempted to fabricate 20 nm thick doubly-clamped
resonators, though this was unsuccessful. | attribute this to the very high aspect ratios of the structures
(length divided by thickness = 7500) which made release of the films difficult and they suffered

stiction. Devices of smaller lateral dimensions may be easier to release, as shown by Sun et al. [68].

The scope of the investigation in Chapter 5 was to characterise the cantilevers and doubly-clamped
beams as prototype resonators. To build on this work, NEMS nanographite resonators (of thickness
< 5 nm) should be fabricated using e-beam lithography, and a method to obtain an electrical readout
of the device deflection should be used. This would demonstrate the electrical integration of the
nanographite device. For example, a capacitive readout as employed by Chen et al. [181] could be

used. This device should then be tested under vacuum conditions, and subjected to a strain under a
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high temperature thereby demonstrating the potential for highly sensitive nanographite resonators to

be used for harsh environment sensing.

7.2.3 Increasing the permeance of nanographite membranes

One of the main difficulties and drawbacks of the investigation into the permeance of gases through
nanographite membranes was the inability to fully measure the permeance of larger molecules, O;
and CO.. This was because the absolute flux was very low and below the background noise of the
RGA. The separation factor o for H2/CO, has therefore not been fully characterised, and this is
shortcoming of the investigation at present. Measurement of this parameter will allow more accurate
comparison between the molecular sieving properties of nanographite with the literature. Fabrication
of a thin membrane, of larger area, would increase the overall flux of gases, and enable the
measurement of the actual flux of CO,. For example, this could be achieved by delaminating the film
and using a porous support, or by fabricating a support structure as shown by Huebner et al. [178].

The overall permeance of gases through the nanographite membrane is low, and needs to be increased
if it is to become industrially useful. To investigate methods of increasing the permeance of
nanographite, the relationship between the crystallite structure of nanographite and its permeance
should be quantified. For example, as discussed above, the deposition parameters may be tuned to
alter the crystallite size of nanographite. The effect of different average crystal size on the gas
permeance should be investigated. Similarly, post-deposition annealing has been shown to increase
the crystallite size in nanographite films [177], and this may also be investigated for its effect on gas

permeance.
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Al. Finite element analysis of the buckling amplitude of doubly-clamped nanographite
beams

A 1.1. Mesh refinement study
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A 1.2. ANSYS parametric design language code for buckled doubly-clamped beam
/TITLE, Amplitude of Buckled nanographite C-C Beam
/PREP7
E=23e9 'Young's modulus
hs=0.394e-6 I Thickness of beam
c=140e-6 'Beam length (released section)
b=11e-6 ! Beam width
j=10e-6 ! Clamped length
t=225e-9 IStep thickness
0=436€e6 !Stress

esz=1e-6

MP,EX,1,E

MP,DENS,1,1900 !Density

MP,PRXY,1,0.25 !Poisson's ratio

MP,ALPX,1,(0/E) !CTE is thermally applied strain ¢
MP,ALPY,1,(0/E)

ET,1,SHELL281 12D Shell element
SECTYPE,1,SHELL,
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1Geometry
SECDATA,hs,1,0,, 'Thickness

k,1,0,0,0
k.2,j,0,0
k,3,j,b,0
k.4,0,b,0
a,1,2,3,4

k,5,j,0,t
k,6,c+j,0,t
k,7,ctj,bt
k,8,j,bt
a,5,6,7,8

k,9,0+c+j,0,0
k,10,j+c+j,0,0
k,11,j+c+j,b,0
k,12,0+c+j,b,0
a,9,10,11,12
a,2,5,8,3
a,12,7,6,9

AGLUE,ALL !Glue areas together

ESIZE esz
MAT,1
AMESH,ALL, 'Mesh all areas

IBoundary Conditions — fix the end beam areas

ASEL,S,, 1
NSLA,S,1
D,ALL,UZ,0
D,ALL,UY,0
D,ALL,UX,0
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NSEL,ALL
ASEL,ALL
ASEL,S,,,3
NSLA,S,1
D,ALL,UZ,0
D,ALL,UY,0
D,ALL,UX,0
ASEL,ALL
NSEL,ALL

BF,ALL, TEMP,1 IApply temperature of 1 °K

I1Solver

/sol

ANTYPE,O !Static analysis

NLGEOM,1 Nonlinear geometry is on
NSUBST,100,100,100 !Apply load over 100 steps
AUTOTS,0 IDo not use Auto-timestep
TIME,1

OUTRES,ALL,ALL

NROPT,FULL,

BCSOPTION,,INCORE,

NCNV,0,1e10

solve
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A 2. Finite element analysis of the resonance of nanographite cantilever beams with

undercut and stress gradient.

A 2.1. Mesh refinement study of the modal analysis of cantilever beams with undercut and stress

gradient.
325
°
32.0
~N
L 315
= °
e ©
31.0 o0
30.5
100 600

1100 1600

Number of elements

A 2.2. ANSYS parametric design language code for the nonlinear deflection and modal analysis

of cantilever beams with undercut and stress gradient.

/TITLE, Deformation + modal analysis of cantilever under strain gradient

/PREP7

Ithe temperature gradient gives an average stress of 436 MPa and a gradient of 142 MPa/um

hs=0.35e-6 !thickness

A=200e-6 lanchor width

u=10e-6 !undercut (u+e is total undercut)
e=15e-6 lelectrode overlap

c=75e-6 Icantilever length

b=10e-6 !cantilever width

esz=10e-6 !element size

p=1900 !Density

Y=23e9 !Young’s modulus

ANTYPE,STATIC,
ET,1,SHELL281
n=5 'number of layers
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ET,2,SHELL281

n=5 Inumber of layers

MP,EX,1,Y INCG Y Modulus 'bottom layer
MP,DENS,1,p !density

MP,PRXY,1,0.25 !Poisson's ratio
MP,ALPX,1,-2.00326E-05 !'Thermal expansion coefficient
MP,ALPY,1,-2.00326E-05

MP,EX,2,Y

MP,DENS,2,p
MP,PRXY,2,0.25
MP,ALPX,2,-1.94946E-05
MP,ALPY,2,-1.94946E-05

MP,EX,3,Y

MP,DENS,3,p
MP,PRXY,3,0.25
MP,ALPX,3,-1.89565E-05
MP,ALPY,3,-1.89565E-05

MP,EX,4,Y

MP,DENS,4,p
MP,PRXY,4,0.25
MP,ALPX,4,-1.84185E-05
MP,ALPY ,4,-1.84185E-05

MP,EX,5,Y
MP,DENS,5,p
MP,PRXY,5,0.25
MP,ALPX,5,-1.78804E-05
MP,ALPY,5,-1.78804E-05

MP,EX,6,200E9
MP,DENS,6,8900
MP,PRXY,6,0.25

MP,ALPX,6,0
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MP,ALPY,6,0

SECTYPE,1,SHELL,
SECDATAhs/n,1,0,,
SECDATA,hs/n,2,0,,
SECDATA hs/n,3,0,,
SECDATAhs/n4,0,,
SECDATA hs/n,5,0,,

SECTYPE,2,SHELL,
SECDATAhs/n,1,0,,
SECDATAhs/n,2,0,,
SECDATA hs/n,3,0,,
SECDATAhs/n,4,0,,
SECDATAhs/n,5,0,,
SECDATA,50e-9,6,0,,

k,1,0,0,0

k,2,A,0,0
k,3,AA0
k.4,0,A,0

k,5,a-u-e,u+e,0
k,6,a-u-e,A-u-e,0
k,7,u+e,u+e,0
k,8,u+e,A-u-e,0

k,9,a-u,u,0
k,10,a-u,A-u,0
k,11,u,u,0
k,12,u,A-u,0

k,13,A,(A/2)-(b/2),0
k,14,A,(A/2)+(b/2),0

k,15,A+c,(A/2)-(b/2),0
k,16,A+c,(A/2)+(b/2),0
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a,1,2,3,4
a,11,12,10,9

ASBA, 1,2, delete

a,11,12,10,9

a,7,8,6,5
ASBA,1,2,,delete
a,13,15,16,14

btol,1e-7

aglue,all 'glue all areas

ESIZE, esz

ASEL,S,area,,2
AATT,,,,1
AMESH,all

ASEL,S,area,,4
AATT,,,,.2
AMESH,all

asel,all

ASEL,Sarea,,1
AATT,,,,,1
AMESH,all
Iboundary conditions
LSEL,S,,9,
LSEL,A,,,10,
LSEL,A,,11,
LSEL,A,,,12,

NSLL,S,1, Iselect nodes attached to the 4 contrained lines

D,ALL,UX,0
D,ALL,UY,0

D,ALL,UZ0
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D,ALL,ROTX,0
D,ALL,ROTY,0
D,ALL,ROTZ,0
NSEL,ALL
LSEL,ALL

NSEL,ALL
ASEL,ALL

BF,ALL,TEMP,1000
NSEL,ALL
LSEL,ALL
ASEL,ALL

/solu

ANTYPE,0

NLGEOM,1 Inonlinear static analysis

PSTRES,ON

NSUBST,1000,10000,1000 !'number of steps
save,” NLGEOMBeamModalanalysis’, rstp’
AUTOTS,1 lautotimestep 0 is off, 1 is on

TIME,1
OUTRES,ALL,ALL
NROPT,FULL,
BCSOPTION,,INCORE,

solve

/solu
antype,,restart,1,1000,perturb
perturb,modal

solve,elform

/com

modopt,lanb,5

mxpand,5

solve

I restart option for linear perturbation from 1000 substep
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