
Measuring Phase Modulation with
Scanning Differential Heterodyne

Microscopy

MSc Thesis

Cian Dooley





Institute of Physics
University of Amsterdam

18th July 2025

Daily Supervisors: Bernardo S. Dias MSc, Tom Hoekstra MSc
Supervisor: Dr. Jorik van de Groep
Examiner: Prof. dr. Mark S. Golden

Tada Gan Iarracht



Abstract

The manipulation of light is used in a wide variety of devices today, made possible by the invention
of the optical lens. Simply by manipulating light with lenses, devices such as cameras, microscopes,
augmented reality glasses, and LiDAR have been developed. While these devices are constantly evolv-
ing, the improvement in optical components cannot keep up with the decreasing transistor size in
electrical components due to a crucial limitation: the size of a lens cannot be reduced without de-
creasing its functionality. This unfortunate limitation results in compact electrical devices using bulky
optical components that stick out of the device, like a camera on the newest generations of phones. A
solution to this problem involves using metasurfaces, 2D materials with nano-structures on the sur-
face, which can be designed to behave like a lens while being much thinner. These surfaces alone can
already improve the standard of optical devices. However, since each surface is fixed, its design can
only fulfill a single task. By incorporating modulation into these metasurfaces (by including materials
that change their optical properties due to an applied gating voltage), the functionality of each design
can be increased, further improving the devices currently using bulky optical components.

To effectively design and build such metasurfaces and measure the effect of the surface on light,
the phase of the light must be detectable for the entire phase range (0 → 2π radians) and in as small
an increment as possible. This is challenging for light in the visible spectrum because photo-detectors
are not fast enough to measure the oscillations of the light’s electric field, meaning the phase infor-
mation of the light is lost when it is incident on a photo-detector. To sidestep this issue, a technique
known as heterodyne detection is harnessed to measure the phase of a visible laser source. Imple-
menting this technique, the laser is reflected from various samples to validate the simulations with
experiments before finally measuring the change in phase while modulating the optical properties of a
TMD with a gating voltage. Future work should highlight the extent to which this technique can mea-
sure small phase changes and expand upon the research by testing various samples during modulation.

This project reports the results from measurements of an active 2D material designed to modulate
the phase of light as it is reflected from the surface. A detailed analysis of the heterodyne system is
provided, including the experimental setup and the model used for simulations.
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1 Introduction

1 Introduction

Manipulating light with the invention of the first lens paved the way for advancement in optical de-
vices [1]. Lenses in spectacles, cameras, and microscopes are some examples of the wide variety of uses
optical manipulation has in our everyday lives. As these devices become more advanced and perform
more functions, they require an increasing number of components to accomplish all these different
tasks. Historically, as optical setups perform more complex functions, the size of these setups tends
to increase, mostly due to the need to respect phase accumulation effects from free space propagation.
Unlike electronic components, which have realized continuously reduced device dimensions by shrink-
ing the transistors, optical components do not follow the same trend.

For example, unlike electrical components, optical components like a lens cannot easily be made
smaller without losing a lot of the light and thus reducing the quality of the image. In order to capture
enough light for a high-resolution image, the lenses in a camera must be wide. Since the thickness of
the lenses increases with the overall size of the lens, larger lenses are thicker. A camera that produces
high-quality images and performs multiple functions on these images must have a lot of these lenses
stacked on top of each other; consequently, optical devices cannot shrink in size without sacrificing
image quality or device functionality. Therefore, another method to capture enough light to maintain
high-quality images while also reducing the size of the optical components is needed. The solution to
this could be combining metasurfaces with 2D materials [2].

Metasurfaces are engineered 2D surfaces with sub-wavelength-sized nanoparticle structures de-
signed to interact with light. These interactions can be controlled with the nanoparticle dimension
and material [3]. These particles exhibit strong resonances at a particular wavelength, meaning the
optical response from such a surface can be engineered with the nanoparticle design and orientation
patterns across the surface [4]. Thus, the amplitude and phase responses from metasurfaces can be
designed, which offers ultra-flat alternatives to optical devices. However, they are typically static.

2D materials are crystals that have strong in-plane molecular bonds, but each plane is only held
together by weak van der Waals forces. When stripped down to very thin layers, these materials have
interesting optical properties dominated by excitons within the material that offer a uniquely strong
light-matter interaction that is tunable. This opens up the opportunity for active optical elements.
Demonstrated examples include using atomically thin materials to perform light-focusing, optical
modulation using electrical gating, and polarization control with graphene [5][6][7]. The versatility
of 2D materials is also evident with the implementation of multifunctional tools, such as simultan-
ious optical modulation and photodetection, and modulation and plasmon waveguides [8][9][10]. The
excitons in 2D materials are capable of being quenched when a gating voltage is applied across the
material. This causes the optical properties to be changed when switching between “On” (no voltage)
and “Off” (electrical gating) [11]. By combining the strong excitonic properties of 2D materials with
the modulation during electrical gating, it could be possible to achieve a phase modulated structure
that operates at visible wavelengths to replace the bulky lenses currently used in optical devices like
cameras.

To explore tunable 2D metasurfaces, we need to be able to electrically control the scattered am-
plitude and phase. While measuring amplitudes is facile, measuring phase is more challenging. Most
optical devices that we use operate in the visible spectrum, and unfortunately, the frequency of visible
light is too high for standard photo-detectors to detect. This means that the oscillations of visible light
are averaged to a DC signal when incident on a photo-detector, and as a result, the phase information
of the light is lost. Since the phase is a quantity we would like to measure for modulated devices, it
is essential to find a method of measuring this for visible wavelengths.
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Two common techniques for the direct measurement of the phase of light are homodyne detection
and heterodyne detection [12] [13]. Both methods involve mixing a signal with a local oscillator (LO)
as a reference to extract amplitude and phase information. Homodyne detection uses a LO with the
same frequency as the signal and extracts the phase from the change in amplitude of the interference
signal (intensity is maximum when in phase and minimum with a π phase difference) [12]. However,
heterodyne detection is a process that involves interfering two beams of different frequency light, re-
sulting in an oscillating beat signal that changes in phase depending on the change in phase difference
between the signal and the LO. The phase of this beating signal can be detected as long as the signal
frequency is within the range for the photo-detector to resolve. Therefore, the interference signal can
be used to probe tunable structures and determine the phase and amplitude change in the light as the
material properties are modulated with a voltage.

In this thesis, we employ heterodyne detection integrated with a microscope to realize scanning
differential heterodyne detection and use it to characterize phase and amplitude tuning in 2D het-
erostructure samples. First, we use the theory of the transfer matrix method to simulate the response
from various samples and compare these simulations with experimental results. The design of the
experimental setup and improvements made will also be discussed, leading to the final design and its
specifications, which implement a technique known as scanning differential heterodyne microscopy.
This technique measures the gradient of reflection phase across a surface, meaning the potential to
map the phase across structures. Finally, the outlook will include further improvements that can be
made to the setup to probe at different wavelengths or scan over smaller structures.
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2 Scanning Differential Heterodyne Microscopy
and Phase Modulation

In this chapter, the theory and implementation of scanning differential heterodyne microscopy (SDHM)
are discussed. The design for the setup is presented, along with improvements to reduce noise that
ultimately lead to the final setup, the configuration and stability of which are discussed in detail.
Finally, the theory of phase modulation using the optical properties of 2D materials is explained.

2.1 Background

2.1.1 Heterodyne Detection - Beating Signal Equation

Heterodyne detection is the detection of the signal from two interfering laser beams with different
frequencies. When two lasers of different frequencies f1, f2 (angular frequencies ω1 = 2πf1, ω2 = 2πf2)
interfere, a beat signal is created. The frequency of this beating signal is equal to the difference in
frequency of the individual waves. This can be shown by defining the electric fields for the LO and
signal laser beams as E1 and E2 in Equation 2.1 [14].

E1 = Aeiω1t +A∗e−iω1t

E2 = Bei[ω2t+ϕ] +B∗e−i(ω2t+ϕ), (2.1)

where A,B are the amplitudes of E1,E2. The definition of E2 in Equation 2.1 contains a phase
term ϕ while E1 does not because in this technique the goal is to extract the phase difference be-
tween the signal and LO beams. As such, E1 is defined as having phase ϕ1 = 0 and E2 is defined as
having phase ϕ2 = ϕ, where ϕ now acts as the difference in phase between the two beams.

Since a photo-detector measures the intensity IDetector ∝ EE∗ of a signal rather than the signal’s
electric field E, the intensity of the interference between E1 and E2 is written as:

IDetector = ESum ·E∗
Sum = (E1 +E2) · (E∗

1 +E∗
2)

=
(
Aeiω1t +A∗e−iω1t +Bei[ω2t+ϕ] +B∗e−i(ω2t+ϕ)

)
·(

A∗e−iω1t +Aeiω1t +B∗e−i[ω2t+ϕ] +Bei(ω2t+ϕ)
)

= A2 +A∗2 +B2 +B∗2

+ (AB +A∗B∗)
(
ei[(ω1−ω2)t−ϕ] + e−i[(ω1−ω2)t−ϕ]

)
+ (AB∗ +A∗B)

(
ei[(ω1+ω2)t+ϕ] + e−i[(ω1+ω2)t+ϕ]

)
+ 2AA∗ cos(2ω1t) + 2BB∗ cos(2ω2t+ 2ϕ) (2.2)

The different components of Equation 2.2 are known as optical rectification (OR), difference-
frequency generation (DFG), sum-frequency generation (SFG), and second-harmonic generation (SHG),
respectively. Any frequencies other than ω1 − ω2 = ∆ω are too high for standard photo-detectors to
measure, and thus average to zero. Therefore, the higher frequency terms in Equation 2.2 (SFG,
SHG) vanish, and the equation only includes the DC signals from the original waves (OR) and the
interference term with ∆ω (DFG), provided ∆ω is within the detectable range of the photo-detector.
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2 Scanning Differential Heterodyne Microscopy and Phase Modulation

Since the detector only measures the real part ℜ of Equation 2.2, it becomes:

IDetector = ℜ
(
A2 +A∗2 +B2 +B∗2 + (AB +A∗B∗)

(
ei[∆ωt−ϕ] + e−i[∆ωt−ϕ]

))
= 2A2 + 2B2 + 2AB · ℜ

(
ei[∆ωt−ϕ] + e−i[∆ωt−ϕ]

)
= 2A2 + 2B2 + 4AB · cos(∆ωt− ϕ) (2.3)

To extract the phase from this signal, the interference term containing the phase information can
be isolated using a lock-in amplifier [15]. This is an instrument that takes a signal (in this case, the
output from the photo-detector) and a reference (in this case a constant radio frequency signal at
frequency ∆ω) and isolates the part of the signal at the reference frequency while ignoring all other
frequencies in the signal. Using this tool, it is possible to separate the ∆ω term in Equation 2.3 from
the DC terms and all other frequency terms, leaving only the intensity of the beat signal IBeat in
Equation 2.4. By making ∆ω small enough, a beating signal (red plot in Figure 2.1) is measurable on
the detector with an oscillating intensity profile (black envelope).

IBeat ∝ AB · cos(∆ωt− ϕ) (2.4)

Figure 2.1: Beating signal (red) formed when two waves of different frequencies interfere. The beating
signal envelope frequency (black) is equal to the difference in frequency ∆f . In this case, ∆f = 40
kHz, where f1 = 473 THz = 4.73× 1011 kHz.

2.1.2 Acousto-Optic Modulators - How to frequency shift light

An acousto-optic modulator (AOM) uses sound waves in a crystal to shift the frequency of incident
light on the crystal [16]. An electrical radio-frequency (RF) signal is sent to a piezoelectric transducer,
which converts the electrical signal into an acoustic wave that propagates through the crystal. This
acoustic wave results in spatially periodic variations in the refractive index due to compression and
expansion of the material in the direction of the acoustic wave through the crystal. The periodic re-
fractive index acts as a moving diffraction grating that diffracts light as it passes through the crystal,
as seen in Figure 2.2 [16][17].

If the incident light comes in under a specific angle, called the Bragg angle θB, the 0th-order beam
(not frequency-shifted) travels in the same direction as the original incident light by exiting at an
angle θB and the 1st-order diffracted beam exits the crystal at a different angle and frequency. By
optimizing the incident angle, up to 90% of the light can be diffracted into the 1st-order. Depending
on the direction of the incident light relative to the acoustic wave in the crystal, the 1st-order beam
will be shifted up or down in frequency by an amount equal to the acoustic wave frequency. For
example, the frequency of the 1st-order diffracted beam in Figure 2.2 increases. If the acoustic wave
comes from the other direction, the frequency decreases. This frequency shift occurs due to the conser-
vation of energy and momentum of the photons and phonons, where phonons are created or destroyed
depending on the propagation direction of the acoustic wave relative to the incoming beam [18][16].

4



2 Scanning Differential Heterodyne Microscopy and Phase Modulation

Figure 2.2: Diffraction of light in
an AOM when the incident light
comes in under the Bragg angle.
Due to the moving diffraction grat-
ing within the AOM crystal, the 1st-
order diffracted beam has a higher
intensity than the -1st-order beam,
and is frequency-shifted with respect
to the incoming beam.

Therefore, the 1st-order beam can be shifted up or down in
frequency by coming in at θIn = θB or θIn = −θB. Another
way of thinking this is by reversing the propagation direction
of the acoustic wave in Figure 2.2.

In the setup in Figure 2.3, two AOMs are used
to shift the frequency of the reference beam. The
first AOM shifts the signal down by 200.02 MHz
and the second AOM shifts the signal back up by
199.98 MHz, resulting in the reference beam being
shifted by 40 kHz after passing through the AOM
box. It is not possible to use a single AOM to shift
the frequency by 40 kHz directly due to the opera-
tional bandwidth of the AOMs being in the 200 ± 1
MHz range and an AOM operating at 40 kHz would
generate a moving diffraction grating with a spacing
that’s too large for the light to experience any diffrac-
tion.

The AOMs used in this setup are the MT200-A0.5-VIS
model from AA Opto-Electronics [19]. Each AOM is connected
to a phase-locked, multi-output, multi-channel DDS frequency
synthesizer MPDS1C4X / MPDS2C4X [20][21] which gener-
ates the 200.02 MHz and 199.98 MHz RF signals, respectively.

2.2 Implementing Heterodyne Detection

2.2.1 Fiber Setup

The practical implementation of the heterodyne system uses two AOMs (described above) and a Melles
Griot 05-LHP-121 632.8 nm HeNe laser [22]. The initial configuration for this laser has it coupled to
a single-mode fused fiber-optic splitter (FS). This splits the coupled light 75:25 into two different paths.

The first path goes into a box where the laser is sent through the two AOMs to be frequency-shifted
before re-coupling into a fiber-optic coupler. The AOMs change the frequency of the laser (as described
in Section 2.1.2 by 40 kHz. The implementation of this box in Figure 2.3 has the frequency-shifted
beams pass through the setup while the non-frequency-shifted beams are blocked using beam-blockers
(BB). Both beams recombine in another fiber splitter before being incident on a photo-detector.
The second path from the laser (yellow fiber) is intended to be reflected off a sample.

5



2 Scanning Differential Heterodyne Microscopy and Phase Modulation

Figure 2.3: Schematic for the fiber setup. The laser passes through a fiber splitter (FS), forming a
frequency-shifted path (red, free space) and a sample-testing path (yellow, fiber). The frequency-shifted
path uses AOMs, fiber-couplers (FC), and beam-blockers (BB) inside a box (black, dotted outline)
before returning to a fiber to interfere with the sample-testing path. The yellow fiber being used is a
placeholder intended to be interchanged with a material for testing.

While the fibers in this design make it convenient, the stability of the phase is very low (see Figure
2.9 for a comparison) due to the fibers’ sensitivity to thermal fluctuations in the air. The design can
be improved by replacing some fibers with free space beam paths, as discussed next in Section 2.2.2.

2.2.2 Free Space Setup

Here, the fibers after the first fiber splitter are removed entirely to reduce the remaining phase drift.
The path is the same for the laser beam that travels through the AOM box to be frequency-shifted.
The main difference occurs in the beam intended to go to a material (yellow path in Figure 2.4). Here,
the beams interfere in free space using mirrors and beamsplitters.

Figure 2.4: Schematic of the setup, showing the differences made to the previous setup in Figure 2.3
to replace the fibers in Figure 2.3. As in the fiber setup, the non-frequency-shifted beam (yellow) is to
be used for sample measurements.

All-in-all, the phase in the free space setup is much more stable than in the fiber setup. As such,
we will continue working in free space for the remainder of this thesis. However, while the stability
is an improvement from the fiber setup, there is still too much noise to reliably measure a consistent
phase shift. The final design uses a common path scheme to further eliminate any noise differences
between both beam paths. This scheme is described in Section 2.2.3, which is the final design and is
used for all subsequent experiments.

6



2 Scanning Differential Heterodyne Microscopy and Phase Modulation

2.2.3 Common-Path Free Space Scheme

Even with the improvements described above, the noise in the free space setup prevents reliable phase
measurements. As a result, the setup is updated to a Mach-Zehnder Interferometer, resembling the
design found in literature [23]. The advantage this design has over the previous is that both beams
share very similar paths, meaning any shifts in the temperature or vibrations in the mirrors are felt
by both beams and so will reduce any large fluctuations that could occur.

Figure 2.5: Schematic of setup using common path scheme to further reduce noise in the phase mea-
surements. The two incoming beams (red, yellow) and the reflected beam from the sample (white,
dotted) are shown. This particular design uses a telescope system with 30 mm to 200 mm focal length
lenses to expand the beams and a Nikon NA=0.13 objective to focus onto the sample [24]. There are
two reflected beams (shown as white for clarity) which have an overlap (orange area before PD) in the
Fourier plane at k = 0 (normal incidence).

The method implemented in Figure 2.5 is called scanning differential heterodyne microscopy
(SDHM), as there are two beams incident on the sample, and the difference between them now mea-
sures the local changes on the sample surface rather than the total change. The details on how this
setup functions are discussed in Section 2.3, along with the stability and how the design is capable of
measuring phase shifts. The design in Figure 2.5 is the setup design being used for all measurements
discussed later.

2.3 Implementing SDHM

In this section, an explanation of the setup in Figure 2.5 is given, with an explanation on the role of
each component and how it contributes to the level of stability seen in Section 2.3.2.

2.3.1 Experimental Setup

The laser source in this setup is the 633 nm HeNe CW laser [22]. After emission from the laser tube,
the laser beam is directed into an AOM at the Bragg angle, resulting in a 0th-order beam and a
1st-order beam exiting from the AOM. One reason for the improvement of noise in this setup over
previous setups is the application of both beams emitted from the first AOM, compared to the previous
setups, which only make use of the 1st-order beams. This improves the phase stability as both beams
experience the vibrations from the first AOM, reducing the difference in noise between the beams,
similarly to why the phase stability is improved when both beams are incident on the sample optical
components in Figure 2.5. In Equation 2.4, the ϕ term has less fluctuations and drift.

7
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Upon transmission from the first AOM, the 0th-order beam is guided towards a beamsplitter.
Meanwhile, the 1st-order beam is directed to the next AOM where it is frequency-shifted again before
also being directed towards the same beamsplitter to re-combine with the 0th-order beam.

From here, both beams follow the same path towards the sample. There is a telescope system
using two lenses (with focal lengths of 30 mm and 200 mm, respectively) to increase the beam sizes.
After expansion, the beams are sent through another beamsplitter to be incident upon a Nikon CFI
Plan Fluor Objective [24]. The beams are focused onto the sample surface and reflected to pass back
through the beamsplitter, now guided towards an amplified photo-detector [25]. The signal from this
photo-detector is connected to an SR830 DSP Lock-In Amplifier, which isolates the 40 kHz interfer-
ence signal and extracts the amplitude and phase information [26][15].

The approach for measuring phase shifts involves both beams incident on the sample instead of just
one beam, as seen in Figure 2.5. Here, the phase being measured is the difference in phase between
each beam, so the laser beams must be incident on different spots on the sample to ensure a phase dif-
ference is measured. The reason for this is described in detail in Section 3.2. In short, since the phase of
the beating signal is dependent on the difference in phase between each beam, a phase change is only
detected when each beam experiences changes at different times. If the beams are incident on the same
spot, they will experience a change at the same time, and nothing will be detected in the beating signal.

Figure 2.6: Isolating normal compo-
nents of reflected light using back focal
plane (BFP) imaging. (top) An ob-
jective showing the difference in angu-
lar spread with high NA (red) and low
NA (yellow). The BFP for each NA
(bottom) is also shown in for high
NA (left) and low NA (right). The
BFP images also display the aperture
size to isolate the normal components
of the reflected light.

To achieve this, each beam is incident on the objective
aperture at different angles [27][28]. This is evident in the
schematic where each beam is colored differently in Figure
2.5. This ensures that the beam spots are separated on the
sample, but the reflected light has enough overlap when inci-
dent on the photo-detector to detect a beating signal. This
overlap occurs in Fourier space rather than in real space.
Each beam is incident on the surface at a range of angles
determined by the numerical aperture (NA) of the objec-
tive (high NA means a wider range of incidence angles, see
Figure 2.6). This means the total response when a beam is
scanned across the surface is the average response over all
incident angles. To avoid measuring the response from non-
normally incident light, the detector is placed at the back
focal plane (BFP) of the objective, where the Fourier plane
is imaged [29]. Using an aperture at the detector, all non-
normal components of the reflected BFP image are blocked,
so only the changes to normally incident light are observed.
This can be seen in Figure 2.6, where the white ring shows
the physical aperture placed in front of the detector to block
all non-normally incident light (i.e. all light far away from
the bright spot in the center of Fourier space, which rep-
resents the normally incident light). Figure 2.6 shows how this is achieved with two different NA
objectives. For clarity, the Fourier plane is displayed as being the same size for both. In reality,
the BFP would be different for different objective NAs [30][31]. For all results shown in this thesis
(with NA = 0.13), the back focal lane is not imaged, but for higher NA the photo-detectoer should
be positioned at the BFP of the objective.

Alignment in free space requires manual beam adjustment to ensure enough overlap for a mea-
surable beating signal. Otherwise, only a DC signal is detected, losing any phase information from
the two laser beams. The technique used to improve the overlap takes advantage of the interference
fringes that appear on a camera when the overlapping beams are of the same frequency. Better overlap
between the beams leads to larger fringe spacing, as seen in Figure 2.7. The beams are set to the same

8



2 Scanning Differential Heterodyne Microscopy and Phase Modulation

frequency by switching the RF AOM frequencies from 199.98 MHz and 200.02 MHz to both being
200.00 MHz.

(a) (b) (c)

Figure 2.7: Interference fringes on camera when there is no frequency difference between the two laser
paths. (top) Illustration showing how improving beam overlap leads to larger fringe spacing. (bottom)
Beam spot images of fringes for different levels of beam overlap.

Figure 2.8: Young’s double slit
experiment. As the slit dis-
tance decreases, the distance
between interference spots in-
creases based on Equation 2.5.

This can be explained using the principle of interference between
light from two slits in Young’s double slit experiment [32]. By de-
creasing the slit distance in Figure 2.8, the distance between inter-
ference points increases. This is why when the beams in Figure 2.7
become more co-linear, the fringe spacing increases. The distance
between the fringes is related to the overlap of the beams (or the
distance d between slits in Figure 2.8) by:

mλ = d sin θ (2.5)

So by decreasing the distance between the slits (i.e. improving the
overlap of the beams) sin θ (and therefore θ) must increase, meaning
the fringe spacing to increase. To obtain a strong beating signal on
the detector, the fringe spacing on the camera must be maximized
to ensure the beams are as collinear as possible. Once aligned,
switching the AOMs back to their original frequencies produces a
beating signal on the detector.

2.3.2 Stability

The stability of the SDHM setup is far better than the previous iterations, as seen when comparing
previous setups in Figure 2.9 and Table 2.1. The fluctuations in the phase are significantly reduced
due to both beams sharing components and a similar path. The only difference in paths occurs in
Figure 2.5 where the frequency-shifted beam from the AOM (red) is directed into a second AOM
before recombining with the non-frequency-shifted beam (yellow).
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Figure 2.9: Phase drift with the SDHM setup (green),
fiber setup (blue), and previous free space setup (orange).
The fiber setup phase is wrapped around −180◦ to 180◦

for clarity.

Setup Phase Drift

[o/min] [nm/min]

Fibers 284.99 501.10

free space 4.65 8.17

SDHM 1.48 2.61

Table 2.1: Phase drift for each setup,
from the data in Figure 2.9.

While the SDHM setup is stable enough to measure small phase shifts, the phase modulation of a
structure comes from excitons in 2D materials. The optical effects in these materials come primarily
from excitons and can be controlled, as described in Section 2.4 below.

2.4 2D Materials and Excitons

2D materials have strong covalent bonds with other atoms in-plane but are only held together by
van der Waals forces between each plane. This allows layers to be stripped from the bulk to form
very thin (even single-atom-thick) layers of material [33][34]. There is an abundance of examples of
materials that can be exfoliated to create monolayers stable at room temperature, including graphene,
hBN, and WS2, with another 1,800 potentially exfoliable materials [35][36][37][38]. Many of these
materials have unique properties when they are reduced to monolayer thicknesses compared to their
bulk counterparts because of quantum confinement of the electronic wave function within the material
and reduced electronic screening from surrounding atoms.

Transition metal dichalcogenides (TMDs) are an example of these 2D materials, which are formed
from semiconductors [39]. The optical properties of TMDs are primarily the result of excitons:
electron-hole pairs in semiconductors bound by the Coulomb force [40] [41]. An electron-hole pair
is formed when a photon excites an electron from the valence band to a vacancy in the conduction
band [42]. The energy of the transition is equal to the photon energy:

∆E =
hc

λ
(2.6)

where ∆E is the change in energy due to the transition, hc
λ is the photon energy, h is planck’s

constant, c is the speed of light in vacuum, and λ is the incident photon wavelength [43][44].

Lower electronic screening of the quantum confined excitons in TMDs leads to much larger binding
energies than bulk semiconductors and allows for the formation of excitons, rather than electron-hole
pairs disassociating into free-charge carriers [45]. The energy of an exciton EX is related to the band
gap energy Eg and the binding energy Eb by Equation 2.7 [46].

EX = Eg − Eb (2.7)

After examining Equation 2.7, it’s clear that it’s energetically favorable to form an exciton rather
than free charges; therefore, strong absorption is expected at energies near EX. The presence of
excitons is visible in Figure 2.10, which shows the real and imaginary parts of the refractive index
of WS2 [47]. The increased absorption is seen as a peak in the imaginary part, directly proportional
to the absorption coefficient [48]. However, bulk semiconductors with impurities contain excess free
charges which screen the Coulomb forces between electron-hole pairs, reducing the binding energy Eb

10



2 Scanning Differential Heterodyne Microscopy and Phase Modulation

and leading to lower exciton formation [49].

Figure 2.10: Real (red) and Imaginary (blue) parts of the refractive index of monolayer WS2 showing
the presence of two excitonic resonances [50]. Highlighted in grey are the A exciton (right) and the
B exciton (left).

As mentioned, the optical properties of TMDs are dominated by excitons. Materials such as WS2,
WSe2, MoS2 and MoSe2 show strong excitons at monolayer thicknesses [51]. This is because the
bulk crystal has an indirect band gap, but in monolayer form, this becomes a direct band gap. The
reduced electronic screening by surrounding material and quantum confinement of the wave function
also make it more likely for an exciton to form and be observed at the exciton wavelength in the
emission spectrum.

2.5 Quenching Excitons with Electrical Gating

The presence of an exciton in a material’s optical properties depends on the rate of recombination of
electron-hole pairs in the material. This rate is reliant on the relative concentrations of both electrons
and holes, which can be controlled with a gating voltage. Applying a gate voltage across the monolayer
introduces a buildup of excess static charges at the surface, changing the carrier concentrations and
the rate of non-radiative recombination of these charges. The introduction of more charges into the
sample results in the exciton becoming less dominant in the material’s optical properties. This is
visible in the refractive index of WS2 in Figure 2.11.

Figure 2.11: (left) Real (red) and Imaginary (blue) parts of the refractive index of WS2 while applying
a voltage to quench the A and B excitons. The solid lines are the refractive index before quenching,
and the dashed lines are the refractive index after quenching. (right) Plot of the refractive index
in the complex plane for 450 nm < λ < 700 nm. Each loop in the plot represents an exciton. The
exciton disappearing in the refractive index is seen when the two most prominent loops in the “On”
state (blue) disappear in the “Off” state (red).
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This effect alters the refractive index of the material, thereby affecting the absorption of incident
light. As the phase pickup when reflecting off a material changes based on the absorption, then
quenching the exciton should change the phase shift of the light that is reflected. This effect can
be used to modulate the phase of the reflected light by applying a voltage across a structure with
a strong exciton resonance. The stronger the exciton resonance within the structure, the larger the
change in refractive index when applying a gate voltage, and therefore the larger the phase difference
upon reflection. To measure this, the structure must be designed to exhibit a significant change in
the reflection phase when a voltage is applied. The design of this structure is discussed in detail in
Section 3.5.
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3 Simulating Phase Responses

In this section, the theory behind the transfer matrix method (TMM) will be discussed and applied to
calculate the expected changes in phase and amplitude when scanning across samples [52]. The TMM
is explained in Section 3.1 to show how the phase of light upon reflection on a surface is simulated, and
Section 3.2 shows the predicted response from two incident beams. Finally, Section 3.3 compares the
results from the TMM code implementation with literature simulations for verification and Section
3.4 shows the response expected when a sample surface is composed of two different materials.

3.1 Transfer Matrix Method

When an electric field E is incident on an interface between materials, there is reflection and trans-
mission of the field at this interface [53]. The amount of light that is reflected or transmitted and
the change in the phase of the field are determined by the refractive indices of both materials. These
properties can be characterized by the Fresnel coefficients of the interface, r and t, which are the
reflection and transmission coefficients, respectively [54]. These coefficients can be written as:

r = |r|eiϕr t = |t|eiϕt (3.1)

where |r|, |t| determine the change in amplitude of the field and ϕr, ϕt determine the change in phase
of the field.

If the field is incident on a single thin film interface, there is only one reflected field and one
transmitted field [55]. The change in the reflected or transmitted field is dependent on the incidence
angle θ0 and the polarization of the incident field. The incident light can be either s-polarized, where
the electric field E is normal to the plane of incidence, or p-polarized, where E is parallel to the plane
of incidence [56]. The Fresnel coefficients can be calculated using the following definitions:

S-Polarization P -Polarization

rs =
n0 cos θ0 − n1 cos θ1
n0 cos θ0 + n1 cos θ1

rp =
n1 cos θ0 − n0 cos θ1
n1 cos θ0 + n0 cos θ1

ts =
2n0 cos θ0

n0 cos θ0 + n1 cos θ1
tp =

2n0 cos θ0
n1 cos θ0 + n0 cos θ1

(3.2)

Where n0,1 is the refractive index of each material and θ0,1 is the angle that the field makes to the
normal of the surface within each material.

If the field is incident on a material with a finite thickness instead of a single interface, multiple
reflections and transmissions can occur at each interface [57]. By increasing the number of these
layers, the number of interfaces also increases, which adds further complexity to this calculation. The
transfer matrix method (TMM) deals with this complexity without the need to manually calculate
the interaction at each interface [58] [59].

Each layer has a transfer matrix M which describes the output of light as it interacts with the
layer and relates the light on one side of the layer to the light on the other side by:Ψ+

R

Ψ−
R

 =M

Ψ+
L

Ψ−
L

 (3.3)
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where ΨL, ΨR represent the waves on the left and right of the sample, respectively, and Ψ+, Ψ−

represent the waves traveling to the right and the left, respectively.

By combining the matrices for each layerMn, the transfer matrix for the entire structure M̃ can
be realized. For given layer thickness (δn) and the Fresnel coefficients at the interface between one
layer and the next (rn,n+1, tn,n+1), the transfer matrix for any layer is given by Equation 3.4.

Mn =

e−iδn 0

0 eiδn

 1 rn,n+1

rn,n+1 1

 1

tn,n+1
(3.4)

Calculating this matrix for every layer in a structure of N layers allows M̃ to be determined:

M̃ =
1

t0,1

 1 r0,1

r0,1 1

M1M2 · · ·MN−2

=

(
M̃00 M̃01

M̃10 M̃11

)
(3.5)

Here, the first two terms are due to the first interface, and the Mn terms are for every other interface
within the structure. From Equation 3.5, the definition of the Fresnel coefficients is:

r =
M̃10

M̃00

; t =
1

M̃00

(3.6)

For the simulations used in this thesis, a TMM Python package is used to calculate the reflectivity
coefficient for various structures [60] [61].

Figure 3.1: (bottom) Structure
given to the TMM function to cal-
culate the reflectivity coefficient r in
Equation 3.6. (top) Gaussian pro-
file for two beam spots.

As the experiments involve scanning the incident lasers from
one structure to another, the simulations need to replicate this
process. The goal of these simulations is to create a plot of phase
as a function of position, where the surface height and material
changes at some point along the position range. To do this, the
following procedure is implemented:

1. Each laser spot is given a Gaussian profile determined us-
ing Equation 3.7. The amplitude of each beam is E0 and
the beam width ω0 is determined by the numerical aperture
(NA) of the objective being used. The distance between
the center of each beam is δ [62].

E(x, δ) = E0e
− (x±0.5δ)2

ω2
0 , ω0 =

0.61λ

NA
(3.7)

2. The structure, seen in Figure 3.1, is created using two ar-
rays, one with thicknesses and another with refractive in-
dices. Every element in the arrays represents an x-position
with particular refractive indices and thicknesses for the

materials present there. These arrays are used to calculate the reflection coefficient r at every
position.

if you can see this, you’ve got great eyesight3. The beam spot amplitudes at each x-position are multiplied by r at that position, generating a
new ’reflected’ array for each beam, which is integrated over all positions (L(x, δ)) to calculate
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the response D(x, δ) for each position x, as in Equation 3.8 [63]:

L1,2(x, δ) =

∫
E1,2(x, δ) · r(x)

D(x, δ) = L1(x, δ) · L∗
2(x, δ). (3.8)

4. The response D(x, δ) is a complex value for each position in the form D(x, δ) = |D|eiϕD [64].
Taking the amplitude |D| and argument ϕD gives the amplitude and phase responses due to
reflection at that position. This is repeated by scanning the beams across the structure (i.e.
repeat for every x-position) to determine the changes in amplitude and phase across a structure,
as seen in Section 3.2.

The approach to this implementation is based on literature applying the same technique [23][63].
The following section details the simulated responses for two beams incident on the surface of a stepped
sample.

3.2 Amplitude and Phase Responses

(a)

Figure 3.2: Phase (top) and Amplitude
(bottom) responses with two incident
beams scanning over an edge of a stepped
material. In this case, the substrate and
step are made from the same material.

To calculate the responses from a sample for the com-
mon path scheme in Figure 2.5, the simulation proce-
dure in Figure 3.1 is implemented for a step on a sam-
ple surface. Since each beam is incident on the sample,
both are affected by the sample’s reflectivity r given
in Equation 3.9, where r1,2 are the Fresnel reflectivity
coefficients for each material. |rn| describes the change
in amplitude and ϕn describes the change in phase re-
flecting off material n. The initial phase of the beam
before reflection is defined as zero for simplicity in the
math. In reality, the experiments measure a change in
the phase, so the phase before reflection is ambiguous.

r1 = |r1|eiϕ1 r2 = |r2|eiϕ2 (3.9)

This means that as the beams are moved across
an interface, it will result in changes to both reflected
beams. However, since the phase of the beat signal de-
pends on the difference in phase between each beam,
this technique should only measure a change in phase when the beams are incident on different mate-
rials (i.e. scanning over a step). This is the SDHM technique being implemented in Figure 2.5, where
the gradient of the phase across the surface is being measured [23]. There are three different cases (as
seen in Figure 3.2) that can occur as the two beams scan across a stepped interface:

• Both beams are incident on material 1 (IBeat,1) in green

• Each beam is incident on a different material (IBeat,1,2) in white

• Both beams are incident on material 2 (IBeat,2) in orange

Using Equation 2.4, where now each beam is reflected from the sample surface, the following equations
for the beating signal are derived:

IBeat,1 ∝ |r1|2AB.Cos(∆ω.t)

IBeat,1,2 ∝ |r1||r2|AB.Cos(∆ω.t+∆ϕ1,2)

IBeat,2 ∝ |r2|2AB.Cos(∆ω.t). (3.10)
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As mentioned previously, the phase when both beams are incident on the same material is defined
as zero since both are experiencing the same phase shift upon reflection. Based on Equations 3.10,
when both beams are on the same material, the phase should be zero, and when each beam is on a
different material (i.e. crossing the interface), the phase should reach a maximum or minimum. The
amplitude should drop each time a beam crosses the interface, as the constructive and destructive
interference between the beams will vary during this transition. The phase and amplitude responses
during these transitions can be seen in Figure 3.2. The steepness of the transition is determined by
the beam spot size, where higher NA (and therefore smaller spot size) leads to a sharper phase and
amplitude change. In reality, the transition may not become as sharp as Figure 3.2 for higher NA
due to the influence of an increasing number of incidence angles. In these simulations, only normally
incident light is considered.

The relationship between the amplitude A of an electromagnetic (EM) wave and its intensity I is
given by I ∝ A2. Therefore, the amplitude of the beating signal, as seen in Equation 3.10, can be
written as:

|IBeat| ∝ AB ∝
√

I1I2 (3.11)

where I1,I2 are the intensities of the individual beams that interfere to form the beating signal.

Suppose each beam is now incident on a sample and reflected, using the Fresnel coefficients for
reflection rm,n. In that case, the intensity of the beating signal becomes IBeat = |rm|A |rn|B, where
rm,n is the reflection coefficient for material m,n. If both beams are incident on the same material,
then m = n. So the change in intensity upon reflection for each case described above is:

|IBeat,1| ∝ |r1|2AB
|IBeat,1,2| ∝ |r1||r2|AB
|IBeat,2| ∝ |r2|2AB (3.12)

A and B are the same for all cases (as they are the amplitudes before reflection, and assumed to
be constant), so when finding the expected change in amplitude, they cancel out to give:

∆|IBeat| =
|IBeat,1|
|IBeat,2|

=
AB|r1|2

AB|r2|2
=

|r1|2

|r2|2
(3.13)

When comparing the change in amplitude before and after crossing the boundary between materials.
The change in amplitude while the beams are traversing the boundary is given by:

∆|IBeat| =
|IBeat,1,2|
|IBeat,n|

=
|r1||r2|
|rn|2

(3.14)

where |rn| is the reflection coefficient for either material.

So, the change in amplitude of the beating signal when going from one material to another is
proportional to the square of the ratio of the reflection coefficients for each material, as in Equation
3.13 or Equation 3.14. The results in Figure 3.2 are for a stepped surface where the substrate and
step are the same material. Therefore, after each transition, the amplitude returns to 1 as expected.
For scenarios where the stepped material is different from the substrate, as in Section 3.4 later, the
amplitude after each transition will not return to 1 if the reflectances are different. Therefore, by know-
ing the reflectance of the reference substrate, we can calculate the reflectance of the sample. For the
experimental results shown in Chapter 4, only Equation 3.13 is used to analyze the amplitude changes.

The phase change of the incident light can be calculated using TMM [58]. Both beams are incident
on the sample, so both acquire a phase pickup upon reflection. Defining the change in phase for each
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wave as ϕ1 and ϕ2, the change in the beating signal phase ∆ϕi,j is:

∆ϕi,j = ϕi − ϕj . (3.15)

If both waves are reflecting off the same material, ϕi = ϕj so ∆ϕi,j = 0. If each wave reflects off
a different material, then the phase pickup for each will depend on the reflectivity of that material,
as in Figure 3.2. From this, it’s clear that the phase should only change when the beams are crossing
the border between materials and not when they are moving across the same material.

The simulation in Figure 3.2 shows the amplitude and phase response for a simple stepped struc-
ture. However, this model is also tested for more complicated structures and different beam separations
to ensure it provides the correct solution to a variety of topologies. The following section tests the
model’s versatility with reference to the literature.

3.3 Comparing Simulations to Literature

(a)

(b)

Figure 3.3: Amplitude (red) and phase (blue)
responses for (a) 60o phase step and (b) 60o

phase block (width = 5λ). The beam separa-
tions for the solid and dotted lines are δ =
0.25λ, 4λ, respectively.

Recreating the results from previous pa-
pers that also implement SDHM is a re-
liable approach to ensure the model’s va-
lidity [23] [63]. For testing, four differ-
ent structures are generated using the ap-
proach described in Figure 3.1. The first
two are a stepped surface (similar to Fig-
ure 3.2) and a block (or simply, a step up
and then back down). Both of these struc-
tures are designed to have ϕ=60◦ and re-
flectance |r|2=1. The remaining two struc-
tures are phase gradient metasurfaces, where
each unit cell of period Λ contains 6 steps
in the range −180◦ < ϕ < 180◦. The re-
sponses can be seen in Figures 3.3, 3.4.
Each of these responses comes from scan-
ning two Gaussian beams, with profiles given
from Equation 3.7 in Figure 3.1, NA= 0.6
and varying the separation δ between the
beams [63]. λ = 633 nm for all re-
sults.

Figure 3.3 shows the difference in responses
(amplitude and phase) when scanning over the
step and block for δ = 0.5λ and δ = 4λ. By sepa-
rating the beams, the transition over an interface
changes. For large δ, the phase reaches the true
phase difference, and the amplitude contains two
distinct dips for every interface (the block only
has three dips instead of four, as the block is thin
enough that the laser beams interact with both
edges simultaneously). For small δ, the beams

overlap, which means each beam interacts with the interface at the same time, resulting in a lower
phase than the true phase difference and fewer dips in the amplitude.

The responses for the phase gradient metasurfaces (phase responses only) with unit cell periods
Λ = 4λ and Λ = 30λ (Figure 3.4) are shown for various δ values. These responses follow the same
trend as Figure 3.3, where larger δ produces a phase closer to the true phase difference. There is
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an interesting effect in the metasurface responses where the constantly increasing phase steps lead

(a)

(b)

Figure 3.4: Phase responses for phase gradient
metasurfaces with period (a) Λ = 4λ and (b)
Λ = 30λ. δ = 0.25λ, 0.5λ, λ, 2λ, 3λ, 4λ (blue
→ violet).

to a constant phase difference (Figure 3.4a)
when the beam widths are much larger
than the step width. However, by in-
creasing the step width (by increasing Λ)
then the phase is no longer constant go-
ing over the unit cell. Instead, there
are oscillations with a magnitude that in-
creases as the beam separation increases.
This occurs as the phase response for a
single beam is averaged over the entire
beam area. If the beam is much larger
than the step width, the average stays the
same as it scans over the whole struc-
ture.

Overall, the results in the literature strongly
agree with the simulations in Figures 3.3, 3.4.
The model is established to work for a variety of
structure topologies, including simple steps and
blocks, to more complicated phase gradient meta-
surfaces.

From the results in Figures 3.3, 3.4, it is clear
that moving the beams closer together leads to
the phase peak being lower than the true struc-
tural phase jump if the distance between the
beams is smaller than the beam width. Figure
3.5 shows how the value of this peak changes as
the beam separation δ is reduced, where the min-
imum beam separation while still measuring the
true phase value is approximately 10 µm. For all measurements performed with λ = 633 nm, the
beams were maintained at separations larger than this.

Figure 3.5: Change in phase peak value as beam spots are brought closer together. This is done for
λ = 633 nm and NA= 0.6.
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3.4 Simulating Different Material-Substrate Samples

Figure 3.6: Phase (top) and Amplitude
(bottom) responses with two incident
beams scanning over an edge of 100 nm
TiO2 on Si.

For the amplitude and phase responses in Figure
3.2, the structure being simulated is a Si sub-
strate with a 100 nm step, also of Si. How-
ever, in this thesis, the samples being used
are substrates with a different material for each
step. In those cases, the response is differ-
ent from the amplitude and phase plot in Fig-
ure 3.2. The response for a 100 nm TiO2 sam-
ple on a Si substrate, for example, is shown in
Figure 3.6, where now the amplitude does not re-
turn to 1 as the reflectivity of TiO2 is lower than
Si (RTiO2 ≈ 0.2, RSi ≈ 0.4 for λ = 633
nm).

While the response for different combinations of
materials will be different for each case, the overall
trend is still apparent. The phase always forms a peak

when one of the beams is crossing over an interface, but returns to the original phase value as the
other beam crosses over. The magnitude of this peak is found using Equation 3.15. The amplitude
will form a step-like shape as each beam crosses the edge, where the step height, given by Equations
3.13, 3.14, depends on the ratio of reflectivities of both materials. If the technique being used only
utilizes one incident beam instead of two, the equations from Section A.3 are used instead to find the
phase peak and amplitude step heights.

3.5 Optimizing Structure Design for Maximum Phase Modulation

As mentioned, to measure the phase difference upon reflection due to changes in a material’s excitonic
resonance, a structure is designed to maximize the phase shift. Following the work of Epstein, the
choice of active structure is a monolayer WS2 sandwiched between two hBN flakes on top of an Au
contact [65]. The contact is necessary for applying the gate voltage, and the bottom hBN layer is
essential for insulating the WS2 from one of the contacts.

Figure 3.7: (left) Phase difference for WS2 exciton in On-Off states upon reflection of a hBN - WS2
- hBN - Au structure (right, top). The choice of thicknesses for the hBN is marked with a “X”. The
polar plot (right, bottom) shows the change in amplitude and phase (orange) compared to the phase
before modulation (solid-grey vector).

Changing the thicknesses of the hBN flakes changes the phase shift detected when the light is re-
flected from the structure, due to the Fabry-Perot interference increasing the field intensity within the
WS2 monolayer [66].
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(a)

(b)

Figure 3.8: Reflection coefficient r in
the complex plane before (blue) and af-
ter (red) exciton quenching for the active
structure. The arrows represent the re-
flection phase vector for each state, with
incident light (a) λ = 633 nm and (b)
λ = 532 nm.

This increase in field intensity leads to higher ab-
sorption, which results in a change in the reflec-
tion phase [67]. Therefore, the thicknesses need
to be optimized to produce the largest phase dif-
ference between the “On-Off” states for the struc-
ture, and TMM package in Section 3.1 is used to
determine the optimal thicknesses to achieve this.
Using the structure: hBN → WS2 → hBN →
Au, the TMM package calculates the reflectivity
coefficient for various combinations of hBN thick-
nesses, and the optimal phase difference is deter-
mined from Figure 3.7. Based on the thick-
nesses available from exfoliation, the structure is
built with the following thicknesses for hBN: dTop =
137 nm, dBottom = 177 nm. With incident
light at λ = 633 nm, the estimated change in
the reflected light is ϕ = 4.97◦ and ∆|IBeat| =
0.95.

The change of reflection phase can also be illustrated
with the plot of the reflection coefficient of the active
structure in the complex plane in Figure 3.8a. The
expected change in reflection response for this struc-
ture between the “On-Off” states is a phase change of
∆ϕ = 4.62◦ and an amplitude change of ∆|IBeat| = 0.95.

Unfortunately, after the structure is finalized, the
laser at λ = 633 nm stopped working. As a result, a
different wavelength laser is used to measure the phase
modulation. The change in reflection response at the
new laser wavelength, λ = 532 nm, is shown in Figures
3.8b, 3.9. The phase and amplitude change for modula-
tion at this new wavelength is expected to be ϕ = 0.48◦

and ∆|IBeat| = 0.98 for λ = 532 nm. While the expected
phase shift during modulation is not large, the structure
is tested in Chapter 4 with various gating voltages. The
results can be seen in Section 4.3.2.

Figure 3.9: (left) Comparison of maximum phase difference between “On-Off” states. The “X”
denotes what hBN thicknesses are used to demonstrate how large the expected structure phase shift
during modulation is compared to the maximum (bright green spots). (right) Polar plot of phase
vector upon reflection (dashed, orange) compared to before incidence (solid, grey).
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4 Phase Measurements

This section details the experiments performed to determine the accuracy of the SDHM setup described
in Section 2.2.3 when compared to the simulations in Section 3.3. Several different samples are
tested, each providing a smaller phase shift or using a transparent substrate to fully characterize the
measurement capabilities. The samples are also measured with two incident wavelengths, a HeNe 633
nm laser and a 532 nm fiber-coupled diode laser. After benchmarking the setup with these different
samples and lasers, the active structure designed in Section 3.5 is fabricated and tested, with the
results displayed in Section 4.3.2.

4.1 Benchmarking System with λ = 633 nm

Section 3 shows simulated results that are supported by literature using a similar technique [63]. The
next step is to use the setup in Figure 2.5 to measure the changes in amplitude and phase of the
reflected light experimentally and compare the results with simulations. The three initial samples
are TiO2, SiO2 and Au-Cr. Each film is on a Si substrate, and the measurements are performed by
scanning the laser spots from Si to the material film. The choices of material were decided on the
basis of the calculated phase shifts that each material should produce when scanning the edge. A 60
nm TiO2 film on a Si substrate is expected to produce a 66◦ phase shift, while 92 nm SiO2 and 32
nm - 3 nm Au-Cr films on Si are expected to produce 29◦ and 11◦, respectively. The expected phase
shift is smaller for each subsequent sample, and as such, these samples are used to determine whether
a phase shift of the order of 10◦ is detectable. The results for each sample are shown in 4.1.

The left column in Figure 4.1 is the phase (top) and amplitude (bottom) as a function of position
on the sample. The experimental results are shown (solid-black line) with the error (light-blue) around
the data. The error is calculated by finding the mean and standard deviation across 8 scans for the
same start and end positions. The simulations for each plot are shown in dotted lines. These experi-
mental results in Figure 4.1 and Table 4.1 agree well with the simulations. Measurements of phase shift
ϕ ≈ 10o are possible with considerable accuracy. The results also show that with a high-reflectance
substrate (RSi ≈ 0.35) the measurements can be reproduced consistently, as larger intensity makes
measurements less susceptible to noise [68]. Any differences between the simulations and experiments
are likely due to a non-ideal Gaussian spot, slight irregularities in the sample surface or interface, and
potential noise around the system.

The right column shows the same results in polar form. The solid-grey vector at ϕ = 0o represents
the phase of the light on the substrate as a reference, and the solid-green and dotted-orange vectors are
the experimental and simulated results, respectively. The angle of each vector with respect to the grey
vector represents the phase change of the light upon reflection and the length of the vector represents
the change in amplitude. In these cases, the phase is the difference in phase as one beam travels over
the edge of the sample while the other remains on the substrate, and the amplitude represents the
total change in amplitude when both beams are on the sample versus when both beams are on the
substrate. The substrate vector (solid-grey) has ϕ = 0o and |E| = 1. The results from Figure 4.1 are
also tabulated in Table 4.1.

The measurements with a high-reflectance substrate show good agreement with simulations. The
inaccuracies between simulations and experimental results could be due to differences in the sample
step or noise in the system. The sample is simulated as a perfect step between materials, as seen in
the insets. However, it’s possible that the cross-section of this interface is not optimal, or that the
height is 1-2 nm different from the simulated cases. This height difference would alter the measured
phase due to a difference in the propagation phase accumulated when reflecting from the substrate.
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(a) (b)

Figure 4.1: Experimental results (λ = 633 nm) compared to simulations for TiO2 (top), SiO2 (mid-
dle), and Au-Cr (bottom) on Si substrate. (a) Phase and amplitude changes while scanning over
the edge of the sample. (b) Polar plots of the reflection vector for experimental data (solid-green) and
simulation (dotted-orange). A schematic of the sample is included in the inset of each plot.

TiO2 Sim Exp

∆|IBeat| 0.20 0.14± 0.05

∆ϕ 66.20◦ 60.57◦ ± 8.21◦

SiO2 Sim Exp

∆|IBeat| 0.30 0.24± 0.05

∆ϕ 29.07◦ 38.88◦ ± 11.26◦

Au - Cr Sim Exp

∆|IBeat| 1.79 2.00± 0.03

∆ϕ 11.36◦ 12.70◦ ± 5.31◦

Table 4.1: Simulated and experimental results for TiO2, SiO2 and Au-Cr on Si substrate. λ = 633
nm.

However, the signal strength for samples on transparent substrates (e.g., SiO2, where RSiO2 ≈ 0.03)
is much weaker and is therefore much more influenced by noise from thermal fluctuations. Samples
with a transparent material substrate (SiO2) are used to determine the accuracy with a weaker reflected
signal, including a sample with graphene on a Si-SiO2 substrate as the expected phase shift is ϕ < 2◦.
This serves as a test to determine if phase shifts of ϕ ≈ 1◦ are observable for this system. The layout
of the results in Figure 4.2 and Table 4.2 is the same as before. These results show less agreement
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with simulations than the previous samples. A possible explanation for this is the decreased intensity
of the reflected laser spots, resulting in the signal IBeat being noisier. Also, as seen in Figure 4.2, there
are oscillations in the phase and amplitude for the graphene measurements. This may be due to very
small changes in the sample height during the scanning that introduce periodic noise into the signal.
While efforts are made to remove this noise as much as possible, there are still artifacts present in the
final plots.

(a) (b)

Figure 4.2: Experimental results (λ = 633 nm) compared to simulations for hBN on Au-SiO2 substrate
(top), and C (graphene, bottom) on SiO2-Si substrate. (a) Phase and amplitude changes while
scanning over the edge of the sample. (b) Polar plots of the reflection vector for experimental data
(solid-green) and simulation (dotted-orange). A schematic of the sample is included in the inset of
each plot.

37nm hBN Sim Exp

∆|IBeat| 0.74 0.96± 0.02

∆ϕ 74.72◦ 68.29◦ ± 20.00◦

0.31nm C Sim Exp

∆|IBeat| 0.87 0.85± 0.02

∆ϕ 1.67◦ 2.58◦ ± 2.75◦

Table 4.2: Simulated and experimental results for hBN on Au-SiO2 substrate, and C on SiO2-Si
substrate.

While these results agree less with the simulations, the results from the graphene sample suggest
phase shifts ϕ ≈ 1◦ are within the detectable range. Although the noise is of the order of > 5◦

for most samples, the graphene sample can be measured with a phase shift less than this. This is
possible by decreasing the time constant for the lock-in amplifier to become more sensitive to small
phase changes. The downside of this is that the phase is also more susceptible to other sources of
noise, such as oscillations in the sample position as seen in the graphene measurement in Figure 4.2.
The oscillations can be filtered out by performing a Fourier Transform to block the noise frequency,
isolating the small phase shift detected from graphene [69]. This oscillating noise is not seen in the
other samples due to the higher time-constant and faster sample movement velocity.
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4.2 Benchmarking Samples with λ = 532 nm

Due to an issue with the 633 nm HeNe laser (discussed in a later section), the remaining measurements
were taken with a λ = 532 nm laser source. This source provides the opportunity to measure samples
with a different incident wavelength. Figure 4.3 and Table are the same benchmark samples measured
with the λ = 532 nm (i.e. TiO2, SiO2 and Au-Cr on Si substrates). As before with λ = 633 nm, the
experimental results for these samples agree well with the simulated results. The high reflectivity of
the materials is favorable for measurements where ϕ ≈ 10◦.

(a) (b)

Figure 4.3: Experimental results (λ = 532 nm) compared to simulations for TiO2 (top), SiO2 (mid-
dle), and Au-Cr (bottom) on Si substrate. (a) Phase and amplitude changes as scanning over the
edge of the sample. (b) Polar plots of the reflection vector of experimental data (solid-green) compared
to simulation (dotted-orange). A schematic of the structure being studied is included in the inset of
each plot.
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TiO2 Sim Exp

∆|IBeat| 0.19 0.17± 0.04

∆ϕ 71.30◦ 55.95◦ ± 9.48◦

SiO2 Sim Exp

∆|IBeat| 0.33 0.33± 0.03

∆ϕ 26.41◦ 14.60◦ ± 14.40

Au-Cr Sim Exp

∆|IBeat| 1.77 1.93± 0.05

∆ϕ 10.67◦ 14.08◦ ± 12.87◦

Table 4.3: Simulated and experimental results for TiO2, SiO2 and Au-Cr on Si substrate. λ = 532
nm.

This confirms the reliability of the measurements to detect accurate phase shifts while scanning
over the edge of a material. There are sources of error in the process of scanning, such as defects on
the sample and vertical changes on the sample holder while moving (seen for graphene measurements
in Figure 4.2). These errors can be ignored when measuring phase modulation in a gated structure by
maintaining the sample at a fixed position and adjusting the gating voltage. This process is described
in Section 4.3.

4.3 Active Structure Experiments

In this section, the fabrication of the finalized structure design from Section 3.5 is described. Once
complete, the sample is tested with various gating voltages while monitoring the phase.

4.3.1 Device Fabrication

To fabricate the structure, a batch of hBN flakes is exfoliated and searched to find any that have
thicknesses matching the values selected in Figure 3.7. A WS2 sample is also selected, ensuring it’s
large enough to be used in the structure by checking the photoluminescence for any cracks [70]. This
allows for the selection of the largest monolayer flake to increase the surface contact area on the Au
contact probes. The components are stacked together and constructed, with the separate components
and the final structure shown in Figure 4.4 [71].

Before measuring phase shifts, the structure is tested to ensure the exciton is still prominent and
can be quenched with a gate voltage. Measuring the photoluminescence (PL) of the structure shows
the exciton at the wavelength expected from Figure 2.11. Repeating this measurement for various
gating voltages in Figure 4.5 shows the PL at the exciton wavelength reducing as the voltage is in-
creased from -25V to 25V. The reflectivity of the structure at each voltage also demonstrates the
effects of exciton quenching. The reflectivity for the A and B excitons is plotted next to the simulated
reflectivities (black) in Figure 4.5.

The plots in Figure 4.5 confirm the presence of the A and B excitons in the device and establish that
by applying a gating voltage, the excitons are quenched. The differences in reflectivity to simulations
could be due to the defects present on the surface of the Au contact that form an air pocket in the
structure. This is seen in Figure 4.4e next to the laser spots. Another possibility is the shifting of
material on the surface of the structure when different voltages are applied. Slight fluctuations in
the reflectivity are observed when being measured, which could indicate movement of defects on the
surface due to the excess charge buildup or even thermal changes.
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(a)

(b)

(c)

Figure 4.4: (a) Materials used in the active structure,(top to bottom): Top hBN flake, WS2
(PL map) and bottom hBN flake. The WS2 PL map helps determine the largest continuous
section to use. (b) Measured reflectivities (solid lines) of top (blue) and bottom (green) hBN
flakes with fits (dotted lines) to determine the thicknesses of each. (c) Complete structure
with both hBN flakes and WS2 on Au contacts. The positions for each laser spot while
measuring phase modulation are illustrated with pink and green “X”s.

Figure 4.5: (top) Photoluminescence (PL) and (bottom) reflectivity of structure in Figure 4.4 while
applying various gating voltages. The exciton quenching is visible when the PL intensity drops and as
reflectivity increases. The simulated reflectivity for “On” (solid-black line) and “Off” (dashed-black
line) states are shown alongside the measured results.
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4.3.2 Gating Measurements

Aligning the lasers as in Figure 4.4e establishes a situation where the laser spot over the Au contact
(“X”) should experience a phase shift when changing the gating voltage while the other laser spot
(“X”) should not (assuming there is only modulation in the WS2 excitons for areas directly above the
Au contact). The results during gating can be seen in Figures 4.6 where the gating voltage is adjusted.
Some clear peaks in the phase occur between sections where the gate voltage is changed. Figure 4.6a
shows three different measurements stacked to demonstrate that, for each measurement, similar peaks
appear after the gating voltage is changed. Figures 4.6b,c show the results from repeatedly switching
between two gating voltages. While there is not a consistent phase shift during the transition periods
between different voltages, there are clear peaks at several points in the process, which are shown in
the plots. Figure 4.6c displays the amplitude and phase to emphasize the moment the gating voltage
affects the phase.

(a)

(b) (c)

Figure 4.6: Phase changes measured when applying a gate voltage across the structure. The phase
shifts are highlighted in grey and the times when the voltage is switched is shown in black. The green
and pink arrows represent the time from the previous voltage change and peak in phase compared to
the average phase value, respectively. The plots show results when the voltage is varied (a) from 0
V to 6 V / 10 V to -6 V / -10 V, (b) from -10 V to 10 V repeatedly, and (c) from 10 V to 0 V
repeatedly. Only a section is displayed in (b) and (c) for clarity.

There is a consistent time delay between when the voltage is switched and measuring a phase shift
for each measurement. The time delays for the peaks in Figure 4.6a agree moderately well across
each dataset. Figure 4.6b,c also have consistent delays, where most peaks occur within 10 s of a
voltage switch. The program adjusting voltage keeps the steps small so the voltage does not change
too rapidly, thus avoiding breakdown of the material. This explains the delay between setting a new
voltage and when the phase changes. Any deviations in this delay could occur from the following:

• The script running the voltage updates sometimes pauses after receiving a command. This pause
could offset the exact moment the voltage begins changing.

• A physical delay by sending the command to the voltage script at slightly different times.
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• The device measuring the phase sometimes skips a time step (i.e. the time displays 38 s → 40
s, skipping 39 s) due to an error when displaying the time during a measurement.

• Small changes in the structure between measurements or voltage changes (e.g. temperature
changes) resulting in a different gradient of charge densities each time.

While each of these possibilities likely only produces a small time delay, since all peaks occur within
a few seconds of a transition point, these small deviations become significant.

Comparing the experimental results to the simulations in Figure 3.8, it appears that the phase
shifts are larger than expected. The phase peak varies across the datasets from ϕ < 1◦ (close to the
predicted value) to ϕ ≈ 6◦ (larger than expected). A possible explanation for this is thermal effects in
the structure, causing movement of small defects on the surface. This would cause phase shifts even
when the voltage is stable.

Any of these could explain why the results vary with a few seconds’ delay between phase shifts
or alter the magnitude of the phase peak. There are several possible approaches to determine the
accuracy of these results to ensure they are measuring phase modulation instead of defects. These
approaches are discussed further in Chapter 5.
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5 Discussion and Outlook

This chapter discusses the results from Chapter 4, focusing on the differences between simulations
and experiments, and provides reasons for why these differences occur. There is also a discussion
on alternate measurement approaches for the active structure, which may provide interesting insight
into the mechanisms behind the optical properties due to excitons. Finally, a review of the system
improvements that have led to the current stability level and how they could be enhanced to further
reduce susceptibility to noise and measure even smaller phase shifts.

One possible reason for the difference in the shape of the amplitude and phase plots while scanning
over the sample edges in Chapter 4 could be due to the irregular beam spots. A common outcome
from using AOMs is that the diffracted beams no longer resemble a clear Gaussian spot. Since
the simulations always use a Gaussian spot, as in Figure 3.1, the beam spots used in these scans are
expected to give a different response to the simulations. The real beam spots can be seen in Figure 5.1.

A solution to this would be to use a higher NA objective to get smaller beam spots. This would
ensure that even with an imperfect beam shape, the smaller measurement area entails that any imper-
fections are less likely to result in significant differences between simulations and experimental results.
Alternatively, the beams can be sent through a microscale (pinhole) aperture. This would produce
Gaussian spots, at the expense of beam intensity [72].

Figure 5.1: Beam spots used for most mea-
surements shown. Irregular shape comes
from the AOMs used to frequency shift the
original laser.

Another possibility is the presence of defects (dirt,
imperfect surface features, inhomogeneity within the
sample) that are causing differences in the phase when
scanning. As the setup is sensitive to changes of
ϕ < 10o, defects such as residue or scratches on the
surface would cause a change in the reflection phase.
Also, since the laser is traveling through some samples
and reflecting from the substrate, any defects within
the sample material would have a similar effect on the
reflection response. Finally, the measurement speed
(i.e. the movement speed of the sample) has an im-
pact of the results. The lock-in amplifier being used
to extract the phase requires a time constant to be set
to output the average of all values within this period.
Larger time constants result in averaging over longer
times. For all measurements in this thesis, the time
constant is kept at 10 ms. This means that the move-
ment speed must be slow enough to measure the true
phase response within the period of the time constant.

Decreasing this results in the phase being noisier due as small time scale fluctuations have a larger
impact on the average phase output. If the phase could be stabilized further, a smaller time constant
could be used to be more sensitive to very small changes in phase.

To achieve this noise reduction, a second photo-detector can be placed after the final beam-splitter
in Figure 2.5 to detect the beating signal before the lasers are incident on the sample. These before
and after signals should have similar noise, as they only separate at the beamsplitter. This could be
used as a kind of “compensation” measurement that can be subtracted from the reflected signal to
extract the pure phase response from the sample. While this is attempted during the project, the
second photo-detector requires the use of a second lock-in amplifier. There is another lock-in amplifier
available, and the noise is demonstrated to be the same before and after reflection, but the two devices

29



5 Discussion and Outlook

have different settings for time-constant, sensitivity, and for some measurements the devices didn’t
always produce the same output. For this reason, this method was not implemented for any of the
results shown in this thesis. However, by using the same model lock-in amplifier and matching the
settings, this approach shows significant potential for noise reduction.

For thinner samples (such as WS2 and graphene), there appear to be oscillations in the amplitude
and phase that only occur when the stage holding the sample is moving, and the period of the os-
cillation changes when the stage movement speed is changed. This indicates that the change is most
likely coming from the stage itself. A possible source could be the design of the movement mechanism.
The stage moves because a screw with a very small thread length rotates to pull/push the stage as
it rotates. This screw could be causing a change in the height of the stage very slightly, which then
causes the phase to change as the height oscillates.

Finally, the gating measurements show pretty confidently that there is phase modulation when the
sample is being gated. An update to the gating voltage results in a phase shift within 10 s after the
update command is sent. The timing of each peak after an update is a clear indication that there are
changes in the structure that are altering the phase. These changes are also only seen in the short
period after each voltage update. This further demonstrates that the phase shift is due to changes
in the material, as the phase should only change when there is a difference between the two laser
spots (i.e. the spot over the Au contact is experiencing changes during modulation that the other spot
is not experiencing). Once the changes in the material have settled, the phase returns to the initial
value, as seen in Figure 4.6.

Figure 5.2: Different laser positions to
measure the phase response at different
locations or while scanning in one di-
rection compared to another. The dot-
ted lines represent scanning directions to
move the lasers across while keeping the
voltage constant. The green highlighted
area shows where the WS2 is between
hBN layers. The red highlighted area
shows where the WS2 is sitting on hBN
without a top hBN layer.

To further test this, measurements can be done
by placing both laser spots over different positions
on the structure or scanning over the structure in
different directions for a range of voltages. Some
examples of this are shown in Figure 5.2, where
the stationary positions (“X”, “X”) and the scan-
ning directions (dotted-black lines) are just some
options for characterization. These measurements
could provide useful information about the condi-
tions necessary to produce modulation (e.g., how
far from the Au contact does the WS2 still experi-
ence exciton quenching). Measuring at areas with-
out hBN on top of the WS2 (highlighted in red) is
also an option to investigate whether the hBN en-
hances or reduces the phase modulation for this de-
sign.

Another approach to characterizing this device would
be to measure the phase response for smaller increments
of voltage. In the examples shown in Figure 4.6, all mea-
surements are performed by setting the voltage to a maxi-
mum or minimum and alternating between these two val-
ues (for example, 10V → -10V → 10V .....) and observing
the overall phase response during this transition. How-
ever, by updating the voltage in smaller steps (i.e. 10V → 9V → 8V .....), the exact phase response
between each interval can be observed to gain a deeper understanding of the processes occurring within
the structure. These approaches could provide better insight into the mechanisms driving modulation
within the monolayer structure and lead to an improvement in the design of phase modulating devices.

There are some effects present in the phase response due to movement of the stage that are not
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present during the gating measurements, as the gating is static. Effects caused by variations in the
stage height or defects along the surface are significant in cases where the expected phase shift is small.

All measurements were performed using incident light for λ = 633 nm and λ = 532 nm. However,
neither of these lasers is at the resonance wavelength for the excitons in WS2 (see Figure 2.11).

Figure 5.3: Reflection coefficient r in
the complex plane before (blue) and af-
ter (red) exciton quenching. The arrows
represent the reflection phase vector for
λ = 620 nm on WS2 monolayer sand-
wiched between two hBN layers using the
dimensions calculated in Figure 3.7.

By probing the gated structure at a wavelength
closer to the A exciton (λ = 620 nm), the
phase modulation would be much greater. The
expected change in the phase vector for the ac-
tive structure is shown below in Figure 5.3, where
the phase change is far larger than that ex-
pected or measured with the λ = 532 nm
laser.

To achieve this flexibility in wavelength, a broadband
tunable laser source would be coupled into the exist-
ing setup. This would provide a range of wavelengths
which could be tested with just a minor amount of re-
alignment to ensure the output from the AOM system is
overlapping. There is an added consideration if the laser
source is a pulsed system instead of a broadband CW
laser.

One of the benefits of using a laser source that has
power modulation is the decreased susceptibility to noise
in the system. Each iteration leading to the SDHM setup
had the main goal of optimizing the optical setup to im-
prove the phase stability in the presence of unavoidable
noise, since the 633 nm HeNe laser did not have power

modulation. However, the 532 nm laser is capable of increasing laser power, thus improving the phase
stability by increasing the signal-to-noise ratio. This is clear in Figure 5.4, where the stability is
compared to each iteration (as in Figure 2.9) with the increased laser power clearly showing a reduced
drift.

Figure 5.4: Phase shift for each iteration of the setup,
including the stability for the SDHM setup with two dif-
ferent wavelengths.

Setup Phase Drift

[o/min] [nm/min]

Fibers 284.99 501.10

Free-Space 4.65 8.17

SDHM - 633 nm 1.48 2.61

SDHM - 532 nm 0.08 0.12

Table 5.1: Phase drift for each setup,
now with the SDHM setup using more
power (red) at λ = 532 nm.

Comparing the values in Table 5.1, the drift is approximately 20 times lower for the SDHM setup
with power modulation, and can likely go lower if the power is increased further. This indicates
that increasing laser power is one solution to improve phase stability and have much clearer results
for measurements that are more challenging (for example, low reflectivity samples or small expected
phase shifts).
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6 Conclusion

In this thesis, we have explored how scanning differential heterodyne microscopy can be used to mea-
sure amplitude and phase changes for a 2D material in an active structure. By observing the change
in reflection phase while applying a gate voltage, we demonstrated that the phase upon reflection from
this structure changes when the charge carrier density is controlled.

This has been achieved by first determining the conditions necessary to measure the phase of vis-
ible light in Chapter 2. By implementing this approach experimentally, we’ve shown that the phase
and amplitude can be simultaneously measured. Furthermore, by improving the stability of the phase
through several iterations of the system, the phase drift can be reduced to as low as ϕ = 0.08◦ per
minute.

After the setup has been improved, Chapter 3 explains the theory behind the transfer matrix
method and its application in determining the reflected responses from various samples. The theo-
retical model developed in this chapter is validated using previous literature that applies the same
technique. The model, once validated, is used to determine the design of an active structure that
incorporates a 2D material intended to be electrically gated. The structure design is optimized to
produce the largest phase change whilst modifying the gate voltage.

Finally, Chapter 4 describes the approach taken to benchmark the system, which determines that
the smallest phase shift measurable with a moving sample is as low as ϕ = 2◦. Various samples are
tested to determine the functionality of the system under different conditions (transparent versus non-
transparent substrate) and varied sample heights, all of which have good agreement with simulated
results. The fabrication of the active structure is shown, along with an analysis of the device’s optical
properties (photoluminescence, reflectivity) during electrical gating. The outcome from this analysis
shows that the gate voltage alters the optical properties and confirms the strong exciton resonance
within the structure. The chapter concludes with Section 4.3.2, where the reflection phase of the
structure is observed while changing the gate voltage. These measurements show a clear change in the
phase response whenever the voltage is adjusted, supporting the model’s predictions that adjusting
the exciton resonance within the structure induces a change in the phase response.

This thesis demonstrates the ability to accurately measure the phase response in the visible spec-
trum from an active structure that exploits the optical properties of 2D materials. Such measurements
are crucial for the development of more compact, cheaper, and electrically tunable optical devices.

To improve upon the results shown in this thesis, further work on the active structure should
be performed to fully understand the mechanisms driving the phase modulation. Measurements at
different wavelengths, using different materials/ structure designs, and including additional noise-
reducing techniques, would lead to a deeper understanding of the operation of these devices, thus
promoting their development in the future.
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A Supplementary Material

This appendix goes into details for some aspects of the thesis that don’t seem appropriate for the
main content. The first section shows the setup designs, now accompanied with photos to show the
implementation. Then the characterization of the AOM box for a range of wavelengths in the visible
spectrum to determine the feasibility of using different wavelengths. Finally, the simulations for the
SDHM setup are performed again, but this time for a single incident beam, instead of two incident
beams as in the SDHM system.

A.1 Setup Designs with Photos

This section shows photos of each setup described previously to show how each design is implemented.
The evolution of each can be seen clearly, from fibers to free space to SDHM, with the final being
the design used for all measurements. The first is the fiber setup in Figure A.1. The images show
the inside of the AOM box, highlighting the AOMs (blue), and the other beam path inside the yellow
fiber. Following this, Figure A.2 shows the changes made to incorporate more free space components,
intending to reduce phase noise. Finally, Figure A.3 shows the final setup design used for every
measurement shown in this thesis.

(a)

(b) (c)

Figure A.1: (a) Optical setup for the laser path that goes through two AOMs. The first AOM
downshifts the frequency of the laser by 200.020 kHz, and the second AOM upshifts the laser frequency
by 199.980 kHz. (b) The yellow fiber in front of the AOM box is the second path, which is intended
to go to a sample for reflection measurements. The AOM box for the first path is positioned behind
the yellow fiber. Left of the AOM box are two visible fibers (red and white), which belong to the
fiber-optic coupler coming from the laser that splits the laser into two separate paths. A fiber splitter
recombining the beams before hitting the photo-detector is seen to the right of the AOM box. (c)
Schematic for the setup in images (a)(b).
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Figure A.2: (a) Free-space setup that is replacing the fibers in Figure A.1. To test the setup, the mirror
in front of the microscope (right) is oriented to reflect the light straight back to the beam-splitter.
However, when the beam is being used for sample measurements, it will be oriented so the laser goes
into the bottom of the microscope. (b) Schematic of the free space setup, showing the output of the
AOM box (red) and the yellow fiber now in free space.

(a)

(b) (c)

(d)

Figure A.3: Implementing a common path scheme to further reduce noise in phase measurements.
Laser path follows (a) → (c). The reflected light’s path is shown in white in (c). (d) Schematic of
setup shown in (a)-(c).
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A.2 AOM Characterization - Different Wavelengths

The components in the AOM box in Figure 2.5 are aligned for the HeNe 632.8 nm laser. However, it
is useful to know what other wavelengths can be used without having to realign any components. The
CW HeNe laser source is replaced with an NKT SuperK Extreme supercontinuum laser that has a
supercontinuum laser source to determine the bandwidth of the system in the visible regime [73] [74].
Since the AOMs act as a diffraction grating, the ±1st order beams will diffract with different angles
depending on the wavelength of light. The diffraction angle θ is related to the wavelength λ based on
Equation 2.5, where now d is the distance between adjacent gratings in the diffraction grating [17].
Equation 2.5 is used here as each grating is a slit as in Figure 2.8.

(a) (b) (c)

Figure A.4: Replacing the HeNe laser with the NKT SuperK laser. (a) Powermeter placed to measure
power of light that reaches the detector. (b) Different wavelengths of light being sent to the AOM
box through the fiber. (c) Percentage of power (relative to power entering AOM box) that reaches the
detector for various wavelengths. The HeNe 633 nm laser is shown as a red dotted line.

By replacing a power meter at the detector, the relative power output of the AOM box can be
characterized for visible wavelengths. Figure A.4 shows that while the setup is aligned for a 632.8 nm
laser there is the possibility to use other wavelengths without adjusting any components (λ > 633 nm
have similar power outputs). The drop in power for λ < 633 nm occurs when the first order spot is
replaced by a higher order due to the diffraction angle decreasing for lower wavelengths in Equation
2.5. Practically, the setup will need realignment for each wavelength to ensure maximum output from
the AOMs and sufficient overlap of the beams. For most of the measurements in this thesis only
λ = 633 nm is used.

A.3 Simulations - Single Incident Beam

As the setup used for all experiments employs two incident beams, only simulations involving two
beams are performed. However, the initial setup design utilizes just one incident beam, while keeping
the other away from the sample as a reference. The simulations for the situation with only one incident
beam are shown below.

Following from Equation 2.4, the expected changes in the interference signal when moving from
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one material to another can be written as:

r1 = |r1|eiϕ1 r2 = |r2|eiϕ2

IBeat,1 ∝ |r1|AB cos (∆ω.t+ ϕ1)

IBeat,2 ∝ |r2|AB cos (∆ω.t+ ϕ2) (A.1)

Figure A.5: Phase (top) and amplitude
(bottom) responses with a single inci-
dent beam scanning over an interface.

Equations A.1 describe the two scenarios that can oc-
cur, either the incident beam is on material 1 or mate-
rial 2. When scanning across the border between the
materials, the change in amplitude and phase is ex-
pected to transition from one scenario to the other, as
seen in Figure A.5 (in this case, the material is the
same but there is an increase in height at x = 12.5
µm). The steepness of the transitions are determined
by the beam spot size, where higher NA (and therefore
smaller spot size) leads to a sharper phase and ampli-
tude change. There is a distinct difference in Equations
A.1, where the amplitude is dependent on |rn| instead of
|rn|2 as in 3.2, and there is only one transition in am-
plitude and phase, while with two incident beams there
are two transitions. This can also be seen in Figure
A.5.

The changes in amplitude and phase can be calculated using the same approach as before. Now,
the change in amplitude across the interface is:

∆IBeat =
IBeat,1

IBeat,2
=

|AB||r1|
|AB||r2|

=
|r1|
|r2|

. (A.2)

So, the change in amplitude of the beating signal when going from one material to another is equal
to the ratio of the reflection coefficients for each material.

The phase change will always be equal to the difference in phase pickup between each surface, and
is given by:

∆ϕ = ϕ1 − ϕ2 (A.3)
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