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Abstract

Tunable Enhancement of Light-matter Interaction in Graphene

Heterostructures

Wyatt Wright

Optoelectronic applications and the exploration of 2D light-matter interactions often

require an increase on the bare light absorption of ultra-thin 2D materials (2DM)s,

such as graphene. Light absorption by these 2DMs can be enhanced by their

incorporation in planar heterostructures which can act as optical interferometric

cavities. Furthermore, by fabricating an optical cavity with a suspended 2DM, we

can tune its light absorption by tuning the thickness of the air spacer (hair). We

report the development of an all-dry deterministic transfer technique that is capable

of suspending ultra-thin 2DMs in order to fabricate suspended optical cavities, and

also the ability to tune the light absorption of said cavities in-situ by the electrostatic

tuning of hair. We studied the absorption of visible light in suspended bilayer graphene

(BLG) through Raman spectroscopy, which can distinguish the light scattering and

absorption of the graphene layer from the rest of the heterostructure. We first adapted

models for the exclusive light absorption and the Raman scattering enhancement

(Raman factor) of arbitrary planar 2DM heterostructures using Fresnel equations.

In order to fabricate pristine, suspended heterostructures, we developed a transfer

method which capitalizes on the softness and adhesion of a nitrocellulose micro-

stamp to dry-pickup and deterministically transfer 2DMs. This transfer method

proved capable of fabricating on-substrate (95% success) and suspended (93%) optical

cavities. Raman measurements on a partially-suspended BLG optical cavity agreed

with our Raman factor model and demonstrated our ability to tune Raman factor

(3.8x) and light absorption (6.3x) over a cavity thickness varying from 0−150 nm. We

then sought to further enhance and tune Raman factor in-situ through the addition

of an aluminium (Al) back-plane mirror, which can also act as a gate electrode to

electrostatically tune hair for suspended devices. On-substrate BLG optical cavity
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devices with an Al back-plane mirror demonstrated that Raman scattering can be

tuned by a factor of 19 with cavity thickness differences on the order of 75 nm.

We next assembled an optical cavity by suspending BLG over Al, whose Raman

measurements at Vg = 0 V demonstrated that Raman factor can be tuned 1.8x

over a 10 nm change of hair in the same device. Once applying a gate voltage, our

final measurements demonstrated an ability to electrostatically tune Raman factor

by ≈ 20% and hair by ≈ 3 nm with the application of 500 mV. These results pave

the way for further research into the in-situ tunability of light-matter interactions for

enhanced light absorption at higher gate voltages.
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Chapter 1

Introduction: Light-matter

Interaction in Graphene Optical

Cavities

Nano-opto-electromechanical systems (NOEMS) combine interactions between optics,

electronics and mechanics [1–3]. Recent advances in the ability to transfer, align

and stack 2D materials (2DM)s [4, 5] in order to fabricate pristine heterostructures

[6, 7] have accelerated experiments in quantum electron transport [8–10] and

optoelectronics [11, 12]. Incorporating suspended 2DMs in such heterostructures

(as seen in Fig. 1.1) would unlock extensive control of mechanics, as well as its

interactions with optics and electronics [1, 2]. For example, vacuum layers offer

a uniquely different index of refraction to optimize exciton binding energy and

lifetime in 2DM’s [13]. A properly designed suspension in the study of quantum

transport in twisted bilayer 2DMs (twistronics) [14] would permit the decoupling

of the mechanically sensitive bilayers from the strain of the substrate to strain-

engineer [15, 16] their quantum phases [17, 18]. Moreover, stacking 2DMs to form

optical cavities [19–21] can enhance light-matter interactions enough to hybridize

photonics with NEMS physics [8, 13, 22–24].

In this thesis, we present a platform capable of tuning in-situ the light-matter

interactions - exclusive light absorption and Raman scattering intensity - of 2DMs

that have been integrated into optical cavities. Our tunable optical cavity design,

presented in Fig. 1.1, consists of suspending bilayer graphene (BLG) over a hexgonal
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boron nitride (hBN) trench and above an aluminium mirror (Al) The mechanical

freedom afforded by the suspension would allow for the optical cavity height to

be tuned by applying an electrostatic force via the Al. The BLG was suspended

using our recently developed deterministic transfer method [25] and the cavity height

later determined by quantitative agreement between Raman scattering intensity

measurements and our Raman factor calculations [26].

This first chapter presents the background necessary for the reader to understand

the light absorption and Raman scattering processes in graphene. Then, we present

our models for these light-matter interactions in multiple-media heterostructures

based on basic Fresnel principles.

Figure 1.1: Electrostatically tunable optical cavity. (a) Schematic diagram of a
tunable optical cavity, where graphene has been suspended above an aluminium
electrode. (b) Optical image of a tunable optical cavity. The graphene was transferred
to an hBN trench, which resides on a SiO2/Si substrate, using a nitrocellulose-based
stamping method.

1.1 Light absorption in graphene

Graphene is well known for its mechanical, electronic and optical properties due to

its peculiar band structure. A single layer of graphene is formed by carbon atoms

arranged in a hexagonal lattice with a two-atom basis and interatomic distance of

a = 1.42 Å, as seen in Fig. 1.2(a). In momentum space, the first Brillouin zone

possesses two important points, K and K ′, known as the Dirac points, shown in Fig.

1.2(b). Using a tight-binding model, the electronic dispersion near the K and K’
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points (Fig. 1.2(c)) has a linear relationship of the form [27]:

Figure 1.2: Graphene lattice and dispersion relation. (a) Real space hexagonal lattice
of graphene, showing two atom basis (A,B), primitive lattice vectors −→a n, and nearest

neighbour vectors
−→
δ n. (b) First Brillouin zone of graphene, showing K and K’ points

at the corners and reciprocal lattice vectors
−→
b n. (c) Low-energy linear graphene

dispersion centered at the
−→
k =

−→
K point. Figure reproduced from [26].

ĤK′(
−→
k ) = h̄vF

−→
σ∗ ·

−→
k (1.1)

reminiscent of the Dirac-Weyl equation (hence Dirac points).

Light absorption in any material can be traced to the Beer-Lambert law, which

describes the intensity of light as it travels through a medium:

I(z) = I0e
−αabs(ω)z (1.2)

where αabs(ω) is the absorption coefficient, dependant on the photon’s frequency,

and I0 is the incident intensity of light. The absorption coefficient is related to the

transmitting material’s complex index of refraction,

ñ = n(ω) + iκ(ω) (1.3)

where n(ω), the real part, conserves energy and κ(ω), the imaginary part, absorbs

energy. The absorption coefficient can be expressed as:

αabs(ω) =
2ωκ(ω)

c0
(1.4)
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where c0 is the speed of light in vacuum. The complex index of refraction is also

related to the material’s dielectric constant [28]:

ñ2(ω) = ϵ(ω) = 1 +
4πiσ(ω)

ω
(1.5)

where σ(ω) is the material’s conductivity. This conductivity is the sum of

intraband and interband contributions. The intraband contributions come from

electronic conduction by free carriers in conducting materials, such as metals, and

depend on the photon’s energy, giving rise to the complex Drude conductivity, σD.

Interband contributions come from photo-excited electrons who transition from the

valence band to the conduction band. Since there is no band gap at the Dirac (K, K’)

points, the transition rate is determined by Fermi’s Golden Rule [28]. The interband

conductivity is found to be σi = e2/4h̄, which is 4 quanta of conductance, without

any dependence on the photon’s energy [29]. However, interband processes dominate

in the visible range of light (shown in Fig. 1.3) and the complex index of refraction

can be expressed as:

ñ(ω) =
√

ϵ(ω) =

√
1 +

4πi

ω
σi (1.6)

Figure 1.3: Schematic band structure of undoped (µF = 0) graphene near the Dirac
point. Only interband contributions are possible in the visible range of light. Figure
modified from [30].

Since σi ≪ ω we can expand the square root to get κ, the imaginary part of our

index of refraction. We can now express our absorption coefficient as:

4



αabs(ω) =
2ωκ

c0
≈ 4πσi

c0
≈ πe2

h̄c0
≈ πα (1.7)

where α = e2/h̄c0 is the fine structure constant. For a single layer of graphene in

vacuum, absorption can be approximated as:

ASLG = 1− TSLG −RSLG ≈ 1− e−πα ≈ πα ≈ 2.3% (1.8)

meaning that,in this geometry, 2.3% of incident photons are absorbed by the

graphene. This absorption was confirmed experimentally, as seen in Fig. 1.4, and is

linear up to a few layers, as well as being relatively constant over the visible range of

light [29]. Considering its one-atom thickness, graphene has strong light absorption,

however this number can be increased further when graphene is incorporated in an

optical cavity.

Figure 1.4: Light transmittance in single and bilayer graphene. (a) Optical
photograph of a metal ring partially covered with SLG and BLG. The line scan shows
white light transmittance along the yellow line, seen near the bottom of the image.
(b) Transmittance spectra of the SLG and BLG regions, showing that absorption is
near constant over the visible range of light. Figure reproduced from [29].
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1.2 Graphene optical cavities

Through the enhancement of light absorption by graphene, we could optimize its

potential for light harvesting applications [31] and create new tools for NOEMS

research [2]. The incorporation of graphene into precisely assembled optical cavities

is one mean of achieving this.

Optical cavities are arrangements of spacers (in our case air, SiO2, or hBN) and

mirrors (Si or Al) which can trap light, as seen in Fig. 1.5, reflecting it multiple times

between the mirror surfaces to produce standing waves for certain frequencies of

incident light: frequencies leading to constructive interference are sustained, while

those leading to destructive interference are suppressed. For our purposes, an

optical cavity represents a photon ”recycler”, where sustained standing waves lead to

additional opportunities for photons to interact with the graphene and be absorbed.

Figure 1.5: Schematic diagram of a graphene optical cavity. Light transmit through
the graphene enters the cavity and can be reflected by the substrate, creating an
additional chance(s) of being absorbed by the graphene. Interference effects must also
be considered, with the nature of the interference (constructive/destructive) being a
function of the cavity height.

There are certain aspects to consider when designing one of these cavities. Firstly,

the cavity region must have an area which is greater than the area of the excitation

laser (≥ 1 µm2). This is to ensure that all of the laser power (photons) is entering the

cavity and not the surrounding media. Secondly, the cavity height must be of the same

order as the excitation wavelength (λ = 532 nm). A cavity height much greater than

the excitation wavelength, would accentuate even slight differences in phase, leading

to decreased absorption. Thirdly, if we wish to access the mechanical properties of
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the graphene then it must be suspended. While materials such as hBN and SiO2

are capable of acting as optical cavity spacers, air allows for the freedom to tune the

cavity height in-situ, opening the possibility of tunable absorption. Hexagonal boron

nitride is an ideal building block from which we can suspend graphene since it also

possesses a 2D hexagonal crystal lattice, allowing for the graphene to adhere and lay

as flat as possible on its surface.

While we have touched on the light absorption by graphene and our optical cavity

design, we must also consider the inelastic Raman scattering of light which can occur

[32,33].

1.3 Graphene Raman scattering

While our primary interest is enhancing graphene’s exclusive light absorption by

fabricating optical cavities, the cavity design presented in the previous section, as

well as other experimental factors (such as the presence of a chip carrier when adding

electronics), do not allow for transmission measurements typically associated with

absorption. In this case, we use reflection measurements, such as Raman spectroscopy,

to indirectly measure light absorption.

Raman spectroscopy involves the scattering of incident light inside a given material

and then recording the shifted wavelength of the returning photons. The wavelength

shifts seen in Raman spectra are unique for every material and serve as a fingerprint of

the materials under observation. Although multiple materials are used in our cavity

design, the scattering due exclusively to graphene can be resolved [32,34,35]. Raman

spectroscopy is used to determine the number and orientation of layers, the quality

and types of edges, and the effects of perturbations, such as electric and magnetic

fields, strain, doping, disorder and defect density [33,36,37].

Raman light scattering by graphene occurs when an incident photon (h̄ωL) excites

an electron-hole pair, as seen in Fig. 1.6. In the transition to the conduction band,

a single phonon (G band) or a combination of phonons (2D band) is produced with

energy h̄Ω. The electron and hole then recombine and emit a Raman-scattered photon

at the shifted frequency, ωS. Conservation of energy ensures that the incident energy

is equal to the sum of the scattered phonon and returning photon energies [28,38].

The Raman spectrum of pristine single-layer graphene (SLG) is shown in Fig.
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Figure 1.6: Raman light scattering in graphene. An incident photon with frequency
ωL excites an electron from the valence to the conduction band. In its transition,
the photo-excited electron produces a phonon with frequency Ω. The electron and
hole then recombine and emit a Raman scattered photon with frequency ωS. Figure
modified from [26].

1.7(a) and features two prominent peaks: the G peak and the 2D peak. The G peak

occurs around 1580 cm−1 and is associated with the longitudinal optical (LO) phonon

mode, while the 2D peak occurs around 2700 cm−1 and involves multiple phonons, as

seen in Fig. 1.7(c,d). Generally the smallest peak, the D peak (Fig. 1.7(b)), occurs

around 1340 cm−1 and is related to defects in the lattice such as missing carbon atoms

or additional impurities [36].

With the background of light absorption and Raman scattering in graphene

presented, we now present the models which we adapted in order to analyse our

Raman data, as well as direct our optical cavity design.

1.4 Modeling exclusive light absorption and

Raman factor in graphene heterostructures

Since only a tiny fraction of photons undergo Raman scattering, light absorption is

linearly proportional to Raman scattering intensity in an isolated 2D crystal [33]. It

has been shown that both the light absorption and Raman scattering intensity can

be enhanced in planar heterostructures via constructive and destructive interferences

at the interfaces between their constituent layers [39]. Here we develop a quantitative

model based on Fresnel equations for the exclusive light absorption, A, and Raman

8



Figure 1.7: Raman spectrum of SLG. (a) Raman spectrum featuring SLG’s three
prominent peaks: the defect-induced D peak, and the first order and second order
G and 2D peaks, respectively. (b-d) Schematics of the three Raman peaks. ωL

(ωS) denote the incoming laser (Raman scattered) photon frequencies. (b) The D
peak involves single electron-phonon (solid arrow) and electron-defect (dashed arrow)
scattering processes. (d) The 2D peak involves two phonons with frequency ωD and
momenta ±q. Figure reproduced from [36].
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factor, F , of graphene heterostructures.

1.4.1 Modeling exclusive light absorption

The optical cavities which we fabricate are heterostructures with multiple layers. The

interfaces between each layer, as well as layer spacing (Fig. 1.8(a)), both contribute to

interferences which can lead to increased/decreased light absorption by the graphene.

When light strikes the interface between two media, with indices of refraction

ñi for the first and ñj for the second, both reflection and refraction may occur.

Fresnel coefficients for reflection, r̃i,j, and transmission, ˜ti,j, produce the ratios of

the respective reflected and transmitted electric fields to the incident electric field for

both p (E-field parallel to incident plane) and s-polarized (E-field perpendicular to

the incident plane) [40]:

t̃i,j =
2ñi

ñi + ñj

(1.9a)

r̃i,j =
ñi − ñj

ñi + ñj

(1.9b)

These equations assume that the interface between the media is flat and that the

media, themselves, are both homogeneous and isotropic. The light is also assumed

to be a plane wave (any incident light field and be decomposed into plane waves and

polarizations) that is normally incident on the interface. (It must be noted that the

devices presented in this thesis have tilt angles on the order of 1 − 3◦ (ex: 150 nm

change in height over 3 µm) and we estimate a maximum incidence of 5◦ from our

laser (0.4 mm beam radius with a working distance of 4.5 mm). We plan on adding

angle of incidence to our model in the near future.) Since these are complex ratios

they not only describe relative amplitudes, but also the phase shift produced by the

interface:

β̃i = kñihi =
2π

λ
ñihi (1.10)

where hi is the thickness of the medium and λ is the incident wavelength.

Fresnel coefficients for a three-media system are found to be (Fig. 1.8(b)):

r̃3 =
r̃01 + r̃12e

2iβ1

1 + r̃01r̃12e2iβ1
(1.11a)
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t̃3 =
t̃01t̃12e

iβ1

1 + r̃01r̃12e2iβ1
(1.11b)

Figure 1.8: Suspended 2DM optical cavity and optical interferences leading to
absorption. (a) Schematic of the enhanced circulating power inside an optical cavity
due to mirror spacing. (b) Schematic of Fresnel reflections, ri,j, and transmissions,
ti,j, at the interfaces between media i and j. Figure reproduced from [25]

which are found using a recursive method [19]:

r̃N =
r̃01 + r̃N−1e

2iβ1

1 + r̃01r̃N−1e2iβ1
(1.12a)

t̃N =
t̃01t̃12e

iβ1

1 + r̃01r̃N−1e2iβ1
(1.12b)

Total reflection and transmission are defined in terms of the incident (Pi), reflected

(Pr) and transmitted power (Pt) and can be expressed as:

R =
Pr

Pi

=

(−→
E r
−→
E i

)2

= |r̃|2 (1.13a)

T =
Pt

Pi

=
ñt

ñi

(−→
E t
−→
E i

)2

=
ñt

ñi

∣∣t̃∣∣2 (1.13b)

Since the spacers we use (air, hBN, SiO2) to create our optical cavities have purely

real indices of refraction, these materials do not dissipate power, and the exclusive

light absorption by graphene is given by:

Agr = 1−RN − TN (1.14)
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This model predicts an exclusive light absorption of about 2.3% for SLG (4.6%

for BLG) in vacuum, which agrees with previous experiments [29].

1.4.2 Modeling Raman factor

When modelling the Raman factor, we must consider the interferences due to

the multiple reflections of both incident and Raman scattered light [41–43]. The

experimentally measured Raman scattered intensity, I, can then be found as,

I = FGrIi (1.15)

where FGr is the total enhancement factor (Raman factor) and Ii is the intrinsic

Raman intensity of the material [41,44]. The Raman factor enhancement is calculated

using the equation [44]:

Figure 1.9: Schematic of reflection interferences both before (a) and after (b) Raman
scattering for an air/Gr/SiO2/Si heterostructure. Fresnel equations are used to
calculate the transmission and reflection amplitudes. Figure reproduced from [25]

.

FGr = N

∫ hGr

0

|FabFsc|2dz (1.16)

Here the first term, Fab =
−→
E z/

−→
E 0, is related to the net absorption, the second

term, Fsc =
−→
E out/

−→
E Ram, to the scattering process, hGr is the thickness of graphene
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(the material in which the interactions occur), and N is the normalization constant.

For graphene, N is equal to the reciprocal of the Raman factor of free-standing

graphene surrounded by vacuum. The two optical processes Fab (λ = λlaser) and Fsc

(λ = λRaman−shifted) can be expressed for any number of media, Nmed, using recursive

equations:

Fab,Nmed
= t̃01

e−iβ̃z + r̃N−1med
e−i(2β̃1−β̃z)

1 + r̃N−1med
r̃01e−2iβ̃1

(1.17a)

Fsc,Nmed
= t̃10

e−iβ̃z + r̃N−1med
e−i(2β̃1−β̃z)

1 + r̃N−1med
r̃01e−2iβ̃1

(1.17b)

where βi are the phase shifts introduced in each medium (βz in the graphene

layer), and t̃ and r̃ are the previously introduced Fresnel coefficients for transmission

and reflection. As an example, the devices proposed in the Chapter 3 will consist of

four media: air, bilayer graphene, air, and aluminum; the equations for our optical

processes can then be expressed as:

Fab,4 = t̃01

(
1 + r̃12r̃23e

−iβ̃2

)
e−iβ̃z +

(
r̃12 + r̃23e

−iβ̃2

)
e−i(2β̃1−β̃z)

1 + r̃12r̃23e−iβ̃2 +
(
r̃12 + r̃23e−iβ̃2

)
r̃01e−2iβ̃1

(1.18a)

Fsc,4 = t̃10

(
1 + r̃12r̃23e

−iβ̃2

)
e−iβ̃z +

(
r̃12 + r̃23e

−iβ̃2

)
e−i(2β̃1−β̃z)

1 + r̃12r̃23e−iβ̃2 +
(
r̃12 + r̃23e−iβ̃2

)
r̃01e−2iβ̃1

(1.18b)

The incident wavelength (532 nm) is used in the absorption term, while the

wavelengths related to the G or 2D peaks of graphene’s Raman spectrum are used in

the scattering term. The wavelengths related to these peaks are calculated using,

ωRam

(
cm−1

)
=

∣∣∣∣ 1

λ0 (nm)
− 1

λsc (nm)

∣∣∣∣ ∗ 107 (1.19)

where we find that the scattering wavelength related to the G peak is 581 nm

(1580 cm−1) and that for the 2D peak is 621 nm (2700 cm−1).

Figure 1.10(a) shows the Raman factor enhancement at each of these wavelengths

for an air/BLG/SiO2/Si device as a function of the oxide spacer thickness, as well

as the exclusive light absorption of the BLG (ABLG). We see that absorption

maxima correspond with unshifted Raman factor (FBLG−noshift) maxima, as these

13



are both calculated at the incident wavelength (λlaser = 532 nm), while the G and 2D

peak maxima (FBLG−G and FBLG−2D, respectively) are shifted due to the change in

wavelength (λG = 581 nm and λ2D = 621 nm. The expected Raman factor decreases

as the cavity height (hSiO2) approaches the Raman shifted wavelengths.

Figure 1.10: Exclusive light absorption and Raman factor of BLG heterostructures.
Raman factors (left axis) and exclusive light absorption (right axis) of BLG in an
air/BLG/SiO2/Si heterostructure (inset). Figure reproduced from [25].

1.5 Thesis organization

Most of the original work contained in this thesis is presented in Chapters 2 and 3,

with some of the theoretical work presented in Section 1.4. In Chapter 2, we describe

the fabrication of BLG optical cavities using our novel deterministic transfer process,

where each step is described in turn. Our process utilizes a highly transparent, soluble

nitrocellulose micro-stamp, which combines flexibility and adhesion in order to dry

pick-up and transfer 2D crystals. After highlighting some transfer capabilities, we

demonstrate that no significant defects, nor doping, are introduced during the transfer

process by means of Raman spectroscopy. Our fabrication success rate was 95% for on-

substrate devices and 93% for suspended devices. We then walk the reader through

our data analysis process which converts our measured quantity, counts, into our

desired quantity, Raman factor. We finally demonstrate a quantitative agreement

between Raman scattering intensity from a partially suspended BLG (over SiO2)
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optical cavity and the Raman factor predicted by our model. This agreement supports

that we can transfer both on-substrate and suspended crystals of sufficient quality to

manipulate their Raman factor and exclusive light absorption. With this cavity, we

were able to enhance Raman scattering two-fold (vs BLG in vacuum), as well as tune

the G peak Raman factor by 3.8 and the exclusive light absorption by 6.3 in a single

device.

In Chapter 3, in order to enhance Raman scattering and light absorption, we

introduce a highly reflective Al mirror to our heterostructures, which also serves as

a mean to electrostatically tune our optical cavity height. We first fabricated on-

substrate optical cavities where graphene was transferred over hBN and Al. These

cavities demonstrated that Raman scattering can be tuned by a factor of 19 with

cavity height differences on the order of 75 nm. We then present our platform for

tuning optical cavity height in-situ and our first suspended BLG optical cavity over

Al. We provide an overview of the measurement and the data analysis processes before

presenting our Raman data when applying 0 V. Here we further validate our Raman

scattering model and demonstrate our ability to detect changes in cavity height on

the order of 1 nm using Raman factor, as well as tune Raman factor by 1.8 over a

10 nm change in height in the same device. We finally tune the applied voltage to

our suspended BLG optical cavity, demonstrating an ability to electrostatically tune

Raman factor by ≈ 20% and cavity height by ≈ 3 nm with the application of 500

mV.

In Chapter 4 we summarize the major results of this thesis: the novel deterministic

transfer process which we use to fabricate pristine optical cavities, the agreement

between our Raman scattering model and our measured data, which demonstrates

our ability to enhance and tune both Raman factor and light absorption, and our

ability to tune optical cavity height in-situ using electrostatic forces. We also

present applications of NOEMS and a discussion on the future of this project. We

show the ongoing fabrication of a BLG optical transducer, where small voltages can

enhance/suppress light absorption for optical sensing.
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Chapter 2

Fabrication of Bilayer Graphene

Optical Cavities by Nitrocellulose

Micro-stamp Transfer

In Chapter 1, we presented NOEMS [1–3] and optical cavities with an emphasis on

light-matter interactions, notably the light absorption and Raman scattering which

occur in graphene [28,33,34]. We also presented our models for graphene’s exclusive

light absorption and Raman factor, which predicted that these characteristics can be

enhanced by incorporating graphene in precisely assembled heterostructures. In order

to study these light-matter interactions in detail, we must fabricate pristine optical

cavities with as little disorder as possible. Moreover, we must fabricate suspended

devices in order to access the mechanical properties of graphene, allowing for in-situ

tunable control over the cavity thickness.

The deterministic and dry transfer of any-stacking-order [14,45,46] and suspended

2D materials such as SLG and BLG had been, so far, out of reach. Firstly, the dry

pick-up of naked (not encapsulated) 2DMs on SiO2 substrates, which permits for

optical characterization of exfoliated 2DMs [47], has not been possible due strong

adhesion to SiO2 [5]. Secondly, it is challenging to deterministically [13] pick-up

and transfer a single 2DM crystal while leaving nearby flakes untouched and is best

done with a three-dimensional micro-stamp [48]. Lastly, the stamping process of thin-

suspended 2DMs requires great finesse to avoid tearing of the crystal, or collapse of the

suspended 2DM due to capillary forces [49]. Moreover, planar 2D heterostructures
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can act as optical interferometric cavities to greatly enhance light absorption and

Raman scattering in 2DMs, including graphene [10,19,21,44] and 2D transition metal

dichalcogenides [20].

In this chapter we describe the method which we developed [25, 26] to pick up

and deterministically transfer 2DMs to fabricate our optical cavities. Our transfer

method is capable of stacking and suspending ultra-thin 2DMs, such as graphene,

hBN and MoS2, using a single-step preparation nitrocellulose micro-stamp. We begin

with a summary of how we produce our 2DMs by mechanical exfoliation. Next, we

give a step-by-step walkthrough of our nitrocellulose-based stamping procedure and

showcase some of the optical cavities which we produced. Our method produced a very

high yield (95% for on-substrate and 93% for suspended devices) while introducing

no significant defects to the 2D crystals, according optical and Raman data. We

then walk the reader through the required steps to analyze our Raman data, acquired

from these cavities, to extract the desired Raman factor. Finally, we showcase a

quantitative agreement between the Raman data and our Raman factor model, which

also demonstrates that Raman factor and light absorption can be tuned by 4 and 6

folds, respectively.

It must be noted that the author did not contribute in the development of the

fabrication method, itself, but aided extensively in demonstrating its effectiveness

(yield), and is a co-author of the published results in 2D Materials. The author also

wrote a macro to extract Raman factor from Raman data, which reproduced the

results of [25,26].

2.1 Mechanical exfoliation of 2D materials

In order to produce pristine optical cavities (Fig.1.5) we must first produce pristine

2DMs for their assembly; this is achieved by mechanical exfoliation. Our basic

building blocks, graphene and hBN crystals, are exfoliated via the ”Scotch Tape”

method [50], as seen in Fig. 2.1a. We begin with highly-oriented pyrolytic graphite

(HOPG) flakes (Kish Graphite B from Covalent Materials Corporation) and high

quality hBN crystals (PT110 Powder CTR from Momentive Performance Materials).

For the graphite, we do a coarse mechanical cleavage with a razor blade to generate

the thinnest possible flakes. Then, we place these flakes (powder in the case of hBN)
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on a 10 cm long piece of tape (Scotch for graphite, Nitto for hBN) and further cleave

the 2DM by repeatedly folding the tape ≈ 15 times; a finished example of cleaved

graphite can be seen in Fig. 2.1(a).

Figure 2.1: Exfoliation and characterization of BLG. (a) Graphene-covered Scotch
tape after cleavage. (b) Optical image of a monolayer graphene crystal. (c) Optical
image showing the colour contrast of graphene crystals with varying number of
layers. (d) Normalized and offset Raman spectra of the locations indicated in (c),
demonstrating the evolution of graphene’s G and 2D peaks as the number of layers
increases. The G peak becomes relatively larger in comparison to the 2D peak as the
number of layers increases; the 2D peak broadens and acquires a ’shoulder’ as the
layers increase. Figure reproduced from [51].

The substrates onto which the graphene and hBN are then exfoliated are made of
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500µm-thick silicon (Si) wafers with a 90 nm or 310 nm-thick film of silicon dioxide

(SiO2). They are diced to ≈ 5 x 5 mm to fit into our chip carriers for electronic

measurements. A photolithography-patterned coordinate system is first transferred

to these substrates to easily locate candidate 2DM crystals. Also, before transferring

the exfoliated 2DM from the tape, the substrate is lightly etched with a dilute

hydrochloric acid (HCl) and hydrogen peroxide (H2O2) solution (18:1:1) at 75◦C for

5 minutes to get rid of any surface residues. This process minimizes contamination of

the 2DM from the substrate and promotes adhesion between the 2DM crystals and

the oxide. The substrate is rinsed with DI water and blown dry with nitrogen before

being baked at 120◦C for 2 minutes to evaporate any leftover water. Finally, the tape

containing the 2DM flakes is pressed on the substrate firmly using one’s finger, and

we wait approximately 10 minutes before slowly peeling off the tape (0.1 mm/s) with

the help of tweezers.

Graphene and hBN crystals are first located using an optical microscope, and

a rough estimate of their thickness (number of layers) can be made based on their

colour contrast, as seen in Fig. 2.1(b)(c). The number of layers of candidate graphene

crystals are then confirmed via Raman spectroscopy. The G peak of BLG is nearly

as tall as its 2D peak, which now presents as a combination of four Lorentzians, as

opposed to the single Loretzian of its single-layer counterpart, as seen in Fig. 2.1(d).

For our purposes, these crystals must be of uniform thickness in the region used in

our optical cavities, and, for suspended devices, must also be as large as possible

(> 25µ m2), so that the supported area exceeds the suspended area. This reduces

the likelihood of slippage and collapse during measurements.

As for our hBN crystals, the naturally-occuring u-shaped cavities which we see

after exfoliation present ideal platforms on which we can suspend our graphene.

Here we look for cavities which are as wide as possible (≥ 1.5µm) for maximum

suspension lengths of ≈ 5µm. This width is necessary since our laser spot diameter

is on the order of ≈ 1µm. As of yet, the maximum suspension length which we have

achieved using this transfer method is 6.2µm. The thickness of hBN flakes can also

be estimated based on their colour, and atomic force microscopy (AFM) is finally

used to quantify the exact heights along the cavity, as seen in Fig. 2.2. With the

exfoliation and characterization of our basic building blocks complete, we can now

move to the assembly of our optical cavities.
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Figure 2.2: Characterization of hBN cavity. (a) Tilted SEM image (60 degrees) with
approximated cavity height (solid lines). (b) AFM scan image with line traces plotted
in (c). Figure reproduced from [26].

2.2 Nitrocellulose-based micro-stamp transfer

method

To our knowledge, there were no methods [14,45,46] which could deterministically dry-

transfer, in any stacking order, and suspend ultra-thin 2DM, such as SLG and BLG.

Firstly, the dry pickup of naked (not encapsulated) 2DM from SiO2 substrates had

not been achieved due to strong adhesion between the 2DM and their substrates [5].

Secondly, it is a challenge to pick up a single crystal while leaving any nearby crystals

untouched and ideally performed using a 3D micro-stamp [48]. Lastly, suspending

2DM requires finesse in order to avoid tearing the crystal or the crystal collapsing

due to capillary forces [49].

To fabricate optical cavities we use our recently-published method [25]. This

method is summarized in Fig. 2.3 and uses a nitrocellulose micro-stamp, which

combines softness and adhesion, to dry pickup and transfer naked 2DM crystals. This

method can be used to fabricate both suspended and on-substrate optical cavities.

We first prepare a nitrocellulose micro-stamp and locate the 2DM we wish to

transfer on its original SiO2 substrate (Fig. 2.3(a)). The micro-stamp is then aligned

above the 2DM before being brought down into contact (Fig. 2.3(b)). After allowing

for adhesion between the micro-stamp and 2DM, the 2DM is picked up by retracting

the stamp (Fig. 2.3(c)). The new target substrate is then placed under the micro-

stamp and the 2DM aligned before being lowered into contact (Fig. 2.3(d)). The
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Figure 2.3: Step-by-step assembly of suspended graphene heterostructure. (a)
Finding the BLG crystal through the transparent nitrocellulose micro-stamp. (b)
Lowering the micro-stamp into contact with the BLG crystal and its immediate
surroundings produces a pink/orange colour. (c) Direct pickup of the BLG crystal
from the substrate. The crystal can be seen on the micro-stamp after refocusing.
(d) Alignment of the BLG crystal over the target hBN cavity. (e) Dissolving the
nitrocellulose micro-stamp using acetone and IPA. Figure reproduced form [25].

micro-stamp is then dissolved to complete the transfer using µL amounts of solvents

(Fig. 2.3e) [52]. Before outlining the details of these steps we first present our

stamping apparatus.

2.2.1 Stamping apparatus

The stamping apparatus used to raise/lower our micro-stamps and align them with

our 2DM and substrates is shown in Fig. 2.4. The main features are a rotating stage

with an integrated vacuum to hold and orient substrates, a 3D micro-manipulator

which holds the glass slide on which we deposit our micro-stamp, and a long working

distance optical assembly leading to a high resolution CCD camera for live viewing.

This apparatus was inspired by other deterministic transfer techniques [4, 53–55].

2.2.2 Nitrocellulose micro-stamp preparation

Before preparing the micro-stamp we must first clean the crystal for pick-up. With

a BLG crystal chosen and characterized, we submerge its substrate in a warm bath
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Figure 2.4: Stamping apparatus. The substrates from which we pick up and to
which we transfer our 2DM are held by vacuum on the rotating stage. The micro-
manipulator holds the glass slide containing the micro-stamp and controls its position.
A long working distance optical assembly is in place for live viewing of the transfer.
Figure reproduced from [25].

of acetone at 75◦C for 5 minutes, rinse with isopropyl alcohol (IPA), then rinse with

DI water and bake it at 120◦C for 2 minutes. The substrate is then mounted on

the vacuum stage of our stamping apparatus and the camera focused on the desired

crystal. The vacuum stage is rotated such that the crystal has the desired orientation.

We then prepare the micro-stamp on a glass slide: we submerge the tip of a 1

mL syringe in our nitrocellulose solution (nail polish, Revlon - Extra LifeTM No Chip

Top Coat) (Fig. 2.5(a)) and then deposit a small droplet on a glass slide to form

our micro-stamp (Fig. 2.5(b)). Ideally the stamp will possess a contact area (top of

stamp, appears brighter under optical microscope) that is ≈ 200µm in diameter, as

seen in Fig. 2.5(c). Smaller contact areas (≈ 50µm diameter) have been achieved,

though this is also the area which acts as a lens to align the 2DM during the transfer

process, where greater visibility is advantageous.

2.2.3 Making contact and pick up of naked 2D crystal

The glass slide with the micro-stamp is then mounted on the micro-manipulator, as

seen in Fig. 2.4, and then lowered until it is ≈ 1mm above the 2DM to be transferred.

The contact area of the stamp is then centered on the 2DM; the stamp, itself, is
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Figure 2.5: Nitrocellulose micro-stamp preparation. (a) A syringe tip is submerged
in a droplet of nitrocellulose solution and then retracted such that a droplet remains
due to capillary forces. (b) The syringe tip is lowered slowly such that the droplet
barely touches the surface of the glass slide, leaving a micro-stamp. Top-view optical
image of a micro-stamp, showing the bright white contact area which will be integral
to the transfer process. Figure reproduced from [25].

transparent and acts as a lens due to its ellipsoidal shape. After waiting 6min for

the stamp surface to sufficiently dry (harden), the stamp is lowered slowly to contact

the selected crystal and its immediate surroundings. Contact is apparent when the

stamp appears to change in colour to orange/pink (Fig. 2.3(b)).

After waiting 18 ± 2 min (longer if the 2DM was not freshly exfoliated) to promote

adhesion between the stamp and 2DM, the stamp is deftly raised and the 2DM picked

up, as shown in Fig. 2.6. After raising the glass slide further, pick up can be confirmed

by focusing on the micro-stamp (where one should see their 2DM) or on the empty

substrate underneath.

2.2.4 Alignment of 2DM with target substrate

Once the target substrate, such as an hBN cavity, is mounted, the camera is focused

and the stage rotated such that the cavity has the desired orientation. We trace the

hBN cavity contour on our video screen for reference when aligning the 2D crystal.

The micro-stamp is then centred above the hBN cavity and progressively lowered

(which includes refocusing and aligning) until the crystal and hBN cavity are both
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Figure 2.6: Schematic of the 2DM pick up process. The glass slide, held by the micro-
manipulator is raised and the adhesion of the 2DM with the micro-stamp overcomes
the VdW forces holding the 2DM to the substrate. Figure reproduced from [25].

clearly visible in focus, as seen in Fig. 2.7(a). The contour trace is erased and a final

alignment correction is done before lowering the crystal into contact with the target,

as seen in Fig. 2.7(b). We ensure that the micro-stamp is not pressed hard enough

to deform the contact area, and does not contact the SiO2 immediately surrounding

the hBN substrate, as shown in Fig. 2.7(c).

Figure 2.7: Alignment and stamping of trilayer graphene (TLG) on an hBN trench.
(a) The TLG crystal is barely visible above the target hBN trench. The micro-stamp
begins to make contact with the substrate. (b) The TLG crystal makes slight contact
with the hBN trench. (c) The micro-stamp is in contact with the SiO2 substrate and
hBN, but does not contact a 3 µm-wide zone surrounding the hBN trench. Figure
reproduced from [25].

2.2.5 Release of naked 2D crystal by dissolution of micro-

stamp

To release the 2DM and complete the transfer, a micro-pipette is used to inject

one drop of acetone (500µL) in the spacing between the micro-stamp and substrate,

dissolving the stamp and releasing the 2DM, as shown in Fig. 2.8(a). Additional
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droplets are added to ensure that the nitrocellulose is completely dissolved and reduce

the risk of excess residues. The glass slide is then raised (≈ 0.5 mm) and we do a

local rinsing with IPA using the same micro-pipette, as shown in Fig. 2.8(b). This

rinsing process is repeated multiple times to completely flush the acetone and polymer

residues. The final, evaporation step of this procedure must be controlled, as capillary

forces could potentially collapse the suspended 2DM. We control the evaporation rate

by raising or lowering the glass slide while controlling its position, eliminating the need

for critical point drying, as shown in Fig. 2.8(c)(d). This is crucial to ensure that the

risk of collapse is minimized for suspended 2DM.

Figure 2.8: Dissolution of the nitrocellulose micro-stamp to complete the transfer
procedure. (a) A micro-pipette is used to introduce a drop of acetone. (b) The
acetone dissolves the micro-stamp and the 2DM is released. IPA is introduced to
flush the acetone and polymer residues. (c) The stamp is completely dissolved and
the IPA begins to rapidly evaporate. (d) The evaporation rate can be controlled by
lowering the glass slide, minimizing the risk of collapse for suspended crystals. Figure
reproduced from [25].

2.2.6 Supported and suspended 2D material

heterostructures

With the deterministic transfer method presented in Fig. 2.3 we can fabricate

both supported (on-substrate) and suspended heterostructures; Figure 2.9 showcases

some of the structures produced by the author. The transfer method possesses a

translational accuracy of 1µm and a rotational accuracy of 1◦, as demonstrated in
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Fig. 2.9(a). Out of the 15 suspended heterostructure assemblies we attempted, 14

were successful.

Figure 2.9: 2DM heterostructures. (a) Graphite which has been transferred to hBN,
demonstrating our method’s translational (1µm) and rotational (1◦) accuracy. (b)
Few-layer graphene (FLG) that has been suspended above SiO2/Si by means of an
hBN trench. (c) Graphite that has been transferred onto phenol-copper, a material
which is used in chiral-induced spin selectivity (CISS) measurements [56]. All scale
bars are 4µm.

While graphite and graphene are the most common 2DM which we have

transferred, this method is also capable of dry picking up naked hBN and MoS2,

as seen in Fig. 2.10, which showcases some of our high-quality and large area 2D

heterostructures. Both the optical and the Raman data presented confirm a low

defect density in the transferred crystals. To assemble the heterostructures visible

in Fig. 2.10(b, e), we first evaporated a 50 nm-thick aluminium (highly reflective

material) film onto our SiO2/Si wafer, which will act as a backplane mirror for an

optical cavity, as discussed further in Chapter 3. We next transferred thick (≈ 400

nm) and large area(up to ≈ 1000µm2) hBN crystals to act as substrates for the ultra-

thin crystals and define the thickness of the optical cavity heterostructures. We then

picked up and deterministically transferred the large area 2DM crystals, seen on their

initial SiO2 substrates in Fig. 2.10(a, d, g). We note that the entire areas of these

target crystals were transferred without tearing or folding, and with very few small

bubbles visible in the transferred crystals, shown in Fig. 2.10(b, e, h). The Raman

data seen in Fig. 2.10(c, f, i) were taken at the red marker locations shown in the

corresponding optical images. The relative heights of the Raman peaks, such as the

G and 2D peaks of graphene, are affected after the assembly of the optical cavity

heterostructures, as expected. The ratio between the area of the G and 2D peaks also
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changes, though this is dependant on the device geometry [33]. We also see that the

width of the Raman resonances are the same before and after transfer, and that there

is a negligible D peak in the graphene spectra, indicating that no major disorder was

introduced in the stamping of these crystals [36,49,57,58]. Out of the 21 on-substrate

heterostructure assemblies we attempted, 20 were successful.

Figure 2.10: On-substrate heterostructures. (a) Optical image of SLG crystal before
and (b) after transfer. The red dot is the location of the Raman scan. Insets:
illustrations of device profiles. (c) Raman spectra before (black) and after (red)
transfer. (d) Optical image of BLG crystal before and (e) after transfer. (f) Raman
spectra before (black) and after (red). (g) Optical image of MoS2 crystal before and
(h) after transfer.(i) Raman spectra before (black) and after (red). Figure reproduced
from [26].
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2.3 Determining the Raman factor of graphene

from experimental data

With graphene devices fabricated it is possible to experimentally verify that our model

for Raman factor, presented in Chapter 1.5.2, is correct. To do so, a standard was

established in order to systematically and confidently convert our experimental data

(counts) to Raman factor. This standard, described in the subsections to follow, is

broken down into 3 steps:

1. Theoretically calculate a Raman factor for the graphene on its initial substrate.

2. Measure and normalize the Raman events which occur in the graphene on the

initial substrate to relate measured data and theory (calibraiton).

3. Measure the Raman events which occur in the graphene once it has been

transferred to its new substrate to extract a Raman factor experimentally.

2.3.1 Modelling the Raman factors of graphene on silicon

dioxide

Our graphene is exfoliated onto SiO2/Si chips for optical and Raman characterization

of its number of layers, so we first calculate a Raman factor for the graphene on

this substrate. The thickness of our SiO2 layer is measured via ellipsometry to be

(90± 5)nm. Modelling the Raman factor for an air/BLG/SiO2/Si geometry, as seen

in Fig. 2.11, we determine that the Raman factors associated with graphene on this

initial substrate are FBLG−G = 2.8± 0.1 for the G peak and FBLG−2D = 2.7± 0.1 for

the 2D peak.

2.3.2 Extracting an experimental Raman factor

Next, we associate intensities (counts) which have been normalized to account for the

laser power taken at the time of each measurement to these Raman factors. Once

Raman data for our bilayer flake has been acquired, we begin our analysis by fitting

the G and 2D peaks of the Raman spectrum, as seen in Fig. 2.12(a,b), in order

to extract the integrated counts under each peak. The G peak is fit with a single

Lorentzian of the form:
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Figure 2.11: Raman factor of bilayer graphene on a SiO2/Si substrate. Our graphene
is exfoliated onto ≈ 90 nm of SiO2 which gives FG = 2.89 and F2D = 2.74 for the
wavelengths associated with the G and 2D peaks, respectively.

f(x) = y0 +m ∗ x+

(
2A

π

)(
FWHM

4 (x− x0)
2 + FWHM 2

)
(2.1)

where y0 is the background offset, m is the slope of the background, x0 is the G

peak position, A is the area under the peak, and FWHM is the full width at half

maximum. Here the number of counts under the peak are extracted directly from the

fit (area).

The 2D peak is similarly fit using a combination of four Gaussians:

f(x) = y0 +m ∗ x+
4∑

i=1

Aiexp

(
−4ln(2) ∗

(
x− xi

FWHMi

)2
)

(2.2)

where Ai, xi and FWHMi are the amplitude, position and full width at half

maximum of Gaussian i, respectively. The number of counts under the peak is then

found using the equation:

Area =

√
π

2
√
ln(2)

4∑
i=1

Ai ∗ FWHMi (2.3)

Since our Raman data can be taken at varying laser powers and with potentially
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Figure 2.12: Example of fits (solid lines) for bilayer graphene G peak (a) and 2D peak
(b) data (open circles).

different acquisition times, we must first normalize our integrated counts so that the

associated Raman factor can be used to quantify subsequent measurements:

I/PL ≡ counts/power/time (2.4)

Figure 2.13(a) demonstrates that this determination of normalized counts is

reproducible for arbitrary positions on different bilayer graphene flakes; Figure 2.13(b)

demonstrates the same for different laser powers taken at the same position. The

laser power was recorded before each 100 s dataset. Here we note that our laser

power is generally in the 0.75 − 1 mW range when acquiring Raman factor data.

Taking the average of the values presented in Fig. 2.13(a) gave normalized counts of

I/PSiO2 = 7.2 counts/(µ W * s) and 25.8 counts/(µ W * s) for the G and 2D peaks,

respectively.

2.4 Assigning Raman factors to experimental data

and agreement with our model

The normalized counts measured experimentally (I/PSiO2) correspond to the

theoretically determined Raman factors (FSiO2−G = 2.8 ± 0.1 and FSiO2−2D =
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Figure 2.13: Normalized counts measured at arbitrary positions on BLG and taken
with varying laser powers. (a) Normalized counts measured at arbitrary positions
on three different bilayer graphene flakes (inset line map in (b) corresponds to open-
circle data). (b) Normalized counts measured at one position (marked on inset) with
different laser powers. The average of the normalized counts in (a) gives I/PG

L = 7.2
counts/(µ W * s) and I/P 2D

L = 25.8 counts/(µ W * s).

2.7 ± 0.1), and this established our calibration. Once our graphene has been

transferred to its new substrate and Raman data has been measured, we can use

the relationship

FSiO2

I/PSiO2

=
Fmeas

I/Pmeas

(2.5)

in order to extract Raman factors from our experimental data for BLG inside of

any heterostructure.

One of our optical cavities was fabricated with a height gradient (see Fig. 2.14(a))

in order to verify the accuracy of our experimental measurement of Raman factor.

We observed quantitative agreement between our theoretical model and the G and

2D Raman factors which were extracted from Raman measurements, as shown in Fig.

2.14(b, c), as well as an ability to tune Raman factor by a factor of 4 in a single device.

We note that our model also predicted that exclusive light absorption, ABLG ≈ 10%

for this geometry at a cavity height of hair = 160nm, more than double the exclusive

light absorption of BLG in vacuum, and can be tuned by a factor of 6 inside this

heterostructure.

Having demonstrated agreement between our Raman factor model and our

31



Figure 2.14: Experimental agreement with Raman factor model. (a) Top optical view
of a transferred tilted-suspended BLG flake. Region I is supported by SiO2, region II
is suspended at heights ranging from 0 to 160nm, and region III is at a constant height
of 160nm. The inset shows a cross-sectional view of the device’s geometry. Raman
factor as a function of cavity height for the G peak (b) and 2D peak (c). Experimental
data is shown as solid markers and the solid trace is a zero-fit calculation using our
model. The inset shows the exclusive light absorption of BLG for these same cavity
heights.

experiments, we have shown that we can build suspended heterostructures of sufficient

quality to tune the light-matter interactions in graphene via air spacer thickness,

hair, as seen in the inset of Fig. 2.14(a). Our next goal is to enhance light-matter

interaction strength and add the ability to tune these interactions in-situ by means of

an aluminium (Al) backplane mirror, as seen in Fig. 1.5. The Al mirror will also act

as an electrode which will control hair, thereby tuning Raman factor and exclusive

light absorption, with a gate voltage.
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Chapter 3

Enhancement of Graphene

Light-matter Interactions in a

BLG/air/Al Optical Cavity

In the previous chapters we presented the deterministic 2DM stamping procedure [25],

Raman factor modelling, and measurements made to fabricate and characterize the

enhancement of light-matter interactions in 2D heterostructures. We demonstrated

that we can widely and quantitatively tune light absorption and Raman scattering in

graphene [28, 33, 34]. Now, we aim to greatly increase the range over which we can

suppress or enhance these interactions in-situ within a single device.

Developing 2DMs for optoelectronics applications [11] or exploring 2D light-

matter interactions [2] requires increasing the very small bare light absorption in

ultra-thin 2DMs [24]. While previous work focused on maximizing absorption of

the infrared range [21, 59], we focus on the absorption of visible light by suspended

BLG. Moreover, suspending BLG over an Al mirror would permit for tunable control

of optical cavity thickness, and, consequentially, light absorption. We demonstrate

quantitatively that light absorption enhancement is feasible and can be tuned in-

situ in suspended BLG optical cavities, which could lead to high on-off ratio light-

absorption transducers [60]. This will open up opportunities to generate strong light-

matter interactions in 2D NEMS [19], and twisted BLG [10] NOEMS.

In this chapter, we present the addition of an aluminium mirror to our optical

cavities, which serves to increase the enhancement of light-matter interactions, while
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also providing a means to tune these interactions in-situ via an applied voltage.

Measurements on on-substrate (hBN) BLG optical cavity devices with an Al back-

plane mirror demonstrated that Raman scattering can be tuned by a factor of 19

with cavity thickness differences on the order of 75 nm. Also, Raman data from

an optical cavity of BLG suspended over Al demonstrated that we can match our

measured FBLG−G to the theoretically calculated Raman factor produced by our

model. Moreover, we demonstrated that Raman factor can be tuned 1.8x over a 10

nm change of hair in the same device. According to our model, these measurements

correspond to an exclusive light absorption of 15.6%, 3.4 times that of BLG in vacuum.

Finally, once a gate voltage was applied, we were able to to electrostatically tune

Raman factor by 1.2 folds and hair by ≈ 3 nm with the application of 500 mV. This

proof of concept opens the door to further research at higher applied voltages, where

we predict that Raman factor can be tuned by a factor of ¿ 30000 for ∆Vg = 15 V.

3.1 Enhancing Raman factor in BLG/hBN/Al

optical cavities

We have shown in Section 1.4 that the exclusive light absorption and Raman

scattering enhancement of BLG can be improved by factors of ≈ 2 and 3, respectively,

when fabricating an optical cavity with an air/BLG/SiO2/Si geometry (see Fig.

1.10). We can improve these numbers further by replacing SiO2/Si with an Al

mirror. Aluminium’s high reflectance (> 90% for visible light[ [61]]) makes it an

ideal substrate for an optical cavity in that: 1) more photons are reflected back

to the BLG, increasing absorption, and 2) the effective optical cavity thickness

will be more uniform due to a reduced penetration depth, lessening the effect of

spurious destructive interference due to variations in cavity thickness. These effects

are captured by our model when comparing optical cavities where BLG has been

suspended over SiO2/Si (Fig. 3.1(a)) and Al (Fig. 3.1(b)) substrates. In Fig. 3.1(c),

we see that not only is the Raman scattering enhanced 5-fold in the presence of an

Al mirror, but the heights associated with constructive and destructive interference

become more uniform for the wavelengths of light associated with the G and 2D

peaks. We also predict a decrease in Raman scattering as the cavity thickness is

increased and the effects of destructive interferences become more prevalent.
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Figure 3.1: Comparing Si and Al as backplane mirrors in an optical cavity. (a)
Schematic of a BLG optical cavity where it has been suspended over SiO2/Si. (b)
Schematic of a BLG optical cavity where it has been suspended over Al. (c) G peak
Raman factor, FBLG−G, enhancement in the presence of an Al mirror. The Raman
factor is greatly enhanced when suspending over Al (red) as opposed to SiO2 (black).
On/off ratios are also significantly increased from ≈ 10 over SiO2 to ≈ 29000 over Al.

We have experimentally observed the tunability of BLG’s Raman scattering when

supported over an Al mirror by hBN (BLG/hBN/Al), shown in Fig. 3.2. These

cavities were fabricated by first depositing a layer of Al (procedure explained in the

next section), followed by the transfer of hBN and BLG, in sequence. Figure 3.2(a) is a

top view of one of four BLG/hBN/Al optical cavities which we fabricated with various

spacer thicknesses. Figures 3.2(b, c) compare the measured G and 2D peak Raman

factors (circles) from each of the cavities to those calculated by our model (solid

curve). We see a strong quantitative agreement and also demonstrate that FBLG−G

can be tuned 19 folds. Moreover, our calculation of the exclusive light absorption (seen

in the inset of Fig.3.2(c)) for this cavity geometry strongly supports that the exclusive

light absorption of BLG, at the 532 nm laser wavelength, can be modulated from less

than 1% to over 10%. However, these are supported heterostructures where the

Raman factor (absorption) of the BLG is set by the thickness of the hBN substrates

and will remain unchanged. Our goal is to build suspended BLG optical cavities,

where the light-matter interactions can be tuned across a broad range within a single

device.
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Figure 3.2: The tunability of BLG’s Raman factor when supported over Al. (a) Top
view of an air/BLG/hBN/Al optical cavity (schematic of side view seen in top right
inset). The lower left inset shows an AFM trace taken at the red line location. (b)
G peak data and (c) 2D peak data from the cavity shown in (a), as well as similar
cavities with varying hhBN . The markers are experimental data and the solid traces
were produced by our model. G peak Raman factor can be tuned 19 folds over a 75
nm difference in spacer thickness. The inset of (c) shows the predicted exclusive light
absorption by BLG with this cavity geometry. Figure modified from [25].

3.2 Fabrication of BLG/air/Al optical cavities and

instrumentation for Raman measurements

In order to simultaneously tune and measure the light-matter interactions of our

graphene optical cavities, we need a platform that is capable of deflecting our graphene

while Raman data is being collected. As mentioned previously, an Al mirror would

not only enhance light-matter interactions, but can also act as an electrode with

which we can apply an electrostatic force to the graphene, thereby tuning the optical

cavity height. In the pages to follow, we describe how we fabricate our optical cavities

suspended above Al for measurement and the Raman instrumentation with which the

light-matter interactions are recorded.

3.2.1 Deposition of aluminium mirror and top electrode for

in-situ electrostatic tuning

In order to apply an electrostatic force to our graphene we must deposit two

aluminium electrodes onto our chips: one in the hBN trench which will act as the

optical cavity mirror and one on top of the hBN which will lead to ground and
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allow a voltage to be applied, as seen in Fig. 1.1(b). The initial mask-aligned

photolithography process is summarized in Fig. 3.3(a). We begin by coating our

chips in photoresist and spinning them to produce an even layer. The chip is then

covered with a photomask which defines the electrode patterns and is exposed to UV

light, where the uncovered resist undergoes a chemical change. The resist is then

developed in a remover solution, exposing the electrode patterns on the chip, while

the rest of the chip remains covered in resist.

With the electrode patterns prepared, we deposit metal using thermal evaporation,

as shown in Fig. 3.3(b). We first deposit a 5 nm sticking layer of Cr to help the Al

adhere to the SiO2, followed by a 30 nm layer of Al over the entire chip. After the

evaporation is completed, metal lift-off is performed by soaking the chip in a warm

acetone bath to remove the resist and excess metal and leave the desired Al electrodes.

Figure 3.3: Photolithography and deposition of aluminium electrodes. (a) Photoresist
is spun onto the Si chip with the hBN trench. A photomask patterns the incident UV
radiation. The resist is then developed, exposing the SiO2/Si where the electrodes will
be deposed. (b) 5 nm of chromium are deposited onto the developed photolithography
pattern as a sticking layer, followed by 30 nm of aluminium. After lift-off, the SiO2/Si
is coated in an Al electrode pattern.

3.2.2 Suspending bilayer graphene over the aluminium

mirror

With the Al electrodes in place, we complete our optical cavity by suspending a bilayer

graphene crystal above the backplane of Al. We follow the deterministic transfer

method presented in Chapter 2. Figure 3.4 shows the before (a) and after (b) of

Device WWAl2, which was our first successful BLG/air/Al cavity. The length of the
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suspension was L = 6.2µm. A shorter suspension length would decrease the number

of measurement points on our optical cavity due to our laser spot size (≈ 1µm). Also

seen in Fig. 3.4(b) is a graphite contact, which was used to repair a gap in the Al

electrode on top of the hBN.

Figure 3.4: Before and after suspension of bilayer graphene over aluminium to form
an optical cavity. (a) Suspension plan for Device WWAl2 showing a trace of the
bilayer graphene flake to be used (inset, 4µm scale bar). (b) Completed suspension of
Device WWAl2 where the edge of the suspended graphene is clearly visible over the
Al. A graphite flake has been used to repair a break in the top Al contact (connected
to ground in order to apply a voltage to the BLG). (Inset) The suspended length is
L = 6.2µm with a width of 1.5µm.

3.2.3 Opto-electronic measurement instrumentation

For our optical measurements, we use a Renishaw inVia Raman spectrometer

equipped with a Prior ProScan morotized translation stage, an Innovative Photonic

Solutions 532 nm spectrum stabilized laser source (model I0532SR0050B), and a

Leica DM LM optical microscope, as shown in Fig. 3.5(a). The translation stage

has a spatial precision of 0.05µm in the in-plane X and Y directions (Fig. 3.5(b)),

according to specifications. Renishaw’s WiRE software controls the translation stage

and has many customizable acquisition options, including acquisition time laser

power, mapping dimensions, and automatic laser focusing. The holographic filters

fulfill the same function as a dichroic mirror, directing the excitation laser beam
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toward the sample, and allowing the scattered light to pass through it toward the

diffraction grating and CCD camera.

Figure 3.5: Opto-electronic instrumentation to study light-matter interactions. (a)
Renishaw inVia Raman spectrometer system with Leica optical microscope and Prior
Scientific XYZ translation stage. Figure modified from [62]. (b) Schematic of the
Raman spectrometer and microscope translation stage. A laser with wavelength 532
nm is normally incident to the sample and Raman scattered light is collected by a
detector. Also, an optical image of the laser spot. Figure reproduced from [26]. (c)
Plot of greyscale intensity for each pixel on the optical image of our laser spot with
the overlying 2D Gaussian fit. (d) Line-cuts of our 2D Gaussian fit in the x and y
directions, showing the widths of our laser spot.

The 100x objective used in our measurements produces an elliptical laser spot, as

seen in Fig. 3.5b. To characterize our laser spot, we first focus it on a Si substrate

and capture an image with the highest possible acquisition time such that the spot

is clearly visible but not saturated. We then convert the image to greyscale, where
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the value of each pixel represents a measure of intensity. Once this data is plotted in

Igor Pro 7, we fit the intensity profile to a 2D Gaussian function:

f(x, y) = A ∗ exp(−(a(x− x0)
2 + 2b(x− x0)(y − y0) + c(y − y0)

2)) (3.1)

with coefficients a = cos2(θ)
2σx

2 + sin2(θ)
2σy

2 , b = − sin2(2θ)
4σx

2 + sin2(2θ)
4σy

2 , and c = sin2(θ)
2σx

2 + cos2(θ)
2σy

2 .

A is the amplitude, σx,y are the widths in the x and y directions, and θ is the rotation

of the Gaussian spot. The results of this fit are shown in Fig. 3.5(c). Integrating in

the x and y directions, we see that 99% of our laser power rests in Xwidth = 655nm

and Ywidth = 930nm, as seen in Fig. 3.5(d).

3.3 Measurement of Raman factor for a

BLG/air/Al optical cavity

We first capture Raman data for our BLG suspended over Al with no gate voltage

applied (Vg = 0). Our first successful suspension over Al was named Device WWAl2,

which is presented again in Fig. 3.6(a). There we define the X and Y scanning

axes along which our measurements were performed. A schematic side-view of this

device can be seen in Fig. 3.6(b), showing part of the BLG laying on the top Al

contact (needed to apply a voltage on the graphene flake). We first present the

measurement procedures (reduction of uncertainty due to microscope stage drift)

and data analysis (eliminating a Raman signal from fabrication residues) which were

performed in this section, before presenting and discussing the Raman data in Section

3.4. We demonstrate that Raman factor can be tuned 1.8x over a 10 nm change of

hair in the same device.

3.3.1 Reducing spatial uncertainty due to microscope stage

drift

The measurements which were performed on WWAl2 are summarized in Fig. 3.1.

Each measurement represents a line scan in the X or Y direction, which spans the

entire respective range of these axes, presented in Fig. 3.6a (except for scans Y1 and
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Figure 3.6: Definition of axes for Raman line scans on Device WWAl2. (a)
Optical image of Device WWAl2 defining the XL and YL laser positions used in our
measurements. (b) Schematic side-view of our device showing the BLG in contact
with the top Al electrode and suspended over the bottom Al electrode.

Y2). Laser powers were measured before and after each scan, with the average value

being used in the subsequent data analysis. Before and after images of a predefined

origin near the device confirmed that the (x,y) position of the laser did not drift

significantly over the course of a measurement. Images of the defined line scans were

taken before each run with no change in the scan positions. The length scales of

images taken with our Raman microscope agree with those taken by multiple image

sources in our laboratory, as seen in Fig. 3.7.

Initially, the laser spot was only focused on the suspended BLG before each line

scan, which produced the data seen in Fig. 3.8(a). It was later found that refocusing

the laser spot for each data point reduced spatial uncertainty in the Z direction (likely

due to motor stage drift), producing the cleaner data shown in Fig. 3.8(b). Focusing

the laser spot ensured that laser power was distributed over the smallest possible area

on our device, limiting unwanted features.

3.3.2 Raman signal from microfabrication residues

Over the course of our measurements, we noticed an unexpected Raman peak

appearing near graphene’s 2D peak, as seen in Fig. 3.9(a). When fitting graphene’s

2D peak, this unexpected peak effectively raised the baseline of our fit, reducing

the area (counts) of the 2D peak. We attribute this peak to fabrication residues,
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Figure 3.7: Comparison of length scales. The length scale of images taken with our
Raman microscope using a 100x objective correspond to those taken using another
microscope in our lab with a different 100x objective.

Device name: WWAl2
Scan direction Scan datasets Step size (µm) Laser power min-max (µW) Refocus

X ScanX(1-3) 0.3 944-967 No
” ScanX(4-5) 0.2 962-965 No
” ScanX(6-8) 0.1 919-954 No
” ScanX(9-11) 0.1 885-930 Yes
Y ScanY(1-2) 0.1 948-974 Yes
” ScanY(3-5) 0.5 965-974 Yes
” ScanY(6-7) 0.1 903-937 Yes

Table 3.1: List of line scans performed in the X and Y directions on Device WWAl2.
All scans except for ScanY1-2 were performed over the entire respective range of XL

and YL as shown in Fig. 3.6. Laser powers were measured before and after each scan,
with the min and max values of each subset recorded above. We began to manually
refocus the laser at every XL − YL location along the scan beginning with ScanX9.
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Figure 3.8: Reducing spatial uncertainty due to drift in the Z-direction. G-peak
Raman factor data before (a, X6-X8) and after (b, X9-X11) we focused the laser
spot for each measurement point. Focusing the laser for each point reduced noise by
ensuring that laser power was distributed over the smallest possible area.

as measurements could not confirm exactly which material (aluminium, aluminium

oxide, acetone, etc.) was at cause. It must also be noted that graphene has a small

G∗ peak in this same range, as seen in Fig. 3.9(b) [63]. To remove any effect of these

residues on our data analysis, we extended the fit range of our 2D peak and added

the residue and G* peaks to our fit function, as seen in Fig. 3.9(c). The residue

peak was fit with a Lorentzian and a Gaussian, while the G* peak was fit with two

Gaussians. Finally, we subtracted the fitted residue and G* peaks from our data

before performing a final fit on the graphene 2D peak. This procedure eliminated

≈ 5% error from our analysis, as presented in Fig. 3.9d.

3.4 Experimental Raman factor vs theoretical

model

After the pre-processing steps outlined in Section 3.3, our data are ready for analysis.

We first measure the height of the optical cavity to model theoretically the data. AFM

traces taken before the deposition of Al for Device WWAl2 show that the supporting

hBN has a height of (660 ± 10) nm, as seen in Fig. 3.10(a). After subtracting the

(35± 5) nm of Cr and Al deposited at the bottom of the cavity, this gives an initial

cavity height of (625 ± 10) nm, as shown in Fig. 3.10(b). Our Raman factor model
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Figure 3.9: Eliminating spurious Raman counts due to fabrication residue. (a)
Example of Raman data showing a peak at ≈ 2480 cm−1 (left). This peak affects the
baseline fit of our 2D peak (right), producing a baseline that is higher (fit baseline)
than the actual baseline of our data. (b) Raman data showing that the peak is a
combination of two peaks: the G* peak (≈ 2450 cm−1) from graphene (black) and a
peak that we attribute to fabrication residues (red). Raman data (black) whose fit
includes the G* (gold) and 2D (blue) peaks of bilayer graphene, as well as the that
of residue peak (red). (d) Raman data before (black) and after (red) subtracting the
G* and residue peaks, allowing for a better estimate of the area under the 2D peak.
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predicts that F2D produces a minor beat resonance near this particular cavity height,

which lies between two primary maxima, as seen in Fig. 3.10c. However, the imperfect

quality of our device means that the signal-to-noise ratio of this minor feature will

not be resolvable with changing cavity height, and that we can only expect F2D to lie

somewhere between 0− 0.67.

Figure 3.10: Cavity height and Raman factor model for Device WWAl2. (a) hBN
cavity height for the AFM trace positions indicated in the inset, taken before the
deposition of Al. The cavity height is estimated to be (660 ± 10) nm. (b) Schematic
side view of DeviceWWAl2. After considering the Cr/Al mirror (35 ± 5) nm, the
optical cavity height is estimated to be (625 ± 10 )nm. (c) Raman factor model
for Device WWAl2 near the optical cavity height. The predicted beat resonance of
the 2D peak Raman factor, F2D, is a feature that we do not expect to capture with
changing height, though our measurements should fall within the resonance range.

Our first measurements of Device WWAL2, with Vg = 0 and with line scans in the

X direction, are shown in Fig. 3.11(a). The highest quality data was captured when

refocusing the laser spot at eachXL position, with step sizes of 0.1µm (Scans X9-X11).

The measured G peak Raman factors, FG, can be seen in Fig. 3.11(b). The green

data point at XL = 1.5µm corresponds to the laser position shown in Fig. 3.11(a).

Figure 3.11(c) shows the averaged FG (3 scans: X9, X10, X11) and that predicted by

our model (solid line). We see an excellent agreement between data and model. As
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our scan approached the hBN, FG approaches the theoretical value for the measured

cavity height, (625±10) nm. The estimated slack of ≈ 10 nm is comparable to that of

5µm-diameter graphene drums [64]. The error bars shown result from the uncertainty

on the thickness of our SiO2 (5%), which affects our Raman factor calibration, and

the uncertainty on our laser power (2%). We also show that FG can be tuned 1.8

folds over a 10 nm change in air spacer thickness when suspended over Al. The inset

of Fig. 3.11(c) presents the calculated ABLG for BLG/air/Al optical cavities, where

our device possesses an exclusive light absorption as high as 15.6%, 3.4 times that of

BLG in vacuum. The calculated F2D data is shown in Fig. 3.11(d), where the values

fall within the expected range of (0, 0.67).

The next measurements were performed with line scans in the YL direction, as

shown in Fig. 3.12(a). Again, the best data was taken by refocusing the laser spot

after each 0.1µm step. We show our laser spot at the YL = 4.2µm position in Fig.

3.12(a). Figure 3.12(b) shows the calculated FG for given optical cavity heights (black

curve) overlayed on the measured FG (red circles). We see the minor slacking of the

graphene flake in the centre of the optical cavity (top axis shows hair). The minimum

estimated optical cavity height of ≈ 613 nm is similar to that found at the equivalent

X position (XL = 1.1µm), ≈ 614 nm.

Confident in our ability to both model and measure Raman factor for our optical

cavity with a backplane Al mirror, we proceed to examine the in-situ tunability of

Raman factor with an applied voltage. FG was tuned 3.8 folds over a 100 nm change

in air spacer thickness when suspended over SiO2 (Fig. 2.14(b)). Over Al, FG was

tuned 1.8 folds over 1/10 of the change in hair. With further control of hair via

electrostatic gate tuning, we believe we can reach ∆F/F >> 10 in a single device.

3.5 Gate voltage tunability of light-matter

interactions in graphene

In Section 3.4, we demonstrated that we can fabricate BLG/air/Al optical cavities, as

well as model and measure the Raman factor which quantifies the scattering of light

inside the BLG. We showed that FG can be tuned 19 folds in Raman measurements

of BLG/hBN/Al optical cavities (50 nm change in hhBN) and that it can be tuned

1.8 folds in a single BLG/air/Al optical cavity (10 nm change in hair). We believe
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Figure 3.11: Raman factor data for the X direction of Device WWAl2. (a) Optical
image of Device WWAl2 showing the defined X positions, as well as a depiction of
our laser spot at XL = 1.5µm (green data in (b)). (b) Calculated G peak Raman
factor, FG, for optical cavity laser positions. (c) Modelled FG (black) corresponding
to optical cavity height (top) fitted to our averaged FG data (red, bottom), showing
the evolution of optical cavity height. Our data estimates a slack of 10 nm with
optical cavity height increasing to that predicted by AFM (625±10) nm) as the laser
position approaches the hBN. FG was tuned 1.8 folds over the 10 nm change in cavity
thickness. The inset shows a modelled exclusive light absorption of 15.6% for our
device, 3.4 times that of BLG in vacuum. (d) Calculated 2D peak Raman factor,
F2D, for optical cavity laser positions. The values fall within the expected range of
(0, 0.67) predicted by our model.
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Figure 3.12: Raman factor data for the Y direction of Device WWAl2. (a) Optical
image of Device WWAl2 showing the defined Y positions, as well as a depiction
of our laser spot at YL = 4.2µm (green data in (b)). (b) Modelled FG (black)
corresponding to optical cavity height (top) fitted to our FG data (red, bottom),
showing the evolution of optical cavity height. We observe the slack of our BLG flake
in the centre of the optical cavity.

that further control of hair via electrostatic gate tuning will allow for much greater

tunability, and consequentially much greater on/off ratios, in a single device.

In this section, we add the electrostatic deflection of graphene to our Raman

factor model in order to predict the in-situ tunability which can be achieved in future

BLG/air/Al optical cavities. Next, we present the packaging of DeviceWWAl2 and

the instrumentation used for electro-optical measurements. Finally, we show that

Raman factor can be tuned in-situ by 20% and hair by 3 nm with the application of

Vg = 500 mV.

3.5.1 Tuning optical cavity thickness with Vg

In order to tune both the Raman factor, and the underlying exclusive light absorption,

in our graphene devices in-situ, we must tune the thickness of the air medium (hair)

between the graphene flake and the aluminium mirror. This can be achieved by

applying an electrostatic force with a gate voltage, Vg, as seen in Fig. 3.13, to deflect

the flake towards the mirror. Taking the height (hhBN) of the supporting hBN medium

as the origin, the deflection of the midpoint of the graphene flake, h0, can be expressed

as [65]:
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Cg
2Vg

2L2

2ϵ0
= 8T0th0 +

64

3

Y t

1− ν2

h0
3

L2
(3.2)

Figure 3.13: Electrostatic deflection of a suspended graphene NOEMS. The
capacitance, Cg between the bottom Al electrode and the suspended graphene flake
creates an electrostatic force when Vg is applied. This force deflects the flake,
increasing h0, and decreases the thickness of the optical cavity, hair.

Here Cg is the gate capacitance per unit area, L is the suspension length, and

T0 = [Y/ (1− ν2)] (∆L/L) is the pre-existing stress in the membrane with relative

elongation ∆L, which sets the initial deflection at Vg = 0. ϵ0 is the vacuum

permittivity, t is the thickness of the graphene (0.34 nm per layer), Y is the Young’s

Modulus of graphene (1 TPa), and ν is the Poisson ratio (0.165).

When considering the capacitance of the graphene, one of the most common

approximations is to assume that the flake is parallel to the underlying gate [43,65,66].

While the device that we are fabricating possesses a single dielectric (air), most

graphene electromechanical systems are suspended above SiO2, where both media

must be taken into account (considered in order to verify our accuracy with published

data):

Cair
parallel =

ϵ0
hair

(3.3a)

CSiO2 =
ϵSiO2ϵ0
hSiO2

(3.3b)

where hair = hhBN − h0.

When added in series the total capacitance can be expressed as:

Cg
parallel =

ϵSiO2ϵ0
ϵSiO2hair + hSiO2

(3.4)

One can improve on the parallel plate model by assuming that the flake forms a
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parabola over its suspended length with its vertex located at the deflected distance,

h0. This changes the capacitance of the air layer to [65],

Cair
parabola =

ϵ0√
h0 (hair − h0)

arctan

(√
h0

hair − h0

)
(3.5)

which gives a total capacitance of:

Cg
parabola =


√

h0 (hair − h0)

ϵ0

[
arctan

(√
h0

hair − h0

)]−1

+
hSiO2

ϵSiO2ϵ0


−1

(3.6)

Since the diameter of the laser spot used for our measurements is on the same order

as the width of our devices (≈ 1µm), it is best to consider an average deflection, h̄,

when determining the thickness of air, as opposed to h0. Assuming that the graphene

has a parabolic shape, the deflection over −L/2 ≤ x ≤ L/2 can be expressed as:

h(x) = h0

(
1− 4x2

L2

)
(3.7)

Taking the average of this function gives h̄ = 2h0/3.

Figure 3.14 is a reproduction (solid curves) of simulations from [65] (markers) and

demonstrates that the standard parallel plate assumption is valid for (Vg < 10V )

for the reported devices. An even better approximation is that the parallel plate is

located at the average deflection height (black curve), which matches the parabolic

curve for (Vg < 25V ).

3.5.2 Tuning Raman factor in-situ with Vg

Using our theoretical knowledge we can calculate the expected tunability of Raman

factor via an applied voltage. Here we use Equation 3.2 to solve for hair, which

is subsequently plugged into our Raman factor equations where appropriate. For

computational ease we approximate Cg using the parallel plate approximation at the

average deflection, h̄, since we expect Vg ≤ 20V .

We simulated the deflection (Fig. 3.15(a)) and Raman factor (Fig. 3.15(b)) of

BLG as a function of Vg for relative elongations of ∆L = −1, 0, 1 nm for the optical

cavity seen in the inset of Fig. 3.15(a). This particular u-shaped hBN cavity (to

be used in future devices) allows for a suspension length of L = 7.2µm for a width
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Figure 3.14: Modelling graphene deflection with different capacitor geometries. Proof
of concept taken from [65], demonstrating the ability to reproduce Eq.3.2 with both
parallel plate (blue, Eq.3.4) and parabolic flake (red, Eq.3.6) capacitances. Assuming
a parallel plate geometry at the average deflection height (black) of the graphene flake
is equivalent to a parabolic flake for ((Vg < 25V )).
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of W = 2µm and has an average cavity height of hair = hhBN − hAl = 293 nm.

Notably, with this cavity geometry, our model predicts that Raman factor can be

suppressed down to 0 and enhanced up to 15 by applying 15 V, giving an on/off

ratio of ≈ 33000 and making it a perfect platform to demonstrate the tunability of

light-matter interactions over orders of magnitude.

Figure 3.15: Calculated Raman factor as a function of Vg for Device WWAl1. (a)
Optical image of a bilayer graphene flake on SiO2 before suspension. (b) Suspension
plan of WWAl1 showing an optical image of the hBN trench with a trace of the
bilayer graphene flake overlayed. This particular cavity would have been tilted due to
a height difference across the trench. (c) Model of the graphene deflection (h0) with
increasing applied voltage (Vg) for given relative elongations (∆L), setting the initial
slack of the BLG. (d) Corresponding Raman factor (FBLG) model with increasing
applied voltage predicting an increase from 0 to 15 for both the G peak (red) and 2D
peak (blue) at 15 V and on/off ratios as high as 33000.

3.5.3 Device packaging and instrumentation for electro-

optical measurements

In order to apply a gate voltage to our BLG flake and tune the Raman factor, we

must connect the optical cavity to an electrical circuit. We do so by inserting the Si

chip holding our optical cavity into a chip carrier and adding wirebonds that connect

our Al contacts to the chip carrier’s pins, a process that is summarized in Fig. 3.16.

The Si chip is first glued to a chip carrier using silver paint, as seen in Fig. 3.16(a).

Next, we wirebond the Al contacts of our device (connected to large contact pads for
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bonding) to the pins of the chip carrier; an example chip with gold contact pads is

seen in Fig. 3.16(b). Figure 3.16(c) shows a closer view of the wirebonds while Fig.

3.16(d) shows a tiled SEM image of the bonding pads.

Figure 3.16: Preparing the optical cavities for opto-electronic measurements. (a) The
Si chip containing the optical cavity is glued to a chip carrier using silver paint. (b)
The chip carrier is placed in a grounded chip socket for wire bonding. (c) A closer
view of the Si chip with wire bonds extending from the chip carrier to the electrode
bonding pads. (d) Tilted SEM image of wire bonds attached to a six-point pattern.
Figure reproduced from [51].

Once wirebonded, we can place our chip carrier in a custom sample holder which

fits into our Raman microscope stage, as seen in Fig. 3.17(a). The working distance

of our 100x objective is large enough that the protruding wirebonds will not touch

the objective. Flexible SMA-to-BNC wires connect to our sample holder so as to not

impede the movement of the microscope stage. The simple electrical circuit used to

apply Vg to our BLG is shown in Fig. 3.17(b). We use a Keithley 2400 sourcemeter

as our voltage source with a low pass filter and 1MΩ limiting resistor in series to
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clean our signal and prevent current overloads, respectively.

Figure 3.17: Electro-optical instrumentation. (a) Optical cavity mounted to our room
temperature sample holder. Flexible SMA-to-BNC wires impede the movement of the
microscope stage as little as possible. Figure modified form [62]. (b) Schematic of
the electrical circuit used to apply a voltage to the graphene (Gr).

3.5.4 Measurement of Raman factor vs gate voltage

The geometry of Device WWAl2 was slightly altered during the wirebonding process

due to electrostatics, as can be seen in Fig. 3.18(a). The suspension length and

suspended area were reduced from the initial device state, as indicated by the dashed

line, leaving little room for measurement. We were, however, able to apply gate

voltages up to 500 mV before the collapse of our cavity; the measured FG data can

be seen in Fig. 3.18(b). It must be remembered that increasing gate voltage would

deflect the BLG towards the Al mirror, reducing the cavity height. By modelling FG

theoretically, we estimate that the wirebonding process deflected our BLG > 100 nm

downwards. Despite the small gate voltages applied, we clearly observe an increasing

FG with gate voltage, corresponding to an electrostatic deflection of ≈ 3 nm, according

to our model. Fg is tuned by 20% over this small change in air spacer thickness. These

results show that light-matter interactions can indeed be tuned in-situ with Vg, and

accurately modeled by calculating Raman factor. We hope to reproduce these findings

in the future and extend the applied Vg to achieve higher tunability and on/off ratios

at realistic voltages, as demonstrated in Section 3.5.2.
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Figure 3.18: Raman factor data for Device WWAl2 vs Vg. (a) Optical image of
Device WWAl2 after wirebonding, showing a significant change in cavity geometry.
The change in BLG colour from yellow to green indicates a change in optical cavity
height. (b) Modelled G peak Raman factor, FG, (black) corresponding to optical
cavity height (top) quantitatively agrees with our measured data (red circles), showing
the tuning of FG in-situ by 20%.
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Chapter 4

Conclusions and Outlook

We have shown that when 2DMs, such as graphene, are incorporated in layered

heterostructures, we can tune both the Raman factor (F ) and the light absorption (A)

that occur within them. With the addition of a highly reflective backplane mirror,

such as Al, we were able to enhance and suppress these light-matter interactions

by tuning the thickness of graphene optical cavities (hair, hhBN). Moreover, we

demonstrated that the Al mirror could be used to apply a gate voltage (Vg) to a

suspended BLG flake, thereby tuning the thickness of our optical cavity in-situ. This

allows for Raman scattering and light absorption to be tuned in-situ in a single

device. Our Raman factor and exclusive light absorption models predict that these

interactions can be tuned further with the application of larger, but realizable voltages

(Vg = 15 V).

4.1 Main results

In Chapter 1, we gave context to this thesis based on recent results in the study of

NOEMS and the fabrication of 2DM heterostructures. We reviewed the concepts of

light absorption and Raman scattering in graphene, and presented an optical cavity

design which would serve to tunably enhance/suppress these light-matter interactions.

We also presented our models for light absorption and Raman factor, which use

Fresnel equations to calculate these quantities for any 2DM heterostructure geometry.

We showed that, according to our model, both light absorption and Raman scattering

could be enhanced in BLG heterostructures.
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In Chapter 2, we presented the all-dry, deterministic transfer technique which we

developed to fabricate both supported and suspended optical cavities. This technique

uses a nitrocellulose micro-stamp to pick-up and transfer 2DM into any-stacking-order

heterostructures. We demonstrated through Raman spectroscopy that our transfer

technique does not introduce significant defects or doping into the transferred 2D

crystals. We then reviewed the process by which we convert raw Raman data (counts)

into the Raman factor computed by our model. We found a quantitative agreement

between Raman data and the theoretical Raman factor of a partially suspended BLG

heterostructure (BLG/air/SiO2/Si), and also demonstrated that Raman factor and

absorption can be tuned by 4 and 6 folds, respectively, as seen in Fig. 4.1(a-c).

In Chapter 3, we demonstrated that the addition of an Al backplane mirror

increases the achievable Raman factors and exclusive light absorption. FG could

be tuned 19 folds across devices with varying spacer thickness (∆hhBN ≈ 75 nm).

We next presented the extra steps necessary for fabricating BLG/air/Al optical

cavities (Fig. 4.1(d)), as well as the instrumentation and measurement/data analysis

procedures that we use for precise Raman measurements. We found a quantitative

agreement between Raman data and theoretical Raman factor for our BLG/air/Al

optical cavity and demonstrated that we can tune FG by 1.8 folds over a 10 nm change

of cavity thickness in a single device, as seen in Fig. 4.1(e). According to our model,

our measurements correspond to an exclusive light absorption of 15.6%, 3.4 times

that of BLG in vacuum. Finally, we were able to to electrostatically tune FG by 1.2

folds and hair by ≈ 3 nm with the application of 500 mV in-situ, as shown in Fig.

4.2(a). This proof of concept opens the door to further research at higher applied

voltages, where we predict that Raman factor can be tuned by a factor of > 30000

for ∆Vg = 15 V, as shown in Fig. 4.2(b).

4.2 Outlook

The near future of this project is to repeat our gate-tunable Raman factor

measurements with higher Vg in order to demonstrate greater control of tunability

in BLG/air/Al optical cavities. Our proof of concept and modelling (Fig. 4.2) allow

us to believe that on/off ratios > 1000 are achievable given the appropriate device

geometry and by applying experimentally realizable Vg. In order to more closely
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Figure 4.1: Tuning of BLG Raman scattering intensity and exclusive light absorption
in suspended optical cavities. (a) Top optical view of a transferred tilted-suspended
BLG flake. Region I is supported by SiO2, region II is suspended at heights ranging
from 0 to 160 nm, and region III is at a constant height of 160 nm. The inset shows
a cross-sectional view of the device’s geometry. Raman factor as a function of air-
spacer thickness (hair) for the G peak (b) and 2D peak (c). The inset shows the
exclusive light absorption, ABLG, for these same values of air-spacer thickness. (d)
Top optical view of a BLG/air/Al optical cavity, where the BLG flake shown in the
inset has been suspended over Al using a supporting hBN trench. (e) Modelled FG

(black) corresponding to optical cavity height (top) fitted to our averaged FG data
(red, bottom), showing the evolution of optical cavity height. The inset shows a
modelled exclusive light absorption of 15.6% for our device.
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Figure 4.2: In-situ gate tunability of Raman scattering intensity. (a) Modelled
G peak Raman factor, FG, (black) corresponding to optical cavity thickness (top)
quantitatively agrees with our measured data (red circles), showing the tuning of
FG in-situ by 20%. (b) Corresponding Raman factor (FBLG) model with increasing
applied voltage predicting an increase from 0 to 15 for both the G peak (red) and 2D
peak (blue) at 15 V and on/off ratios as high as 33000.
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resemble our modelled gate-tunable Raman factor (beam geometry), we can fabricate

our optical cavities over straight hBN trenches, as seen in Fig. 4.3(a), as opposed

to the U-shaped trenches which we have used. Another possibility is to use our

deterministic transfer technique to create our own trench using two straight-edged

hBN flakes of similar thickness, as seen in Fig. 4.3(b,c). This technique would allow

for the creation of an optical cavity with both the length and air-spacer thickness of

our choosing.

Figure 4.3: Fabrication of hBN trenches for beam-shaped optical cavities. (a) Top
optical view of a beam-shaped hBN trench to be used to fabricate a BLG/air/Al
optical cavity. (b) Two relatively large-area hBN crystals brought together by our
deterministic transfer process to form a micro-cavity. Inset: hBN crystals on their
former substrates. (c) Zoom in the cavity region, its length is 3.5 µm. Inset:
Schematic diagram of the cavity before Al deposition. Figures reproduced from [26].

There are several impactful applications which would benefit from in-situ

tunability of Raman scattering intensity and exclusive light absorption. One such

application is an optical transducer for light sensing, presented in Fig. 4.4(a). The

addition of source/drain contacts to our existing optical cavity design would allow

current to flow through the graphene. When exposed to light, a photo-current would

be created in the graphene - the strength of which is controlled by the amount of

light being absorbed. Our results demonstrate that we can tune the exclusive light

absorption of graphene in-situ, thereby tuning the photo-current in such a device, with

sizeable on/off ratios. Figure 4.4(b) presents an optical interferometric transducer,

where the phase difference between light reflected from the top of the graphene and

light reflected from the bottom of the cavity (constant phase element) can be used to

reconstruct the movement of the graphene membrane [60].
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Figure 4.4: Application of tunable light absorption: optical transducer. (a) Schematic
of an optical transducer, where the bottom gate contact deflects the graphene
electrostatically and the source/drain contacts allow a current to flow across the
graphene. Figure reproduced from [26]. (b) Interferometric optical interrogation,
with interference from the light reflected at a suspended membrane and at the bottom
of a cavity. Figure reproduced from [60].
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