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Abstract
Nearly all bulk semiconductor crystals are known to 
be opaque to light in the visible range of the electro-
magnetic spectrum. However, research in the field of 
two-dimensional materials, during the past decade, 
has enabled the preparation of crystalline semicon-
ducting films with atomic thickness of below one 
nanometer. The ultra thin nature of two-dimensional 
crystals means that their thickness is well below the 
absorption depth for light, allows the study of their op-
tical properties using transmission spectroscopy and 
enables their application in next-generation transpar-
ent electronics. In this report, a systematic and com-
parative study is done on the experimentally measured 
optical transmittance of exfoliated 2D crystals and 
their heterostructures. When comparing the studied 
materials of similar thickness, boron nitride exhibits 
the highest optical transmittance while molebdenum 
disulfide is the most opaque. This is explained by the 
band structures and the corresponding value for the 
energy gap. Due to the weak interaction between the 
individual layers in heterostructures, the optical trans-
mittance of the heterostructure is found to be similar 
to the transmittance of the individual layers. In the 
optical transmittance study of ultra thin black phos-
phorus, it was found that the anisotropy of the crystal 
structure leads to a polarization-dependent transmit-
tance, with a difference of up to 3.7% at different rel-
ative angles. This optical anisotropic feature of black 
phosphorus provides a direction-dependent control 
over its opacity which could be useful in the design of 
novel optoelectronic devices.
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to maintain their electrical and optical prop-
erties while bent, stretched and rolled which 
makes them suitable candidates for flexible 
electronics8.

Currently, the most well studied 2D materials 
are graphene, boron nitride (BN), and TMDs, 
in particular MoS2 and WS2. These 2D crystals 
exhibit diverse electronic properties and they 
can be metallic, insulating, or semiconducting. 
Graphene, a monolayer of graphite, is a semi-
metal with zero gap and is well known for its 
high electron mobility11. BN is an insulator with 
a large band gap of ~6.5 eV12 and has a high 
optical transparency. The TMDs are denoted by 
MX2, with M a transition metal atom (Mo, W, etc.) 
and X a chalcogen atom (S, Se, or Te). In the bulk 
form, the TMDs have indirect band gaps in the 
near infrared frequencies, such as 1.3 eV for bulk 
MoS2

5 and 1.4 eV for bulk WS2
13. When thinned 

down to a monolayer, MoS2 and WS2 have direct 
bandgaps of 1.8 eV and 2.1 eV respectively5.13.

In 2014, phosphorene, a monolayer of black 
phosphorus (bP), was made experimentally pos-
sible by mechanical exfoliation of bP and it was 
found to be a very promising material due to its 
high mobility14-16 and finite band gap. bP is a lay-
ered semiconductor that has a direct band gap 
of 0.3 eV in the bulk form and 2 eV in the single 
layer form of phosphorene17,18. This makes it

possible to bridge the band gap energy rang be-
tween graphene, a zero gap material, and TMDs, 
with a band gap of usually 1.3 - 1.4 eV in the bulk 
form. A significant property of bP is its highly 
anisotropic in-plane crystal structure, due to the 
sp3 hybridization of the P bonds19-21. This leads 
to anisotropic optical, electrical, and mechanical 
properties20,22-24 which has spurred the research 
on bP-based electronic and optical devices. The 
anisotropy of the optical properties of bP could 
be useful for next generation optoelectronic de-
vices, because it provides an additional design 
parameter.

A noteworthy feature of the 2D crystals is their 
high optical transparency when the materi-
als are thinned down to a monolayer. The bulk 
materials such as graphite, bulk MoS2, WS2, 
or bP are known to be opaque, but are experi-
mentally seen to increase in transparency with 
decreasing number of layers. The low opacity of 
the thin layers enables optical transmittance 
measurement in the visible light range, which 
was previously not possible with the bulk mate-
rials. The study of the optical transmittance is 
advantageous for novel transparent electronics 
applications which require materials of high op-
tical transparency with high electrical conduc-
tivity. As of yet, only the optical transmittance of 
graphene has been properly studied25. A system-
atic study and comparison of the optical 

of 2D materials, particularly their optical trans-
mittance, is therefore essential before their 
potential application in transparent electronics.

This project attempts to characterise the optical 
properties of various mechanically exfoliated 
2D crystals, especially ultra thin black phospho-
rus, by measuring their optical transmittance 
in the visible light spectrum on a transparent 
substrate. This experiment uses transmission 
spectroscopy, which is a direct method to mea-
sure the optical transmittance of 2D materials. 
The experimental set up is able to measure over 
a very small area, hence requiring only small-
sized exfoliated crystals. This report is organized 
as follows: A literature review of the recent re-
search and published results is presented in the 
chapter “Current Research”. Next, the chapter 
“Experimental Methods” gives the details of the 
experimental methods used to fabricate, char-
acterise, and measure the optical transmittance 
of the studied 2D crystals and heterostructures. 
The chapter “Results” presents the experimental 
findings from the optical transmittance mea-
surements. The physics behind the measured 
results is then discussed in the chapter “Discus-
sion”. Finally, the conclusion of this project and 
its future outlook is discussed in the chapter 
“Conclusion & Outlook”.

Ever since the discovery of graphene and its 
electric field tunable electronic properties by 
Novoselov et al.1, extensive research has been 
carried out on two dimensional (2D) materials. 
When reduced to two dimensions, the crystals 
exhibit different properties from those found 
in their bulk form. For example, electrons in 
graphene obey a linear dispersion relation and 
behave like massless relativistic particles, which 
is different than the finite effective mass for 
the electrons in bulk graphite2,3. Also, the tran-
sition metal dichalcogenide (TMD) monolayers 
exhibit a direct band gap at the K point, while 
the bulk crystals are indirect band gap semicon-
ductors4-7. This change in the band structure is 
usually accompanied with an increase in band 
gap value when going from bulk to monolayer 
form. The reason for these distinctive changes 
when transitioning from three to two dimen-
sions is the quantum confinement effect8,9. It 
is observed when the thickness of the crystal 
becomes comparable to the wavelength of the 
electron. When the motion of the electrons is 
confined due to geometrical constraints, its 
energy is restricted to specific (discrete) energy 
levels. As the thickness of the crystal decreases, 
the energy levels become discrete, which widens 
up the band gap10. The tunable band gap with 
varying thickness of 2D materials could lead to 
a wide variety of applications in electronics and 
opto-electronics. The 2D materials are also seen 
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This chapter summarizes the published results on the optical transmit-
tance of 2D materials. Each section of this chapter provides a short litera-
ture review for each crystal studied in this project.

Graphene
Nair et al.26 was the first to study the optical 
transmittance of graphene. It was found that 
graphene has an optical opacity of 2.3%, which 
increases by another 2.3% with every additional 
layer. The exfoliated graphene samples were 
attached to a support structure of a perforated 
20 μm thick copper-gold film fabricated using 
photolithography. The films had 9 small aper-
tures with diameters of 20, 30 and 50 μm. The 
optical transmittance was measured by shining 
a light source through the aperture and detect-
ing the light intensity with a spectrometer. This 
measurements were taken with respect to either 
an empty space or, as a double check, another 
aperture of the same size but without graphene. 
The optical transmittance, T, of graphene was 
found to be independent of wavelength in the 
visible spectrum, and follows the relation:

(1–T ) ≈ πα

where α = e
2
⁄ħc ≈ 1⁄137 is the fine struture con-

stant. Subsequently, Falkovsky26 also studied 
the reflectance and transmittance of graphene 
monolayer and multilayers. The dynamic con-
ductivity was calculated theoretically at dif-
ferent frequency, temperature, and chemical 
potential. Again, it was also shown that the 
transmittance of graphene in the visible range is 
independent of frequency and is defined by the 
fine structure constant. It was also found that 
the reflectance of graphene is determined by the 
intraband Drude-Boltzmann conductivity in the 
infra-red region and by the interband absorption 
for higher frequencies.

Hexagonal Boron
Nitride
The optical absorption of hexagonal BN thin 
films was studied by Zunger, Katzir, and Halper-
in27. The BN sample was grown on a quartz sub-
strate using chemical vapor deposition (CVD), 
and measured to be 68 nm in thickness. Using a 
spec- trophotometer, the absorption coefficient 
was measured in the near-UV range (195 - 320 
nm). An absorption peak was observed at 6.2 
eV, followed by a sharp decrease in absorption 
coefficient at lower energies due to the direct 
band gap.

Song et al.28 also measured the optical ab-
sorbance of few layer BN. The CVD-grown BN 
sample was measured to be ~1.3 nm thick and 
a spectrophotometer was used to measure 
the absorbance in the UV-vis region (200 - 900 
nm). A sharp absorbance peak was observed 
at 203nm (6.1 eV), which is consistent with the 
results of the absorption coefficient of bulk 
BN presented by Zunger, Katzir, and Halperin27. 
In the range of 250 - 900 nm, the BN film was 
observed to transmit almost 99% of the incident 
light. The optical band gap was also measured to 
be 5.56 eV.

Transition Metal 
Dichalcogenides
Yu et al.9 measured the dielectric function of 
MoS2 films of different thickness and demon-
strated the strong impact of excitonic effects on 
the dielectric functions for films thinner than 
5 - 7 layers thick. The dielectric function does 
not have a consistent dependance on layer 
number, because it is observed to decrease with 
in- creasing layer number when the films are 
less than 5 - 7 layers thick, and then it starts to 
increase with layer number above that thick-
ness. The MoS2 films were grown using the CVD 
process on sapphire substrates and the dielec-
tric function was measured using spectroscopic 
elipsometry. In the graph of dielectric function 
against photon excitation energy, there are 
three peaks observed which are due to excitonic 
transitions A, B, and C, labelled from low to high 
energies. The C exciton peak position was seen 
to evolve with the layer number and it is pro-
posed that quantum confinement effects may 
be the reason.

Kumar, Verzhbitskiy and Eda29 have studied the 
absorption of exfoliated monolayer MoS2. The 
absorption spectrum was obtained by measur-
ing the intensity of transmitted and reflected 
light in a transmission microscope set up. The 
strong optical absorption traits were attributed 
to be due to band nesting and corresponding 
divergence of the joint density of states, which 
is characteristic to 2D structures. They mea-
sured the wavelength-dependent absorption of 
monolayer MoS2 in the visible light range and 
found that the A and B exciton peaks have 10% 
absorption while the C exciton peak has 30% 
absorption.

The dielectric function of various exfoliated 
monolayer TMDs were studied by Li et al.30, 
which were MoS2, MoSe2, WS2 and WSe2. The 
dielectric function was obtained from the re-
flectance spectrum, which was measured using 
a broadband light source at room temperature. 
The imaginary part of the dielectric function was 
determined from the reflectance spectrum and 
was converted to the real part of the dielectric 
function through a Kramers-Kronig constrained 
analysis. The A, B and C exciton peaks were 
observed within the range of 1.5 eV (827 nm) ≤ 
E ≤ 3 eV (413 nm) in both the real and imaginary 
parts of the dielectric function. When compared 
with the dielectric function of the bulk materials, 
the peak positions and intensity changes, with 
a lower intensity of the exciton peaks for the 
TMDs.

Black Phosphorus
The optical transmittance of few layer exfoliated 
bP was studied by Castellanos-Gomez et al31. 
Using a microscope with an attached digital 
camera, the intensity of the red, green, and 
blue colour channels of the transmission mode 
optical image were measured with respect to 
the substrate to obtain a transmittance histo-
gram. It was seen that the thinner bP samples 
have a higher optical transmittance of light. The 
integrated absorbance of the black phospho-
rus samples in the visible light spectrum was 
measured to be a multiple of 2.8%, so it was 
deduced that phosphorene has an absorbance 
of 2.8%.

In other works that presents the optical proper-
ties of bP, the optical absorption was shown to 
vary with light polarised along different angles 
along the bP crystal axis. It was measured to be 
15% for light polarized along the x-axis of the bP 
crystal structure for a 40 nm bP sample, while it 
is 2% for light polarized along the y-axis32.

Scope of this project
Despite some published results on the opti-
cal properties of 2D materials, there is still no 
systematic comparative study of their optical 
transmittance in the visible range. Furthermore, 
the values for the absorption and transmittance 
in the literature are often obtained using indirect 
measurements, such as reflectance spectros-
copy or optical ellipsometry. Also, there is no 
systematic comparison of the optical transmit- 
tance with varying layer number and between 
different classes of 2D materials. As such, this 
project aims to directly measure the optical 
transmittance of various 2D crystals exfoliated 
on a transparent quartz substrate. The results of 
this project can give insights on the physics that 
determines (and limits) the optical transparency 
of 2D materials. This could have practical impor-
tance in evaluating the suitability of 2D crystals 
for next-generation transparent electronics.

Research
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This chapter discusses the experimental methods to fabricate, 
characterise, and measure the optical transmittance of graphene, 
BN, MoS2, WS2, bP, and MoS2-WS2 and MoS2-BN heterostructures. 
All parts of this experiment was done in a class 1,000 cleanroom 
with controlled 50% relative humidity, except for exfoliation and 
encapulation of bP which were done in a glove box, molecular 
beam epitaxy which was done in ultra high vacuum condition at 
room temperature, and optical spectroscopy which was done in 
ambient conditions.

Exfoliation
The 2D crystals of interest are fabricat-
ed by mechanical exfoliation using blue 
Nitto tape and then exfoliated on trans-
parent quartz slides of 10 x 10 x 0.5 mm 
that were purchased from Latech, as 
seen in Figure 1. In this experiment, all 
samples are exfoliated on quartz slides 
to allow optical transmission mea-
surements. The types of crystals being 
exfoliated are graphene, BN, MoS2, WS2, 
and bP.

Graphene was exfoliated from a bulk 
highly oriented pyrolytic graphite 
(HOPG) crystal that was purchased 
from NGS Naturgraphit GmbH. MoS2 
crystals was exfoliated from bulk MoS2 
that was purchased from SPI Supplies. 
The WS2 used were exfoliated from bulk 
crystals of 2H-WS2 that were grown by 
the chemical-vapour transport method 
using iodine as the transport agent33, 34. 
The hBN crystals were exfoliated from a 
bulk hBN single crystal grown by a Ba-
BN solvent method35. Bulk bP crystals 
were purchased from HQ Graphene 
and exfoliated onto quartz slides in an 
Ar-filled glovebox with an O2 and H2O 
concentration of less than 2 p.p.m. No 
degradation of the bP crystals is ob-
served in the Ar gas environment.

Figure 1 Quartz 
slides from 

Latech.

Table 1 Specifications 
of quartz slides from 
Latech.

Transfer
Dry transfer is performed to form heterostructures33,36 or to encapsulate 
bP37. Firstly, a crystal of interest is exfoliated onto a SiO2/Si wafer coated 
with polymethylglutarimide (PMGI) and polymethylmethacrylate (PMMA) in 
a spin-coater (WBS-400BZ-6NPP), which serve as the release and support 
polymer layers, respectively. After identifying a suitable transfer sample with 
a microscope (Nikon Eclipse LV100D), the PMGI is developed and the trans-
fer sample held by the PMMA polymer layer is placed on a transfer slide. To 
transfer on bP, the transfer slide is brought into the glovebox. The transfer is 
then completed by lowering the transfer sample onto another exfoliated 2D 
crystal on a quartz slide using a micromanipulator. After the transfer is com-
plete, the support PMMA layer is removed in acetone.

Another form of encapsulation of few layer bP is to perform Molecular Beam 
Epitaxy (MBE) where magnesium oxide (MgO) of 10nm thickness is deposit-
ed on bP crystals exfoliated on quartz. The bP sample is transferred into the 
MBE system that is custom-made by Omicron through an Ar-filled glovebox 
to ensure that the O2 and H2O concentration is less than 2 p.p.m. After care-
ful placement of the bP sample, the system is pumped to ultra-high vacuum 
conditions (10−8 Torr) at room temperature before the MBE process takes 
place at 1  Å/s.

http://www.latech.com.sg/product/1423716856-Quartz+Slides.html
http://www.latech.com.sg/product/1423716856-Quartz+Slides.html
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 ∏ Atomic force microscopy
Atomic force microscopy (AFM) is performed 
to measure the thickness of BN and bP. The 
AFM scans were acquired using a Bruker Di-
mension FastScan microscope in tapping or 
contact mode. The thickness of the crystal 
is obtained by measuring the relative height 
of the sample with respect to the quartz 
background and appropriately flattening 
and manipulating the AFM scans using 
Gwyddion. A 1 x 1 μm image of the sample 
border on a quartz background is ideal for 
measuring the step height of the sample, 
as seen in Figure 6. A line is drawn across 
the border with a certain width to obtain 
an averaged step height profile, as seen in 
Figure 7. There will be a distinct step seen 
in the graph which represents the height. 
Precise measurement of the height is taken 
by averaging the values of the two plateaus 
and taking their difference.

Figure 3 
Measured
Raman 
spectrum 
between the 
E2g and A1g 
peaks of 1 - 5 
layers of MoS2.

Figure 4 
Wavenumber 
difference 
between the 
E2g and A1g 
peaks of 1 - 5 
layers of MoS2.

Figure 6 1x1 μm AFM scan 
of a BN sample, with a line 
drawn across to obtain 
the step height profile 
in Figure 7.

Figure 7 Step height profile of a BN sample 
from AFM measurement. The measured 
height on the BN flake is taken by 
averaging the values of the two 
plateaus and taking their 
difference. It gives a 
height of 2.37 nm.

Thickness determination
The exfoliated samples are characterised by their thick-
ness or layer number. Each material has their own unique 
set of characterisation methods, which are noted in Figure 
2. The characterisation methods are described in the 
following subsections.

BN                               bP Graphene MoS2 WS2

AFM Raman PL Optical
Contrast

Fluore-
scence

Figure 2 The studied 2D crystals 
and their respective 

characterisation 
method

 ∏ Raman spectroscopy
Raman spectroscopy is used to determine the layer num-
ber of graphene and MoS2 samples. It is performed using 
an Alpha 300 R in the backscattering configuration with a 
532 nm laser excitation. The Raman spectrum of graphene 
has two distinct bands which are the G and 2D band, 
located at Raman shift positions of approximately 1580 
cm−1 and 2700 cm−1 respectively. The intensity ratio I2D/IG 
of these bands for graphene is equals to 4. With these fea-
tures identified, graphene is successfully characterised33. 
In the case of MoS2, the relative distance between the E2g 
and A1g peaks inceases with increasing layer numbers39, 
as seen in Figure 3 and Figure 4. As such, the layer num-
ber of MoS2 is determined with Raman spectroscopy, up to 
several layers.

Figure 5 10x10 μm AFM 
scan of a BN sample. The 
red box shows the AFM 
image in Figure 6.
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 ∏ Fluorescence Spectroscopy
Fluorescence sepectroscopy is also used 
to determine monolayers of MoS2 and 
WS2. It is done by using a microscope 
(Nikon Eclipse LV100D) attached with a 
mercury lamp (Nikon Intensilight Epi-flu-
orescence Illuminator). Only monolayers 
of MoS2 and WS2 would produce fluores-
cence due to the direct band gap of the 
monolayers. Similar to the PL experiment, 
energy from the photons is enough to ex-
cite the electrons from the valence band 
to the conduction band, which would 
recombine with the hole produced in the 
valence band to produce fluorescence. 
Increasing number of layers of MoS2 and 
WS2 have indirect band gaps and require 
phononic excitations for electrons to 
jump from the valence band to conduc-
tion band. As such, bilayers and thicker 
samples do not produce fluorescence 
when shone under a fluorescence lamp. 
Fluorescence of monolayers is seen most 
clearly with the optical filters of 450 - 490 
nm and 400 - 440 nm for MoS2 and WS2 
respectively. A sample image of the flu-
orescence of exfoliated monolayer MoS2 
can be seen in Figure 10.

 ∏ Optical Contrast
Optical contrast is used to identify the layer 
number of WS2. Following the concept of Hai Li, 
et al.40, the optical contrast of WS2 on quartz is 
seen to increase with increasing thickness when 
the contrast difference of red, green, and blue 
colour light of the sample is measured with re-
spect to the optical contrast of the quartz back- 
ground. This method is able to reliably determine 
the layer number of WS2, up to a few layers. The 
graph of increasing contrast difference of blue 
light with increasing layer number is seen in 
Figure 11.

 ∏ Photoluminescence Spectroscopy
Photoluminescence (PL) is used to determine mono-
layers of MoS2 and WS2. It is performed using a Al-
pha 300 R with a 532 nm laser excitation. In the PL 
experiment, the sample is excited by photons with 
an energy larger than the bandgap energy. Once the 
photons are absorbed, electrons and holes are formed 
in the conduction and valence bands, respectively. The 
excitations undergo energy and momentum relaxation 
towards the band gap minimum. Typical mechanisms 
are Coulomb scattering and the interaction with 
phonons. The electrons then recombine with holes 
which emits photons. This occurs in monolayers of 
TMDs due to the direct band gap of monolayers. In the 
case of bilayer and thicker samples, there would not 
be significant or any PL signal produced because of 
their indirect band gap. Photoexcitations alone would 
not be enough to excite electrons to the conduction 
band; phononic excitations are needed. As such, the 
PL signal in monolayer TMDs would be of much higher 
intensity as compared to those from thicker samples 
and it is a plausible way to distinguish monolayers 
from thicker samples4,5. A sample photoluminescence 
spectrum of monolayer and bilayer WS2 is seen in 
Figure 8.

Figure 9 Optical image 
of exfoliated monolayer 
MoS2.

Figure 10 Fluorescence 
image of exfoliated 
monolayer MoS2.

Figure 11 Contrast 
difference of blue 
light of few layer 
WS2.

Figure 8 Measured photoluminescence 
spectrum of monolayer and bilayer 
WS2 on a quartz substrate.
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Figure 12 Schematics of microscope 
and spectrometer set up adapted 
from Nikon and Avantes.

Table 2 Specifications of 
spectrometer adapted

from Avantes.

Figure 13 The red circle 
in the figure shows the 
detection area of the 
spectrometer, placed on 
the quartz background.

Optical transmittance 
measurement in 
vis-NIR
The optical transmission spectra are measured 
in ambient conditions using a micro- scope 
(Nikon Eclipse LV100D) with an attached spec-
trometer (AvaSpec-ULS2048L StarLine Versatile 
Fiber-optic Spectrometer). Figure 12 shows 
the schematic diagram of the spectrometer 
set up and Table 2 shows the specifications of 
the spectrometer. The spectrometer is able to 
measure in the UV-vis-NIR regime and through a 
circular detection area of ~2.5 μm radius. The ex-
act detection area (out of the whole field of view) 
is determined by shining a flash light through the 
optical fibre of the spectrometer to the micro-
scope, and then marking out the detection area 
of the spectrometer on the live image seen in the 
microscope software, NIS-Elements. The optical 

fibre is then placed back on the spec-
trometer and tuned for maximum light 
detection. Before the actual transmis-
sion measurement, a dark spectrum 
IDark of detector counts in a range of 
wavelength is measured when the 
microscope lamp is switched off and no 
light is allowed to pass through to the 
camera and fiber optics. Dark noise is 
defined as the non-illuminated noise 
in Root Mean Square (RMS) for the 
shortest integration time, and the RMS 
is calculated over 100 scans. The dark 
spectrum typically looks like the graph 
in Figure 15. In subsequent measure-
ments, the dark spectrum is always 
subtracted from the actual transmit-
tance spectrum, in order to reduce dark 
noise.

When performing the actual transmis-
sion measurement, the bottom lamp 

of the microscope is switched on and the sam-
ple is placed in focus under the microscope. The 
sample has to be bigger than the detection area 
of the spectroscope so that the transmission 
spectrum is representative of a particular thick-
ness of a material. A reference spectrum IRef 
of detector counts in a range of wavelength is 
taken when the detection area is placed some-
where around the sample where there is noth-
ing else but quartz, and it typically looks like the 
graph in Figure 16. It is observed that the mi-
croscope lamp produces a significant number 
of counts in the region of 400 - 850 nm, which 
means that the detector would be sensitive to 
measurements done in that region. As such, the 
default region of interest is 400 - 850 nm. 

This reference spectrum is set as 100% optical 
transmittance, which means that the reflectance 
and absorbance of quartz are taken into account 
and do not contribute to the measured spectra 
of the 2D crystals. This is so that the measured 
optical transmittance of any sample is with recpect 
to the light through quartz background. However, 
quartz itself has a certain value of transmittance 
and its optical transmission spectrum is measured 
as seen in Figure 17. In the visible light region, the 
average optical transmittance and absorbance are 
88.6646% and 0.0523 respectively.

After proper calibration, the detection area is 
placed inside the sample to measure a spectrum 
I of detector counts in a range of wavelengths. 
The measurement steps are seen in Figure 13 
and Figure 14. The optical transmittance T is then 
obtained in units of percentage (%) by using the 
relation:

T= (I−IDark)/(IRef−IDark)

After obtaining the transmission spectrum, the val-
ues can be converted to absorbance A, a unit-less 
quantity, following the Beer-Lambert law:

A = − log10 T

This mathematical calculation neglects the re-
flectance of the sample which, in principle, can be 
measured using the top lamp on the microscope, 
but is outside the scope of this project.

Figure 15 
Detector counts 
spectrum of the 
dark spectrum. 

Figure 16 
Detector counts 
spectrum of the 
reference 
spectrum. 

Figure 17 Typical transmission 
spectrum of the used 

quartz wafers.

Figure 18 Typical absorbance 
spectrum of the used 

quartz wafers.

Figure 14 The red circle 
in the figure shows the 
detection area of the 
spectrometer, placed 
on a MoS2 sample.

http://www.microscopyu.com/articles/optics/components.html
http://www.avantes.com/products/spectrometers/starline/item/304-avaspec-uls2048l-starline-versatile-fiber-optic-spectrometer
http://www.avantes.com/products/spectrometers/starline/item/304-avaspec-uls2048l-starline-versatile-fiber-optic-spectrometer
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Results
In this chapter, the optical transmittance and absorbance 
of graphene, BN, several TMDs and their heterostruc-
tures, and bP are measured using the methods described 
in the “Optical transmittance measurement in” on page 
12. A calibration of the experiment is done first to 
check the optimum light intensity settings and reproduc-
ibility of results, which are described in the first section. 
The following sections discuss the results of the different 
materials.

Calibration
In the spectroscopy experiment, the 
light intensity used on the micro-
scope and reproducibility of results 
are checked to ensure that all parts of 
the spectroscopic measurements are 
accurate. 

Figure 19 Optical images of 
bilayer MoS2 using Koehler 

illumination under low 
light intensity.

Figure 20 Optical images of 
bilayer MoS2 using Koehler 
illumination under 
medium light 
intensity.

Figure 21 Optical images of 
bilayer MoS2 using Koehler 

illumination under high 
light intensity.

 ∏ Light Intensity
To find the optimum light intensity for the spectros-
copy measurements, three different light intensi-
ties of the microscope lamp are tested to see their 
accuracy and stability of readings, as well as their 
accurate wavelength regions. This test mea- sure-
ment is done on a bilayer MoS2 sample. The optical 
images of the bilayer MoS2 sample under the differ-
ent light intensities are seen in Figure 19, Figure 20, 
and Figure 21.

 ∏ Reproducibility
The reproducibility of results is checked by mea-
suring different samples of bilayer MoS2 to see 
if they produced the same curves with similar 
features. After verifying the layer number of the 
bilayer samples of MoS2 using Raman spectros-
copy as described in the subsection “Raman 
spectroscopy”, spectroscopic measurements of 
three samples are taken and the transmission 
and absorbance graphs obtained are seen in 
Figure 24 and Figure 25. It is observed that the 
curves overlap very well and the unique features 
of MoS2 are retained in the curves. This shows 
the reproducibility of the spectroscopic mea-
surement.

Figure 22 Transmission 
spectrum of bilayer MoS2 

under different light 
intensities.

Figure 23 Absorbance 
spectrum of bilayer MoS2 
under different light 
intensities.

After performing the spectroscopic measurements, the 
transmission and absorbance spectra are obtained, as 
seen in Figure 22 and Figure 23. It is observed that with a 
higher light intensity, the transmittance and absorbance 
curves are smoother and have a wider range of wave-
length accuracy. However, when the light intensity is too 
high, the B exciton peak is observed to saturate, whereby 
the transmittance (absorbance) increases (decreases). 
This is due to the non-linear optical effects at high light 
intensity, which can be explained by several mechanisms. 
The Pauli exclusion principle states that no two electrons 
are allowed to exist in the same state at the same place, 
so the probability of exciton creation would decrease 
when there is already a lot of excitons created. This re-
sults in saturation of the excition peak41. As such, the light 
intensity used in subsequent spectroscopic measuremnts 
is in the medium range.

Figure 24 Transmission 
spectrum of three 
different samples 
of bilayer 
MoS2.

Figure 25 Absorbance 
spectrum of three 
different samples 

of bilayer 
MoS2.
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Graphene
The optical transmittance of graphene is mea-
sured and the transmission and ab- sorbance 
spectra are shown in Figure 26 and Figure 27. 
The transmission spectrum is observed to be al-
most uniform regardless of wavelength, and the 
average optical transmit- tance and absorbance 
in the visible light region (400 - 700 nm) is cal-
culated to be 97.6332% and 0.0103 respectively. 
Comparing the optical transmittance with Nair25, 
the value of optical transmittance of graphene 
is very similar with a percentage difference of 
0.07%.

Boron Nitride
The optical transmittance of BN of 1.73 - 16.5 
nm thickness are also measured to obtain the 
transmission and absorbance spectrum, as 
seen in Figure 28 and Figure 29. The thickness 
of BN is measured with the AFM as described in 
the subsection “Atomic force microscopy”. BN is 
observed to transmit more red light than violet 
light, while the overall transmittance magnitude 
is higher for thinner BN crystals. BN of thick-
ness less than 3 nm has almost 100% trans-
mittance. Only at a thickness of about 8 nm, 
BN has a transmittance of 99%. The averaged 
optical transmittance and absorbance of the BN 
samples in the visible light region are plotted in 
Figure 30 and Figure 31.

Figure 26 
Transmission 
spectrum of 
graphene.

Figure 27 
Absorbance 
spectrum of 
graphene.

Figure 28 Transmission 
spectrum of BN of thickness 

of 1.73 - 16.5 nm.

Figure 29 Absorbance 
spectrum of BN of thickness 
of 1.73 - 16.5 nm.

Figure 30 Graph of average 
transmittance of BN in the 
visible light range (400 - 
700 nm) for thickness 
of 1.73 - 16.5 nm.

Figure 31 Graphs of average 
absorbance of BN in the 
visible light range (400 - 

700 nm) for thickness 
of 1.73 - 16.5 nm.
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Transition Metal 
Dichalcogenides

 ∏ Molybdenum disulfide
The optical transmittance of MoS2 of 1 to 5 layers have 
been measured and Figure 32  and Figure 33 shows the 
transmittance and absorbance spectra, respectively. The 
number of layers is de- termined using Raman spectros-
copy as described in subsection “Raman spectroscopy”. 
It is observed that the overall transmittance (absor-
bance) magnitude is lower (higher) for increas- ing layer 
number of MoS2. There are three peaks observed at 
about 440 nm, 620 nm, and 665nm in the transmittance 
spectrum (or 2.78 eV, 2.00 eV, and 1.86 eV in the absor-
bance spectrum) which corresponds to the C, B, and 
A excitonic transition peaks. It is deduced that violet, 
orange, and red light are least transmitted (or most 
absorbed) in MoS2. This means that optically, few layer 
MoS2 is seen to have hues of violet, orange and red, and 
it suggests that MoS2 would be most easily seen with a 
violet, orange, or red filter. The averaged optical trans-
mittance and absorbance of the MoS2 samples in the 
visible light region are plotted in Figure 34 and Figure 35, 
respectively.

Figure 32 Transmission spectrum 
of 1 to 5 layers of MoS2.

Figure 33 Absorbance spectrum 
of 1 to 5 layers of MoS2.

Figure 34 Graph of average 
transmittance of MoS2 of 1 

to 5 layers in the visible light 
range (400 - 700 nm).

Figure 35 Graphs of average 
absorbance of MoS2 of 1 to 5 
layers in the visible light range 
(400 - 700 nm).

Figure 36 Transmission 
spectrum of 1 to 5 

layers of WS2.

Figure 37 Absorbance 
spectrum of 1 to 5 
layers of WS2.

Figure 38 Graph of average 
transmittance of WS2 of 1 to 
5 layers in the visible light 
range (400 - 700 nm).

Figure 39 Graphs of average 
absorbance of WS2 of 1 to 5 

layers in the visible light 
range (400 - 700 nm).

 ∏ Tungsten disulfide
Spectroscopic measurements are done on WS2 and the 
transmission and absorbance spectra are shown in Fig-
ure 36 and Figure 37, repectively. The number of layers is 
determined using the methods described in the subsec-
tions “Photoluminescence Spectroscopy”,  “Fluorescence 
Spectroscopy”, and “Optical Contrast”. It is observed that 
the overall transmittance (absorbance) magnitude is lower 
(higher) for increasing layer number of WS2. There are three 
peaks observed at about 450 nm, 528 nm, and 648 nm in 
the transmittance spectrum (or 2.75 eV, 2.33 eV, and 1.91 
eV in the absorbance spectrum) which corresponds to the 
C, B, and A excitonic transition peaks. It is deduced that 
blue, green, and red light are least transmitted (or most 
absorbed) in WS2. This means that optically, few layer WS2 
is seen to have hues of blue, green and red, and again it 
suggests that MoS2 would be most easily seen with a blue, 
green, or red filter. The averaged optical transmittance and 
absorbance of the WS2 samples in the visible light region 
are plotted in Figure 38 and Figure 39, respectively.
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Figure 40 Transmission spectrum of 
MoS2-WS2 heterostructure and 

its components, as labelled 
in the legend.

Figure 41 Absorbance spectrum of 
MoS2-WS2 heterostructure and

 its components, as labelled 
in the legend.

Figure 42 Transmission spectrum of 
MoS2-BN heterostructure and 
its components, as labelled 
in the legend.

Figure 43 Absorbance spectrum 
of MoS2-BN heterostructure and 
its components, as labelled 
in the legend.

 ∏ MoS2-WS2 heterostructure
The MoS2-WS2 heterostructure is made of a MoS2 mono-
layer at the bottom and a WS2 monolayer on top. The 
monolayer MoS2 and WS2 are identified using fluores-
cence spectroscopy in the subsection “Fluorescence 
Spectroscopy”. The optical transmittance of the MoS2-WS2 
heterostructure is measured to obtain the transmission 
and absorbance spectrum as seen in Figure 40 and Figure 
41. Looking at the heterostructure transmission and ab-
sorbance curves, the A peak of WS2 is overpowered by the 
A and B peaks of MoS2 while both the C peaks combine to 
give an enhanced peak. The B peak of WS2 is still distinct 
in the heterostructure curves. The combined transmit-
tance and absorbance spectrum of the individual MoS2 
and WS2 monolayers are also plotted in Figure 40 and Fig-
ure 41, depicted by the purple curve. The combined trans-
mittance and absorbance of the individual layers does not 
differ much from that of the heterostructure, and there is 
only a slight shift in the A and B peaks of MoS2. This is due 
to the band alignment of the heterostructure which will be 
explained further in the chapter “Discussion”. The average 
optical transmittance and absorbance of the MoS2-WS2 
heterostructure in the visible light region is calculated to 
be 84.0486% and 0.0797 respectively.

 ∏ MoS2-BN heterostructure
The MoS2-BN heterostructure is made of a MoS2 monolay-
er at the bottom and a BN layer of 14.5 nm thickness on 
top. The monolayer MoS2 is identified using fluorescence 
spectroscopy in the subsection “Fluorescence Spectros-
copy”, while the thickness of BN is measured with the AFM 
in the subsection “Atomic force microscopy”. Spectroscop-
ic measurements are also done on the MoS2-BN hetero-
structure and the transmission and absorbance spectra 
in Figure 42 and Figure 43 are obtained. The transmission 
and absorbance curves of the heterostructure retains the 
features of MoS2 and it suggests that BN does not impact 
the optical properties of the heterostructure much since 
its optical transmission curve is flat. This is proven by the 
combined transmittance and absorbance spectrum of the 
individual MoS2 and BN layers, which are plotted in figure 
4.12, depicted by the purple curve. The combined trans-
mittance and absorbance spectrum is similar to that of 
the heterostructure, only that the heterostructure trans-
mit (absorb) less (more) light around the A and B exciton 
peaks. The average optical transmittance and absorbance 
of the MoS2-BN heterostructure in the visible light region 
is calculated to be 87.7273% and 0.0581 respectively.
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Black Phosphorus

 ∏ Optical Transmittance
To study the optical transmittance of bP, it has to be first 
encapsulated using MBE and dry transfer as described in 
section “Transfer”. Encapsulation is needed because bP is 
very reactive with air and oxidizes almost immediately upon 
exposure to air42,43.

Firstly, bP crystals of 4.89 - 7.00 nm thickness that are capped 
with MgO are studied under the spectrometer. The thickness 
of the bP crystals is measured under the AFM as described in 
the subsection “Atomic force microscopy”. The transmission 
and absorbance spectra obtained are shown in Figure 44 and 
Figure 45. It is observed that bP generally transmits more red 
light than violet light, while the overall transmittance mag-
nitude is higher for thinner bP crystals. The averaged optical 
transmittance and absorbance of the BN samples in the 
visible light region are plotted in figure 4.14. However, the bP 
samples are observed to oxidize even with the MgO encapsu-
lation during the course of the experiment, albiet slower than 
without encapsulation. This was the stimulant for performing 
more optical transmittance measurements on bP but with 
graphene encapsulation instead.

Figure 44 Transmission spectrum 
of bP with MgO encapsulation of 
thickness of 4.89 - 7.00 nm.

Figure 45 Absorbance spectrum 
of bP with MgO encapsulation of 

thickness of 4.89 - 7.00 nm.

Figure 46 Graph of average transmittance 
of bP with MgO encapsulation in the 

visible light range (400 - 700 nm) 
for thickness of 4.89 - 7.00 nm.

Figure 47 Graph of average absorbance 
of bP with MgO encapsulation in the 
visible light range (400 - 700 nm) 
for thickness of 4.89 - 7.00 nm.

Next, bP crystals of 1.96 - 4.30 nm thickness 
that are capped with graphene are studied 
under the spectrometer. The thickness of the bP 
crystals is measured under the AFM as de-
scribed in the subsection “Atomic force micros-
copy”. The transmission and absorbance spectra 
obtained are shown in Figure 48 and Figure 49. 
Again, it is observed that bP generally transmits 
more red light than violet light, while the overall 
transmittance magnitude is higher for thinner 
bP crystals. The averaged optical transmittance 
and absorbance of the bP samples in the visible 
light region are plotted in Figure 50 and Figure 
51.

Figure 48 Transmission spectrum 
of bP with graphene encapsulation 

of thickness of 1.96 - 4.30 nm.

Figure 49 Absorbance spectrum of 
bP with graphene encapsulation of 
thickness of 1.96 - 4.30 nm.

Figure 50 Graph of average transmittance 
of bP with graphene encapsulation in the 
visible light range (400 - 700 nm) for 
thickness of 1.96 - 4.30 nm.

Figure 51 Graph of average absorbance 
of bP with graphene encapsulation in the 

visible light range (400 - 700 nm) for 
thickness of 1.96 - 4.30 nm.
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 ∏ Optical Anisotropy
To measure the dependence of the optical prop-
erties of bP on the angle of polarisation of light, 
a polariser is placed on top of the microscope 
lamp before it passes through the bP sample. 
Firstly, an arbitrary axis is defined to set the 
angle in which the polarizer should be placed. 
The optical image of a bP crystal of 1.96 nm 
thickness with graphene encapsulation oriented 
along the arbitrary axis is seen in Figure 53. The 
polarizer is then rotated in steps of 30° (from 
-90° to 90°) with respect to the arbitrary axis 
before taking the optical transmittance mea-
surement.

The transmission and absorbance spectra of the 
bP crystal of 1.96 nm thickness with graphene 
encapsulation oriented along the arbitrary axis 
is seen in Figure 52 and Figure 54. It is observed 
that the transmittance and absorbance changes 
at different angles, but only incident light at 433 
nm or 2.85 eV is unaffected by the polarisation. 
At 0°, 15° and 30°, the bP crystal is observed to 
transmit (absorb) less (more) violet light and 
more (less) red to blue light in comparison to the 
curves of -30° and 60°, while it is the opposite at 
-90°, -60° and 90°. 

Figure 52 Transmission spectrum of bP of 
thickness of 1.96 nm with graphene encap-

sulation in which the polarizer is placed at 
-90° to 90° with respect to 

an arbitrary axis.

Figure 53 Optical image of bP crystal 
of 1.96 nm thickness with graphene 
encapsulation oriented along an
arbitrary axis that is labelled 
with the green arrow 
on the left.

The turning point for the change ap-
pears to be at 15°. This demonstrates the 
optical anisotropy of bP. The averaged 
optical transmittance and absorbance of 
the bP crystal in the visible light region 
when oriented at different angles along 
the arbitrary axis are plotted in Figure 55 
and Figure 56. It is observed that at 15°, 
bP is transmits (absorbs) the most (least) 
incident light.

Figure 55 Graph of 
average transmittance 

of bP of thickness of 
1.96 nm with graphene 

encapsulation in the 
visible light range  (400 
- 700 nm) in which the 

polarizer is placed at 
-90° to 90° with respect 

to an arbitrary axis.

Figure 56 Graph of 
average transmittance 

of bP of thickness of 
1.96 nm with graphene 

encapsulation in the 
visible light range 

(400 - 700 nm) in which 
the polarizer 

is placed at -90° to 90°
 with respect to an 

arbitrary axis.
Figure 54 Absorbance spectrum of bP 

of thickness of 1.96 nm with graphene 
encapsulation in which the polarizer is 

placed at -90° to 90° with respect to 
an arbitrary axis.
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In order to confirm the anisotropy results, and 
exclude any potential polarization-dependence 
in the microscope’s optical path, the experiment 
is repeated by keeping the polarizer fixed and 
rotating the sample. The bP crystal of 1.96 nm 
thickness with graphene encapsulation is mea-
sured under the spectrometer when the sample 
is placed at 0°, 45°, and 90° with respect to the 
polarizer, as seen in Figure 57.

The transmission and absorbance graphs of 
the bP crystal of 1.96 nm thickness are seen in 
Figure 58 and Figure 59. Again, it is observed 
that the transmittance and absorbance changes 
at different angles, but only light at 433 nm or 
2.85 eV are unaffected by the polarisation. At 
0° the bP crystal is observed to transmit (ab-
sorb) less (more) violet light and more (less) red 
to blue light in comparison to the curve of 45°, 
while it is the opposite at 90°. The average opti-
cal transmittance and absorbance of bP in the 
visible light region are calculated in Table 3. It is 
observed that when polarised at 0° with respect 
to a polarizer, bP would transmit the most visible 
light, which means it is optically more transpar-
ent.

Figure 57 Optical image of bP crystal of 1.96 nm thickness 
with graphene encapsulation placed at (a) 0°, (b) 45°, and (c) 
90° with respect to a polarizer whose direction is 
labeled with the green arrow on the left.

Figure 58 Transmission spectrum 
of bP of thickness of 1.96 nm with 

graphene encapsulation that 
is placed at 0 to 90° with 

respect to the direction 
of a polarizer.

Table 3 Table of various thickness 
of bP with graphene encapsulation of 

thickness of 1.96 nm that is placed
 at 0 to 90° with respect to a polarizer, 

and the corresponding average 
optical transmittance and 

absorbance in the visible 
light region (400 - 700 nm) 

at each angle. 

Figure 59 Absorbance spectrum 
of bP of thickness of 1.96 nm with 

graphene encapsulation that 
is placed at 0 to 90° with 

respect to the direction 
of a polarizer.
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Finally, the previous measurement is done again 
on a bP flake with a different thickness to check 
if the exepriment is reproducible. A bP crystal of 
2.87 nm thickness with graphene encapsulation 
is measured under the spectrometer when the 
sample is placed at 0°, 45°, and 90° with respect 
to the polarizer, as seen in Figure 60.

The transmission and absorbance graphs of 
the bP crystal of 2.87 nm thickness are seen in 
Figure 61 and Figure 62. Indeed, the anisotropy 
measurement is reproducible since the results 
are similar to the previous experiment. The 
averaged optical transmittance and absorbance 
of bP in the visible light region (400 - 700 nm) are 
calculated in Table 4.

Figure 60 Optical image of bP crystal of 2.87 nm thickness with 
graphene encapsulation placed at (a) 0°, (b) 45°, and (c) 90° with 
respect to a polarizer whose direction is labeled with 
the green arrow on the left.

Figure 61 Transmission spectrum 
of bP of thickness of 2.87 nm with 
graphene encapsulation that is 
placed at 0 to 90° with respect
 to the direction of a polarizer.

Table 4 Table of various thickness of bP with graphene 
encapsulation of thickness of 2.87 nm that is placed at 0 
to 90° with respect to a polarizer, and the corresponding 
average optical transmittance and absorbance in the 
visible light region (400 - 700 nm) at each angle.

Figure 62 Absorbance spectrum 
of bP of thickness of 2.87 nm with 

graphene encapsulation that is 
placed at 0 to 90° with respect

 to the direction of a polarizer.
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 Discussion

This chapter explains the characteristics of the measured optical 
transmittance and absorbance presented in the chapter 4.

Graphene
In the optical transmittance measurements of 
graphene presented in Figure 26, it is observed 
that the averaged transmittance is 97.7377% 
and almost constant across the measured 
wavelength region. This independence can be 
explained by dimensional analysis since the 
Hamiltonian of graphene which describes the 
linear bands has no intrinsic energy scale to 
compare with the photon energy. The calculation 
of the absorption in perturbation theory direct-
ly shows the independence, since the ω and vF 
dependence are cancelled by three important 
parameters: the square of the transition matrix 
element (∝ vF

2 /ω2), the joint density of states 
(∝ ω/vF

2 ), and the photon energy (∝ ω). Their 
product defines the optical absorption44. How-
ever, there is a slight deviation in transmittance 
and absorbance in the blue light region (400 - 
500 nm, or 2.5 -3.1 eV) which is due to surface 
contaminants. Hydrocarbon contamination is 
a highly plausible reason as the dry transfer 
process as described in the section “Trans-
fer”, which uses polymers (PMMA and PMGI), 
is known to leave residue on the transferred 
sample and substrate. These polymers used are 
known to absord light in the blue light to UV light 
range, hence producing the deviation in the op-
tical transmittance measurement of graphene. 
In Nair’s work on the optical transmittance of 
graphene, a similar effect is seen as well25.

Boron Nitride
The optical transmittance measurements of 
BN presented in Figure 28 show that BN has a 
high optical transparency compared to other 
2D crystals of similat thickness. This is due to 
its large band gap of ~6.5 eV12. The energy of 
visible light is not enough to excite the electrons 
from the valence band to the conduction band, 
since visible light has photon energy in the range 
of 1.8 eV to 3.1 eV. As such, visible light passes 
through without being absorbed, which makes 
the appearance of BN transparent. Also, exci-
tonic effects are not observed in the visible light 
spectrum because of the large band gap. Wirtz, 
Marini, and Rubio45 presented the absorption 
spectra of bulk and monolayer BN in the range 
of 4 eV to 8.5 eV. The study shows an excitonic 
peak in the absorption spectra at ~6 eV. The 
spectrum also broadens out beyond the peak, 
which explains the gentle slope of the measured 
absorbance spectrum of BN in Figure 29.

Discussion

Transition Metal 
Dichalcogenides
The measured transmittance and absorbance of MoS2 
and WS2 in Figure 32, Figure 33, Figure 36 and Figure 
37 respectively, show the high visibility of these materi-
als in comparison with the other 2D crystals of similar 
thickness. This is becuse thin layers of MoS2 and WS2 
have band gap energies in the visible light region, so they 
absorb visible light. The transmittance and absorbance 
spectra contain three well defined exciton peaks, la-
belled as A, B, and C, from low to high energies. 

For MoS2, the A, B and C peaks 
occur at 440 nm, 620 nm, and 
665nm (or 2.78 eV, 2.00 eV, and 
1.86 eV), respectively. For WS2, the 
A, B and C peaks occur at 450 nm, 
528 nm, and 648 nm (or 2.75 eV, 
2.33 eV, and 1.91 eV), respectively. 
These features are attributed 
to excitonic effects, which are 
understood with the crystal and 
band structures of the TMDs. The 
crystal structure of TMDs shown 
in Figure 63, Figure 64 and Figure 
65 comprises of layers of strongly 
bonded X-M-X atoms that are 
held together by weak van der 
Waals forces, where each layer of 
M and X atoms forms a 2D hexag-
onal crystal.

Since the group 6 MX2 are isoelectronic, 
the features of the electronic structure are 
generally identical. The conduction band 
minimum and the valence band maximum are 
both located at the K/K’ point of the Brillouin 
zone for monolayer MX2. When moving from 
the direct to indirect band gap, the transition 
between the conduction band valley at the Λ 
point and the valence band hill at the Γ point 
becomes prominent. For the MoS2 and WS2 
monolayers, band-nesting effects occurs in 
the middle of the Λ and Γ points. The exciton 
A and B peaks correspond to the transition 
from the spin-orbit split valence bands to 
the lowest conduction band at the K and 
K’ points, while the C peak is related to the 
transition from the valence band to the con-
duction band between the Λ and Γ point of the 
Brillouin zone, as seen in Figure 66. 

The strong absorption at high energies, which is the C peak for 
MoS2 and WS2, is due to the nearly-degenerate exciton states. This 
feature is represented by the region of the Brillouin zone where the 
valence and conduction bands are nested, under the single-elec-
tron band structure picture. The band structure in Figure 66 also 
depicts the energy required for the A, B, and C excitonic transitions, 
which explains their position in the measured transmittance and 
absorbance spectra.

Figure 63 Lattice structures 
of monolayer and bilayer MX2, 

obtained from ref 46.

Figure 64 Schematic illustration of the 
structure of monolayer MX2 where the blue 
and yellow spheres represent metal and 
chalcogen atoms respectively Schematic 
illustration of the structure of monolayer 
MX2 where the blue and yellow spheres 
represent metal and chalcogen atoms 
respectively. Obtained from ref 29.

Figure 65 First Brillouin 
zone of monolayer MX2, 

obtained from ref 29.

Figure 66 The band structure of 
monolayer MoS2 with the transition 
in A, B and C, indicated by the arrows. 
Obtained from ref 46.
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Heterostructures
In the optical transmittance measurements of the MoS2-
WS2 heterostructure presented in Figure 40 and Figure 
41, the heterostructure spectrum retains the A and B 
peaks of MoS2, and the B peak of WS2, while the C peaks 
of both materials combine to give an enhanced peak. 
Comparing with the combined transmittance and absor-
bance spectrum of the individual MoS2 and WS2 mono-
layers, the shape is similar, only that the heterostructure 
transmit (absorb) less (more) light around the A and B 
exciton peaks. This is understood by the combined band 
structure of the MoS2-WS2 heterostructure.

The MoS2-WS2 heterostructure forms a type II alignment 
since the states around the K point are localized to one 
of the monolayers. The valence band maximum and the 
conduction band minimum are localised to the WS2 and 
the MoS2 monolayers repectively, as seen in Figure 67. 
At the Γ-point, the mixing of the bands are due to the 
interaction between the MoS2 and WS2 monolayers which 
results in a strong shift or splitting of the energy levels. As 
a result, the band gap becomes indirect because the va-
lence-band Γ-point states are pushed 0.15 eV higher than 
the K-point states47. However, the theoretical calculation 
of the optical absorption spectrum of the MoS2-WS2 
heterostructure does not show the indirect transitions 
as direct transitions at the K-point dominate5, 34,48. The op-
tically active transitions are composed of direct intralayer 
transitions, while the interlayer transitions were found 
with intensities close to zero. As such, the optical proper-
ties are very weakly affected by the interlayer interactions 
and the distinct optical properties of the TMD layers are 
mostly retained in the heterostructure. This explains the 
weak shift in transmittance and absorbance at the A and 
B exciton peaks, and high similarity of the overall shapes 
of the combined optical transmittance and absorbance 
spectra MoS2 and WS2 monolayers and that of their het-
erostructure, as seen in Figure 40 and Figure 41.

For the MoS2-BN heterostructure, the distinct optical 
properties of each material are retained in the transmit-
tance and absorbance spectrum of the heterostructure 
as presented in Figure 42 and Figure 43. This is suggested 
by the high similarity between the combined transmit-
tance and absorbance spectrum of the individual MoS2 
and WS2 layers and that of the heterostructure. This is 
because of the almost negligible interaction between the 
two layers. Looking at the band structure, the BN layer 
does not affect the Γ-point band edge of MoS2. They have 
a type I alignment as seen in Figure 68, since the valence 
band maximum of BN at the K point is below that of MoS2 
and the conduction band minimum at the K point is above 
that of MoS2

47. Since there is very little interaction at the 
band edge of the MoS2 and BN layers, this explains the 
optical transmittance and absorbance spectra of the 
the MoS2-BN heterostructure, which is similar to the 
combined spectra of each layer, as seen in Figure 42 and 
Figure 43.

Figure 68 Band 
structures 
of MoS2-BN 
heterostructure, 
obtained from 
ref 47.

Figure 67 Band 
structures 

of MoS2-WS2 
heterostructure, 

obtained from 
ref 47.
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 ∏ Optical Transmittance
The optical transmittance measurements of bP with 
MgO and graphene presented in Figure 44 and Figure 48 
respectively shows that bP is a very transparent material 
compared to the other studied 2D materials of similar 
thickness, second to BN. This is because its band gap is 
in the infrared (0.0012 - 1.65 eV) to red light region, which 
is 0.3 eV in the bulk form and 2 eV in the single layer form 
of phosphorene17,18. Visible light would provide more than 
enough energy to excite the electrons across the band 
gap. Since the required energy is less than that of visible 
light, its optical properties are not highly visible and looks 
highly transparent to the naked eye. The steep slope at 
the blue light region (400 nm or 3.1 eV) is speculated to be 
the tail of the excitonic effects that is expected in UV light 
region. It is noted that excitonic effects are observed in 
the absorption spectrum of bP17,20, but there is no con-
clusive value of the exciton binding energy of bP since it 
could vary with different light polarisation.

The zigzag and armchair direction of the bP sample of 1.96 
nm thickness with graphene encapsulation is confirmed by 
the results of Figure 58, Figure 59, and Table 3. The visible 
light absorbance is the weakest when the flat edge along 
the thinnest part of the bP sample is oriented in the same 
direction as the incident light polarisation. This suggests 
that the direction along the flat edge is the zigzag direction 
of the bP crystal, while the perpendicular edge is the arm-
chair direction. This is depicted in Figure 71.

The same experimental method is applied to a bP sample 
of thickness of 2.87 nm with graphene encapsulation and 
its measured transmittance is in Figure 61, Figure 62, and 
Table 4. The optical anisotropy of bP is observed when the 
measured transmittancevaries when the crystal is orient-
ed at different directions with respect to the incident light 
polaristion. Since the absorbance of visible light is lowest 
at 0° while highest at 90°, it is deduced that the crystal 
edge that is in the same direction with the incident light 
polaristion at 0° is the zigzag direction. The crystal edge 
perpendicular to that previously mentioned is along the 
armchair direction. The directions along the crystal are 
depicted in Figure 72.

 ∏ Optical Anisotropy
The different transmittance and absorbance spectra of bP with 
light polarised in different directions, as seen in the results of 
the section “Optical Anisotropy”, is explained by the crystal and 
band structure of phosphorene. The crystal structure of phos-
phorene is seen in Figure 69, where each phosphorus atom in 
black phosphorus is covalently bonded to three adjacent atoms 
that forms a puckered honeycomb network. The x-axis is the 
armchair direction, while the y-axis is the zigzag direction. In 
comparison with the band structure in k-space as seen in Fig-
ure 70, the Γ-Y direction and the Γ-X direction correspond to the 
armchair and the zigzag direction respectively. It is observed 
that both top of valence bands and the bottom of conduction 
bands have much more significant dispersions along the Γ-Y di-
rection, but are nearly flat along the Γ-X direction24. This shows 
its highly anisotropic band dispersion around the band gap at 
the Γ point. Based on previous experimental and theoretical 
works49, 50, the transitions between the conduction band valleys 
and valence band hills are allowed for light polarized along the 
armchair direction, but it is partially allowed for light polarized 
along the zigzag direction. Tran, Soklaski, Liang, and Yang17 also 
demostrated theoretically that absorption of light polarised in 
the armchair direction is higher than that of light polarised in 
the zigzag direction.

In the results in Figure 52, Figure 54, Figure 55 and 
Figure 56, it is observed that a bP sample of 1.96 
nm thickness with graphene encapsulation has 
different transmittance and absorbance spectra 
with different light polarisation. In particular, it 
has the highest (lowest) visible light transmittance 
(absorbance) at 15° from the arbitrary axis labelled 
in Figure 53. Applying the above information, it can 
be deduced that 15° from the arbitrary axis is the 
zigzag direction of the crystal structure of bP since 
the bP sample absorbs the least visible light at the 
angle. This means that the zigzag direction is the flat 
edge along the thinnest part of the bP sample, which 
is the part of lowest opacity. On the other hand, -75° 
from the arbitrary axis is inferred as the armchair 
direction of the crystal structure of bP since the bP 
sample absorbs the most visible light at the angle. 
The exact crystal axis of the bP sample can be deter-
mined by Raman spectroscopy, which is not included 
in the scope of this project due to time constraints.

Black Phosphorus

Figure 69 Schematic structural view of 
phosphorene and its crystal orientation, 
obtained from ref 20.

Figure 70 Band structure 
of phosphorene, where the 
direct band gap of 0.92 eV 

is located at the Γ point,
 as obtained from 

ref 24.

Figure 71 Optical image of bP 
crystal of 1.96 nm thickness with 
graphene encapsulation with its 

crystal axis labelled.

Figure 72 Optical image of bP 
crystal of 2.86 nm thickness with 
graphene encapsulation with its 
crystal axis labelled.
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Conclusion & Out-
look

In the course of this experiment, hydrocarbon 
contamination might have caused the optical 
transmittance to deviate from the intrinsic value 
due to the use of polymers in the dry transfer 
method. To produce pristine samples for proper 
optical study, further research in transfer meth-
ods is required. Besides sample purity, addition-
al measurements could be taken to complete 
the current findings. The crystal axis of black 
phosphorus should be determined with Raman 
spectroscopy to provide complete information 
on the optical anisotropy of black phosphorus. 
Another example is the reflectance measure-
ments of the studied 2D crystals which would 
complement our existing data. It enables us to 
fully characterise the optical properties of the 
studied 2D materials by obtaining the dielectric 
function. However, reflectance in thin layers of 
2D materials are minimal since the atomical-
ly thin materials are more transmissive than 
reflective. Reflectance measurement is usually 
done on bulk materials since they intrinsically 
reflect more light and are opaque. This is the 
driving factor for this project to focus on optical 
transmittance measurement.

In summary, the optical transmittance of exfoli-
ated 2D crystals and their heterostructures was 
experimentally measured, and it was observed 
to be thickness dependent. Among the 2D 
crystals of similar thickness, boron nitride is the 
most transparent while molebdenum disulfide 
is the most opaque. The optical transmit- tance 
of the materials are can be explained by the 
respective band structure and energy gap; the 
material would appear more opaque if the band 
gap is in or near the visible light range (400 - 700 
nm). The optical transmittance of the studied 
heterostructures exhibits the optical transmit-
tance properties of the individual layers of the 
heterostructures since there is little interaction 
between them. Only the optical transmittance of 
graphene is independent of the photon exci-
tation energy, while the rest of the materials are 
have excitonic effects. The optical transmittance 
of black phosphorus is seen to be tunable by 
~3.7% when adjusting the light po- larisation 
along the crystal axis. This is attributed to the 
anisotropy of the crystal structure of black 
phosphorus. These results show the potential 
for using these 2D materials in transparent elec-
tronics, with the light polarisation control of the 
optical transmittance of black phosphorus as an 
extra degree of freedom.

& Outlook
There are many possibilities to extend this re-
search in the future, and one of them is to study 
the electric field tunability of the optical trans-
mittance of the 2D materials. Since the optical 
transmittance is seen to be tied so closely with 
the electronic properties of 2D materials, this fu-
ture study would provide further insights on the 
connection between these properties. The effect 
of electric-field gating could be used to gain fur-
ther insights on the suitability of the materials 
in the application of transparent devices. Next, a 
study of the strain effects on the optical proper-
ties of the 2D materials could also be done in the 
future. By combining the new information on the 
mechanical properties of the 2D materials with 
the measured optical and electronic properties, 
this opens a pathway to build next generation 
transparent flexible electronics.
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