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Abstract

Silicon photonics have received more attention in recent years due to further development
in CMOS manufacturing methods. The development allows silicon photonics to be smaller
than ever before. This leads to smaller silicon photonic devices that can transceive light,
which is typically done at a wavelength of 1550nm for silicon photonics. A silicon photonic
device that benefits from this wavelength is the silicon waveguide, which can transceive light
by being coupled to other waveguides. When the second guide is later coupled back with
the main waveguide, a resonance can form between the guides. This can turn the silicon
waveguide in to a sensor that relies on interference from the recoupled signal. The design used
for this study has the waveguides in a relatively deep trench, which means that a membrane
can be suspended above the waveguides. In theory the membrane should reflect some of the
light that escapes from the waveguide back. In this work membranes made from graphene
and molybdenum disulfide are suspended over a silicon waveguide in hopes to detect the
motion of the membrane. A proof of concept by experimenting with membranes integrated
on silicon photonics can give way for a new type of sensor, which is both microscopic and has
a high signal-to-noise ratio. The experiments are conducted by propagating light through
the waveguide, the light should then interact with the suspended membrane on top. The
first indication that the concept was possible was when a transmission graph that swept the
light’s wavelength around 1550nm changed after introducing a suspended membrane over
the waveguide. The change showed that waveguides react to membranes over them without
eliminating the transmission altogether. This is a great step when it comes to a proof for
the concept. However, it is still needed to take a frequency measurement before the concept
has been fully proofed.
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1 INTRODUCTION 1

1 Introduction

Figure 1: The silicon photonic chip used throughout this study. The left to center-right side
of the silicon chip can be seen here. The circular and doughnut devices are in the first three
central columns from the left. The left most column exclusively contains circular devices The
center column starts with doughnut shaped devices and ends with circular devices and the final
column is exclusively for doughnut shaped devices. Other devices seen in the figure are, bus ring
resonators on top with corresponding coupling gaps with a single ring resonator below the bus.
A series of short straight waveguides are under the first column, these guides are used to measure
internal transmission losses. Right of the short waveguides, are Mach-Zehnder interferometers.
The fourth column contains a mixture of Bragg gratings and bus ring resonators with two
doughnut membranes at the bottom.

Two-dimensional (2D) materials have become a more relevant research topic in recent years and
it started with A. K. Geim & K. S. Novoselov when they rediscovered graphene [7]. 2D materials
are atomically thin, they can therefore make smaller sensors with higher natural frequency due
to their small size, low mass, and high elasticity. In other words, the low stiffness and mass
makes 2D materials resonate in the megahertz (MHz) range [8]. The high natural frequency
means that it is possible to detect high frequencies with a large signal to noise ratio (SNR).

Silicon photonics is the study of light by using silicon as a medium to transceive light. The
transceiver can be used as a waveguide to propagate light. Furthermore, the waveguide can be
integrated to an interferometer which turns the guide into a sensor, e.g., a waveguide coupled
to a ring resonator can be used as a microphone by having the light propagating through the
ring. Such a sensor using a ring resonator has been used to detect the motion for a carbon
nanotube [1]. A sensor that combines silicon photonics and 2D materials can be used to detect
small changes in sound and could be used to develop a new type of microphone or an ultrasound
sensor. Furthermore, this detection method can mass produce sensors with a radius as small as
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1 INTRODUCTION 2

10µm while still having a large SNR which will be discussed later in the report.

The sensors are made by suspending 2D membranes over silicon waveguides. However, the
waveguide does not provide the sensing on its own, most of the sensing comes from resonator
dips, due to interfering light from integrated interferometers in the waveguide, such as ring res-
onators, Bragg gratings, and Mach-Zender interferometer. Where, the ring resonator has been
researched for ultrasound sensing (> 20.0kHz) [11], [26] and, other applications such as modula-
tion or filtering. Whereas, modern ultrasound sensors work by vibrating a magnet that converts
the energy from an ultrasonic pulse to electrical energy. These ultrasonic pulses can in theory
actuate a 2D membrane that is suspended over a capacitor instead of a magnet. When taking
this a step further the membrane can be placed over a ring resonator, where the membrane
will change the light intensity instead of the capacitance. The sensors should then detect the
membrane motion instead of the pure ultrasonic pulse.

1.1 State-of-the-Art

1.1.1 Two-Dimensional Materials

A Two-dimensional material is any material that is one unit layer thick, whereas a unit is the
smallest possible crystal height. They were rediscovered by A. K. Geim & K. S. Novoselov when
they manged to get an atom layer of graphite on tape [7]. because 2D materials are very thin
and light; a small force acting upon the material will result in a large change in its position.
Moreover, their natural frequency is inversely proportional to the mass squared in the simple

natural frequency formula, f0 =
1

2π

√
k

m
, where k is the stiffness of the resonator and f0 is the

natural frequency. The low mass combined with a high stiffness gives an natural frequency in
the mega Herz range [8]. The 2D materials used in this study are grphene and molybdenum
disulfide (MoS2), since both are readily available at TU Delft.

Graphene is the most studied 2D material, because it was the first 2D material that was
fabricated. Graphene is a flat monolayer of carbon atoms tightly packed in a two-dimensional
honeycomb lattice [7], [17]. The lattice can be rolled into a carbon nanotube or shaped into
a ball. Furthermore, graphene is a very stiff material with a Young’s modulus ranging from
E = 1.0± 0.1TPa to 2.0± 0.5TPa when the effective thickness is 0.335nm [17], [10]. However,
this review will focus on the flat lattice and other characteristics of graphene. One of the reasons
why graphene is used and not some other 2D material such as Molybdenum disulfide (MoS2) is
that graphene has a very stable crystalline structure [16]. However, graphene is not as perfect as
it seems at first, since it has zero band gap which means that graphene is a conductive material
that absorbs almost all light. Thankfully, it is possible to tune the band gap of graphene up to
1eV through electrical gating [16], [20].

Molybdenum disulfide is a naturally occurring material that is mainly mined as a site product
from copper mining. However, the concentration of MoS2 tents to be low which makes it easier
to synthesise. There are various methods to obtain MoS2, e.g., a chemical reaction of lithium
sulfide and molybdenum chloride produces MoS2 with a large surface area. Other methods
may involve microwave plasma, prolonged heating, or pulsed laser evaporation[2]. The crystal
structure is an S-M-S bond where molybdenum is sandwiched between sulfur layers, where six
sulfuric atoms coordinate a single molybdenum atom. MoS2 an anisotropic semiconductor that
has a much higher electrical resistance when measuring out of plane [2]. Moreover, MoS2 can
have a band gap of 1.8ev [24], [3].
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1 INTRODUCTION 3

1.1.2 Readout Methods

There are a couple of readout methods that have been tested when it comes to measuring
motion w(x,y,t) in 2D membranes. These methods are optical readout, transconductive readout,
capacitive readout, and position dependent readout [23].

(a) (b)

(c) (d)

Figure 2: Existing readout methods[23].

The optical readout method relies on a laser that is reflected from he Fabry-Perot cavity
formed by the semi-transparent 2D material and the underlying reflective substrate which is
shown in Figure 2a. The laser measures a standing wave electric field intensity I(z) from the
superposition of the incoming and reflected optical wave. The maximum sensitivity is achieved

when the the maximum slope in the optical field intensity is
dI(z)

dz
. This can be calculated if

the optical material properties and geometries are known [23].

There are also other optical readout methods that have been developed e.g. a Michelson in-
terferometer setup. The advantage of this setup is that it does not need a reflective surface
while the membrane is free-hanging. On the other hand, the vibrations from the interferome-
ter’s arms will create extra noise if the setup is not calibrated well enough before use. There are
also a balanced homodyne method which can probe the phase fluctuations of graphene mem-
brane. A laser Doppler vibrometry which uses optical interferometry, and, finally a Raman
spectroscopy which can measure the dynamically induced strain in a membrane [23].

A transconductive readout is done by observing changes in the electrical resistance or con-
ductance of the membrane with a setup such as one shown in Figure 2b. The method relies
on a constant current Id that flows through the 2D membrane. The resistance of the mem-
brane is displacement-dependent R(qi), when the membrane moves, the voltage changes as

Vd = R(qi)Id ≈ (R0 +
dR

dqi
qi)Id. Where

dR

dqi
is the position dependence of the resistance. This

derivative can be the result of the semiconducting nature of the material in a field-effect tran-
sistor geometry [23]. Another reason why the resistance changes is the piezoresistive effect. The
effect happens when the membrane moves, therefore, changing the strain and lattice spacing in
the membrane [23].

The capacitive readout method relies on an ac current flowing through a capacitor that
is formed by the suspended membrane and the gate electrode a schematic can be seen in Fig-
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1 INTRODUCTION 4

ure 2c. This, yields in a time-dependent gate capacitance, Cg(t) =
∫
A ϵ0dA/(g + w(x, y, t)).

Where A is the membrane area, g is much smaller than the membrane radius, and ϵ0 is the
permittivity of vacuum. When the membrane centre qi changes the impedance of the capacitor
changes accordingly ZC = 1/(iωCg(qi)) = Vac/Iac [23]. This method is hard to use in low fre-
quencies because the capacitance has has tiny changes for a membrane that has a diameter that
is a couple of micrometers. Therefore, the method typically used in the GHz range frequencies
for a lower impedance [23].

A Mixed Readout with Capacitors and Transconductors is sometimes used since the
high-frequency electrical signal from 2D membranes can be hard to detect. The high-impedance
in the membrane causes a small motional signal and a large parasitic cross-talk from the driving
voltage [23]. This makes it hard to distinguish between the signal and the noise in when they
are at the same frequency. The problem can be solved by using a down-mixing scheme that
changes the signal frequency to make it readable [23].

When down-mixing a transconductive signal, the membrane conductance G is modulated by
the motion at a frequency ωm and a modulated bias voltage Vsd at frequency ωc. The two sinu-
soidal functions result in a low-frequency mixing term in the current I which is δω = |ωc − ωm|
[23].

A similar mixing technique is used for a capacitive radio-frequency (RF) signal. However,
an electromagnetic wave’s (EM) frequency ωEM is now modulated by the motion of a mirror
capacitor plate ata frequency ωm. When a RF input at frequency ωc is close to ωEM is sent into
an optical filter, it results in a mixed output signal ωc ± ωm [23].

A Position Dependenr Readout is done by using a localised probe such as a laser beam
or an atomic force microscope which is shown in Figure 2d. The probe can measure w(x, y, t0)
and compare it to w(x, y, t1) where t1 > t0. This is the only method that can measure the
motion at one point. However, this method depends on the position of the probe, which means
that it is good to have an idea of which mode the membrane is in when measuring before placing
a probe [23].

1.1.3 Photonics

Photonics is the study of light and photons which started in 1960 with the invention of the laser
[6]. Photonics have come a long way since the 1960s and and are an important part for modern
society. Since they are used in telecommunications and sensors whether they detect photons,
are used in cameras, detect in the infrared scale or for another application. This review will
focus on a more recent development in photonics which involves silicon and creates the study of
silicon photonics.

Silicon photonics uses silicon as a medium for the light wave whether it is in a transceiver or
a waveguide. A waveguide is a thin strip of material that guides light (Electromagnetic waves
or EM-waves), where a silicon waveguide typically transeives light around 1400nm to 1600nm
[22]. The advantage of silicon with photonics is that silicon has a high refractive index contrast
and silicon is very strong mechanically. Moreover, silicon devices can be made with existing
Complementary metal–oxide–semiconductor (CMOS) fabrication technology [25].
The silicon photonic devices used for this study are silicon waveguides that consist of silicon
dioxide (SiO2) on the bottom, followed by silicon in the middle and air on the top. They
are used to transceive any light coupled to the silicon in them. However, if the waveguide is
designed without taking Snell’s law, which explains the relationship between angle of refraction
and incidence of light which is
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Figure 3: A waveguide slab showing the propagation of light.

n1 sin θ1 = n2 sin θ2 (1.1)

where n1 is the incident index, n2 is the refractive index, θ1 is the incident angle, and θ2 is the
refractive angle. For the light to be perfectly propagated by the waveguide, the light needs to
have a critical angle of θ2 = 90◦ on all sides of the waveguide as seen in Figure 3. In reality it is
enough to be around the critical angle for the light to propagate through the guide. Although,
the reflective angle is important the guide is actually designed around the effective group index
(ng) and the effective index (ne). The effective index is calculated from the propagation constant
(β) and the free-space propagation constant (k)

ne ≡
β

k
, (1.2)

where the free-propagation constant is calculated from the free-space wavelength (λ) as k =
2π/λ. Calculating the the group index is done by taking the derivative of the effective index

ng ≡ δβ

δk
= ne − λ

δne

δλ
. (1.3)

Figure 4: Transverse electric & transverse magnetic mode concentration in a waveguide. (Figure
is taken from [25].)

Another important part of the waveguide is how the light propagates through it according to

E(x, y, z, t) = E(x, y)el(ωt−βz), (1.4)

where this equation describes the transverse electric (TE) mode propagating along the z-axis
in time t, angular velocity ω, and amplitude E(x, y). The transverse magnetic mode (TH)
H(x, y, z, t) has an identical equation except E is replaced with H [25], [19]. Now since the
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1 INTRODUCTION 6

TE and TM modes are described in three-dimensions, there will be a different concentration of
the fields depending on the x & y position of the waveguide. Where the TE field escapes the
waveguide in all of its modes as seen in Figure 4.

Silicon waveguides are already in use as various detectors such as motion detectors at micro- or
nanometre scale, a force sensor, or a thermal sensor [14], [12].

1.1.4 Two Dimensional Membranes with Photonic Waveguides

This method uses resonators in waveguides with 2D membranes placed on top to detect their
motion. The motion is detected by observing a shift in the resonance dips that are caused by
the resonators. In theory a shift is detected by comparing a resonance dip when the membrane
is in position A versus the membrane in position B, Figure 5 is an example of how it would look
like (The same method is used in opto-mechanical detection [14]).

Figure 5: Comparison of resonance dips.

This method can in theory be used for sensors measuring as little as 7µm in width where the
resonator measures 3µm in radius. However, waveguide resonators have not been tested with a
2D membrane on top of them. but they have been tested for carbon nanotubes [1]. Furthermore,
there are theoretical papers on the subject that show cased a sensitivity of 28fm/

√
Hz with

a Q-factor of 2400. The paper simulated a graphene membrane suspended over a ring that is
integrated to a Mach-Zhedner interferometer [5]. However, there are no such devices used in this
study therefore, the measured sensitivity can be assumed to be much greater than 28fm/

√
Hz.

1.2 Project Proposal

Four different methods to detect motion in 2D membranes were discussed in subsubsection 1.1.2
and, a theoretical fifth method was proposed in subsubsection 1.1.4. Where the fifth method
uses silicon photonics to measure changes in 2D membranes. However, because nobody has tried
to measure 2D membrane mechanics with silicon photonics before, the question remains; can
silicon photonics detect 2D membrane mechanics?

Silicon photonics can be used to make microscopic sensors which are easier to mass produce.
Where optical readout methods often need a complex setup, transconductive and capacitive
readouts are often down-mixed and a position dependent readout needs high accuracy when
placing the probe [23]. The silicon photonics method will only need an input laser and a pho-
todetector to measure an output signal.

The problem can be solved by doing experiments with the proposed detection method. The
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1 INTRODUCTION 7

experiments would be conducted by using a SOI test chip that has many different waveguide
resonators built in it. The chip would be placed in a setup that is connected to a laser and a
photoreceiver. The goal is to successfully measure 2D membrane motion with silicon photonics.
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2 METHODS 8

2 Methods

The methodology of fabricating a suitable 2D membrane and then measuring said membrane is
discussed here. The section starts by going over the different stages of the fabrication process
and why a new transferring method was used instead of using a well known method. The second
part of the section describes how the membrane is measured and what precautions are made to
confirm the results. The annealing setup is shown and explained in Appendix A

2.1 2D membrane Transfer

(a) (b) (c)

Figure 6

Figure 7: The Graphene transfer setup. This setup is used to transfer the 2D membranes to
the SOI chip, figure a) shows the microscope where suitable flakes are found, the lower box in
figure b) is the light intensity controller for the microscope and the upper box is the vacuum and
temperature controller for the transfer setup, which is shown in figure c) with its light intensity
controller to the left.

This section is split into two parts. The first part talks about the 2D membrane transfer method
that was used in the literature review and mentions. The second part goes over a new transfer
method that is used for this thesis. This subsection ends by going over the advantages and
disadvantages of both methods and some of the achievements that were made.

2.1.1 Old 2D membrane Transfer Method

When transferring a membrane on top of an SOI chip, a 2D membrane is needed. A simple
way to get a 2D membrane, is by sandwiching it between two strips of tape and ripping the two
parts from each other. This step will will only make the membrane sample thinner and the step
has to be repeated multiple times by sandwiching a clean tape with one that has graphite on it.
After the process has been repeated at least three times it is possible to confirm the results by
putting the tape under a microscope. This step is not needed for the whole process, however, it
can ensure that there are 2D membranes on the tape. When the membrane is thin enough it is
possible to press Polydimethylsiloxane (PDMS) (which is a sticky polymer) to the tape with the
membrane flakes and rip the PDMS from it. After this is done it is good to put the PDMS under
a microscope to make sure that there is some 2D membrane on the polymer. The membrane
that is two dimensional should look transparent on top of the silicon. The PDMS is then finally
aligned with the chip to put a desirable 2D membrane flake on top of a resonator (this is done
under a microscope). The PDMS is pressed up to the SOI chip until the flake is touching the
chip, the PDMS is then slowly pulled from the chip to make sure that the 2D membrane holds
on to the SOI and not the PDMS. This step can be repeated if the flake does not stick to the

8



2 METHODS 9

chip at first and changing the temperature may help.

(a) (b)

(c) (d)

Figure 8: Here are the steps for transferring 2D membrane, where figure a) shows the alignment
step. Figure b) shows the 2D membrane aligned and ready to be transferred. Figure c) the 2D
membrane is touching the SOI chip and in figure d) the 2D membrane has been successfully
transferred on the SOI chip.

2.1.2 New 2D membrane Transfer Method

The new 2D membrane transfer method developed by Niels Bouman and is based on a method
used by Kei Kinoshita et al [9] uses a layer of polypropylene (PPC) to transfer the 2D membrane.
However, before transferring the 2D membrane, a film of PPC is fabricated. The fabrication
starts with a PPC solution that consists of 15% PPC and 85% anisole. A pipette is used to
place a small drop (> 1ml) on a thin square coverslip (25mm×25mm). The slide is then placed
in a spinner to spread the PPC to form a thin film. After the PPC has cured over two days at
room temperature, the PPC film is ready for use. The film is then peeled of the slide by using
tape that covers the slide´s edges therefore, forming a square gap in the center for the film to
stretch over a PDMS dome. A sharp knife or a scalpel is slid under a corner of the tape square
to peel the film of its sheet. After the film has been successfully peeled of the sheet, the film
is placed on top of a PDMS dome that sits on a microscope slide (26mm × 75mm) as seen in
Figure 10.

After the preparation for the PPC stamp is done, the 2D membrane can finally be transferred
to a PDMS sheet similarly to the old method. However, that is where most of the methods
similarities end. Now, instead of transferring the membrane directly onto a chip, we transfer the
membrane to the PPC stamp. The stamp is then aligned over a suitable device on the SOI chip.
After the 2D membrane is in position above a device, the dome is lowered until the membrane
hangs comfortably above the device. The device is then heated up to 120◦C, this melts the PPC
which becomes a very viscous fluid. The stamp can be removed when the PPC has stopped
expanding and reached a stable state. However, this is a very dirty process and can leave a this
layer of PPC over a large area (R ≈ 300 µm), the transfer process is shown in Figure 9. The

9



2 METHODS 10

(a) (b)

(c) (d) (e)

Figure 9: The new transfer method is shown here, where figures a) & b) show a graphene being
transferred from a PDMS sheet to a PPC covered dome. Figure c) the graphene is touching
the SOI chip before the PPC is heated to 120 °C which is done in figure d). In figure e) the
graphene, and a small layer of PPC, has been successfully transferred on the SOI chip.

final step of the process is to remove any PPC residue that is on the chip.

Figure 10: The PPC film preparation is shown here. First a drop of PPC is placed on a glass
slide, the slide is spun and coated by the PPC. After a PPC film has formed and cured it is
peeled of the slide and placed on top of a PDMS dome.

The post-processing consists of putting the chip through an annealing process in order to remove
the PPC layer of off the chip. The chip is put into a high vacuum chamber (> 10−5 mbar) that
is heated up to 400◦C and is left there for two hours before the chamber is cooled for at least
eight hours before the chip is removed. This method was used to transfer all graphene samples
to the chip.

10
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2.1.3 Comparison

The old transfer method is a fast method, since it takes only about an hour to transfer a
membrane flake. Compare that to the new transfer method which adds at least ten hours
for every successful transferring session with a minimum of eight hours of downtime due to
annealing. It is easy to see that the old method is superior with respect to time. However,
the old method also covers most of the chip when a membrane is transferred. This can lead to
undesirable membranes covering excellent devices. Therefore, limiting potential resonators on a
chip. The new method addresses this issue by using a dome shaped stamp. By using a dome,
the contact radius between the chip and the stamp decreases to below a radius of 200µm. Thus
allowing for more membrane transfers for a single chip. In conclusion, due to the importance of
being able to test many devices, the new method was chosen for all transfers in this thesis.

2.1.4 A Mixed Method

Due to multiple devices breaking between graphene transfers that used the new method and, a
single dry transfer made on the chip, it was decided that a mixture of Bouman’s and Kinoshita’s
method was used. This method uses the same methodology as Bouman’s method, however,
instead of melting the PPC thus ensuring the transfer, the PPC is heated to 70◦C which makes
the PPC’s grip on the membrane weaker.

2.2 Measurement Setups

The chip’s measurements consists of sensing the 2D membrane and mapping the topography of
the chip. Furthermore, each device on the chip is measured at least once, the first measurement
is done before membrane transfer and gives the device’s transmission which shows whether the
device is suitable for a membrane transfer. The second measurement is done after the transfer
which makes for an easy comparison of the data before and after membrane transfer. After the
chip measurements are complete, the membrane is measured with a laser interferometer. The
data from the interferometer is mainly used to compare and confirm the results from the silicon
photonic setup. However, the interferometer will also make it clear whether or not the membrane
is truly suspended over its device. The final measurement is the topology mapping. The chip’s
topology is sensed with both an atomic force microscope and a white light intereferometer.

2.2.1 Silicon Photonics setup

Figure 11: The Silicon Photonic Setup is shown here with a circulator (with three ports) that
guides any reflected laser to an alternative photo detector.

11
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Figure 12: The Silicon Photonic Setup without a circulator is shown here.

The silicon photonic setup is used to measure 2D membrane’s motion with a silicon waveguide
resonator. This setup relies on a photodetector, that reads the laser signal after it has gone
through the waveguide resonator. Other parts for the setup are either a 3dB attenuator or a
10dB attenuator, a circulator , and a second photodetector, the optic schematics are shown in
Figure 11. The setup’s attenuator is used to limit the 10dBm laser power, therefore, keeping
the chip and measurement devices save from potential damage. While, the circulator is attached
to the second photodetector, therefore, measuring the internal reflection of the waveguide. The
internal reflection can help give understanding if a membrane over a specific silicon device, is
absorbing the laser or not.

Furthermore, this setup can be used to measure a DC signal while sweeping over the laser’s
wavelength range (1530nm ≤ λ ≤ 1620nm). The laser has a sweeping range of 50nm/s and
power of 10dBm. The output signal shows the corresponding device transmission when the
laser is swept in such a way. In case of acceptable devices, the transmission will show a steep
resonance dip close to the maximum transmission signal. This dip or more accurately the lower
flank of the dip is used to measure AC signal at a single wavelength. The whole flank is measured
with a wavelength step of ∆λ0.01nm with a time length (t) of 200µs. This is done to ensure a
near full coverage of the resonance dip’s flank. The AC signal is then converted to the frequency
domain with a fast Fourier transform algorithm.

This setup allows for a simple way to measure the SOI chip. However, to measure the membrane
mechanics, the membrane needs to be actuated for it to have any influence on the transmission
signal. One way to actuate the membrane is to modulate the laser that shines upon it. There are
two ways to modulate the laser, either by using an electro-optic modulator or an acousto-optic
modulator. The other actuation method uses a piezo shaker that will actuate the entire chip.
The biggest downside of actuating the whole chip is that it is harder to couple the laser to the
waveguide.

2.2.2 Laser Interferometry

The laser interferometry measurements rely on two lasers pointed at the 2D membrane, one
actuates the membrane while the other one measures its motion as seen in Figure 13. Since the
method is based on two different principles this section is split into two parts, and will first look
into the measuring part.

Laser interferometry measurement was briefly discussed in subsubsection 1.1.2 and, will go
into more details here since it is used as a control measurement. The membrane motion is
measured by shining a red Helium-Neon laser (λ = 632.8nm) at the suspended 2D membrane.
Since 2D membrane is an atomically thin reflective material, some of the laser bounces of off
the membrane (L0) while a part of it shines through the 2D membrane(LG). When the laser
shines through the 2D membrane it is reflected from the back-plate and back through the 2D
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Figure 13: The laser interferometer is shown here where a red laser (λ = 632.8nm) is used to
detect the membranes motion and a blue laser (λ = 405nm) is used to actuate the membrane.

membrane. The time delay from the extra distance to the back-plate and back through the 2D
membrane causes a phase shift in the reflected laser. The merge between LG and L0 causes an
interference between the two lasers, the resulting strength of the laser can detect the motion
and frequency of the membrane. The membrane is excited by a blue laser (λ = 405nm).

2.3 Chip’s Topography

Although, the motion measurements are the focus of this research, it is still important to map
the topography of the 2D membrane. The topography is mapped with an atomic force micro-
scope (AFM) and a white light interferometer (WLI). The AFM measures the chip by moving
a cantilever along the chip’s surface. This allows the AFM the gather the positional data from
its cantilever and create a topological image of the chip. Assuming that the cantilever does not
break the 2D membrane, the AFM is able to measure the membrane thickness and how much
the membrane sags over its cavity.

The WLI works in the same way as the laser interferometer, however, instead of using a laser that
can actuate the 2D membrane, the WLI uses a neutral light that shines through a Fabry-Pértot
interferometer to create an interference in the reflected light.

2.4 Working with Raw Data

The data collected from the discussed methods comes out as raw data. Most if not all of the
data needs to be converted into meaningful units before the data gives any meaningful results.
This can be either from amplifiers in the measuring setup or due to excessive amount of noise in
one domain compared to another, e.g., conversion between the time domain and the frequency
domain.

2.4.1 Silicon Photonic Data

There are three types of data from the silicon photonic setup. The main data comes from the
laser that propagated through the waveguide and beamed out of the opposite end. This is the
waveguide’s transmission signal, which does not need to be heavily edited. This is due to the
transmission itself being the important part of the data. After the transmission signal has been
recorded, it is possible to measure the AC signal of the transmission. Unlike the first data set,
this one needs to be converted from the time domain and in to the frequency domain. However
it is not needed to calculate the power of the AC signal, due to the frequency values being
the more important factor of this signal. The final data is due to internal reflections of the
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Figure 14: Transmission graph of a device that has a 10µm radius cavity with a ring radius of
4µm, a coupling gap of 0.25µm, and a waveguide height of 0.15µm.

Figure 15: A close up of a resonance dip with reference lines.

waveguide. Therefore, it is measured with a different photo detector compared to the other two
signals. The new detector uses an amplifier to strengthen the signal, thus making it necessary
to either convert the data in to correct units or normalize the data. This is done because the
amplification for the detector is changed manually which can lead to two different data sets
having identical data, but, different magnification.

The transmission signal is measured in volts that sweeps over the wavelengths 1530nm to
1620nm at a rate of 50nm/s. The input power was 10dBm with a 3dB attenuator for die1
and a 10dB attenuator for die2. A typical device on the chip shows maximum transmission
power between 1560nm to 1580nm. Furthermore, due to the coupled resonators there will be
resonance dips when looking at a graph of transmission versus wavelength such as Figure 14.
These resonance dips are the most important part of the transmission signal where a closeup of
such a dip can be seen in Figure 15. The important bits of the resonance dip are its left flank,
the flank’s slope and the flank’s extinction ratio (eratio). The ratio is calculated with
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eratio =
Tmin

Tmax
(2.1)

where Tmin is the minimum transmission of the resonance dip and Tmax is the maximum trans-
mission of the dip. A low ratio should result in a steep slope (s) which is the derivative of the
transmission over the wavelength

s =
δT

δλ
. (2.2)

This leads to a final variable, the total sensitivity (S), which is used to determine whether a
device is good or not.

S = s× Wb

W0
(2.3)

The total sensitivity stems from the slope multiplied by the maximum position of the membrane
over the waveguide (Wb) versus the membrane’s maximum position at its center (W0).

The AC current is measured by fixing the laser’s wavelength to the left flank of a resonance
dip. The flank can either be confirmed by manually changing the wavelength and seeing how
the dc signal changes through an oscilloscope or by sweeping the laser over the expected flank
wavelengths and seeing how the dc signal changes. The wavelength is then fixed after the flank
has been confirmed and the AC signal is measured for 200µs. The data is then used to determine
the natural frequency of each device or in the very least if there are any resonating modes in
the expected range of the natural frequency of 2D membranes. The AC signal is converted from
the time domain and into the frequency domain with a fast Fourier transformation. When a 2D
membrane is on top of a device. It is possible to determine the motion of the membrane from
its frequency via

miq̈i + ciq̇i + ki(qi − qb) = 0 (2.4)

where mi is the membrane mass, ci is the damping coefficient of the membrane, ki is the mem-
brane stiffness, and q is the membrane’s position. Furthermore, the air that is trapped under
the 2D membrane will influence ci and ki due to the squeeze film effect [18], [15].

The reflected signal is normalized to make comparison between the signal before and after
membrane transfer easier.

15
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3 Results

The section starts with going over the graphene transfer which showcases the used devices.
Then the measurements from the silicon photonics setup are shown. Next are the results with
a graphene membrane, including laser interferometry results. The interferometry results are to
confirm that the graphene is indeed suspended over a resonating device. After the graphene
measurements, results with MoS2 are shown. These results will also show why MoS2 is preferred
over graphene. The section finishes off with topology measurements.

3.1 Membrane Transfer

Both the new transfer method (subsubsection 2.1.2) and the mixed transfer method (subsub-
section 2.1.4) were in general very successful where the new method was used on die1 and the
mixed method was used on die2.

(a) (b)

Figure 16: The graphene transfer on die1. a) shows a large flake covering multiple circular
membrane devices, b) shows a smaller flake covering a doughnut membrane device.

The transfers shown in Figure 16 & Figure 17 seem to have larger flakes when it comes to the
CM devices. The reason is that the CM devices are much smaller than the DM devices which
makes the CM flakes seem larger in comparison when, the flakes are in fact of similar sizes.

(a) (b)

Figure 17: The MoS2 transfer on die2. a) The membrane on top of the CM device looks
dirty because of a contamination on the stamp before the membrane was transferred. b) The
membrane suspended over the DM device was transferred without any problems.

16
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3.2 Silicon Photonics Without a Membrane

(a) (b)

Figure 18: An example of two different circular membrane devices with their respective trans-
mission over wavelength graphs.

The results from silicon photonic measurements look promising. The acquired data suggests
there are many different devices that can be used, e.g., the circular membrane devices shown
in Figure 18. However, as the chip was measured again and again, some devices started to
show cracks in them which decreased the amount of devices suitable for 2D membrane transfers.
Therefore, it was decided to change from circular membrane (CM) devices to doughnut mem-
brane (DM) devices, see Figure 19.

17
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(a) (b)

Figure 19: An example of a DM device with its transmission and reflection over wavelength
graphs.

The AC measurements results are converted in to the frequency domain which shows that nei-
ther the setup and the ring resonator are resonating in the range of interest as seen in Figure 26.

The normalized reflection data for a DM device with a coupling gap of 0.3µm, a trench width of
3µm, and a waveguide height of 0.1µm (DM71) shows that there is little reflection coming back
from the device as seen in Figure 20. This device is used for the graphene transfer and comes
from die1. The MoS2 transfer uses an identical device from die2. However, due to the MoS2

being on a new die, a separate reflection graph is used and is seen in Figure 21.

Figure 20: The normalized reflection for DM71 on Die1
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Figure 21: The normalized reflection for DM71 on Die2

DM71 was chosen on die2 due to its promising transmission graph and, there is a bad performing
device between DM71 and the next promising device. While DM71 on die1 was chosen due to
it being one of the last working devices on the chip.

Figure 22: The transmission for DM71 on Die1 with an input power of 10dBm and a 3dB
attenuator.
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Figure 23: The transmission for DM71 on Die2 with an input power of 10dBm and a 10dB
attenuator.

Die1 and die2 have a large difference in their performance and thus their flank wavelength is at
different wavelengths which can be confirmed when comparing Figure 22 and Figure 23. The
device on die1 is measured at a wavelength close to 1580nm while the wavelength for die2 is
a bit larger than 1560nm. However, the resulting AC-signals are quite similar to each other
despite the difference in transmission.

Figure 24: The AC-signal for DM71 on Die1 with an input power of 10dBm and a 3dB attenu-
ator.
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Figure 25: The AC-signal for DM71 on Die2 with an input power of 10dBm and a 10dB
attenuator.

This similarity leads to near identical graphs in the frequency domain after a FFT.

Figure 26: The frequency domain for DM71 on Die1 with an input power of 10dBm and a 3dB
attenuator.
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Figure 27: The frequency domain for DM71 on Die2 with an input power of 10dBm and a 10dB
attenuator.

The frequency domain for DM71 on both dies shows a peak at 3MHz that consists of a single
point. There is also a visible single pointed peak at 6MHz for the device on die2. Since these
peaks consist of only a single point, they should not interfere with the natural frequency of a
membrain laid over the devices.

These measurements wee also done for a device with a ring radius of 5µm, a membrane ra-
dius of 7.5µm, and a coupling gap of 0.3µm (CM23).

Figure 28: Transmission graph for CM23
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Figure 29: Reflection graph for CM23

Figure 30: Frequency domain for CM23

The results from CM23 shown in Figure 28 to Figure 30 show that there is little to no difference
between CM and DM when it comes to sensing 2D membranes.
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3.3 Graphene Results

Figure 31: Frequency domain of a graphene membrane over a doughnut membrane device when
measured with a laser interferometer.

The laser interferometer results with a graphene membrane confirmed that the fabricated graphene
membranes have a natural frequency around 10MHz which is the recorded natural frequency
[8].

Figure 32: Transmission power for device DM71 after graphene transfer

The silicon photonic results were less promising after the devices were covered with a graphene
membrane. The data shows a high decrease in transmitted power when the graphene covers
the straight waveguide, and when the graphene is only covering the ring resonator (as seen on
DM71 in Figure 16b), the transmission loses its resonance dips. Therefore, there were no flank
measurements made with the graphene covered devices.

The data from the laser reflection hints that the graphene is either absorbing or scattering
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most of the laser instead of reflecting it. Therefore, hindering an excellent propagation through
the guide. This can be confirmed by comparing the normalized reflection before and after the
graphene transfer, seen in Figure 20 and Figure 33 which shows ∼ 84% decrease in reflection
power at λ = 1560nm.

Figure 33: Reflection of DM71 after graphene transfer

3.4 Molybdenum Disulfide (MoS2) Results

Figure 34: The frequency response for device DM71 on die2 when measured with a laser inter-
ferometer.

The Laser interferometry measurements for the MoS2 membrane confirms that its natural fre-
quency is between 1MHz and 10MHz.
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Figure 35: Transmission of device DM71 after MoS2 transfer.

The results from the silicon photonics measurements look very promising. The first thing that
the data shows, is that there are still clear resonance dips when looking at the transmission as
seen in ??. Furthermore, because the dips are present, it is possible to measure the AC signal
over the dip’s left flank. The data from the AC measurements need to be converted in to the
frequency domain, which can tell if the membrane is resonating. ??

Figure 36: The Fourier transformation for DM71 at the resonance flank averaged one thousand
times.

The frequency domain for device DM71 shows a clear resonance at exactly 3MHz and a few
minor resonances at higher frequencies. However, the same peaks appear on other devices both
before and after transfer, i.e., the signal is either due to the ring itself detecting an outside signal
or the peaks are caused internally in the detection setup. To find out if the peaks come from
the setup; the flank for device CM23 & DM71 was measured thousand times and then averaged
as seen in Figure 38 & ??. These two graphs show that the single point peaks are in the same
position as Figure 27 & Figure 30. The peaks are also clearly made out of a single point in the
graph. This hints to the peaks to be a result of the setup, i.e. the peaks are most probably due
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to the electrical signals to the oscilloscope.

Thankfully, when making comparisons for the reflection data before and after MoS2 transfer as
seen in Figure 21 and Figure 37, the signal seems to increase. Which means that a part of the
transmission losses are due to reflection.

Figure 37: The normalized reflection for DM71 on Die2 after MoS2 transfer.

The measurements were also done for CM23 which has a similar story, thus only showing the
frequency domain of the AC-signal.

Figure 38: The Fourier transformation for CM23 at the resonance flank averaged one thousand
times.

3.5 Topography measurements

The topography results are different between the AFM and the white light interferometer. Where
the AFM gives a more accurate measurement which is confirmed in Figure 39. The waveguide
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that was measured sits in a row of waveguides that measure 100nm in height which is 20nm of
from the measured height.

(a)

(b) (c)

Figure 39: The topography image from an AFM with cross section graphs. The upper graph
is to measure the accuracy of the AFM by going over the waveguide trench, which has known
dimensions. The lower graph goes over the edge of the graphene sample which is close to the
trench’s left side.

The first thing to take note of when going over the interferometer measurements is that the scale
is much larger than is expected from the graphene sample and waveguide the results are shown
in Figure 40. The graphene sample is still in the same range as the one measured in Figure 39,
which is between 20nm to 50nm. Furthermore the waveguide is still 100nm in height which
has turned into 1µm in the white light interferometer. This might be due to inaccuracies when
the interferometer is creating its data set, since it does no know what materials it is measuring.
However, it can be seen that the measurements in this case are ten times larger than the expected
values.
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(a)

(b) (c)

Figure 40: The topography image from a white light interferometer with cross section graphs.
The upper graph is to measure the accuracy of the interferometer by going over the right
waveguide trench. The lower graph goes over the edge of the graphene sample in the bottom
left corner.
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4 Discussion

The results show that silicon photonics can still propagate light when they are integrated with
2D membranes. However, the resonance dips, and output transmission changes after membrane
transfer do lower the SNR, but, the signal is still distinguishable enough to use. Furthermore,
the AFM shows that the membrane thickness is between 20nm and 50nm.

4.1 Membrane Transfer

The membrane transfer was very successful when it came to transferring the membranes with
only few unsuccessful transfers as seen in Figure 41 and Figure 16b. The problem with the failed
transfers is that a part of the membrane is directly touching the waveguide which means that
the membrane is not suspended over the guide. Thankfully, that is an uncommon problem that
was observed from two situation. The first is when the membrane is not properly positioned
over the device and, the second situation is when the PDMS stamp is released to early from the
chip.

Figure 41: Die2 showing two MoS2 transfers, where the center one is unsuccessful while the
lower one is used in the study as DM71.

The more concerning part of the membrane transfers was that the waveguides in die1 were
gradually breaking over the course of the study a break in a waveguide is shown in Figure 42.
The new fractures were always noticed after a graphene transfer took place. Therefore, it was
hypothesised that the guides were breaking during the membrane transfer process. To confirm
the hypothesis, the waveguides needed to survive being stamped at least 50 times, in case the
stamp it self was breaking the guides. The guides also needed to survive at least twenty cycles
of a cleaning process that consists of dipping the chip in acetone, Isopropyl alcohol, and water,
with ultrasonic cleaning for two minutes between chemical change and finally being dried with
an air duster. The final step in the transfer process where the waveguides could break was the
annealing process. The situations were independently tested by choosing a fracture free area on
the chip and viewing the area between the different situations. The conclusion of these tests is
that the annealing process was putting too much strain on the thin waveguides which measure
between 450nm and 760nm.
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Figure 42: A break in the waveguide is seen within the circle.

4.2 The Transmission Measurements

The transmission measurements indicate that silicon photonics can detect the motion of 2D
membranes. Although the measured voltage from the transmission decreased after an MoS2

transfer the resonance dips are still distinct in Figure 35. The same cannot be said for the
graphene membranes.

When looking at the results for graphene membranes. The transmission voltage collapses and
the resonance dips disappear. However, there is still transmission through the straight waveguide
when the graphene is covering both the straight guide and the ring resonator as seen inFigure 32.

The reason for the drop in transmission is most likely due to the graphene membrane absorbing
the energy from the waveguide. Why the absorption is thought to be the culprit, is due to
graphene having a constant absorption coefficient of e2/ϵ0ℏc = 2.3%. Such a high coefficient can
lead to total absorption when it is combined with the waveguide area that is covered by graphene
as seen in Figure 16 [13]. Furthermore, S. Schuler et al showed graphene has a 90% absorption
rate when the resonators are critically coupled [21]. Unfortunately, there are some devices where
the graphene sunk into the waveguide trench which changes the effective and group index of the
waveguide. In those cases it is light directly escaping the waveguide and the losses are then a
mixture of light scattering and light absorption due to the graphene.

4.3 Fourier Transformation Analysis

When looking at the FFT results. the results are over all inconclusive. The frequency domain
can very clearly show that the waveguide does not resonate in the MHz range. However, the
domain cannot conclusively say that 2D membrane integrated with silicon photonics make a
good sensor. Since the membrane was unfortunately not actuated before the study ended. The
reason is partially due to the waveguides breaking after graphene transfer. The other part is due
to not enough time given to find proper actuators or optic modulators to actuate the membrane.

When looking at the averaged frequency domain; a lot of peaks appear in the graph. These
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Figure 43: A waveguide where the graphene membrane has sunk into the trench. The indication
comes from the shadow that is cast by the top of the suspended membrane.

peaks are perfectly staple and do not change their frequency when the measured device is
changed or the device has a membrane suspended over it. Therefore, the peaks are not due to
the waveguides sensitivity and are either made by the setup itself or are from the FFT algorithm
that is used. Since it is harder to prove that the peaks come from the setup, a power spectral
density (PSD) algorithm is used on the raw AC-signal data seen in Figure 44. Which has peaks
in the exact same frequencies as the FFT algorithm does. Therefore, confirming that the peaks
are most likely caused by internal resonances in the electrical connections and not by the FFT.

4.4 Recommendations

After reading the results and discussion it is clear that there are a couple of improvements to be
made and the results do not give a concrete answer since the 2D membranes were never actu-
ated. Therefore it is recommended to actuate the membrane before giving the research question
a conclusive answer. The actuation should either be done with a piezoelectric actuator that is
placed under the chip, or be done with an optical modulator that is placed between the laser
and the chip. If a piezo is used to actuate the chip, make sure that the piezo’s natural frequency
is 10 ± 4MHz, since it is difficult to find a higher bandwidth for a piezo. Optical modulators
specifically electro-optic modulators can have bandwidths exceeding 1GHz [4].

There are also many more devices with ring resonators on the chip that were not looked into
due to their initial performance. Furthermore, since a 2D membrane affects the transmission
power of the waveguides, it is possible that a suspended membrane can be placed on top of an
under or over coupled device and push it closer to critical coupling. Which leads to the next
recommendation since this study was more of a proof of concept, it is interesting to know which
silicon photonic devices (on the chip) are the best at sensing the motion of 2D membranes.
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Figure 44: Power spectral density with distinguishable peaks at 3MHz and 6MHz.

5 Conclusion

Silicon photonic sensors can be very small and some of the ring resonators used in the study
have a radius of 5µm. Which makes them ideal to make cheap and small ultrasonic sensors.
Furthermore, with the open space above the waveguide, it is possible to suspend a membrane
over the resonator.

Recall the research question of the thesis: "is it possible to detect 2D membrane motion with
silicon photonics?" The question is quite straightforward and offers a definitive yes-or-no answer.
Therefore, the goal of the research was to measure 2D membranes with a silicon waveguide. How-
ever, the original goal of the thesis was to measure the motion of graphene, unfortunately the
goal changed to measuring 2D membranes in general after the results showcased that graphene
membranes absorb most of the light.

Before any measurements were done on graphene membranes, a very important milestone was
achieved. The milestone being a successful graphene transfer on an SOI chip. The transfer also
used a newly developed method from subsubsection 2.1.2 which lets the transfer stamp cover
a much smaller area of the chip compared to the old transfer method which was discussed in
subsubsection 2.1.1. However, the new transfer method formed fractures in the waveguides.
Therefore, it was decided to use a dry transfer method based on the new transfer method. The
dry transfers were successful and there were no visible fractures in the waveguides after the
transfers.

After the membrane transfers are finished, the integrated devices are ready for measurements.
The first measurement after transfer is a transmission measurement as seen in Figure 32, which
is compared to a transmission graph that was plotted before a membrane transfer and is seen
in Figure 22. These comparisons can be enough to tell if silicon photonics can detect motion of
2D membranes. Since the comparisons are not only for the transmission power but, also how
much the resonance dips change after transfer. Which leads to MoS2 membranes that show a
good example of the former statement as shown in Figure 23 and Figure 35.

Furthermore, the devices were measured with an AC-signal on their resonance dip flank wave-
length. These measurements are what can truly answer the research question. Since when the
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AC-signal goes under a FFT the frequency domain will show the resonating frequency of the
membrane if it is moving. Unfortunately due to time constraints it was not possible to take
measurements while the membrane was actuated.

The study started with the question; is it possible to detect graphene mechanics with sili-
con photonics? After it was discovered that the graphene absorbed the light too much. The
question then asked if it is possible to detect 2D membranes with silicon photonics. And, de-
spite not having enough time to measure the flank of the resonance dip when the membrane is
actuated. The transmission results show that despite the transmission changing they are still
readable, when there is a membrane on top of the waveguides. Which strongly suggests that
silicon photonics can detect 2D membrane mechanics.
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A Annealing Setup

The annealing setup consists of a furnace, a tube, pipes, and fans.

(a)

(b) (c)

Figure 45: The annealing setup. Figure a) show the furnace drum that envelopes the vacuum
tube where the chip sits during the process. Figure b) shows the vacuum connections and two
turbo fans in the front. Figure c) shows the pressure readout.

37


	Introduction
	State-of-the-Art
	Two-Dimensional Materials
	Readout Methods
	Photonics
	Two Dimensional Membranes with Photonic Waveguides

	Project Proposal

	Methods
	2D membrane Transfer
	Old 2D membrane Transfer Method
	New 2D membrane Transfer Method
	Comparison
	A Mixed Method

	Measurement Setups
	Silicon Photonics setup
	Laser Interferometry

	Chip's Topography
	Working with Raw Data
	Silicon Photonic Data


	Results
	Membrane Transfer
	Silicon Photonics Without a Membrane
	Graphene Results
	Molybdenum Disulfide (MoS2) Results
	Topography measurements

	Discussion
	Membrane Transfer
	The Transmission Measurements
	Fourier Transformation Analysis
	Recommendations

	Conclusion
	Annealing Setup

