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Abstract
This thesis explores the challenges of using ultrathin graphene membranes in microelectronic mechan-
ical sensors (MEMS) technology, specifically in the development of MEMS microphones. Graphene,
being only an atom thin and one of the strongest known materials, offers promising potential for further
miniaturization of MEMS microphones. However, the mass loading effect on the graphene membrane
can impact the device’s resonance frequency and bandwidth.

To address this issue, this study analyzes the dynamic response of the graphene membrane under
different pressures and membrane parameters, such as diameter and thickness.

The membranes are fabricated by using chemical vapour deposition, after which the membranes
are transferred over a cavity. The measuring setup uses a laser Doppler vibrometer to measure the
deflection of themembranes and investigate their dynamic response. Pressure-dependent experiments
are performed to measure the resonance frequency of the membrane’s response, and the relationship
between the radius, thickness, and resonance frequency is explored. By doing thesemeasurements we
explore the effect of air loading to investigate the ultimate performance limits of graphene membranes
for microphone application.

The experimental results show a clear presence of the air loading effect and align with earlier models
of the resonance frequency with mass loading effects. The thesis validates the accuracy and reliability
of the measurements and contributes to the body of knowledge surrounding the topic. The limitations
of the study include fabrication imperfections and setup difficulties like a limited bandwidth of the piezo-
shaker used for the actuation of the membranes. The assumptions made about limited cavity effects
are also discussed. Future research could explore the impact of an added backplate with venting holes
for capacitive readout. Next to that, the influence of air loading on the system’s damping could be
researched.
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1
Introduction

Micro-electromechanical sensors (MEMS) have seen a spread in consumer electronics due to their
reduction in size, power consumption, and unit costs. The ever-continuing trend to downscale these
devices contains many new challenges. These technological improvements and size reduction is de-
sired to meet society’s continuing need to enhance consumer electronics. An example of MEMS tech-
nology is the microphone. For further miniaturisation of MEMS microphones, the microphone’s mem-
brane should become thinner to reach similar sensitivities to those of larger devices. With the use of
graphene, one of the strongest known materials while being only a few atoms thin, the limits of sensing
capabilities are pushed. Graphene owes its strength to the strong atom-to-atom bonds present in the
flat hexagonal structure.

This thesis focuses on the challenges induced by the mass loading effect on ultrathin graphene
membranes for use in MEMS microphone technology. The mass loading effect results in an added
virtual mass to the membrane lowering the resonance frequency and thereby decreasing the bandwidth
of the device. Researching this effect is necessary to continue enhancing mechanical sensitivity while
maintaining an adequate bandwidth. The analysis is done by examining the changes in the dynamic
response of the membrane, most specifically the resonance frequency, over different pressures and
membrane parameters such as diameter and thickness.

Starting with an introduction to graphene and the working principles of condenser microphones,
wherein these sensing membranes find their application. This is followed by an in-depth study of theo-
retical concepts that form the foundation of this work, as well as a review of the current state of the art
of graphene and microphone technology. The experimental methods are explained and the obtained
results are provided. Finally, the results are discussed and conclusions are drawn.

1.1. Graphene
With a Young’s modulus of over 1 TPa for monolayer graphene [1], graphene is the strongest known
material ever measured [2]. After the discovery of the material, a lot of research was done on trying
to use this material to increase the performance of sensors. Graphene has extraordinary mechanical
properties like high yield strength, low mass density and bending rigidity, as well as electrical properties
like high carrier mobility [3]. Due to these properties, a lot of progress was made to implement graphene
in micro- or nano-sized devices to enhance performance or allow further miniaturization [4]. The in-
credible strength and flexibility with low mass and thickness makes the use of graphene promising,
especially in the field of pressure-related sensors because of the possibility to achieve very high-aspect
ratios [4], making them extremely sensitive to any changes in pressure in their surroundings [5]. This
sensitivity to pressure changes gives potential to better performing acoustic sensors. An example of
such a sensor and the focus of this thesis is the condenser microphone which converts sound waves
into an electric signal via capacitive readout between the backplate and the moving membrane. Re-
placing the movable membrane with graphene results in a measured increase in the sensitivity [6, 7].
This is due to the lower internal stresses and larger aspect ratios of the graphene membrane.

The potential of graphene as a material for pressure-sensitive sensors is hindered by several limita-
tions, including fabrication challenges that lead to low yields and low tension reproducibility. Addition-
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4 1. Introduction

ally, the presence of squeeze film damping which arises from the squeezing of a thin film of fluid inside
the cavity, and a low resonance frequency within the audible range at atmospheric pressure also pose
significant problems. The low resonance frequency can be explained by the effect of air loading which
has an unknown but reported considerable impact on the resonance frequency for nanometer-thick
membranes.

The production of single and multi-layer graphene can be done in multiple ways. Examples are
chemical vapour deposition (CVD), mechanical exfoliation, liquid-phase exfoliation or the reduction of
graphene oxide (GO) [4, 8]. Different methods report varying mechanical, thermal or electric properties
due to slightly varying quality.

For single-layer graphene, defects have a strong influence on the electronic, optical, thermal, and
mechanical properties of the lattice [9]. Multiple types of defects influence these properties. Examples
of these imperfections are point defects, vacancies and adatoms in the crystal structure. These non-
equilibrium defects can come from different mechanisms like crystal growth due to the process not
happening atom-by-atom, therefore causing natural imperfections. It can also happen through particle
irradiation with electrons or ions that can generate point defects due to the ballistic ejection of carbon
atoms in the graphene [9]. Lastly, the effect of wrinkles and non-uniformities have a big influence on
these suspended 2D materials [10].

In this study, multi-layer CVD-grown graphene on molybdenum as a catalyst metal is used [11]. With
this method, it is easier to fabricate large membranes due to their multi-layer nature. The membranes
do show imperfections resulting in changes in their mechanical properties.

1.2. Condenser MEMS microphones
An introduction of microphone and diaphragm or membrane technology is provided together with rele-
vant microphone performance parameters. Next to that, a summary is added to map the existing MEMS
microphone technology. A more in-depth study is done into the application of graphene in microphones
and the limitations of the existing technologies.

A microphone is a dynamic pressure transducer made to detect sound waves over a broad range of
frequencies, generally designed to have the highest performance in the human audible range (20 Hz-
20 kHz) [12]. How the exact transduction is done depends on the type of microphone. Due to its good
performance, low cost, and ease of manufacturing the focus in the industry has been on condenser
microphones [13]. A condenser microphone works by measuring the change in the capacitance 𝐶
between the movable and fixed plates. This is done by relating the potential difference 𝑉 to the charge
on the capacitor 𝑞 by the equation:

𝐶 = 𝑞
𝑉 . (1.1)

The capacitance of a flat capacitor in a vacuum is given by:

𝐶 = 𝜖0
𝐴
𝑑 . (1.2)

The capacitance is dependent on the distance between the plates 𝑑, the area of the capacitive plate
𝐴, and the permittivity constant of free space 𝜖0 = 8.8542 × 10−12 C2/Nm2. Combining equations 1.1
and 1.2 yields the measured voltage

𝑉 = 𝑞 𝑑
𝐴𝜖0

. (1.3)

A schematic of a condenser microphone can be seen in Figure 1.1 [12]. In this schematic the sound
waves displace the diaphragm (or membrane) changing the distance and thereby capacitance between
the membrane and backplate. The electrical signal that is generated is amplified and processed. A
bias voltage 𝑉𝑏 is needed to provide a source of electric charge 𝑞 whose magnitude directly determines
the microphone sensitivity.

Key performance parameters of microphones are sensitivity, (signal to) noise levels, power con-
sumption, resonant frequency, and size [13, 14]. How sensitive a microphone is can be described by
the open circuit sensitivity. The open circuit sensitivity of a microphone is the ratio of the microphone’s
open circuit voltage to the sound pressure level applied to the microphone by a sound source. Open
circuit sensitivity of a microphone consists of two parts: the mechanical sensitivity 𝑆𝑚, which is the
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Figure 1.1: A schematic of a condenser microphone where sound waves displace the diaphragm changing the distance and
thereby capacitance between the diaphragm and backplate. The electrical signal that is generated is amplified and processed.
A bias voltage 𝑉𝑏 is needed to provide a source of electric charge 𝑞 [12].

change of the air gap Δ𝑔 due to a change in pressure Δ𝑃, and the electronic sensitivity 𝑆𝑒, which de-
pends on the value of the bias voltage 𝑉𝑏 and thickness of the air gap 𝑔 described by the following
equation [13]:

𝑆 = 𝑆𝑒 ⋅ 𝑆𝑚 =
𝑉𝑏
𝑔 ⋅ Δ𝑔Δ𝑃 . (1.4)

The mechanical sensitivity of a membrane can be quantified using Equation 1.5 [13]. Where 𝑅 is
the radius and 𝜎0 is the stress in the membrane. The stress is composed as 𝜎0 = 𝑛0/ℎ, where 𝑛0 is
the pre-tension and ℎ is the thickness of the membrane.

𝑆𝑚 =
𝑅2
8𝜎0ℎ

= 𝑅2
8𝑛0

. (1.5)

With the basic working principles and performance parameters of a condenser microphone covered,
the next section will introduce the theoretic concepts that form the foundation of this thesis. Further-
more, some of the research done in implementing graphene to increase the performance of pressure
sensors including microphones is provided.





2
Theory and literature review

In this chapter, a short introduction to some general concepts is given that form the groundwork of this
thesis. Next to that, the state of the art of MEMS microphones is given in an overview.

2.1. Membrane dynamics
With the growing importance of suspended two-dimensional materials in sensor applications, multiple
kinds of research with different actuation types and materials were conducted to study the dynamical
behavior of these atomically thin layers [5]. Understanding the dynamics of these membranes is im-
portant to further characterize the membranes in linear or nonlinear regimes. In Figure 2.1 a schematic
overview is shown with relevant membrane parameters.

Figure 2.1: A schematic figure of a clamped membrane, where 𝑅 is the radius, 𝑤 is the out-of-plane displacement and ℎ is the
thickness of the membrane.

In particular, for microphone applications, the sensor’s performance is determined by the mem-
brane’s displacement under sound pressure. For small out-of-plane action, the in-plane displacements
can be neglected. The out-of-plane displacement function can be written as 𝑤(𝑥, 𝑦, 𝑡). Deriving from
mechanics, this motion can be rewritten in terms of linear eigenmodes 𝜙𝑖(𝑥, 𝑦) and the generalized
coordinates 𝑞𝑖(𝑡) as 𝑤(𝑥, 𝑦, 𝑡) = Σ𝑁𝑖 𝑞𝑖(𝑡)𝜙𝑖(𝑥, 𝑦).

For a very thin circular membrane, the pre-tension 𝑛0 dominates the restoring force. With the as-
sumption that the pre-tension is uniform over the surface, the out-of-plane deflection 𝑤 can be written in
the cylindrical coordinates 𝑅 and 𝜃 and with the use of the density 𝜌 and thickness ℎ of the membrane
this results into the following equation of motion [5]
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8 2. Theory and literature review

𝜕2𝑤
𝜕𝑅2 +

1
𝑅2
𝜕2𝑤
𝜕𝜃2 +

1
𝑅
𝜕𝑤
𝜕𝑅 =

𝜌ℎ
𝑛0
𝜕2𝑤
𝜕𝑡2 . (2.1)

A solution to this formula yields the fundamental resonance frequency 𝑓0 which can be calculated
with Equation 2.2 [5]. More on resonance frequency in Section 2.1.1.

𝑓0 =
2.405
2𝜋𝑅 √

𝑛0
𝜌ℎ . (2.2)

As a first approximation, a microphone membrane is a harmonic oscillator driven by changes in
pressure due to sound waves. The harmonic oscillator model shown in Figure 2.2 illustrates why the
resonance frequency is important to reach a high bandwidth, as a steep decline in performance can be
observed for frequencies above the resonance frequency. For microphone application, a resonance
frequency outside the audible range (𝑓0 > 20 kHz) is desired to achieve a bandwidth that is sufficiently
large to capture all audible frequencies.

Figure 2.2: Example bode plot of the normalized frequency response of a harmonic oscillator [15]. The different colours corre-
spond to different magnitudes of damping.

With the assumption that the centre deflection of a microphone membrane is large compared to the
thickness of the membrane, the relation between the pressure change Δ𝑃 and the centre deflection 𝑤
can be written as [16]:

Δ𝑃 = 4𝑛0𝑅2𝑤 +
8𝐸ℎ

3𝑅4(1 − 𝜈)𝑤
3, (2.3)

where 𝐸 is the Young’s modulus and 𝜈 the Poisson’s ratio of the material.
The membrane dynamics in microphones can often be estimated with a linear response. However,

it is notable that for possible large deflections of graphene microphones, the non-linear effects that
occur for high amplitudes do limit the dynamic range, which is the difference between the maximum
and lowest (noise floor) sound pressure level (SPL) it can properly detect [6]. The limited dynamic
range due to non-linear effects becomes clear from the cubic term in Equation 2.3.

2.1.1. Resonance frequency in microphone application
As mentioned before, a good first approximation for a microphone membrane is the harmonic oscillator
model. When designing a microphone, the fundamental frequency and thereby bandwidth should be
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as high as possible for good performance over that range. In this thesis we assume the upper bound of
the bandwidth to be similar to the resonance frequency. It is important that the membrane is designed
such that all resonance modes have a resonance frequency larger than the required bandwidth of the
microphone. Higher bandwidths can be reached by increasing the tension or stiffness of themembrane.
A downside to increasing the tension is the decrease of the mechanical sensitivity as can be concluded
from Equation 1.5. The low bandwidth of graphene membranes due to the low stiffness and large
contribution of air damping is mentioned by Baglioni, G. et al (2022) [6], being close to 2-3 kHz for their
membranes. This resonance frequency is well below the application range of most microphones.

Other research done on large-size graphene membranes [7, 17, 18] show a resonance frequency
in the audible range too. For smaller graphene membranes (R= 20 µm) researched by Wittman, S. et
al (2019) [19] the resonance frequency does go above the audible range. Showing that it is possible
to have graphene membranes with a resonance frequency of over 20 kHz.

In other research on graphene membranes for microphone application [20], the resonance fre-
quency was relatively high when measuring at lower pressures. These samples were measured at
10−4 kPa to reduce the air-damping effect. In the same paper, variations in the pre-tensions were said
to be a possible cause for deviations between experimental and theoretical resonance frequencies.
These deviations can be caused by small non-uniformities in the graphene boundary conditions due
to variations in imperfect hole geometries, differences in the clamping electrode geometries or silicon
di-oxide residuals between the graphene and the silicon substrate [20]. These factors show the dif-
ficulty when working with ultrathin membranes. However, with the proven improvement in sensitivity
of graphene microphones, the possibility of reducing dimensions to lose some of their sensitivity as
a trade-off for reaching a higher bandwidth is possible. This would allow for miniaturizing the device
while still keeping a sensitivity comparable to present MEMS microphones.

2.1.2. Mode shapes
The focus of this thesis is the motion of circular membranes because of the membranes provided. We
simplify the dynamic behaviour with the use of their properties in resonance. We start from the equation
of free motion given in Equation 2.1. The deflection is dependent on both the radial coordinate from
the centre 𝑟 and the angular coordinate 𝜃. We use the separation of the variables, 𝑇 a function of the
angular coordinate and 𝜏 the time-dependent component, to find a solution to this equation [21]:

𝑤(𝑟, 𝜃, 𝑡) = 𝑅(𝑟)𝑇(𝜃)𝜏(𝑡). (2.4)

We assume a harmonic vibration for the time-dependent component 𝜏:

𝑤(𝑟, 𝜃, 𝑡) = 𝑅(𝑟)𝑇(𝜃)𝑠𝑖𝑛(𝜔𝑡). (2.5)

Using the separation constant 𝜆2 = 𝜔2𝜌ℎ
𝑛0

we can write the equation of motion as:

(𝑅″ + 1𝑟𝑅
′ + 𝜆2𝑅)𝑇 + 1

𝑟2𝑅(𝑟)𝑇
″ = 0. (2.6)

The equation of motion can now be separated into two ordinary differential equations by using the
constant 𝑚2:

𝑇″ +𝑚2𝑇 = 0, (2.7)

and

𝑅″ + 1𝑟𝑅
′ + (𝜆2 − 𝑚

2

𝑟2 )𝑇 = 0. (2.8)

Equation 2.7 is a harmonic equation with the general solution:

𝑇(𝜃) = 𝐴1,𝑚 sin(𝑚𝜃) + 𝐴2,𝑚 cos(𝑚𝜃), (2.9)

where 𝑚 = 0, 1, 2, ....
Equation 2.8 is a Bessel-type equation that has the general solution:
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𝑅(𝑟) = 𝐽𝑚(𝜆𝑟), (2.10)

which at radius 𝑎 of the membrane is:

𝐽𝑚(𝜆𝑎) = 0. (2.11)

Taking 𝛼𝑚𝑛 = 𝜆𝑎, we find infinitely many roots to this equation, the lowest being 𝛼01 = 2.405. Substi-
tuting this back into the definition of the separation constant, we get

𝜔𝑚𝑛 =
𝛼𝑚𝑛
𝑎 √

𝑛0
𝜌ℎ . (2.12)

This result is in direct correspondence with Equation 2.2. The solutions to Equation 2.1 give the res-
onance frequencies and eigenmodes of which the four lowest resonance mode shapes are shown in
Figure 2.3 [21].

Figure 2.3: Visualization of the mode shapes with the four lowest frequencies. a) First/fundamental mode (0, 1). b) Mode (1,1).
c) Mode (2,1). d) Mode (0,2) [21].

2.2. Air damping and loading
Amajor limitation in MEMSmicrophones is the interaction with air molecules around the membrane. As
shown before in Equation 1.5, the sensitivity increases when decreasing the thickness or increasing the
size of the membrane. These changes in dimensions have the downside of having a bigger surface
area exposed to air. Next to that, the decrease of the thickness results in having lower mass and
therefore impulse whenmoving. Since single-layer graphene is almost impermeable to gases, including
helium [3], this could trap the gasses effectively in a closed cavity, leading to squeeze film effects. The
squeeze film effect occurs when a thin film is compressed between two surfaces. This effect occurs in
two regimes, in the first regime, which is applicable for lower frequencies, the viscous damping force
is dominant. The second regime applies for higher frequencies of the membrane in which the elastic
force is dominant [22]. The squeeze film effect is further elaborated on in Appendix A.1.

Additionally, microphone studies with nano to micrometre thin membranes mention a decrease in
the resonance frequency due to mass loading effects [7, 23–25]. This effect appears to have a signifi-
cant influence on the low-mass graphene membranes. Mass loading is the phenomenon whereby the
effective mass of the object is increased because of fluid coupling between the membrane and the fluid
[26]. This added mass decreases the resonance frequency according to Equation 2.2. In the case of
microphones, this fluid is air and therefore the effect will be referred to as air loading in this thesis. Many
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studies have been conducted to understand the behaviour of graphene membranes in high vacuum.
However, due to the high vacuum, there is no medium present to cause loading effects. Since micro-
phones are used in atmospheric conditions, the high resonance reported in vacuum by these studies
for thin membranes [5, 20] is not as promising for real-world application. The 5- to 10-fold decrease in
resonant frequency when changing the pressure, reported in Baglioni, G et al (2022) [6], suggests a
large influence from the air loading. This effect of air loading on the membrane dominates the mass of
the membrane according to some microphone studies [7, 27]. For the ultrathin graphene membranes
this effect in the air might have similar problems to the reported influence of fluid loading in other studies
[28]. More studies are conducted on the effects of fluid coupling on plates [29, 30].

To understand the physical origin of themass loading effect, we use the acoustic radiation impedance
on the membrane which is derived from the theory by Blackstock, D.T. [26], Bouwkamp, C.J. [31] and
Morse, P.M. [32].

Let there be a periodically changing pressure field 𝑝 = 𝑃𝑒𝑗𝜔𝑡 with the average pressure amplitude
on the face of the membrane or piston 𝑃av. The piston velocity amplitude is 𝑢0, resulting in the radiation
impedance

𝑍𝑝 =
𝑃av
𝑢0

= 𝐹/𝜋𝑅2
𝑢0

, (2.13)

where 𝐹 is the total force exerted by the sound field on the piston [26]. To find 𝐹, we need to integrate
the local pressure over the face of the piston,

𝐹 = ∫𝑃(𝐴)𝑑𝑆′. (2.14)

𝐴 is an arbitrary point on the piston, 𝑑𝑆′ is an incremental area on the piston as seen in Figure 2.4 and
𝑘 is the wave number. When computing 𝐹 we count the force on 𝑑𝑆′ due to the pressure at 𝑑𝑆 as well
as the force on 𝑑𝑆 due to the pressure at 𝑑𝑆′. This can be seen as the radiation of an arbitrary area on
the membrane (self-)impeding another area on the membrane.

Figure 2.4: Geometry used for calculating the pressure on the membrane face (reconstructed from [26]).

To find 𝑃(𝐴), we use the Rayleigh integral, 𝑑𝑆 = 𝑟𝑑𝑟𝑑𝜃 and the theory of the radiation from a baffled
piston of arbitrary shape to find

𝑃(𝐴) = 𝑗𝑘𝑃0
2𝜋 ∫

𝜋/2

−𝜋/2
𝑑𝜃∫

2𝜎 cos𝜃

0

𝑒−𝑗𝑘𝑟
𝑟 𝑟𝑑𝑟, (2.15)

where the fictitious pressure at the piston face 𝑃0 = 𝜌0𝑐0𝑢0 consisting of 𝜌0 which is the density of the
medium and 𝑐0 is the speed of sound in the acoustic medium. Computing the integral steps with the
use of Struve and Bessel functions similar to literature [26], we arrive at the equation

𝐹 = 2𝜋𝑅2𝑃0 [1 −
2𝐽1(2𝑘𝑅)
(2𝑘𝑅) + 𝑗2𝐾1(2𝑘𝑅)(2𝑘𝑅) ] , (2.16)
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where 𝐽1 is the first order Bessel function and 𝐾1 is the first order Struve function. Substituting Equation
2.16 into Equation 2.13 yields the expression for the radiation impedance of the piston

𝑍𝑝 = 𝜌0𝑐0 [1 −
2𝐽1(2𝑘𝑅)
(2𝑘𝑅) + 𝑗2𝐾1(2𝑘𝑅)(2𝑘𝑅) ] , (2.17)

This theory can be used to write the coupling with the acoustic domain in the simpler form 𝑍𝑝 =
𝑅𝑟 + 𝑗𝑋𝑟. The real part is the radiation resistance, which corresponds to pressure which propagates in
the medium and can be seen as an additional damping to the device. The imaginary part is the radiation
reactance which represents the loading effect. This can be thought of as the energy stored in the fluid
that continuously reacts with the vibrating surface and impedes its motion. The stored energy in the
fluid does not travel away from the radiator but adds to it. This makes the medium on the membrane act
as the extra mass and reduces the resonance frequency [31]. The radiation impedance can therewith
be thought of as the reaction of the air back on the membrane [33].

An important factor for the coupling between the fluid and the membrane is the added virtual mass
incremental (AVMI). This factor is derived from the ratio between the reference kinetic energy of the
fluid 𝑇𝐹, due to the vibrations, and that of the kinetic energy of the membrane or plate 𝑇𝑀 [30]:

𝛽 = 𝑇𝐹
𝑇𝑀
. (2.18)

Here, 𝛽 is the AVMI factor [30, 34]. With the assumption that the mode shapes in a vacuum and in
fluids are to be the same, the following relation between the resonance frequency in a vacuum, 𝑓𝑣, and
in a fluid, 𝑓𝑓, is obtained:

𝑓𝑓 =
𝑓𝑣

√1 + 𝛽
. (2.19)

The AVMI can be derived from the following equation:

𝛽 = Γ(𝜌𝑎/𝜌𝑔)(𝑅/ℎ). (2.20)

Here, 𝜌𝑎 and 𝜌𝑔 are the air and graphenemembrane’s density, respectively, and Γ is the non-dimensionalized
added virtual mass index (NAVMI) which is dependent on the geometry and clamping geometry of the
membrane.

With low reported resonance frequencies and thereby bandwidth in ambient pressure, graphene
microphones will not yet be viable for microphone application for the audible range. The understanding
of the air loading effect for the large diameter but thin membranes to better design microphones is of
high importance to have acceptable bandwidth. Combining equations 2.2, 2.19 and 2.20 gives the
analytical model for the fundamental resonance frequency:

𝑓0(𝑃) =
2.405
2𝜋𝑅 √

𝑛0
𝜌𝑔ℎ𝑔 + Γ𝜌𝑎(𝑃)𝑅

. (2.21)

In this corrected equation, the resonance frequency is dependent on the density of the medium and
thereby pressure. Therefore, the air loading effect can be investigated by changing the density of the
atmospheric gas. This can be done, as further elaborated on in Section 3, by lowering the pressure
which decreases the number of air molecules present or by changing the gas completely to one with a
different density.

2.3. State of the art
As mentioned before, graphene has exceptional properties able to replace other materials to improve
sensors by scaling down or increasing their performance. It should even inspire to investigate com-
pletely new applications and designs [4]. Examples of mechanical sensors that use graphene are
microphones [7, 17, 19, 35–39], pressure sensors [16, 40, 41] and resonators [42–45].

With its high yield strength, low tension and high flexibility, the potential of graphene is successfully
harvested to enhance devices by improving sensitivity or allowing for further miniaturization without
performance loss. With the novelty of the technology, there are still aspects to further investigate and
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reach the full potential of the material for sensor application. But it shows that graphene is a promising
material to further improve mechanical sensors.

In Figure 2.5 by Woo, S. et al (2017) [17], a fully operating electret condenser microphone (ECM) is
shown made from multilayer graphene and PMMA. Even though this research uses a thick membrane
of around 3 µm, a big increase of 9 dB in mechanical sensitivity over their reference microphone is
reported [17]. This microphone is fully self-assembled from its components.

Figure 2.5: Structure and photograph of the proposed microphone and the fabricated microphone using the ECM diaphragm
[17].

Further analysis is conducted on different MEMS microphones with the help of the review paper on
MEMS microphones by Zawawi, S.A. et al (2020) [13]. In this paper, many MEMS microphone designs
and papers are summarized and analyzed to further emphasize the different parameters and effects
that are of importance for higher performing MEMS microphones.

Figure 2.6 shows a scatter plot of different MEMS microphones with their mechanical sensitivity in
nanometers per Pascal plotted against the radius squared over the thickness. Trend lines can be seen
indicating similar stresses on the membranes following Equation 1.5. A clear mechanical superiority
can be seen for graphene MEMS microphones. This can be explained by having lower stresses and
smaller thicknesses. It should be noted that the stress in the membrane is also affected by the clamping
geometry [20].

Figure 2.6: 𝑅2/ℎ plotted against the mechanical sensitivity in [nm/Pa] with added trend lines to show membranes with similar
tension according to Equation 1.5. The higher lines have lower tension. Blue circles indicate microphones using graphene and
the red circles are without graphene retrieved from [13].

Membranes in the study done by Baglioni, G et al (2022) [6], show extremely high mechanical



14 2. Theory and literature review

sensitivities displayed in Figure 2.7 compared to their reference microphone in the audible range. The
low reported stress in the graphenemembrane is also in agreement with thementioned trend lines. This
study however has no backplate which has an unreported effect on mechanical sensitivity compared
to microphones with backplates. Next to that, the used membranes have their resonance frequencies
far inside the audible range. A trade-off between the mechanical sensitivity and the resonance peak
can be observed.

Figure 2.7: Audio response spectra of graphene membranes (R = 175 µm) and the Si membrane in the ST-MMEMSmicrophone.
Drawn lines are fit to the data using a harmonic oscillator model [6].

Out of the many papers discussing MEMS microphone designs by Zawawi, S.A. et al (2020) [13]
only five use graphene. Out of these five recent papers, two use multilayer membranes and three
use only a graphene membrane as the diaphragm. Apart from these mentioned papers, more studies
have been conducted on the novel technology of MEMS graphene capacitive microphones [6, 36,
39]. These papers show once again the potential that (multi-layer) graphene has for the application
of microphones, having responses of -47.5 dB V (4.22 mV/Pa) [35]. Todorovic, D. et al (2015) [7]
used a 25 nm thick graphene membrane to outperform a professional microphone (with a membrane
thickness of the order of 1 µm) in the same packaging. This same microphone responded to a range
extending to a frequency of 1 MHz. In the research of Wittmann, S. et al. [19], a graphene microphone
is realized with a diameter of 40 µm that is claimed to be resonance-free up to frequencies of over 700
kHz. However, having a lower sensitivity than silicon-based microphones by a factor of 5, they mention
their microphone has a clear advantage when it comes to scalability. In the study on graphene/PMMA
microphones done by Xu et al. [35], 6-layer graphene and 450 nm PMMA has been dry-transferred on
the silicon dioxide substrate. This way they created a microphone with a backplate with a diameter of
3.5 mm visible in Figure 2.8. However, they have an absence of mode (0, 1) which is of importance for
capacitive readout to measure the largest change in capacitance between the two plates.

These papers have shown the possibility of making extremely large and thin membranes for micro-
phone applications, which can validate the theoretically expected increase in performance.

To increase the performance of MEMS (graphene) microphones, multiple difficulties come into play.
Looking at Equation 1.5, the mechanical sensitivity of a microphone can be increased by decreasing
the stress in the membrane. Larger graphene membranes show improvements in lowering this stress
in the membrane [20]. However, fabricating those large and low-stress graphene membranes show
difficulties when transferring over a cavity.

For the extremely thin membranes, the sensitivity and frequency response is defined by the geom-
etry and the membrane static tension [7]. While the reduction of stress in the membranes gives the
mentioned increase in mechanical sensitivity, it also has downsides like the lowering of the stiffness
resulting in a lower resonance frequency and decreasing the pull-in voltage which is the maximum
voltage possible until stiction issues occur as further explained in Appendix A.3. With ultra-low mass
membranes, the influences of air around the membrane have more significant effects than ever before.
The air effects like the squeeze film effect and air loading cause a further decrease in performance. In
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Figure 2.8: Optical microscopy image (a) and cross-section schematic (b) of the graphene-based electrostatic microphone [35].

this thesis we will study the ultimate performance limits of graphene microphones within the discussed
constraints and will get back on this topic in Section 5.2.





3
Methods

This chapter describes the fabrication procedures used in this thesis to make graphene membranes
over an open cavity. Next to that, the laser Doppler vibrometer setup using a vacuum chamber and
piezo shaker is shown. Together they actuate and read out the motion of the membranes while being
able to set the environments to different pressure. Then the different setups are mentioned which
further investigate the mode shapes.

3.1. Fabrication
In this research, Chemical vapour deposition (CVD) is the method used to fabricate the membranes.
CVD is often used to deposit or grow thin films and has been the workhorse of depositing materials in
semiconductor devices for decades [4]. A schematic of a general CVD process can be seen in Figure
3.1.

Figure 3.1: A schematic representation of a standard CVD process [46].

Fabrication of the suspended graphene structures is done by growing the graphene with CVD and
afterwards transferring the membrane over an open cavity. Due to the transfer step and medium, im-
perfections like polymer contamination, crack formation, wrinkling, folding, delamination and low ten-
sion reproducibility may become present [20]. The free-standing membranes are made of multilayer
graphenewith a thickness of approximately 8 nm grown on Si/SiO2/Mo (50 nm) by Low-Pressure Chem-
ical Vapour Deposition in an Aixtron Black Magic reactor at 1000 ∘C with H2 - CH4 as carbon precursor
source. The Mo seed layer under the graphene is wet-etched with H2O2 and washed in deionized
water, after which the graphene remains on the Si/SiO2 substrate. The graphene is finally immersed
in DI-water until it delaminates and it is carefully wet-transferred on a Si/SiO2 substrate (thickness of ∼
520 µm) with pre-patterned holes. The transfer process is shown in Figure 3.2.

17
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Figure 3.2: The full growth and transfer process of the membranes used in this study.

The silicon chips were etched with Deep Reaction Ion Etching (DRIE) and buffered oxide etch (BOE)
to remove the Si2 hard mask, resulting in holes with a radius of approximately 75, 110 and 250 µm.
The chip with suspended graphene membranes was dried for over 10 hours in atmospheric conditions
[6]. Imperfections in the form of holes are present with a random distribution and diameter ranging from
20-100 nm in diameter. These imperfections serve as small venting holes, which prevents the bulging
of the membrane when any pressure difference is applied.

3.2. Experimental setup
With the membranes provided, we need an experimental setup that can measure and actuate the
membranes to investigate the dynamic response. To reduce the effects of squeeze film damping we
do the pressure experiments on membranes with a fully etched cavity to isolate the loading effect
as much as possible, as can be seen in Figure 3.3 a). Out of the many provided samples, we look
for the best membranes based on flatness and tension and wrinkle distribution. We do the visual
inspection by using the Keyence VHX-6000 digital microscope with magnification ranging from 20X
to 200X. Afterwards, the SPLDV vibrometer is used to look at the velocity response of the surface of
the membranes. This is crucial because defects greatly impact the dynamic response. We assume
no tension concentration that significantly influences the response for these smooth membranes. An
example of such a graphene membrane and a substrate with an array of samples inside the setup is
shown in Figure 3.3 b) and c), respectively.

Figure 3.3: a) A schematic representation of the membranes over a cavity used in this study [6]. b) An example of a good
membrane (S1). c) A picture of the substrate filled with membranes on top of the piezoelectric shaker.
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To study the impact of air loading on graphene membranes, pressure-dependent experiments will
be performed to measure the resonance frequency of the membrane’s response. The deflection of the
membrane will be measured using a single-point laser Doppler vibrometer (SPLDV) setup (OFV-5000
Polytec GmbH). By varying the dimensions of the membrane, the relationship between the radius,
thickness, pressure and resonance frequency will be explored. The setup used to characterize the
dynamics of the graphene membranes is shown in Figure 3.4.

The Laser Doppler vibrometer is an instrument that uses laser light to measure the velocity of an
object’s surface vibrations. It works by shining a laser beam onto the surface of an object andmeasuring
the shift in frequency of the reflected light caused by the object’s movement. This shift in frequency,
known as the Doppler effect, is directly proportional to the velocity of the object’s surface. The LDV
then converts this frequency shift into the surface velocity [47].

Figure 3.4: Schematic of the single point laser Doppler vibrometer setup. The vibrometer measures the dynamic motion of
the graphene membrane as a result of the movement of the piezoelectric shaker underneath the substrate. Measurements are
controlled via the Moku:Lab using the spectrum analyzer and frequency response analyser functions. The setup is placed inside
a vacuum chamber [6].

The experiment is controlled through a computer via a Moku:Lab FPGA-based signal generator
and analyzer, which outputs the driving signal to a piezoelectric actuator and receives a velocity and
frequency signal from the SPLDV. The Polytec decoder was predominantly used with a sensitivity of 5
mm/s/V and ameasuring range of up to 100 kHz. The piezoelectric actuator was driven at an alternating
400 mV signal.

We initially measured the Brownian motion of many membranes inside the vacuum chamber at
atmospheric pressure to understand the various setup parameters and external factors. Since the
transfer of graphene causes imperfections like wrinkles and tension concentrations, the maximum dis-
placement for each membrane is not perfectly centred. For consistency and repeatability, the middle
of each membrane is measured. It is important to note that while this measurement might not be the
exact maximum displacement, it is still a close approximation for better membranes that are used.

The following step was to regulate the pressure with a pump and pressure controller. Since the
membranes are very sensitive to any sound or vibrations it was important to closely monitor and reduce
the influences of these devices. Since we are working inside a closed vacuum chamber on a passive
vibration isolating stage, we assume no other vibrations influencing the response.

For the pressure controller, it was possible to reach pressures in the range of 1 Bar to around 30
mBar. It was not possible to reach lower pressure due to losses in the pressure controller. This range
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of pressure was sufficient for the measurements taken.
The results of the pressure sweeps showed similar responses whether the pressure was increasing

or decreasing. As more time was needed for relaxation when sweeping downward, the preferred and
more efficient method became sweeping the pressure from the lowest to atmospheric pressure. It is
worth noting that changes in pressure could lead to the laser being out of focus. This was circumvented
by using the relaxation moments between measurement steps to adjust the laser if necessary.

With a reliable way to measure the dynamic response of the middle of the membrane, the next
step is to actuate the membrane to increase signal output. Possible options are acoustic actuation,
mechanical actuation with for example a piezoelectric element, and electro-thermal actuation. All of
these methods show a similar resonance frequency in literature [6]. For microphone application, the
most relevant method would be acoustic actuation. However, this is not as viable a method in vacuum
environments due to the absents of a medium to propagate the sound. Electro-thermal actuation would
require electrical connections to be made on the membrane. Having considered these actuation types,
the choice of actuation in this study is mechanical actuation done by a piezoelectric element underneath
the substrate. The used piezo-shaker had a good and flat response from 2 kHz to 25 kHz in both air and
vacuum as can be seen in measurements in Figure A.6 in the appendix. It should be noted that close
to atmospheric pressure, the piezo shaker may act like a speaker as depicted in Figure 3.5. This way
the membrane could be actuated via sound and base actuation simultaneously as is further discussed
in Chapter 5.

Figure 3.5: Sideview of the setup showing the piezo shaker acting as a speaker as well as base actuation.

It is important to not fully close the cavity underneath the membrane. If it is fully closed, it will lead to
squeeze film effects that increase damping and stiffness. Moreover, the limited gas volume inside the
closed cavity can not support the significant membrane movement required to produce a large volume
change of the (0, 1) resonant mode. As a result, the (1, 1) resonancemode would become dominant, as
seen in previous studies on closed cavity resonators [39]. This mode causes minimal volume changes
but less displacement in the middle of the membrane.

The two factors preventing this closed cavity effect from happening in this study, thereby having
a bigger displacement in the middle of the membrane because of the (0, 1) mode, are firstly the im-
perfection and perforations inside the membrane to less effectively trap any gasses. Next to that, the
substrate is not completely sealed at the bottom and gas can leak away. In the SPLDV setup, rough
double-sided tape is used so the substrate is fixed but the air still can enter and escape the cavity.

Even though the SPLDV only measures one single point, it can still be used to get an indication of
the mode shape of the membrane. Since the (0, 1) resonant mode should be the biggest in the middle,
we canmove the laser around and find the largest response. Moving the laser around on themembrane
in this way does result in the decrease and increase of peaks on varying frequencies. This is expected
behaviour looking at the behaviour of mode shapes on membranes as your looking at different modes.

To more accurately check if what we are looking at is a clear first resonance mode, we use two
optical devices. The first setup is a digital holographic microscope (DHM) from Lynceetec paired with a
laser-pulsed stroboscopic unit. The second one is a scanning laser Doppler vibrometer setup (SLDV)
inside a cleanroom (Iso class 7). Both devices are used to do surface measurements. Figures are
shown in Section A.2.

If the air loading is dependent on the density, we can double-check the relation by changing the gas
and keeping all other parameters in Equation 2.21 the same. In this study, we used helium to replace
the gas inside the chamber.
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Results

In this section, we will present the most significant findings of the experiments conducted. We inves-
tigate the dynamic response of suspended multi-layer graphene over a cavity with changing pressure
actuated by a piezoelectric actuator at 400 mV underneath the membrane’s substrate. This is done
for different geometries with the use of the SPLDV. First, we did the optical inspection with the digital
microscope with a magnification of 20X to 200X to look for membranes without big wrinkles or ten-
sion concentrations. Around 40 membranes of 𝐷 = 110 µm and 20 with 𝐷 = 250 µm were used in
different qualities. In the end, out of the around thousand measurements consisting of approximately
40 full pressure sweeps, most measurements were done on five membranes of 𝐷 = 110 µm and 10
of 𝐷 = 250 µm. The measurements on the smaller membranes were done earlier in the process.
The selected membranes are placed inside the vacuum chamber and investigated by the SPLDV. The
membranes that are used for the figures in Section 4 and the appendix are mentioned in Table 4.1.
Here B1, B2 and B4 are the only ones from the same substrate.

The SPLDV uses 512 sweep points that are linearly distributed between 2-100 kHz. Furthermore,
the settling time is 15 µm, the averaging time is 30 ms and one cycle and settling cycle are used.
With these settings, a single measurement took around ten seconds. Together with the relaxation time
of around 20 seconds, a full sweep through 20 different pressures took around ten minutes. Addi-
tional measurements were done as well as measurements for reference on the substrate and the piezo
shaker, which can be found in Appendix A.2. The value for the NAVMI for the first mode Γ = 2

3 is used
[30, 34].

110 µm membranes
The response of the membrane S1 with the size of 𝑅 = 110 µm is shown in a waterfall plot in Figure
4.2. It should be noted that the first peak decreases and other peaks emerge when moving the laser
from the centre. This happens to the point that we reach the silicon substrate.

A different visualization of the data is done in the colour plot in Figure 4.2. Here the air loading
model from Equation 2.21 and fit parameters 𝑛0 = 0.7 N/mm and 𝑡 = 4 nm is added.

Table 4.1: The membranes used for the figures in this report.

Sample Radius [um] Thickness [nm] Tension [N/mm]
S1 110 4 2.5
B1 250 9 7.5
B2 250 9 7.5
B3 250 13 2.5
B4 250 9 2.05

21
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Figure 4.1: The dynamic response of the graphene membrane S1 (R=110 µm) with changing pressure measured with the SPLDV
in air. The red dots indicate the course of the first peak.

Figure 4.2: A colour plot of the dynamic response of the graphenemembrane S1 (𝑅 = 110 µm) with changing pressure measured
with the SPLDV in air. Added with the model according to Equation 2.21 and fit parameters 𝑛0 = 0.7 N/mm and 𝑡 = 4 nm.
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250 µm membranes
We do similar measurements on larger graphene membranes to verify if bigger membranes also show
a bigger influence on the air loading. A waterfall plot of sample B1 can be seen in Figure 4.3 and a
colour plot with the model of the resonance frequency according to Equation 2.21 is plotted in Figure
4.4.

Figure 4.3: The dynamic response of the graphene membrane B1 (𝑅= 250 µm) with changing pressure measured with the
SPLDV in air. The red dots indicate the course of the first peak.

Figure 4.4: A colour plot of the dynamic response of the graphenemembrane B1 (𝑅 = 250 µm) with changing pressure measured
with the SPLDV in air. Added with the model according to Equation 2.21 and fit parameters 𝑛0 = 7.5 N/mm and 𝑡 = 9 nm.
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Helium measurements
To verify the gas dependency of the mass loading phenomena, we did measurements in a different gas
too. With all membrane parameters the same, we expect the formula to be as in Equation 4.1. Results
of such measurements with the helium model incorporated can be seen in Figure 4.5.

𝑓0(𝑃) =
2.405
2𝜋𝑅 √

𝑛0
𝜌𝑔ℎ𝑔 + Γ𝜌𝐻𝑒(𝑃)𝑅

. (4.1)

The same membrane is used in figures 4.3 and 4.5.

Figure 4.5: Dynamic response of graphene membrane B1 (𝑅 = 250 µm) with changing pressure measured with the LDV in
Helium. a) Color plot of graphene membrane. Added with the model according to Equation 2.21 and fit parameters 𝑛0 = 7.5
N/mm and 𝑡 = 9 nm. b) Waterfall plot with the first peak marked for extra clarification.
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Discussion

This section aims to interpret the results and explain their significance. We will provide an explanation
of the implications of the results. Additionally, we will consider the broader context of the findings and
their relevance in the field of MEMS microphones.

5.1. Discussion on experimental setup and findings
The results of the study for both sizes of membranes in Section 4 demonstrate that the conducted ex-
periments have produced similar outcomes to be expected from the models of the resonance frequency
with the air loading effect. By slightly varying thickness and different radii in the measurements as can
also be seen in Section A.2, we can conclude that the model of Equation 2.21 based on the acoustic
radiation impedance is a good approximation of the effect that we are seeing in this study. This study
contributes as evidence for the validity of this model, which can be used for future research in the field
of acoustic sensors with nanometer-thin sensing membranes in or close to ambient pressures.

The setup was designed and used to isolate the air loading effect as much as possible from other
effects. However, some scenarios or assumptions still deserve further attention. Starting with the
imperfections caused by the fabrication method. Because of the high influence of wrinkles and folds on
the dynamic response, many membranes have been optically and dynamically inspected to select the
best membranes with an even tension distribution as seen in Figure 3.3 b). Examples of bad samples
can be found in Figure 5.1. These membranes have visible wrinkles in them and show unpredictable
mode shapes and resonance behaviour similar to that in literature [10].

Figure 5.1: Three examples of unused graphene membranes looked at through the Keyence digital microscope.

The dynamic inspection was done by scanning the surface of the membrane with the SPLDV. A flat
membrane would show no heavy scattering of the laser due to the absence of uniformities. Another

25
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characteristic that flat membranes showed was a symmetric frequency response whenmoving the laser
away from the centre in all directions. The visible first frequency peak, similar to those in 4.1, would
decrease when moving around and other peaks showed up. These peaks indicate other modes of the
membrane.

When fitting the model on the data, it should be noted that the tension and thicknesses were not
measured for every sample. Since the fabrication process creates the mentioned imperfections like
varying thicknesses and tension, an approximation is made based on measurements done on similar
samples. The membranes on the same wafer did have an identical growth rate to reduce process
variations, resulting in a thickness variation of around 25%.

A drawback when studying the ultrathin but large-diameter graphene membranes was the collaps-
ing of the membranes after a few months. The membranes having extra tension concentration were
more susceptible to breaking by shocks induced by the placement and carrying of the substrate, which
is expected due to the worse quality. For measurements taken on high-quality membranes, this dete-
rioration could not be detected in the dynamic response.

One of the major limitations of the SPLDV setup was the limited bandwidth of the piezo-shaker.
Starting the measurements without piezo actuation, the air loading effect was already visible because
of the Brownian motion. However, for Brownian motion, external influences like vibrations from the
pressure controller could be detected too sometimes as is shown and discussed in the appendix Figure
A.5. This caused us to use the piezoelectric element to increase the response. Having a limited flat
response up to 25 kHz caused no problems for most membranes. Only for membranes with higher
resonances, including the helium measurements, did the limited bandwidth cause the higher frequency
measurements to become unusable. With the validation of the Brownian motion showing similar air
loading effects when measuring the membranes for higher frequency membranes, we were confident
that the membranes that showed resonances below 25 kHz were sufficient to study the air loading
effect on the membranes in and close to the setup limit.

Throughout the measurements, we assumed the pumping is not done adiabatically because of the
high relaxation time and the chamber being an open system. We can therefore view the measure-
ments to be done at the same temperature. This assumption is important because of the effect that
temperature has on the dynamics through induced stresses.

Another interesting scenario to consider is one of the membranes being actuated by the piezo
through the medium together with the base actuation as seen in Figure 3.5. Since the membranes
are highly sensitive to changes in pressure, the piezo-shaker could act as a speaker which would
actuate the membrane when the pressure is close to atmospheric. This would combine to the following
simplified equation of motion of a membrane with air loading:

[𝑀membrane + 𝛽𝑀air] �̈� + 𝐶�̇� + 𝐾𝑞 = 𝐹base(𝜔) + 𝐹air(𝜔). (5.1)

Furthermore, we assumed the cavity, with depth 𝑔 = 520 µm which is equal to the thickness of
the substrate, to not be fully sealed. Leakage is possible through the membrane itself as well as
at the bottom of the substrate. If this was not the case as demonstrated in Figure 5.2, we would
not see a mode (0, 1) because of the large change in the volume necessary similar to that in [39].
A closed cavity would also result in an extra pressure-dependent stiffness. For a closed cavity the
pressure 𝑃 or volume 𝑉 should stay the same when the membrane is moving. This results in the
relation 𝑃0𝑉0 = 𝑃1𝑉1 = Constant. For a small displacement Δ𝑥 there will be a small change in volume
resulting in a force

Δ𝐹 = −𝑃0𝑉0
𝑔2 Δ𝑥. (5.2)

This gives the following stiffness

𝐾air =
𝑃𝜋𝑅2
𝑔 . (5.3)

This stiffness would be parallel to the low stiffness of the membrane. For a closed cavity without air
loading in ambient pressure, this would result in a very high resonance frequency that would decrease
with pressure as can be seen in Figure 5.3. In lower pressures, where there is less air, the stiffness is
significantly lower which decreases the resonance frequency. This is not observed in this study, in fact
we see the resonance frequency decrease with higher pressures. From this observation, we conclude
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Figure 5.2: A schematic of a closed cavity resonator with springs indicating the extra stiffness present due to the compression
of air. This stiffness is parallel to that of the membrane. The cavity depth 𝑔 = 520 µm is equal to the thickness of the substrate.

that either the back volume is open enough and/or the membrane is sufficiently permeable, such that
so-called squeeze-film effects, shown in Fig. 5.2, have little effect on the resonance frequency.

Figure 5.3: Example of a typical membrane (𝑅=110 µm, 𝑁𝑔= 7.2e-3 N/m) with a dominant air stiffness as a result of closed cavity
effects.

Based on the observation of the (0, 1) mode and significantly lower resonance frequencies (by a
factor of 1000) when measuring at lower pressures compared to the model with added air stiffness, it
appears that the air loading effect is well isolated from the added stiffness caused by cavity effects.

Finally, the helium experiments had an expected higher resonance frequency as can be seen in
Figure 4.5. It was however difficult to measure the full range of pressures when using the helium. The
higher resonance reached out of range for the measurement setup. However, for the measurements
that were in range, we could see a similar course to that of the model. It is a good sign that on the same
membrane with the same fitting parameters, we see a good fit for the loading effect model on both air
and helium. This validates the dependency on the medium of mass loading.

5.2. Theoretical limits of microphone sensitivity with limited band-
width

It is of high importance that the bandwidth of a microphone is at a minimum as high as the operating
range. This bandwidth is limited by the resonance frequency according to the linear oscillator model.
For the membranes measured in this research, the extremely large diameter compared to thickness
results in very high mechanical sensitivities according to Equation 1.5. However, because of the air
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loading effect, the bandwidth is very limited. The possible increase in mechanical sensitivity by using
large aspect ratio membranes is not achievable without a loss in bandwidth. If a microphone with a
bandwidth and resonance frequency outside the audible range is required, this should require an in-
crease in tension. This increase does lower the mechanical sensitivity. The required tension needed to
reach a certain resonance frequency in a vacuum can be calculated with the formula for the resonance
frequency

𝜔𝑚𝑛 =
𝛼𝑚𝑛
𝑅 √

𝑛0
𝜌ℎ . (5.4)

Rewriting this and combining it with Equation 2.19, we obtain the tension required to reach a specific
bandwidth 𝜔𝐵𝑊.

𝑛0,𝐵𝑊 = (1 + 𝛽)(𝜔2𝐵𝑊𝑅2𝜌𝑔ℎ𝑔)/2.4052. (5.5)

A plot of this relationship is shown in Figure 5.4. It becomes clear that for thinner membranes when
the air loading becomes dominant, a far higher tension is required to reach the same bandwidth. This
effect is negligible for thicker membranes (ℎ𝑔 > 300 nm).

Figure 5.4: The tension needed for a membrane of a specific thickness and radius to reach a bandwidth or resonance frequency
of 20 kHz according to Equation 5.5. This is plotted for both cases where air loading is and is not accounted for.

Table 5.1: Tensions and estimated tension of membranes used in this report.

Sample Measured resonance in air [kHz] Tension required according to Equation 5.5 [N/mm]
S1 10 1
B1 9 10
B2 9 10
B3 5 2.5
B4 5 2.5

Above in Table 5.1 a summation of the values measured for the different resonance frequencies is
done together with the expected tension as derived from Equation 5.5. Differences in the resonance
frequency to other microphone studies can be explained by having different morphology which as men-
tioned before heavily influences the dynamic response. Next to that, there could be a different dynamic
response between the actuation type used in this study and sound actuation.

When first looking at Equation 1.5, it becomes clear that making the sensing membrane bigger and
thinner would increase the sensitivity without limitations. After doing experiments in the extremes of
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possible dimensions with the help of graphene, it became clear that the effect of air loading plays a
major role on the resonance frequency similar to those of mass loading in other fluids as mentioned in
other studies [23, 25, 48]. The high resonance which is expected for low mass membranes, looking
at Equation 2.2, is not realistic anymore because of the air loading. The trade-off between mechanical
sensitivity and resonance frequency becomes clear when using Equation 1.5 and the tension needed
for a specific resonance as derived in Equation 5.5 to derive the following equation for the mechanical
sensitivity:

𝑆𝑚 =
2.4052

8𝜔2𝐵𝑊𝜌𝑔ℎ𝑔(1 + Γ
𝜌𝑎𝑖𝑟
𝜌𝑔

𝑅
ℎ𝑔
)
. (5.6)

When plotting this equation for multiple radii as in Figure 5.5, we can conclude that decreasing the thick-
ness does increase the mechanical sensitivity. However, for a set bandwidth (20 kHz in this case) we
get a lower possible sensitivity when keeping the air loading effect into account. Without air loading, we
would get a relation that is not dependent on the radius. This explains why for thicker membranes when
the air loading is not dominant, the radius does not affect the mechanical sensitivity as much. How-
ever, for membranes of single (0.3 nm) or multi-layer graphene, we see a considerable decrease in the
possible sensitivity that is dependent on the radius of the membrane. For smaller radii of membranes,
we reach the maximum sensitivity at smaller thicknesses. This relation suggests that the largest sen-
sitivities are reached for small and thin membranes when there is a set bandwidth. This is considered
when all tensions are possible to be fabricated.

Figure 5.5: Theoretic maximum of the mechanical sensitivity as described by Equation 5.6 for different sizes of membranes when
the bandwidth is limited to 20 kHz. The dashed line is when no air loading is accounted for. The amount of graphene layers
roughly corresponding to the thickness is added.

5.3. Road to commercial microphones
With many new challenges to overcome to increase performance in graphene MEMS microphones,
breakthrough research in transfer-free fabrication make it more realistic than ever to realize a high-
performance graphene microphone for mass production [20]. With the possibility for larger and higher
quality graphene membranes, an increase in performance was proven. However, the air loading effect
is limiting the bandwidth of these devices. Next to the fabrication and performance trade-off that has
to be made when designing graphene membranes, an essential part of these sensors is the readout
method. Options would be optical or condenser readout. Both of them have different difficulties to
overcome to be used effectively. For optical readout, as used in this research, we would need novel
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packaging techniques to do the readout in a size-effective way. For condenser readout, there are many
difficulties around the air gap. For this readout type, you want the air gap as small as possible to have
a large electrical sensitivity as can be seen in Equation 1.4. A small air gap does decrease the pull-in
voltage of the microphone as explained in A.3. Next to that it also causes a bigger contribution of the
squeeze film effects as explained in A.1. To conclude, while grapheneMEMSmicrophones have a lot of
potential, several challenges must be addressed to be ready for commercial use. The air loading effect
is one such challenge that heavily impacts the microphone’s bandwidth, but there are also additional
hurdles such as fabrication difficulties and selecting the most effective readout method that must be
carefully researched and overcome to bring graphene MEMS microphones to market.



6
Conclusion and recommendations

In conclusion, this thesis has demonstrated the significant influence of the air loading effect on the
resonance frequency of nanometer-thin graphene membranes, showing high resonance frequencies
and bandwidths in a vacuum but low resonance frequencies in ambient pressure. Through the use of
pressure-dependent experiments, this thesis has provided evidence supporting the applicability of the
theory of acoustic radiation impedance on nanometer-thin graphene membranes. This theory can be
used to map the limitations of acoustic sensitivity with limited bandwidth. These findings highlight the
importance of considering the effect of air loading when designing MEMS microphones and provide
valuable insights into the trade-off between mechanical sensitivity and bandwidth. To design the opti-
mal microphone, it is necessary to minimize the air loading effect, which can be achieved by using a
smaller sensing membrane or even better, an array of these membranes. By using more membranes
in an array, the signal can be increased. For higher sensitivity, membranes with smaller radii are pre-
ferred. These membranes can reach the same bandwidth with lower tension. Although this lower
tension increases the mechanical sensitivity, it is still challenging to achieve as low tension with current
fabrication techniques.

Multi-layer graphene membranes show the potential to be used for highly sensitive microphones.
However, the air loading effect can not be ignored, specifically for larger-size membranes of nanometer
thickness. The use of many arrays of smaller sensing membranes should be researched to reach high
sensitivity and bandwidth. Also, further research could be conducted on the use of other gases for
a mass loading gas sensor design. Furthermore, it would be interesting to research the effects of
the air loading on the damping and noise of these membranes. For the focus of microphones with
capacitive readout microphones, the effects of an added backplate should be explored in greater depth
and investigated if this readout method is still feasible for these dimensions of microphones. Overall,
this thesis has contributed to the understanding of the air loading effect on thin graphene membranes
which can support the development of high-performance graphene-based MEMS microphones.
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A
Appendix

A.1. Squeeze film damping
The squeeze film effect occurs when a thin film is compressed between two surfaces visible in Figure
A.1.

Figure A.1: Squeeze film air damping cross-sectional view [22].

The squeeze film effect occurs in two regimes shown in Figure A.2. In the first regime which is
applicable for lower frequencies, the damping force is dominant. The second regime applies to higher
frequencies of the membrane in which the elastic force is dominant (assuming no changes in the other
parameters). These regimes are described by the squeeze number 𝜎 [22]:

𝜎 = 12𝜇𝜔𝑠𝑙2
𝑃𝑎𝑔20

. (A.1)

Where 𝜇, 𝜔𝑠, 𝑃𝑎 and 𝑔0 are the viscosity of the fluid, radial frequency, ambient pressure and initial
air gap or film thickness, respectively.

When a graphene membrane is moving at low frequencies, the gas can enter and escape the
gap region of a capacitive microphone (see Figure 1.1) so that the pressure stays constant [5]. The
mechanical damping is reduced when increasing the air gap or the number and size of perforated holes.
These losses in the cavity, 𝑅𝑐𝑎𝑣𝑖𝑡𝑦 is described by Skvor’s formula [49]:

𝑅𝑐𝑎𝑣𝑖𝑡𝑦 =
12𝜇𝑎𝑖𝑟
𝜋𝑛ℎ𝑔30

𝐵(𝐴𝑟). (A.2)

where 𝜇𝑎𝑖𝑟 is the viscosity of air and 𝑛ℎ is the number of backplate holes. The term 𝐴𝑟 is the ratio
of the total area of the backplate holes to the area of the backplate, and 𝐵(𝐴𝑟) is defined as:

𝐵(𝐴𝑟) =
1
4𝑙𝑛(

1
𝐴𝑟
) − 38 +

1
2𝐴𝑟 −

1
8𝐴

2
𝑟 . (A.3)

However, at high resonance frequencies, the air is trapped because of the viscous forces. If the
resonance frequency is much higher than the time it takes to escape the cavity, the gas applies an
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Figure A.2: The dependence of viscous damping force and elastic force on squeeze number [22].

elastic force to the system which adds stiffness. This results in an increase of the resonance frequency
𝜔 by [5, 50]:

𝜔2 = 𝜔20 +
𝑃𝑎
𝑔0𝜌ℎ

. (A.4)

Where 𝜔0 is the mechanical resonance frequency in a vacuum and 𝜌ℎ is the membrane’s mass per
square metre. For the lower resonances at which microphones operate the squeeze number is low,
therefore the squeeze film effect dampens the sensing membrane. However, the holes in multilayer
graphene membranes are due to imperfections in the membrane. Therefore a circular plate might be
a better approximation of the system. For a circular plate, the coefficient of damping is given as [22]:

𝑐𝑐𝑖𝑟 =
3𝜋
2𝑔30

𝜇𝑅4. (A.5)

A.2. Extra measurements
For the validation of the air loading effect the most significant measurements are the ones done on the
membranes themselves. Some more measurements on membranes are shown in figures A.3 and A.4.

Figure A.3: A colour plot of the dynamic response of the graphene membrane B2 (R=250 µm) with changing pressure measured
with the SPLDV in air. Added with the model according to Equation 2.21 and fit parameters 𝑛0 = 7.5 N/mm and 𝑡 = 9 nm.
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Figure A.4: A colour plot of the dynamic response of the graphene membrane B3 (R=250 µm) with changing pressure measured
with the SPLDV in air. Added with the model according to Equation 2.21 and fit parameters 𝑛0 = 2.5 N/mm and 𝑡 = 13 nm.

At the start of this research, we looked at Brownian motion to understand all external factors that
could influence the response of the dynamic response. The limitations of the setup became more clear.
When no actuation was performed on the membrane, it could pick up a ringing noise at a frequency
of 6 kHz coming from the pressure controller as can be seen in Figure A.5. This ringing was very soft
but could be heard and decreased at lower pressures as expected of sound. Similar to the ringing
sound the membrane was able to pick up sounds when played by a speaker, proving the sensitivity of
the membrane to sounds and external actuation. The tension used to fit the model is higher for the
actuated motion. This can be explained by extra tension that is induced when the membranes are
actuated.

Figure A.5: A colour plot of the Brownian motion (no actuation) of the graphene membrane B4 (R=250 µm) with changing
pressure measured with the SPLDV in air. Added with the model according to Equation 2.21 and fit parameters 𝑛0 = 2.05 N/mm
and 𝑡 = 9 nm.

The same measurements were also done on the piezoelectric actuator used in this study as seen
in Figure A.6 as check. The measurement done on the substrate can be seen in Figure A.7.

It is important that both the piezo and substrate move the same amount. This way the substrate
is properly fixed to the membrane. For most frequencies, this seems to be the case for the measured
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Figure A.6: A colour plot of the measurement taken of the piezoelectric actuator directly used to confirm the limited bandwidth.

Figure A.7: A colour plot of a measurement taken of the silicon dioxide substrate with graphene transferred over it.

substrate. Between different substrates there will be differences due to the placement, weight, shape
or tape.

To check if we are actually looking at the (0, 1) mode we use the Lynceetec digital holographic
microscope. We find a nice first mode as seen in Figure A.9.

A similar check on the modes was done on the scanning laser Doppler vibrometer. Again we see a
nice representation of what would be a (0, 1) mode.
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Figure A.8: A snapshot of the first mode of a membrane B2 (R=250 µm) in the Lynceetec at atmospheric pressure. There was
no use of tape in this experiment a) Maximum position, b) minimum position of the displacement.

Figure A.9: A snapshot of the first mode of a membrane B3 (R=250 µm) in the SLDV at 9 kHz at 0.3 mbar.

Parylene measurements
Since the effect of air loading is heavily dependent on the thickness of the membrane, we have tried
to increase the thickness by adding a layer of parylene to the graphene. However, the membranes
were not of good quality having all sorts of wrinkles and stress concentrations as can be seen in Figure
A.10. When trying to measure them underneath the LDV setup, the measurements were unusable.
This once again shows the importance of good-quality membranes when working on the nanometer
scale.

Figure A.10: An example of a multi-layer membrane (𝑅 = 110 µm) made of parylene and graphene looked at through the SPLDV
setup. The laser tip is pointing in the middle of the membrane.
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A.3. Failure modes
Due to large mechanical sensitivity and displacements in graphene membranes, extra awareness
should be for failure modes. For graphenemicrophones with low tension, specifically, the pull-in voltage
and stiction failure should be accounted for in the device’s design. Next to that, the failure modes for
general capacitive MEMS microphones, dust/particle damage and water entry are depicted in Figure
A.11 [51].

Figure A.11: Capacitive MEMS microphones in various failure modes: A) Normal, B) dust/particle damage, C) water entry, D)
stiction failure [51].

It is impossible to keep high performances without being prone to any of these failure modes. For
example particle damage, it would be best to have no interference between the membrane and its
surroundings to let the maximum signal through to the diaphragm. No shielding would however cause
these particles to enter and stack up, eventually obstructing the motion as can be seen in Figure A.11
B). For applications like mobile devices and hearing aid, the devices are designed to be splash-proof.
Water and humidity can cause serious damage to the device by causing stiction issues visible in Figure
A.11 C). Stiction can also be due to other factors like a mechanical shock, acoustic overload or the pull-
in voltage. Sudden accelerations or high amplitude waves can cause the diaphragm to move towards
the backplate. When in contact they clamp together due to electrostatic forces, damaging the device
visible in Figure A.11 D).

The stiction failure mode can also come due to the electrostatic forces becoming greater than the
mechanical force. At the pull-in voltage, 𝑉𝑝 the membrane collapses with the fixed ground plate. The
pull-in voltage can be calculated by using the effective spring stiffness of the membrane 𝑘, the gap at
zero voltage 𝑑0, the permittivity of air 𝜖 and the area of the membrane 𝐴𝑒 by the following equation [52]:

𝑉𝑝 = √
8
27
𝑘𝑑30
𝜖𝐴𝑒

. (A.6)

With the effective spring stiffness calculated with:

𝑘 = 8𝜋𝜎𝑑ℎ. (A.7)

Where 𝜎𝑑 is the tensile stress of the membrane.
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