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Abstract

This Master’s project presents on the angular dependence of the intensity of the Raman
active phonon modes of Black Phosphorus (BP), a layered 2D material with unique and at-
tractive characteristics to the scientific and engineering community. Raman spectroscopy
is an indispensable tool in quick and unobtrusive analysis of chemical structures.

In this Master project, the structure of BP is analyzed through polarized Raman excita-
tion. The incident polarization is varied to investigate the effect on the various detectable
Raman active modes in BP. A Raman microscope with a 532 nm laser was used to ex-
cite BP flakes mechanically exfoliated from a source. The amplitude of the peaks in the
Raman spectra are plotted against the angle that they were measured in. The classical
model for the Raman tensor was used but it was inadequate in it’s ability to predict data
in the cross polarized configuration. An improved model taking the linear dichroism and
the degradation effects of BP into account substantially improved the fit.

All in all, with the strange characteristics of BP factored, the complex angular dependence
set by theory predicts most of the experimental angular dependence, however certain
Raman modes do not fit the model as well as others.
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Popular Science

Once in a while, a new material emerges with unique characteristics that make it of par-
ticular interest to many. Black Phosphorus (BP) may be one of those peculiar materials.

BP is made of many sheets; like stacks of paper. It is possible to keep peeling off the sheets
of BP until one only has a single sheet left. Doing so reveals BP’s interesting properties.
When it becomes several sheets thin it acts like a semiconductor; one of the necessary
parts of a computer chip. If the semiconductor part of a computer chip is small then the
overall size of the computer chip can be even smaller, and if the computer chip is smaller
then the same device can be made more compact or more powerful for the same size.

A problem when working with these thin materials is that it is difficult to determine
the orientation of the material which can be important in some applications. Many
methods can determine the orientation of the material but can damage the item when
done. However, there exists a method called Raman spectroscopy which uses the fact that
sometimes light does not bounce back the same way when it hits an object. Sometimes
the light that bounces off the object is a different color. The amount of light that is
a different color depends on the object that one is shining light on. In the case of BP,
this also depends on the angle you shine the light on. Because of this, one can map the
orientation of BP using Raman spectroscopy, the technique used in this project.



1 Introduction

The advent of graphene has created a great interest in 2D materials and their interesting
characteristics. One in particular is called black phosphorus(BP) [1]. Although first
discovered in 1914, it was not until 2014, with the ongoing mass excitement over 2D
materials, that BP was studied intensely.

The unique characteristics of BP make it a material of scientific inquiry [2]. One such
characteristic is that BP has a tunable bandgap [2—4]; thus making it a potential material
for semiconductors [5]. Unfortunately, BP degrades in normal environments making it
difficult to mass produce and use [6]. Further studies need to be made into BP from an
electrical and optical perspective to be able to create practical applications from BP.

Raman spectroscopy is a non-invasive and low-damaging method for analyzing materials
[7]. Raman spectra say much about the structure of a material and whatever defects it
might have if the material is Raman active [8]. Therefore, it makes a prime method for
studying BP without greatly damaging the substance [4,9,10].

The aim of this project is to investigate the angular dependence of the intensity of the
phonon modes of BP. By controlling the polarization of the incoming light, information
regarding the angular dependence of BP can be used to determine the orientation of the
BP sample for use in further applications [11-14].



2 Theory

2.1 Phonons

Phonons are the collective excitation of particles set in a periodic and elastic arrange-
ment in condensed matter. A phonon is defined as a quasiparticle and it describes the
vibrational modes of freedom in a lattice.

The classical description of phonons involves modelling them as harmonic oscillators.
From Newton’s law we have:
d*x
F=ma=m— = —czx 1
where the product of mass and acceleration is equal to the product of ¢, the spring constant
and x, the displacement from equilibrium.

The most basic environment of a phonon would be in a 1D system of connected harmonic
oscillators where the particles are balls and the intermolecular forces are modelled as
springs as seen in figure 1.
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Figure 1: An example of a simple 1D system

Let there be an nth particle in the system where the particle to the right is n+1, the
particle to the left is n-1, the distance between particles is d and the displacement of
each particle is u, denotes which particle the displacement belongs to. Since the force
acting on a harmonic oscillator is equal to the product of the springs constant (c¢) and
the displacement then, a coupled equation including the displacements of the surrounding
particles can be made to describe the motion of particle n.

du?
m_
dt?

(—2up + Up_1 + Upy1) = =F (2)

Using the trial solution to

U, = Aei(cndfwt) (3)



to get

M(_w2)eiknd _ _C<26iknd _ eik(n—i—l)d _ 6ikz(n—l)d) (4)

Solving for w leads to the dispersion relation of:

w(k) = 2\/%5271(%) (5)

The dispersion relation shows the effect that dispersion will have on a wave travelling
through the medium as a function of the wavenumber k in this particular case.

Although the basic 1D chain is useful in showing the concept of a phonon, it does not
account the effect of noncoherent movement in the lattice. A linear diatomic chain is a
more complicated but much more useful model for explaining the concepts in this Master
thesis. Instead of a chain consisting of only one type of atom as in figure 1, the chain now
consists of 2 types of atoms of different masses (M; < Ms)alternating between each other
along the chain as in figure 2.
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Figure 2: A static linear diatomic chain



After following through a similar process to the simple one dimensional chain, the disper-
sion relation is:

2
1 1 1 1 4sin?(kd/2)
2 o . . o A Shed S
w _O<M1+M2>+O ( 1+ﬂ,2> AT (6)

The additional particle type allows a separate movement to occur showing mathematically
as two different roots. The existence of two roots leads to the conclusion that there are
two types of phonons. The positive root is the optical phonon while the negative root is
the acoustic phonon.

A dispersion curve can be seen in figure 3 where = and —Z are the boundaries of the

Brillouin zone, which is the unit cell of a reciprocal lattice!. In figure 3, the optical
phonons have a higher dispersion than the acoustic phonons.

w(k) optical
acoustic
-1t/a 0 k—s n/a’

Figure 3: Dispersion curves for the acoustic and optical phonons of a linear diatomic chain (From
https://en.wikipedia.org/wiki/Diffractiongrating/media/File : DiffractionGratingEquation.jpg)

IThe Fourier transform of another lattice



An example of the respective movements of the two phonons can be seen in figure 4.
Acoustic phonons are coherent movements of the particles; the particles move in the
same direction together. Conversely, optical phonons exist when adjacent particles have
incoherent movement, i.e. they do not move in the same direction. Although BP consists
of multiple phosphorus atoms, it is possible to achieve both optical and acoustic phonons
in 3D due to the additional degrees of freedom.
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Figure 4: An example of a simple linear diatomic chain in motion.

Since this Master’s project relies on Raman scattering, this thesis will focus on the the
detectable optical phonons of BP that can be controlled through polarized Raman exci-
tation.
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2.2 Fundamentals of Group theory

In Mathematics, groups are collections of objects that can combine with each other to
form another object whilst following these four axioms [15-18].

1. All elements of a group G can be associated with another element within G. This
operation is well known as multiplication and the product is still part of the group

2. Multiplication is associative. For example, (XY)Z=X(YZ)

3. There is an identity element that allows an element to be equal to itself when
multiplied to the identity element. This is identical to multiplying by 1.

4. There is an inverse element to all elements. Multiplying an element by its inverse
results in the identity element.

Space groups are groups that follow the 4 axioms of Group theory and retain the overall
symmetry of the crystal. Unit cells are what make up the space groups. In the case of
spectroscopy the entire space group is not necessary as it also contains translation. In-
stead, it is sometimes more practical to use point groups since these contain the symmetry
or general structure of the molecular system.

Point groups are symmetric groups that keep at least one point fixed. There are infi-
nite many point groups but they can be classified into several types. For this Master’s
thesis, Schoenflies notation is used. In the Schoenflies notation the letter represents the
classification or family of the group, while the subscript denotes any additional symme-
try attributes. Occasionally, superscripts may be included for additional classification
of space groups but it gives no additional information on hand without looking at the
character table? for the point group.

2A character table shows the irreducible group representations and conjugacy classes of a given point
group.

11



2.3 Black Phosphorus

The D3, point group [19] for BP represents a puckered honey comb or orthorhombic
structure. The structure of BP can be derived from the more symmetric graphite which
is described by the point group Dj,. Both fall under the general point group, of D,
where D means that the structure is two sided and has n fold rotation axis and n twofold
axes perpendicular to that axis with an additional horizontal mirror plane. By uniaxially
compressing the Dg, as seen in figure 5, results in the D3 subgroup [15]. This sub-
group no longer retains its hexagonal symmetry. As a possible consequence, the newly
orthorhombic structure may displace atoms in periodic structure up and down the z di-
rection perpendicular to the strain. This new zig zag structure is under the D2, group
that BP falls under.
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Figure 5: DGh space group transformed to the D2h space group. The table below contains the modes
of both groups [15]
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The character table for the DI, point group is shown in figure 6. For this Master’s project,
the most important parts of this character table are the first and last columns. The
conjugacy tells about the symmetry of the mode, while the quadratic column shows if the
mode is Raman active(will be explained in section 2.6). From the character table (2.2) the
modes Ay, Big, Byy. and Bj, are Raman active because their irreducible representations
transform as quadratic basis functions. i.e. the transformation equals one of these forms:
22 2% vy,wzyz. [15]

Doy, E Ciz)  GCiyv)  Cofx) 7 o(xy) o(xz) o)
(mmm)
A
B]g
Bzg
B3g
AL\
B‘lu
BZu
B3u

1 1 1 1 1 1 1 ot

1 -1 -1 1 1 -1 -1 R x

-1 1 -1 1 -1 1 -1

-1 -1 1 1 -1 -1 1
1 1 1 -1 -1 -1 -1
1 -1 -1 -1 -1 1 1

-1 1 -1 -1 1 -1 1

-1 -1 1 -1 1 1 -1

s
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-
(3]

1
1
1
1
1
1
1
1

= =0

Figure 6: Character table for the Dy, point group. The right most column shows the transformation
of the basis function. [20]

Figure 7 shows the five atomic displacements of the Raman active modes. This view is
from the armchair view or the side view of the BP flake. The A; mode moves in the
y direction, while the Ag mode moves in the x direction. The B;, and By, modes have
movement in the z direction while both Bs, modes have movement in the x direction.
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Figure 7: The valid Raman modes of BP [28]
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2.3.1 Degradation

Scientific studies have shown that BP degrades in exposure to light and oxygen [21,
22]. Although research is still ongoing regarding the exact process of BP degradation,
common results point to a chemical reaction that occurs on the exposed surfaces of BP.
The degradation causes increased lattice spacing and oxidation, eventually leading to the
formation of oxides [22]. Furthermore, when water reacts to oxidized BP, phosphoric acid
forms on the surface which accelerates degradation further.

Alsaffar et al. [21] report that the Raman intensity of the BP modes initially increase
during the first 15 days but decrease quickly afterwards and that the speed of degradation
is inversely proportional to the thickness

14



2.4 Fundamentals of light

From classical electromagnetism, we know that Maxwell’s equation are [23]:

v.g="
€
V-B=0
. 3 7
VxE:—@ (7)
dt

where E is the electric field, B is the magnetic field, ¢ is time, J is the electric current
density, € is the permittivity of free space and p is the permeability of free space.

If one assumes a vacuum with no free charges, it is possible to derive the wave equations
in a vacuum from Maxwell’s equations (See derivation):

10%E  _, =

2V E=0 -
1 0°B H

g V=

C

where ¢ is the speed of light in a vacuum.
A solution to the wave equation is a plane wave :
E = Egcos(k - 7 — wt + ¢) (9)

where EO is the amplitude of the electric field, k is the wave vector, 7'is the position vector,
w is the angular frequency of the electric field and ¢ is the initial phase of the wave. In
three dimensions, it can be seen that E, B and k are all orthogonal to one another.
Therefore, the electric field, and the magnetic field are both oscillating perpendicularly
to the direction of propagation.

If one assumes that the electric field is oscillating in the x direction, and the magnetic

field is oscillating in the y direction, one can rewrite the equation as:

E,(2,t) = Egcos(kz — wt + ¢) (10)
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2.5 Polarization

Polarization describes the direction of the oscillations of light [24].Generally, light is el-
liptically polarized. Since equation 10 can be represented as the sum of two orthogonal
vectors, one can separate the amplitude of the x and y components into

ng(z, t) = Egzcos(wt — kz + ¢y )é, (11)

E_(;y(z, t) = Egycos(wt — kz + ¢,)é, (12)

where FEy, and Ey, are the amplitudes of the electric field in in their respective planes,
and ¢, and ¢, are the phases of the fields. [25]

Linearly polarized light will be used it allows a controlled method of measuring the angular
dependence of the Raman active modes of BP. The equation of light that will be used for
controlling the polarization of the light will be the normalized Jones matrix® formulation

for vertically polarized light:
00
(0 9) (13

2.6 Scattering: A classical depiction

Scattering is a phenomenon that can occur when light interacts with matter. Scattering
can be explained by modelling a molecule as a simple harmonic oscillator. The oscillating
electromagnetic field of light will interact with the electrical system of the molecule. This
interaction will induce a dipole moment. The dipole moments induced by the light creates
a macroscopic polarization that acts as a secondary electric field. This secondary electric
field is scattered light.

p=aE (14)

The classical description for scattering begins with an equation describing the induced
dipole moment. In equation 14, p is the induced dipole moment caused by the electric
field F, and « is the polarizability of the molecule [26]. The polarizability of a molecule
reflects it’s tendency to be distorted by and external electric field.

The polarizability can be estimated by Taylor expanding o around the geometry of the
nucleus leading to the equation:

, P«

a=a(Q)=ay+ ; ((QZ—Z)W + (qq 2aq@q,) + O((f’)) (15)

where q are individual normal modes, qq is the equilibrium nuclear geometry and N is
the number of all normal modes gq.

3Jones matrices are operators that act on the equations of light when they are expressed as a vector. [27]

16



We can define these normal modes ¢ as a simple harmonic oscillator:

q = qocos(wyt) (16)

where w, represents the oscillations with a characteristic frequency at q. By combining
equations 15, 16 through inserting 16 into 15 and further truncating the equation we get:

N
Ja
w= 0@ =t (65 ncostn)) a7)
Finally by substituting equation 17 into 14, and recalling that the dipole moment is
induced by the external electric field with oscillation wy:
E = Eycos(wot)

We have:

—

P=a(Q)E = (ao + i ((qg—j)qoqocos(wqt)) ) Eocos(wot) (18)

One can further dissect this equation into different sources of scattering by using a trigono-
metric formula for cosine products to get:

p= aoEycos (wot)

1,0« -

-+ 5 (a—q)qOqu()COS<w0t — wqt) (19)
1, 0o -

+ 5 (a—q)qOquocos(wot + wyt)

The first term in equation 19 is the well known and studied Raleigh scattering. As can be
seen in the equation, this particular term shares the same frequency as the external light.
Since this term has no change in frequency, it is considered an elastic process where the
initial energy is conserved.

The second term in the equation represents a decreased frequency from the original source.
This red-shifted term with respect to the original excitation frequency is the source of the
Stokes scattering term.

The third term in equation 19 is a higher frequency term and it represents the source
of anti-Stokes scattering. Anti-stokes scattering results in blue-shifted light. A Jablonski
diagram depicts the differences in energy levels from the Raman and Raleigh shifts (Figure
8). As can be seen by the thickness of the arrows, the Rayleigh scattering has the greatest
intensity, while the anti-stokes Raman scattering has the least.

Of these three terms, this Master project will focus on Stokes scattering since Raleigh
scattering does not contain data regarding the molecular degrees of freedom and anti-
Stokes scattering has a significantly lower intensity in comparison to the Stokes scattering
making it more difficult to detect. The Raman shift resulting from the Stokes scattering is

17
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Figure 8: Jablonski diagram of the different scattering types

measured in wavenumbers with inverse centimeters (cm™!) as the unit [7] . The conversion
for inverse centimeters to nanometers is as follows:

dv(cm™1) = (Ao(im) — )\1(711m)> % 100;1111 (20)

where \q is the original wavelength of the light and \; is the new wavelength of the shifted
light.

2.7 Raman selection rule

Unlike Raleigh scattering which is dependent on the polarizability of a molecule at its
equilibrium position, Raman scattering requires the molecular polarizability of possible
states to be different.This require the polarizability to change with respect to the coor-
dinate of the vibration. Therefore, one can make a generalization that the material is
Raman active if g—‘;‘ # 0.

Additionally, as laid out in Appendix D3 of [15], modes are only Raman active if their
irreducible representations transform as quadratic basis functions and their combinations
($2,312a22,37ya372,yz)-

The setup in the experiment is in a backscattering geometry. In this setup, the incident
light strikes the hexagonal plane of the sample (not the zigzag side view). Of the Raman
active modes, only the A;, By and Af] modes can be detected due to the direction of that
they oscillate in.

18



2.8 Raman tensor

The intensity of the Raman scattering is given by the Raman cross section [28]:

2

where the incident light is
é; = (sind 0 cosb) (22)
the scattered light is
és = (sinf 0 cosh) (23)
in the parallel configuration, while it is
€s = (cos 0 — sinf) (24)

in the cross configuration. These configurations are the relationship between the polarizer
and the incoming laser light. 6 is the angle of the polarization of the laser with respect
to the orientation of the surface of the sample. Since the orientation of the sample is
unknown, a coordinate system can only be found by fitting the general angular dependence
of the intensity with experimental data [14]. The parallel configuration allows the same
polarization of light as the incident light to pass through while the cross configuration
allows light perpendicular to the incident light to pass. Finally Ry is the Raman tensor,
which may take a different form depending on the mode in question [28]:

For the A, modes, the Raman tensor has the form:

o O o
o T O
o O O

For the Bi, the form is:

0 d 0
d 0 0
0 0 O
The ng is:
0 0 f
0 0 0
£ 0 0

and the Bs; mode has the form:

o O O
R O O
oo/ O
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Of these modes, only the Ay, By, will be seen with the backscattering setup used in this ex-
periment. Specifically, there will be 3 modes that will be seen using Raman spectroscopy:
A;, Ag, and By,. Using this knowledge, the expressions for the angular dependencies
of the 3 modes can be be obtained by inserting equations 22, 23 (or 24 if in the cross
polarized configuration) and the appropriate R¥ into equation 21:

S 4, parallel = (@ 5in*0 + ccos®0)? (25)
Sa, eross = ((a — ¢) cost sind)? (26)
SByg parallel = (2 f cost Smg)Q (27)
SBay cross = (f cos(20))? (28)

According to Ribereiro et al. [28], the derived expressions are inadequate for explaining the
angular dependence of BP. Ribereiro et al. claims that due to the linear dichroism* found
in BP, the light absorption must be taken into account in the Raman tensor elements.
This is done by using the complex nature of the dielectric function of absorptive materials
and redefining the Raman tensor element to Rfj

The Rfj element of the Raman tensor is dependent on the derivative of the dielectric

function with respect to the normal coordinate. Since the dielectric function, €;; = €, +
/

W€ Rfj must also be a complex value:
0 ii 6;4 é)eg.
P I A i (29)
17 0¢"  OgF dqk
One can rewrite the Raman tensor elements as complex functions:
a = ae'" (30)
c = ce (31)
d = de' (32)

where ¢, 4 are the phases of the respective tensor elements that are being studied in the
backscattering setup. These tensor phases are defined as:

85”

wa
8qA9

¢a = arctan s — (33)
Bqu

4Linear dichroism is a property of a material where the absorption of light is polarization dependent.

20



86”

22
be = arctan%qe—,zj (34)
qur-‘l

1
O€l!,
B

¢q = arctan 2L’ (35)

O¢!,,
8q329

As with the simpler expressions, we use the vectors of the incoming and scattered light
to determine the angular dependency of the modes to get:

S 4, parallel = (asin®0 + ccospeacos 20)* 4 c*sin’Peqacos* (36)
Sa, cross = ((@ — CCOSPeq)? + 28I Peg ) 500050 (37)
SBa, parallel = (2dsinfcosh)? (38)

SBay cross = (dcos20)? (39)

Equations 36 and 37 incorporate the new phase shift of the phases of the Raman tensor
while equations, 38 and 39 retain the same formulas as equations 27 and 28 due to the
cancellation of ¢4 in when taking the absolute value of the complex phase.

21



3 Experiment

3.1 Confocal Raman Spectroscopy

Raman spectroscopy is a method of detecting and analyzing the Raman effect. Like other
spectroscopic methods, Raman spectroscopy involves separating incident light into its
component wavelengths using a grating and utilizing a CMOS to analyze the spectrum.

The particular setup used in the experiment consists for a reflective grating and two
curved mirrors as can be seen in figure 9. The setup is in a back scattering geometry.
The incoming 532 nm laser light is sent towards the sample from tube 1 in figure 10.

After the light strikes the sample and the back-scattered light is reflected into tube 2
where it propagates toward the entrance slit in figure 9.

- )

Diffraction grating O Curved mirrors

4

——|—— [Entrance slit /

Incoming light

Figure 9: A basic schematic of the Raman spectrometer in use [29]

After passing through the entrance slit, the light is collimated by mirror 1 onto the
diffraction grating as seen in 9. There are three choices of gratings in this particular
system: 150g, 300g 1200g. These numbers represent the density of grooves per mm
length of the grating. The light follows the grating equation of:

sinf, = —sinb; + % (40)

where q is the order of the light, A is the wavelength of the light, A is the distance
between grooves and 6; is the incoming light. From equation 40, it is known that longer
wavelengths are deflected at a greater angle. Afterwards, the light is refocused by the
second curved mirror onto the Andor Zyla CMOS camera.

22



Figure 10: Photo of the exposed section of the Raman microscope. Tube 1 is the incoming light,
and tube 2 has the scattered light
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3.2 Implementing Phonon mode control

Phonon mode control is achieved via the rotation of the polarized laser light. In order to
achieve proper excitation and detection of the phonons, 4 additional optical components
have been added to the setup as seen in figure 11. Each component was mounted on a
rotator mount.

Figure 11: Photo of the optics added for phonon mode control with labels

The first optical component(A) the laser passes through is a Thorlabs economy film po-
larizer for 532 nm light. This is in place to ensure that the incoming laser light is properly
polarized. This optical component does not rotate and the light is vertically polarized.
The Jones matrix for this polarizer is:
00
& "

After the polarizer, the laser passes through component B,quartz zero order waveplate
from Thorlabs. This half-wave plate is the main method of phonon mode control as it is
what rotates the polarization of the laser before the laser hits the sample. A waveplate
does this by shifting the phase of the perpendicular polarizations of the incoming light
through birefringence. In Jones matrix form this waveplate can be expressed as:

2cosfsinb sin20 + icos*0

e <00526 — sin?0  2cosfsind )

24



When combined with 13, this effectively results in a 26 rotation where 6 is the angle that
the waveplate has been rotated.

Upon reaching the sample, the light is backscattered through component C, a polarizer.
This component is rotated by an angle 26 where 6 is the angle that the waveplate is rotated.
This polarizer controls which phonon modes are being detected as well as whether or not
the setup is parallel or cross polarized. The Jones matrix for this polarizer is:

sinf 0
< 0 cos@) (43)

The last optical component the light passes through is another identical waveplate to
the one previously used. The purpose of this waveplate is to maximize the efficiency
of the spectrometer. It was experimentally determined that the spectrometer is most
efficient when the incoming laser light is horizontally polarized. Ergo, this waveplate is
set to guarantee that the polarization of the light passing through the entrance slit is
horizontally polarized.

Careful attention was given to the potential beam deviation caused by an error in paral-
lelism. All rotating components have a beam deviation of less than 1 arcmin. During the
project, we noticed that previous components with a beam deviation of less than 20 ar-
cmin, would cause the laser spot to rotate while the optical component was rotating. This
resulted in an incorrect measurement as different spot on the sample would be analyzed
across a full range of rotation.

This issue was discovered when rotating the optical components by 180 degrees and seeing
a Raman spectra with noticeably different intensities for the Raman active modes. Photos
were taken of the sample and the beam when the optical component at 0 degrees rotation
and at 180 degrees rotation using hte 100x Objective lens. Afterwards, the locations of
the beams are noted and the distance between them is calculated. The issue was resolved
upon the mounting of higher quality optics with a lower error in parallelism. Repeating
the previous method of detecting beam deviation results in no noticeable change in beam
location.
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4 Results and discussion

4.1 Thickness

Since the intensity and degradation rate of the Raman modes is dependent on the thickness
of BP, it is necessary to note the thickness of the flake being examined.
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Figure 12: Silicon underneath BP vs Silicon signal

The thickness for the BP flake is estimated by using the absorption coefficient from [30)]
and the Beer-Lambert law to derive an estimator for the thickness of the BP flake:

log(T)
2c0 BP
where d is the estimated thickness of the BP, T, is the ratio of the signal strength of the
silicon substrate and the silicon beneath the BP and agp is the absorption coefficent of BP.
From equation 44, the estimated thickness is 88 nm. This thickness is likely overestimated
because the laser used by Li et al. is of a shorter wavelength (520 nm) than the one used
in this experiment.

d= (44)
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4.2 Comparison with theory and other experiments

Data from the Raman microscope was acquired in order to measure the intensity of the 3
Raman-active phonon modes. Figure 13 shows the raw data of multiple Raman spectra
of BP at different polarization settings. Raman peaks can be seen around 357 em ™!, 435
em™" and 463 em™'. As discussed in section 2.3, these are the A}, By, and A2 modes
respectively. By rotating the optical components as explained in the methods section, one
can manipulate the active and detectable phonon modes through the incoming polarized
light.
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Figure 13: Some Raman spectra of BP at different polarizations. Parallel configuration(left). Cross
configuration(right)
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Figure 14: Raw data. Parallel setup(left). Cross setup(right)

The peak intensity of the different modes were extracted from the Raman spectra in
order to determine their angular dependence. The graphs in figure 14 are the peaks of the
respective modes plotted against the angle that the incoming laser light polarization has
been rotated. The data has been normalized to the highest peak intensity of the mode
e.g. all data associated with the A; mode is normalized by the highest A; peak intensity

detected.
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As suggested by theory, the intensity of the different Raman modes follow a periodic
pattern of sinusoidal functions. These functions partly follow the proposed theory, but
as brought up from [28], the basic theory for the quantitative analysis of the angular
dependence of the Raman mode intensities are inadequate for all settings.

Figures 15a, 15b and 15c are the parallel configurations fitted to the equations in section
2.8. Figures 15a and 15care fitted to equation 25, while figure 15b is fitted to 27. The
data in the parallel configuration well fit the theory presented.
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Figure 15: Fitted parallel configuration

Since the equations are general equations, the phase of the angular intensity must be
matched to the data. In addition to deriving the Raman tensor parameters from the fit,
the phase of the data had to be matched with the theory. The period of the angular
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dependence of BP is 180 degrees and an additional shift is added to the period to account
for the fact that the incident polarization of light may not match the orientation of the
BP.

Figures 16a, 16b, 16¢ show the cross polarized setup fitted to equations 26 for the A,
modes and 28 for the By, mode. The non-zero Raman components are taken from the
fits made in the parallel configuration. Despite having strong correlation with the parallel
configuration, the predicted angular dependency of the Raman peaks has major discrep-
ancies with the data. The A; and By, modes fit follows the period but does not perfectly
model the peaks while the A; mode fit completely fails to emulate the data.
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Figure 16: Fitted cross configuration
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A solution to this problem was proposed by Ribeiro et al. in [28]. The article proposed
that the discrepancy between the predicted angular dependence and the actual angular
dependence was due to the linear dichroism in BP. To correct the theory, it was suggested
to account for light absorption in the Raman tensor. Table 1 shows the values derived
from the new fits.

Table 1: Mode and additional phase values

Mode a C Gca
A}] 0.5997 0.2265 67
Ag 0.8884 1.004 151.4

Table 1 has the non-zero Raman tensor elements, a and c, of the A; modes and the ¢c,.
All values in the table were derived from the new enhanced fits applied to the data from
the parallel configuration.

The A; mode has a greater a parameter which shows that the xx component of the dielec-
tric constant modulates the A; mode more than the zz component. This is inconsistent
with what was reported in [28].On the other hand, the Az mode has a greater ¢ parameter
which shows the opposite to be the case for that particular mode. This is consistent with
what was reported in [28].

The Raman tensor phase, ¢., has a non-zero value for the A; mode that is inconsistent
with [28] while the ¢, for the fit from the A; is greater than that from the fit of the Agll
mode, which is consistent with [28]

Table 2 shows the different goodness of fits from the older models based on the textbook
theory and the new model proposed by Ribeiro [28].

Table 2: Mode and additional phase values

Mode RMSE textbook model RMSE model with phase
A;parallel 0.0174 0.0173
Agparallel 0.0414 0.0182
Alcross 0.0136 0.0083
Across 0.2013 0.1063
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Overall, the enhanced fits for the parallel configuration show minor improvement as seen
in Figure 17b and 17d. The fit for the A; mode shows little change, while the fit for the
A? mode shows a minor improvement.
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Using the values seen in table 1, new enhanced fits were generated for the cross polarized
configuration as seen in figures 18b and 18d. The improvement in fit is in agreement
with [28], however, there were some discrepancies between the two experiments. The first
discrepancy is with the A; mode. Unlike the results found in [28], the A} mode in the
cross polarized setting does not match the standard Raman tensor formula given earlier,
however this is solved with the addition of the Raman tensor phase. The next discrepancy
is the By, mode in the cross polarized position. Equation 39 is effectively the same as 28,
and therefore no change was observed. Finally, despite the drastic improvement in the fit
between the data and the model, the Ag mode still overshoots the data at the peaks and
the troughs. This may be from an additional dependence on the thickness of the sample
that is not accounted for in theory.
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4.3 Degradation

(a) Photo of sample before extended expo- (b) Photo of sample after extended exposure
sure

Figure 19: BP Before and after pictures of of long exposure to light

To determine what effect the degradation might have on the BP sample, constant exposure
recording session was initialized after the the main phonon mode control was completed.
The polarization of the incident light was fixed and set to the parallel polarized configu-
ration.

Figure 19 shows the BP sample before and after the constant recording session. After
the 11.5 hours of constant exposure was completed, visible dark markings can be seen
on the BP flake with the largest of the dark spots located where the beam was at the
center of the flake in figure 19b. Surrounding the dark marks are interference fringes.
These interference have been reported to be caused by trace liquids such as water of
phosphoric acid on the surface of BP [21]. These bubbles form over degraded areas and
cause oscillations in the Raman intensity.

Across all the data, there is a consistent drop in signal strength in the later angles.
Theoretically, the initial signal at 0 degrees should be identical with the angle at 180
degrees. Across all the measured modes, there are differences between the model and the
experimental data. For example, in the enhanced A; cross fit, the model under predicts
the signal from 0 degrees to 90 degrees but over predicts the signal from 90 to 180 degrees.
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Figure 20: Decay of intensity for all the modes over time

Figures 20a, 20b, 20c show the Raman spectra of BP over 11.5 hours of constant expo-
sure. It can be seen that the intensity of the Raman active modes have degraded almost
completely by 11.5 hours. All modes suffer from a major decline in intensity. One can
model the decline in signal between all the modes to approximate the rate of degradation.
A 3rd degree polynomial fit seemed to properly follow the rate of degradation for all the
modes as can be seen in the figures. The intensity of the modes fail to demonstrate the
increase in intensity measured in [22], however this may be due to constant exposure to
the 532 nm laser light.

It is assumed that each dataset took 40 minutes to complete, and each datapoint took
the same amount of time to take. This rate is substituted into the 3rd order polynomial
fit and used to renormalize the dataset. The result is figure 21. The enhanced fits retain
the same goodness of fit while the data looks more consistent with theory as the 0 and
180 degree data points are much closer to each other’s value with the exception of figure
21c, where the intensity value at 180 degrees is still much higher than the intensity value
at 0 degrees.
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5 Conclusion

This Master’s project presents the results from an experiment aiming to control the
phonon modes of BP through polarized Raman excitation. The phonon modes were
modulated by manipulating the polarization of the incident light with a half-wave plate
and polarizer. The intensity of the phonon modes followed an angular dependence that
needed to include the complex variables of absorptive material to properly account for
the phase, however the fits were still not precise as some modes such as the Ag mode in
the cross polarized position where overestimated at the peaks and troughs. The BP was
prepared in the standard method of mechanical exfoliation and considerations were taken
to account for the degradation of BP and the thickness of the flake. Phonon mode control
closely follows the theory but additional factors such as degradation and thickness affect
the modes in ways that the current theory does not fully account for.
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6 Outlook

Due to the relatively unstudied nature of BP, there are many potential experiments that
can be pursued to further understand the material or improvements that can be made to
the current experiment to increase precision, Based off of this experiment, further efforts
can be put into:

1. Better equipment when undertaking Phonon mode control: As can be seen
in the results of this project, the expression for angular dependence of BP does
not perfectly suit the data, therefore it can be beneficial to perform the experiment
with more automated tools to keep things such as the rate of rotation of the optical
components more constant.

2. Enhanced BP preservation techniques: Because BP signal suffers from degra-
dation, it can be beneficial to coat BP with a substance such as a passivation layer
to slow down degradation whilst the experiment is being performed.

3. Further research into the effects of degradation: Alternatively, more research
could be done with the degradation as the primary focus. Different factors such as
laser frequency and polarization can be altered to test if such characteristics may
alter the rate of degradation.
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8 Sample preparation

8.1 Materials

1. BP purchased from hq Graphene

2. Latex gloves

3. tweezers

4. European Standard EN 149 mask

5. European standard EN166 eyewear

6. Micronova™ CR100 PC™ Cleanroom Tape ®
7. 3.5 cm diameter silicon substrate

8. Flat tweezers

9. Fumehood in room

5Although the process can be achieved with scotch tape, the "blue tape’ used in this procedure has a
weaker adhesive, is easier to peel with and leaves less residue on the sample when finished.
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8.2 Process

The sample was prepared via mechanical exfoliation [31]. This involves using tape to
mechanically remove layers off of a 2D layered material to deposit onto a substrate. An
idealized situation can be seen in figure 22. Gao et al. [31] provides an in depth discussion
on the physics of mechanical exfoliation however much of the mathematics behind the
physics is difficult to achieve in reality due to human error. Perfectly peeling a 2D sheet
onto a substrate on the first iteration is unlikely and often requires multiple trials to peel
off thinner layers.

Figure 22: |deal Mechanical exfoliation situation [31]

Since the health hazard effects of BP are still relatively unknown [32], additional precau-
tions were taken to prevent possible injury or irritation. The BP was peeled underneath
a fume hood to prevent inhalation and unwanted environmental scattering. Gloves were
worn during peeling to prevent contact with skin. Graphene was used in place of BP for
clearer pictures and to prevent any unnecessary degradation to the BP. The process is
mostly identical with the exception that graphene peeling does not require a fume hood
and mask.
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The steps:

1. Lay out a clean section such as an aluminum foil base to rest all the items and the
sample
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3. Take tape with tweezer and place the unused section onto sample
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5. Place tape with material onto fresh tape

6. Separate tape from each other and repeat the step 5 and 6 eight more times with
fresh tape




7. With the last piece of tape place the tape on the silicon substrate

8. Finally, peel the tape off the silicon in a manner similar to how the tape was peeled
off the sample
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Figure 23: A BP flake underneath a 100x objective microscope

After the tape is removed and the sample is deposited on the silicon substrate, the sub-
strate is placed underneath an optical microscope to determine if the preparation was a
success. A grid system is established where a unique point on the substrate is designated
as (0,0). In this case, the lower right edge of the substrate was used.

The expected deposit site of the sample is then checked with an optical microscope and
any interesting flakes seen under such in figure 23 are noted on the grid system before
changing to a more powerful objective lens for analysis.
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