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Abstract

Molybdenum disulfide (MoS2) is one of the most studied and widely applied
nanomaterials from the layered transition-metal dichalcogenides semiconductor family
(LTMD). MoS: is a two-dimensional material that has a layered structure such as hexagonal
an intermediate layer for sulfur (S) and molybdenum (Mo), respectively. MoS: has large carrier
diffusion length and has a high charge carrier mobility. The nature of band gap of MoS>
changes from indirect to direct with the reduction in the material thickness from multilayer to
few layer to monolayer. Combining SWCNTs and MoS; will provide novel photovoltaic
devices. The most common method for the synthesis MoS; is exfoliation that that used in this
experiment. In this report, MoS: is added to SWCNTs-n-type-Si solar cells. Then the films
were examined using Scanning Electron Microscopy (SEM), Atomic Force Microscopy
(AFM), and Raman spectroscopy. The MoS; flake’s thickness was from 5-90 nm while the
nanosheet’s lateral dimensions size range up to 1 pm?2. From Raman spectrum, the MoS; peaks
appeared at ~384 cm™ and ~408 cm™ that are assigned to E 3,4, and Asg vibrations modes,
respectively. This insertion of MoS, improved SWCNTSs-n-type-Si solar cells efficiencies by
5%.
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Chapter 1: Introduction

1.1 Overview

Global energy demand has increased dramatically in recent years due to the rapid increase
in world population, use of modern technologies, and improved standards of living. According
to the U.S Energy department, by 2050, the global energy demand will double, and by 2100, it
will be triple the current demand [, Burning of fossil fuels continues to account for most of the
world’s energy production of 16.4 Tw 2. It is known that burning of fossil fuel causes
environmental pollution, which is one of the biggest environmental challenges facing the world
today. Fossil fuels used in energy production include natural gas, coal and oil. The use of these
fossil fuels result in the emission of CO2, a greenhouse gas that has largely contributed to the
problem of global warming and climate change 1. According to United States Environmental
Protection Agency, CO> contributes 65% of global greenhouse gas emissions, with 25% of
these produced in electricity and heat production. This has a huge potential to cause serious

environmental problems if quick measures are not taken 1,

As a measure to protect the environment and meet the current energy demand, alternative
sources of energy have to be considered. This includes development of wind
power Bl fuel cells ) biofuels "1, and solar cell technologies . These alternative energy
technologies have the capability to meet the world’s energy demand if well developed.
However, the challenge is that these resources are small in relation to the required energy supply
and are geographically limited to areas the resource is in abundance and consistent. Thus, these
four alternative sources of energy can only supplement the world energy requirement, but not
fully meet the demand®. It is only solar energy that can be harnessed almost everywhere in the
world, providing a possible solution to the current energy demand . Solar thermal
technologies can be used to capture the sun’s heat energy and release it to provide base load
power. Roof top solar arrays with black tubing for heating domestic water is a simple
technology of base power load from the sun’s heat energy. Large-scale thermal farms cannot
convert thermal energy into electrical energy using a steam turbine, even though they have a
medium to store the energy. In addition, there is also the requirement for steady supply of water
(101 There are many next solar photovoltaics of next generation including the CNT-Si

heterojunction.



1.2 CNT-Si solar cells
Since nanotube-silicon heterojunction solar cells were reported by Wei et al. in 2007, they

have been widely studied because of their potential to replace the crystalline silicon solar panels
that are in use today Y. Carbon nanotube-silicon heterojunction (CNT-Si) solar cells possess
a high solar-to-electricity conversion efficiency and can be manufactured using simple,
inexpensive materials using an easy fabrication procedure. Studies have reported 15%
efficiency when the CNT is doped with H2O. and HNO3, and using TiO> as an antireflection
layer 21, These findings present solid evidence that CNT-Si devices will possibly replace
silicon solar cells 13, Typically, the CNT-Si cell is similar to the conventional n-type silicon
cell, but in CNT-Si devices, a highly transparent film of CNT replaces the p-type silicon layer
and the front metallization. Silicon absorbs photon energy from the incident light, creating
electron-hole pairs that move to the depletion region where separation occurs under the
influence of in-built potential due to equilibration of Fermi-level across the CNT-Si
heterojunction 4. After separation of electrons and holes, they act as the majority charge
carriers in Si substrate and CNT film respectively, as shown in Figurel. CNT-Si cells are
potentially cheap, semi-transparent, flexible, have excellent conductivity, and efficient even

under low light (51,
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Figure 1: How CNT-Si solar cells work, (LePing Yu, private communication) 1*¢.,

The first reports of carbon nanotubes (CNTs) and single walled carbon nanotubes

(SWCNTSs) first emerged in early 1990s. Since then, research in the field of carbon nanotubes

2



has continued to increase, making it arguably the best-known nanomaterial in the field of
nanotechnology. This is because of the excellent electrical and optical properties that are
exhibited by this nanomaterial [*"! CNTs are allotropes of carbon in which the atoms of carbon
form a hexagonal sheet which is seamlessly rolled up to form a cylindrical structure a few
nanometers in diameter and microns long. It is the hexagonal shape formed when the C-C atoms
bond to each that leads to some unique properties that can find use in many applications (81,
Single walled carbon nanotubes develop p-type characteristics when they exposed to
atmosphere due to the adsorption of oxygen molecules. Also the CNTs transport charge carriers

with little resistance 4.

However, several important issues remain to be fixed for more development of the CNT-
Si-solar cells performance and to enable the change from the basic study to the development of
technological applications. A high Schottky barrier at the interface of the Si substrate and the
CNTs controls the efficiency in CNT based solar cells devices. Improvement of the Schottky
barrier via using an effective carrier transfer layer should able the transport of a high current

without any loss of carrier recombination 91 .

It is known that the semiconducting 2H phase restricts the conductivity of MoS», which
can be overcome via using high conductive CNTs. Additionally; it is found that the SWCNTSs
have a challenge to hop charge carriers from one tube to another. Two-dimensional material
like molybdenum disulfide (MoS.) can be successfully applied in this case because it will help
carriers charge better as it has a long carrier diffusion length (200-500cm?/Vs) 2%, Therefore,
MoS: is capable of transporting the holes easily rather than having the charge carriers hopping
between the CNTs. The insertion of MoS> will decrease the number of hops of charge carrier
between the CNTs, which will provided novel photovoltaic devices and enhance efficiency 21,

Figure 2 is shown how adding MoS; to CNTs-Si.

Figure 2: A schematic of adding MoS2 to CNTs-Si



1.3 Molybdenum disulfide (MoS)

MoS: is one of the most studied and widely applied nano electronic transition metal
dichalcogenides (TMDs). Like other TMDs, the material in its bulk state is an indirect band gap
semiconductor with band gap of 1.2 eV 2223 \When the material is formed into a monolayer,
the band gap becomes a direct band gap of 1.9 eV %3l Due to this effect, bulk MoS; and its
monolayer have been studied extensively 1 with more research conducted on the potential
applications of monolayer MoS: in 2D devices. The existence of the large gap in the monolayer
of MoS; has found applications in areas such as field effect transistors with an on/off ratio as
high as 108 1 integrated circuits [?®1, sensors [?"1 and logic operations 281, MoS; is made of
multiple monolayers that are bonded together by weak van der Waals forces. The monolayers

consist of S-Mo-S units that are hexagonally packed %1, Figure 3.

6.5A

Figure 3: Crystal structure of MoS; ?°/.

The S-Mo-S layers are held in position by different stacking orders resulting in
octahedral or trigonal prismatic coordination of the Mo atom, with the unit having a tetragonal,
hexagonal or rhombohedral symmetry depending on the orientation of the atoms B, The
overall 2H structure of MoS; exhibits a hexagonal symmetry with the Mo atom having a
trigonal prismatic coordination. The naming of 2H is because this phase is made of two layers
per unit. To each atom of Mo, six atoms of S are attached. In Figure 4 (a), it is shown that the

S atoms are positioned below the 3 S atoms bounded on top of the Mo atom in the 2H phase.
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Figure 4: MoS; 2-H structure: a) A single unit of 2H MoS; in 3-D model; b) top view of 2H MoS; in 2D
B311: ¢c) Three-layer 2H MoS; showing 2 layers for every unit hexagonal structure 37,

With this orientation, only three atoms of S can be seen bonded to Mo atom when the

2H structure is viewed from above (see Figure 4 (b)). Since the d orbitals of MoS; in the 2H

phase are fully occupied, the material behaves like a semiconductor 21,

Figure 5 shows the 1T structure of MoS,. This structure exhibits tetragonal symmetry
with Mo atom having octahedral coordination. The naming of 1T is due to the presence of a

single layer per unit in this phase which is analogous to the 2H phase.

-) 4 @
9

Figure 5: MoS; 1T structure: a) A single unit of 1T MoS; in 3D model; b) Top view of 1T MoS; in 2D BY;
¢) Two layers of 1T MoS; showing a single layer per unit tetragonal structure 2.

The bottom plane of S atoms is rotated by 60° in relation to atoms on the top plane. For
this reason, all the S atoms bonded to Mo atom can be seen when viewed from above. This 1T

phase of MoS; is metastable and metallic in nature 41 ,

There are two methods to produce 2D MoS,: micromechanical exfoliation and liquid
phase exfoliation. Both methods begin with bulk MoS; to produce flakes of MoS,. In
micromechanical exfoliation, the flakes are extracted from the bulk by peeling off using sticky

tape. Liquid phase exfoliation involves mechanical means such as shearing, grinding,



sonication, stirring, bubbling and grinding %, or via atomic intercalation through solution

chemistry.

MoS: exhibits robust mechanical properties. It has good photo-responsivity when used
as a monolayer, allowing use in innovative solar cell devices [*°1. Inclusion of CNT improves
charge transport, thus, when MoS; and CNTs are combined, they can provide novel
photovoltaic devices with excellent electrochemical performance. The performance of CNT-Si
hybrid solar cells also depend on the thickness of the CNT film particularly for films with an
average transmittance of >70% 1. Other research studies done in this field have shown that
addition of a conducting polymer, such as polyaniline, into the CNT film enhances electrical

conductivity and the therefore, improves the performance of the solar cells 41,



Motivation

With the increasing global energy consumption and the commitment to reduce the amounts
of CO2 and other greenhouse gases emitted into the atmosphere, there is a great need to improve
the current photovoltaic systems and develop other sources of renewable energy. There is need
to increase the energy conversion efficiency of photovoltaic systems. CNTs and MoS; have
unique physical properties and ability to use simple solution processes for their deposition and
application, thus, these materials present an obvious avenue for increasing PCE and achieving
high-energy efficiency compared to current solar panels. In achieving the aim of this research,

the following objectives are to be met.

i.  Characterise the materials formed using Scanning Electron Microscopy (SEM), Atomic
Force Microscopy (AFM), Raman spectroscopy and Ultraviolet-visible (UV-Vis)
spectroscopy.

ii.  Construct SWCNTSs — Si solar cells to be used as reference, as shown in Figure 6A,
and then adding MoS; by:

a) Designing hybrid MoS2/SWCNTSs films n-type Si solar cells, Figure 6B.
b) Designing SWCNTs @ MoS; layered n-type Si solar cells, Figure 6C.

1
: SWCNTs n-type Si : : Hybrid MoS,/SWCNTs n-type : SWCNTs @ MoS, layered n- |
1

solar cells | Si solar cells 1 type Si solar cells

#== SWCNTs . MoS,

Figure 6: Schematic structure for, A. SWCNTs=Si solar cells, B. Hybrid MoS,/SWCNTs n-type Si solar
cells, and C. SWCNTs @ MoS; layered n-type Si solar cells



Chapter 2: Experimental details

2.1 Preparation of the dispersions

2.1.1 Single Walled Carbon Nanotube (SWCNTS5) dispersion

A single-wall carbon nanotube (SWCNT) stock solution (0.005 g) was prepared by
dispersing arc-discharge powder (P3-SWNT, Carbon Solutions Inc., USA) in aqueous Triton
X-100 (1% v/v, 50 mL) (Sigma-Aldrich, Australia) by bath sonication (=50 Wrms (root mean
squared Watts), ElImasonic S 30H,) for 3x 1 h intervals at room temperature. The resulting CNT
suspension was centrifuged for 1 h, at 17,5009 (Beckman Coulter Allegra X-22 Centrifuge
(Brea, CA, USA). Then, from all six-centrifuge tubes, the upper two thirds of the supernatants
was carefully collected, and then centrifuged again in the similar manner as previously, with
the bottom residue being discarded. The upper two thirds of the supernatants from this second
centrifuge cycle were then collected and combined to yield the stock solution. The remaining
third of unsuspended carbon which contained black lumps was discarded 8, as shown in

Figure 7.

)

!(“’ 't>

Sonication Centrifugation

Figure 7: As-raw material of SWCNTs is dispersed in solution using sonication and centrifugation 3¢ 371,

2.1.2 Molybdenum disulfide (MoS2) dispersion

Molybdenum disulfide (MoSz) aqueous dispersion (FlexeGRAPH, Australian National
University) was sonicated (S 30H, Elmasonic) for three minutes to make homogeneous
suspension. The suspension was diluted with Milli-Q water using a ratio 12.5, 37.5 mL of MoS>
and water respectively, 25%v/v. Centrifuging (Beckman Coulter Allegra X-22 Centrifuge
(Brea, CA, USA) was used at 3000rpm for 10 minutes, whereby afterwards the upper two thirds

8



of the supernatants from all six centrifuge tubes was collected, combined, and then centrifuged
again in the same manner as previously, with the bottom residue being discarded. The upper
two thirds of the supernatants from this second centrifuge cycle were then collected and
combined to yield the stock solution, with the bottom residue being discarded. The upper two
thirds of the supernatants from this second centrifuge cycle were then collected and combined

to yield the stock solution, as showing in Figure 8.

Sonication Centrifugation

Figure 8: As-raw material of MoS; is dispersed in solution using sonication and centrifugation.

2.2 Preparation of Si wafer- Photolithography

An n-type Si wafer doped with phosphorous was rinsed using acetone and dried under a
stream of nitrogen. The resistivity of the 525 um thick wafer was 1-5 Qm, with 100 nm thermal
oxide, (ABC GmbH, Germany). In a clean room, the Au grid structure with an active area of
0.087 cm? was defined by photolithography, as shown in Figure 9. By using spin coating at
3000 rpm for 30 s a positive photoresist (AZ1518 micro resist technology GmbH, Munich,
Germany) was placed on the Si wafer, and then softbaked on a hot plate (AREC heating
magnetic stirrer from Rowe Scientific) at 100 °C for 50 s. The coated wafer was cooled to room
temperature before defining the grid patterns using a mask aligner —-EVG 610. The wafer was
then inserted in a developer solution — (AZ 726 MIF, obtained from AZ Electronic Materials,
GmbH, Munich, Germany) for 15 s to develop photoresist. The wafer was then rinsed with
water and dried under a stream of nitrogen gas. The Si wafer post-baking process was done on
a hot plate with the pattern defined at 115 °C for 50s. Using a Quorumtech, Q300T-D) sputter

coater with a quartz crystal microbalance observing the thickness, the metal electrode of gold

9



and chromium layers (Au/Cr 145/5 nm) was coated on Si wafer. The substrate was then
immersed in acetone for about 90 minutes followed by a mild rub in order to dissolve the
photoresist. Solar cell substrates were then prepared by cutting pieces of Si sized 1.5 cm?. One
drop of buffered oxide etch (6:1 of 40% NH4F and 49% hydrofluoric acid (HF), Sigma—
Aldrich) was applied on the surface and the active area to remove the SiO: layer on the surface
[38], To establish the reaction rate, a controlled test was first performed on a piece of Si before

applying on the cell substrates.

Qo0ooooL:
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]

Figure 9: N-type Si is applied with Au grid structure using photolithography 1,
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2.3 Fabraction of device

2.3.1 SWCNTSs-n-Si- solar cells

Nanotube films were prepared using vaccum filtration. This was completed by initially
mixing an appropriate amount of CNT suspension (dependent upon the transmittance and the
concentration of the suspension) with milliQ water (Kansas City, MO, USA) to make a solution
of 250 mL. The suspension was then vaccum filtered with a water aspirator through two types
of cellulose ester membrane (MCE). The filter paper on the bottom (VSWP Millipore, 0.025
um pore size) was patterned with four holes similar to the size of the desired CNTSs films. The
top filter paper, (HAWP Millipore, 0.45 um pore size) remained unpatterned. The difference in
the rate of flow through the filter papers causes preferential flow of solution through the top
film where the bottom film is patterned. Thus, the CNTSs are stacked by the top film in a similar
shape as that of the template film. After the solution passes through both films, it was passed
through the filtration media two more times to allow enough CNTSs to be retained on the film.
After this, pure Milli-Q water was passed through the CNTs again. The template used in these
experiments produces four idential 0.5 cm? films in each filtration, (see Figure 10). One film
is disposited on a microscope slide for measurement of sheet resistance and optical
transmittance, while the others are for attaching to solar cells substrates for measurement of cell

efficiency.

Figure 10: The template with four holes is used to produce film using vacuum filtration.

For films depostion, the films were cut from the MCE membrane and placed (CNT side

down) on the substrate. Wetting was done using a small drop of water and the nanotube
11



sandwiched between a piece of Teflon and a piece of glass clamped together. The substrate was
then heated at 80 °C for about 15 minutes, then cooled in darkness for 30 minutes. The substrates
were then washed in acetone three times washed for 30 minutes each, second and third wash
with stirring to remove the MCE membrane. To complete the preparation of cells, the oxide on
the reverse side of all Si pieces was manually removed by scratching to remove the layer of
oxide. A gallium indium eutectic (eGaln) was then applied on the back surface of Si before
attaching a piece of stainless steel on the back contact of each piece (see Figure 11). The cells
were then tested 3 times and further subjected to different post-fabrication treatment
procedures. First, a 2% drop of HF was applied on the active area to etch off the SiO, formed
between the nanotube film and the Si formed during the attachment step of the films. This was
then followed by treating the nanotube film with two drops of thionyl chloride (SOCI2) which
was left to evaporate to increase conductivity. Before testing, the residue was washed with
ethanol and dried under a stream of nitrogen. In the last step, the silicon pieces were treated
with 2% HF which significantly improved performance 61, In addition, The films are disposited
on a glass for measurement of sheet resistance and transmittance were also treated but with
hydeogen chloride (2%HCI) instead of 2%HF. HF etches glass. Thus, sheet resistance and
transmittance was doped 3 times with (2%HCI- SOCI2-2%HCI).

——————————— 1
«» BOE: to remove the not :_Mixed cellulose ester (MCE) |
conductive SiO, layer on
the surface fm—————
| BOE treatment]
T T T T T TAuCr o

«* 15HF : to etch SiO, formed between ! ;"/:H;VS_O(_:IZ-_Z"/:H} T
the Si & CNTs :

% SOCI, : to increases conductivity

% 27 HF : to improve performance

| acetone
— = = =F

Steel

Figure 11: A schematic of the CNT-n-Si- Solar photovoltaic device fabrication.
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2.3.2 Hybrid MoS2/SWCNTs-n-Si- solar cells

While keeping the volume of SWCNTSs dispersion constant (250 pL) and using a
different amount (100-1000 pL) of MoS, the dispersions of SWCNT and MoS: were sonicated
for five mins and 1 h respectively and after mixing, the blended dispersion was sonicated for

five mins. Then, the same steps were followed as when making the CNT only cells

2.3.3 Layered MoS2/SWCNTSs-n-Si- solar cells

The dispersion of SWCNTs and MoS, were sonicated for five mins and 1 hr
respectively. Then, using vacuum filtration, a MoS: film using different volumes (100-1000p.L)
was made while a constant thickness (250 pL) CNT film was also produced. The cells were

made by first applying the MoS: layer followed by the CNT layer.

2.4 Characterisations of the films

2.4.1 Characterisations the films on glass
A series of (SWCNT, SWCNT with MoS;and SWCNT @ MoSy) films were fabricated
from each sample using the SWCNT and MoS: solutions and deposited on glass slide (deposited

analogously to the previously described film deposition on silicon).

2.4.1.1 Four-point probe (conductivity measurements)

Sheet resistance measurements were completed on SWCNT, SWCNT with MoS; and
SWCNT @ MoS: films using a four-point probe linked to Keithlink software (Solon, OH,
USA). Four readings on each film that was on glass at various locations were taken and then

results were averaged.

2.4.1.2 UV-Vis spectroscopy (transmittance measurements)

Optical absorption spectroscopy (UV-Vis spectroscopy, (Cary 60)) was performed on
the films to determine the thickness as this affects the amount of light passing through the films,
and subsequently, the amount of energy produced by the cell. It is important to perform
background subtraction using the glass absorbance spectra before calculating transmittance
spectra from the absorbance data. The average light transmittance (T) for each sample was
determined over a wavelength of 400-850 nm. The %T was calculated according to the

equation:

%T = 10@-Ab) (1)

13



2.4.2 Characterisation the films on solar cells

2.4.2.1 Solar simulator

At each stage of preparation, the solar cells produced were tested by applying voltage to the
electrodes under a solar spectrum simulator illuminating at 100 mWem™ and in the absence of
natural light. An AM 1.5G filter (obtained from Irvine, CA, USA) was used to filter the light.
A silicon reference cell (PV Measurements, from the National Institute of Standards and
Technology) was used to maintain irradiance of the sample. A Keithley 2400 SourceMeter
(from Solon, OH, USA) was used to acquire data that was captured and sent to a computer with
Lab View (Austin, TX, USA).

2.4.2.2 Current density-Voltage (J-V) curves
A current density-voltage characteristic or J-V curve is a relationship between the density of
current through a material, and the corresponding potential difference, or voltage “°. Typically,

the relationship is represented as a graph or chart, Figure 12. Parameters of J-V curves include:

= Open circuit voltage (Voc) — This is the voltage where current density is 0.

= Short circuit current density (Jsc) — This corresponds to a short circuit when there is
low impedance and the voltage is 0.

=  Maximum power (Pmax) — Pmax is the power measured at maximum voltage (Vmax), and
maximum current density (Jmax).

= Fill factor (FF) — This is determined by comparing the maximum power (Pmax) to the
theoretical power (Pr) that is essentially the output at both the Vo and Jsc together. It is
a measure of the quality of the cell. FF is calculated by:

FF = e (2)

= Efficiency (n) — The conversion efficiency of the solar cell for performance.

FFXVyeXJsc

n=—p = (3)

The measurements of the dark current and the light current can be used to determine the cell

efficiency. A typical J-V curve showing the above parameters in a solar cell is as below:
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Figure 12: A J-V curve showing the cell parameters Y,

2.4.3 Characterisations of the films on silicon

2.4.3.1 Scanning electron microscopy (SEM)
SEM technique was used to characterize the
surface structure of the nanostructures after
fabrication. The electron beam with a spot size of <5
nm is focused on the solid sample and raster scans
the surface. The interactions between the electrons
and the surface, electrons are emitted [“2. The
emitted electrons are collected on a charge-coupled
device detector and used to produce 2D SEM
images with information about the external
morphology and crystalline structure of the sample,
(see Figure 13). Contrast changes in the image is as
a result of topographical differences and electronic
properties on the sample under study™l. In the

current work, we characterised samples using a

Electron Gun
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A |4—Lens

ToTY
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SEM-FEI-F50 an accelerating voltage range of 10 Figure 13: Schematic showing the salient

to 20 kV, and a working distance provided as 1

mm [44],
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2.4.3.2 Atomic force microscopy (AFM)
AFM was used to
investigate the topographical

structure of the nanostructures

Position-sensitive Laser Diode

formed. This imaging techni
ormed. This imaging technique photodetector

was specifically applied for
determining the structure of Cantilever Spring
CNTs, pristine flakes of MoSy,
and MoS,/CNT composites.

AFM is an image scanning

Piezoelectric XYZ scanner

probe microscopy, which uses a

sharp tip fixed on a spring-like
cantilever. The tip raster-scans Figure 14: Schematic showing the salient features Atomic force

microscopy (AFM) B4,
along the x-y grid of a sample

surface and the interactions between the probing tip and the sample surface are measured using
a reflected laser (see Figure 14) M. There are a number of modes of operating the AFM
depending on where it is applied 6! Generally, there are two possible AFM imaging modes:
static/contact modes and “tapping”’/non-contact modes. In static mode, the tip moves across the
sample surface and the surface contours are measured either directly by using cantilever
deflections, or using the feedback signal required to maintain a constant cantilever position. In
tapping mode, the cantilever oscillates with fixed amplitude along the sample surface. As the
sample heights change, so do the interactions between the tip and the sample, resulting in
changes in the amplitude of oscillation. A feedback loop continuously adjusts the relative z
position of the cantilever during the scanning position to maintain a constant oscillation
amplitude. The distance moved by the tip is measured to produce a topographical map of the

surface (71,

In the current project, we used the AFM tapping mode with a Multimode head and a
NanoScope V controller, obtained from Digital Instruments, Veeco, Santa Barbara, to take
images of the samples under ambient conditions. The cantilevers used were of Silicon type
(NSC15 Micromesh) with a fundamental resonance frequency of 200 — 500 kHz. The sample
images were acquired at a scan rate of 1.0 Hz with manually optimized set points, amplitude,
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and feedback control that varied from sample to sample. The samples presented in this work

were flattened using the NanoScope analysis software.

2.4.3.3 Raman Spectroscopy

Raman spectroscopy R

A A
Is an important spectroscopic Virtual State
. .l T " [ " W57 [
technique for observing and .
.. . E.D h\’( h\",+h\’m
characterising materials. oS
u::.'] hyv hv, hve| |hvy—hv,,
Typically, when a sample is
. . ] E,+hv
illuminated with a laser beam, !
. . Y A 4 »
photons are emitted in an Eq
. L Rayleigh Stokes Anti-Stokes
electromagnetic radiation. Scattering « Scattering Scattering
lasti
These photons may have the (eiasts) Y
Raman
same energy, or may be (inelastic)
shifted to higher or lower Figure 15: Possible Raman scattering processes 1“1,

energies than the incident photon. A final state with higher energy results in the scattered photon
shifting to a lower frequency, known as Stokes shift, while a final state with lower energy results
in scattered photon shifting to a higher frequency, known as anti-Stokes shift [ 4?1, The energy

shifts provide information about the modes of vibration in a system (see Figure 15) 5%,

CNTs in Raman spectroscopy show characteristic peaks at approximately 1350 cm™ for
the D bands, and 1580 cm™ for the G bands. The D band is characterised by disordered carbon
species, and on the contrary, the G band is characterized by well-organised carbon species such
as CNTs and graphite. A RBM can be observed in Raman spectra of CNTs between 100 and
500 cm™ as an evidence of the presence of SWCNTSs in a sample, Figure 16. A G’ band from
a 2-phonon, 2" order Raman scattering is expected at 2700cm (¢ 51, At 1550 cm, a signal
called a Breit-Wigner-Fano (BWF) band, which is due to metallic carbons, appears in the

spectra %2,
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Figure 16: Raman spectra for SWCNTs B,

In MoS,, Raman spectroscopy, the number of layers in different exfoliated flakes can be
revealed. Raman spectra at room temperature for N = bulk, 6, 5, 4, 3, 2 and 1 layers of MoS>
flakes excited using inelastic light in the 532 nm wavelength are shown in Figure 17(B). Figure
17(A) shows the atomic vibrations in the in-planeE3 ;, and the out-of-plane Asq (%31 The number
of layers present in the crystal structure of MoS: determines the Raman shift of the material

phonon modes as shown in Figure 17(C) 23l
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Figure 17: (A) Raman spectra for MoS, with different layers; (B) MoS, phonon modes and Raman peak
position shifts for Ezlgand A, with different layers; and (C) Frequency difference of the Ezlgand Aig
modes that can be used to determine the number of layer %3,

In the current work, Raman spectra was acquired using the Witec alpha300R Raman
microscope set at a wavelength of 532 nm, and a 40X objective with a numerical aperture of
0.6. Grating ranged 600 and 1800 g/mm. Integration times for single Raman spectra ranged

between 5 s and 60 s for between 1 and 3 accumulations. Confocal Raman images were also
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acquired with integration times ranging 10 s per pixel. For each pixel, there is a Raman
spectrum. To generate Raman images, the intensity of a given region in the Raman spectrum
corresponding to the material is plotted against the X-Y position of the laser during a surface

Scan.
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Chapter 3: Result and Discussion
3.1 Films characterisations

In order to fabricate solar cells, the films that will be used have to be examined. The films
were characterised by using scanning electron microscopy (SEM), atomic force microscopy

(AFM), and Raman spectroscopy.

SWCNTs SWCNTs/MoS,

Figure 18: The deposition of films on Si substrate

3.1.1 Single Walled Carbon Nanotube (SWCNTS)
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Figure 19: (A) Raman spectrum and (B) Raman optical image, (C-D) SEM images and (E-F) AFM
images of SWCNTs film that deposited on Si substrate.

Figure 19(A, B) are Raman spectra for SWCNTSs and optical imaging were achieved on the
Si substrate. Figure 19(A) illustrates a Raman spectrum of the SWCNT on Si surface; the peaks
monitored in the spectrum are assigned in Tablel. 521 cm™ is from the silicon substrate. The
Raman spectra proved the presence of SWCNTSs on the substrate showing the radial breathing
mode (RBM). The location of the RBM (wrewm) provides information about SWCNTSs diameter
by using the equation (4):

RBM shift (cm?) =A/d:+B (4)

Where d; is diameter of the CNT and A, B which are constants which depend on the
SWCNTSs environment, have previously been measured and the value of A, B are 234 and 10
cm respectively. This expression is used with the RBM peak position and was calculated
diameter to be 1.4 nm; which is agreement with supplied diameters of the manufacturer (61,
Another common calculation of Raman’s SWCNTs is the ratio of the intensities of the D and
G- bands (D/G ratio). The (D/G ratio) is often used to calculated the disorder in CNTs samples

and the value is ~0.08.
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Table 1: Position of Raman peaks and assignment for SWCNTs on Si.

Peak Position (cm™!) Acronym Assignment
176 RBM radial breathing mode
1350 D-band disorder band
1593 G-band graphitic band (axial)
1573 DWF Breit-Wigner-Fano
2664 G'-band overtone of D

SWCNT films were deposited on Si substrates and then the film was imaged by scanning
electron microscopy (SEM) and atomic force microscopy (AFM) in order to determine the
morphology of the films. Figure 19(C, D) and (E, F) illustrate SEM and AFM images,
respectively. SEM and AFM images show some long cylinders shapes, as expected for
SWCNTs. Although difficult to quantify, the length of the SWCNTSs average over 1jum, again
agreeing with details supplied by the manufacturer. In addition, SEM and AFM show that
SWCNTSs formed a suspension good enough to make homogenous films on a substrate and are

thus utilisable for CNT-Si- solar cell projects and could hybrid with MoSa.

3.1.2 Molybdenum disulfide (MoS2)

A=25cm! 408 cm! A .
1900 -

1700 -

384 cm? EX
1500 1 2g

1300 -

1100 -

Intensity (arb.unit)

900

360 370 380 390 400 410 420

Raman shift (cm™?)

22



Figure 20: (A) Raman spectrum, (B) optical image, (C-D) SEM images and (E-F) AFM images of MoS;
film that deposited on Si substrate and the corresponding line scan of the MoS;-nanosheet film.

Raman spectra gives a qualitative characterisation of MoS nanosheets. MoS; was deposited
on Si substrate and Raman spectra for the exfoliated MoS; are shown in Figure 20A that
expected E ég peak, at 383 cm* originates from the Mo—S in-plane vibration mode while, Aiq
peak is also observed near 408 cm™ from vibrations of out-of-plane. The peak difference
between E 3 and Aig was 25 cm™. That is consistent with the previously studied for values of
bulk MoS; Zwhich the frequency spacing is about 25 cm™ for bulk and 19 cm™ for monolayer
23,531 That was expected because AFM provide that the MoS; has more than 3 layers.

In Figure 20(C, D) and (E, F), SEM and AFM, respectively were used to image substrate.
They provide MoS; like crystal sheet. SEM is used for determining lateral dimensions of 2D
MoS; layers. The range of lateral size was 100-1000 nm?. AFM images give further information
on efficient exfoliation of the MoS; flaks and the thickness. In order to obtain the thickness of

23



the nanosheet, cross sections of the AFM images were done to show that the MoS» nanosheets
have thickness ranging between 5 and 92 nm, each layer has a thickness of ~0.65 nm 231, The
results reveal that the majority of the exfoliated MoS are multilayers. That was expected

because the sheets of MoS; stacked on each other due to MoS; deposed out of dispersion and
the solvent disappeared.

3.1.3 Molybdenum disulfide (MoSz)/ Single Walled Carbon Nanotube (SWCNTS)
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1pm

Figure 21: (A) Raman spectrum with optical microscope image, (B) enlargement of the MoS; peaks
E} g and Aig and (C) Another Raman spectral with spectral image, (D-E) SEM images and (F) AFM
images of morphological characterization of MoS,/SWCNT hybrid materials that deposited on Si
substrate.

Figure 21A&B show the Raman spectrum of the hybrid sample, which as expected has the
characteristic peaks of both SWCNT and MoS». Thus, they can be used to probe the exfoliation
of the 2D MoS: crystal structure. The E ég (384 cm™) and the A1q (407 cm-1) spacing is about
23 cm™. In addition, the spectra display characteristic of Raman peaks for SWCNTs. Another
Raman spectrum was collected and shown the spectral imaging was obtained by integrating the
intensity at each (X, y) coordinate and converting the amount for the maximum height of the
RBM at around 174 cm™ and the E ég at around 383 cm™ into a colour, as shown in Figure
21C.

SEM and AFM images clearly display the long cylinder shape for SWCNTSs and crystal
sheet for MoS; where the amounts of SWCNTs distributed randomly among the MoS; flakes.
This proves that SWCNTSs/ MoS; dispersions are well mixed, as shown in Figure 21(D,E and
F).
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3.2 Characterisation of solar cells

3.2.1 SWCNTs-n-Si- Solar cells and MoSz-n-Si-Solar Cells

In order to investigate the effect of molybdenum disulfide (MoS.) on the CNTs-n-Type-
Si solar cells, separate SWCNTs and MoS; aqueous dispersion were prepared and were used to
fabricate n-Si based solar cells (CNT-n-Si and Mo0S,-n-Si). This experiment was carried out
because it is critical to understand the properties of each material individually for solar cells.
One example of those properties that effect the cell performance is the optical transmittance.
The transmittance, which depends significantly on the film thickness, is the amount of light that
passes through the films. The transmittance of the films decreases with increasing film
thickness. The sheet resistivity of the films plays an important role in effectively transporting
the charges within the device. The high transmittance is necessary to allow sufficient amount
of light to reach the active layer of silicon solar cells. However, the films with high
transmittance usually suffer from poor conductivity (high sheet resistivity). There is a clear
trade-off between the transmittance and sheet resistivity of the films for solar cells. Therefore,
finding an optimum thickness of the transparent and conductive films is of great importance to
maximize the PV performance of the fabricated devices. In this project, vacuum filtration was
used to prepare the films which is detailed in experimental section. Four measurements on all
fabricated solar cells were taken. Briefly, (i) as-prepared solar cells without any pre and post
treatments, (ii) first HF treatment to remove the surface attached oxygen groups from the silicon
substrate, (iii) SOCI2 doping treatment to increase the conductivity of the SWCNT networks by
doping with CI- atoms; and (iv) lastly, second HF treatment to further remove any oxygen
groups that have been introduced during the SOCI>. The results after all these 3 treatments are
mainly shown and discussed in the main text of this thesis; and very detailed data after each
treatment have been depicted in the Appendix. Figure22 illustrates the photocurrent-voltage
(J-V) characteristics of the best-performing CNTs-n-Si and MoS»-n-Si solar cells and their
detailed photovoltaic performance have been summarised in Table 2. It can be seen that
SWCNTSs based on solar cells have achieved a higher efficiency as compared to the MoS2 based
on solar cells, indicating that the SWCNTSs are suitable candidates for this class of solar cells
owing to their extremely low resistance as compared to the MoS,. Moreover, it is well known
that MoS; is an n-type semiconductor, which will result in no depletion region when n-Si is

used.
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In order to adjust the thickness of the SWCNT films, the volume of the filtrated solutions
was controlled. Lot of previous work in our lab has shown the best transmittance is 75%. A
sheet resistivity of 531 Q sg! is in good agreement with the previously reported value in the
literature was obtained (31, On the basis of that with my dispersion 250 pL is an optimal values
and its solar cell exhibited a power conversion efficiency (PCE) of ~ 6.6%. Detailed

photovoltaic performances are shown Table 2.
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Figure 22: J-V curves of the best performed (a) SWCNTs-n-Si- Solar cells and (b) MoS,-n-Si-Solar Cells.

Table 2: Solar cell properties for best performing cells for SWCNTs & MoS; in bold text, average
properties (the errors are estimated by standard deviation from three cells).

Jsc (mA/CI'T]'Z) Voc (V) T% Rsheet (Q SC]'l) FF Eff (%)
SWCNT 25.17 0.529 0.53 7.04
74 531+74
254 +1 0.5+0.01 0.49+0.05 6.6x0.4
MoS2 0.025 0.236 0.18 0
96 1621+236.6
0.021+0.004 0.21+0.02 0.2+0.005 0
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3.2.2 Hybrid MoS2/ SWCNTSs-Si- Solar cells

After, determining the best volume of the SWCNT suspension was 250 pL, various
amounts of MoS; dispersion (100-1000pL) were mixed to fabricated 10 different thickness
films. Figure 23 shows adding MoS: leads to almost not change in Rsheet. After all treatment
of these films, Rsneet €xhibit values ranging between (512-716 Q sq) compared to SWCNT-
only films which gives (531 Q sql). However, the transmittance dropped around 5%.
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Figure 23: Sheet resistance and Transmittance of hybrid MoS, / SWCNTs films with various thickness
after all three chemical treatments.

Figure 24 exhibits the current- voltage characteristics of the best performing cells for
250 pL SWCNTs-n-Si solar cells and 600uL MoS,/ 250 pL CNT-n-Si-solar cells after the
complete treatment sequence, under the dark and illumination. All samples show similar
behaviour under light for the open circuit voltage (Voc), and a slightly a higher short-circuit
current density (Jsc) for hybrid samples. All photovoltaic parameters of the MoS,/ SWCNTs/n-
Si solar cells are increased in comparison to those of SWCNTSs/ n-Si solar cells, which suggest
that the MoS: hybrid plays an important role in enhancing the photovoltaic performance of solar
cells as shown in Table3.
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Figure 24: (J-V) curve for best performing cells for Hybrid MoS,/ SWCNTs-n-Si- solar cells after all
three chemical treatments.

Table 3: Hybrid MoS,/ SWCNTs-n-Si- solar cells properties for best performing cells for SWCNTs &
MoS; in bold text, average properties (the errors are estimated by standard deviation from three
cells).

Volumes FF Jsc (MA cm?) PCE%

250 L CNT 0.53 25.17 7.04
0.49+0.05 254 1 6.6+0.4

250 uL CNT /600uL MoS2 0.63 28.53 9.84
0.6x0.7 28.7t1.5 9.2+0.7

29



Figure 25 displays solar cells properties (Jsc (MA cm2), Voc (V), PCE %, and FF). The
peak shape of PCE, FF, and Js are similar. The PCE% of these particular devices with MoS>
increased range between 7.3 to 9.8% when compared with a PCE% with only CNT which gave
6.6%. Also, FF showed increase upon adding MoS: in solar cells due to their ability to extract
the hole. There is a slight change in Vo by 0.04 V. Jsc appeared fluctuating peak when
comparing with only CNTSs. It is clear that improvement of PCE% is due to a combination of
high FF and Jsc.
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Figure 25: Hybrid MoS,/ SWCNTs-n-Si- solar cells parameters extracted after all three chemical
treatments.

3.2.3 Layered SWCNTs @ MoSz -n-Si Solar Cells

After building the hybrid devices where the highest efficiency determined was~9.8%,
another new device was designed. The design of this experiment was explained in experimental
details. In order to know a best thickness of the films that give a best performance, a set of
films with different ratio (100-1000uL) of layered MoS: and a template of SWCNTSs (250pL)
was prepared. Figure26 shows that the transmittance dropped around 10% with increasing

amount of MoS; and that is expected as adding more material should increase the films
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thickness. In addition, sheet resistivity slightly decreased that was expected because of CNTs

on the top of the film.\
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Figure 26: Transmittance and sheet resistance of layered SWCNTs@ MoS; films with various thickness
after all three chemical treatments.
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Figure 27: Current density vs voltage (J/V) curve for best performing cells for layered SWCNTs@
MoS;-n-Si- Solar cells after all three chemical treatments.

Table 4: Layered SWCNTs@ MoS;-n-Si- Solar cells properties for best performing cells for SWCNTs &

MoS; in bold text, average properties (the errors are estimated by standard deviation from three
cells)

Volume FF Jsc (MA cm?) PCE%

250 L CNT 0.53 25.17 7.04
0.49+0.05 254 1 6.6+£0.4

250 uL CNT @600pL MoS:2 0.61 35.46 12.04
0.6x0.01 32.1+£3.1 11.2+0.8
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Figure 28 illustrates that Jsc and Vo are almost entirely unchanged. The fill factor has
been improved by a factor of 40%. Improvement in FFs afford an increase in the highest PCE
from 6.7 to 11.2%. Figure27 and Table 4 show the best current-density- voltage (J-V) curve
of for Layered SWCNTs@ MoS2.n-Si- Solar cells after all three chemical treatments. The short-
circuit current density (Jsc) with solar cells that have MoS: is highest than the solar has only
SWCNTs.
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Figure 28: Layered SWCNTs@ MoS,-n-Si- Solar cells parameters extracted after all three chemical
treatments.
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PCE %

3.3 comparing hybrid and layered device
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Figure 29: compering PCE % between layered SWCNTs@ MoS,.n-Si- Solar cells and hybrid MoS,/
SWCNTs-n-Si- Solar cells.

Immediately apparent when comparing layered SWCNTs@ MoS,.n-Si- Solar cells and
hybrid MoS,/ SWCNTs-n-Si- Solar cells is that PCE % is incresed and improved more in
layered MoS>. The highest values gives ~11.2% as shown in Figure 29. Both system of MoS;
as layered and hybrid have these properties, it has high carrier density that can move lot of
charge and the charge can move for long way and there should be another different between
them. This result indicates that the value of PCE increases because the layered MoS; acts
effectivity as a hole extraction layer and help decrease the Schottky barrier height at the
interface between the SWCNT films and the Si substrate 191 .
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3.4: Energy structure

Energy diagram
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Figure 30: Energy diagram (A) for SWCNTs-n-Si- Solar cells, (B) for both layered SWCNTs@ MoS;.n-Si-
Solar cells and hybrid MoS,/ SWCNTs-n-Si- Solar cells, and (C) studied showing MoS; shift when
adding with other material .

To have a better understanding of the photovoltaic process, band energy alignment diagrams
for the SWCNTs/n-Si and SWCNTSs /MoS,/n-Si solar cells are shown in Figure 30. Figure 30(A)
shows the band diagram of a SWCNTs/n-Si solar cell, where the SWCNTS are p-type. The
photovoltaic process in the SWCNTSs /n-Si solar cells is understood by the Schottky barrier created
at the semiconductor SWCNTSs films and (n-Si) substrate. Figure 30(B) shows a schematic band
alignment for SWCNTSs /MoS2/n-Si solar cells. The exfoliated MoS; display n-type properties on
the basis of the transport characteristics of the electric double-layer transistor (EDLT). The addition
of the MoS; layer into SWCNTSs /n-Si solar cells changes the band alignment. Indeed, the solar cells
properties are enhanced by the addition of the MoS: in the layered or hybrid system, as shown in
Figure 29. The total built-in power conversion efficiency (PCE) of SWCNTs /MoS,/n-Si solar
cells is greater than that of the SWCNTSs /n-Si solar cell. The improvement of the built-in field by
addition of the MoS; can directly increase the FF and the PCE. Furthermore, due to the difference
between the Fermi levels, the top of the valence band and the bottom of the conduction band of the
MoS; at the interface of SWCNTSs are shifted. Moreover, in terms of the photogenerated hole, the
energy barrier formed by the MoS, work as an efficient hole-transfer layer. There is a lot of works
showing that MoS; energy levels shift up and down depending on how it interacts with others
materials®, so it may be acting as a mediator to help move the holes, as shown in Figure
30(C). The efficient carrier transferring (preventing) layer of MoS; efficiently decreases the

recombination loss of carriers, which results in an improving of the Jsc. Therefore, the MoS; as
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layered or hybrid between the SWCNTs and n-Si contributes to the improvement of solar cells

performance as a carrier-transporting hole.

Chapter 4: Conclusion and Future work

4.1 Conclusion
Molybdenum disulfide (MoS>) has been successfully used to improve the performance

of CNT-Si photovoltaics. Different instruments such as AFM, SEM and Raman were used to
characterise MoS,, SWCNTs and hybrid MoS2/SWCNTSs films in order to examine the
thickness and lateral size of MoS; and showed the hybrid MoS2/SWCNTSs was mixed well. The
MoS> nanosheet have thicknesses ranging from 5-90 nm but relatively large lateral dimensions
of up to 1um as observed from the AFM and SEM. Raman spectroscopy showed the presence
of MoS; and SWCNTSs characteristics peaks. Both AFM and Raman techniques confirmed that
the MoS> was multilayers as compared to literature. Three type of solar cells were designed.
The important part was CNT layer in top of Si. Changing of the CNT layer was fabricated by
adding MoS:. The average performance achieved from the CNTs-Si-solar cells only was ~6.6%
whereas, the highest PCE after the insertion of MoS> to the SWCNTs was 11.2%. Overall,
adding the interlayer of molybdenum disulfide has optimised the SWCNTs-n-silicon based

solars performance.

4.2 Future work

Producing monolayer or few-layer nanosheets of molybdenum disulfide MoS> with large
area remains challenging. A scalable, highly efficient and reproducible for approach improve
MoS: dispersion is critical to decrease the average thickness and increase the average lateral
size of flakes. Different technigues, such as determining the time of sonication and the rate of
centrifugation method are considered to be the most viable approach %1, Another method is
the electrochemical exfoliation of bulk MoS; crystals which can provide monolayer and few-
layer of MoS; flakes with a large area 7. Alternatively, using an organic solvent can also
potentially achieve this purpose 8 Therefore, finding a great suspension that has flakes with
few layer and bigger lateral dimension would provide a better transporting charge that enhance

the efficiency of solar cells.
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Appendix

lum

Figure 31: SEM images of SWCNTs film that deposited on Si substrate

Figure 32: SEM images of MoS; film that deposited on Si substrate
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Figure 33: SEM images of MoS; film that deposited on Si substrate
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Figure 34: (J-V) curve for best performing cells for Hybrid MoS; (100-1000uL)/ 250uLSWCNTs-n-Si-
solar cells after all three chemical treatments.



TableB1: Hybrid MoS,/ SWCNTs-n-Si- solar cells properties for best performing cells

Volumes Jsc (MA/cM?)  Voc (V) FF Eff (%)
250 uL CNT-light 25.1 0.52 0.5 7
250 uL CNT and 100pL MoS: 22.4 0.52 0.6 7.4
250 uL CNT and 200uL MoS: 24.8 0.54 0.57 7.6
250 uL CNT and 300uL MoS: 25.6 0.55 0.6 8.5
250 uL CNT and 400uL MoS: 27.1 0.55 0.65 9.82
250 L CNT and 500pL MoS;  27.4 05 0.6 9.9
250 uL CNT and 600pL MoS2 285 0.5 0.6 9.8
250 uL CNT and 700uL MoS: 24 0.55 0.58 7.65
250 uL CNT and 800uL MoS: 24.8 0.54 0.57 7.64
250 uL CNT and 900uL MoS: 25 0.55 0.6 8.59
250 uL CNT and 1000pL MoSz  27.3 0.53 0.53 7.83
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Figure 35: (J-V) curve for best performing cells for layered MoS, (100-1000uL)/ 250uLSWCNTs-n-Si-
solar cells after all three chemical treatments.



TableB2: Layered MoS,/ SWCNTs-n-Si- solar cells properties for best performing cells

Volumes Jsc (MA/cM?)  Voc (V) FF Eff (%)
250 uL CNT-light 25.1 0.52 0.5 7
250 uL CNT and 100pL MoS: 27.8 0.5 0.66 9.72
250 uL CNT and 200pL MoS: 30.8 0.55 0.57 9.68
250 uL CNT and 300uL MoS: 30.4 0.55 0.53 8.89
250 uL CNT and 400uL MoS: 25.5 0.53 0.67 9.11
250 uL CNT and 500uL MoS: 24.9 0.54 0.52 7.05
250 uL CNT and 600uL MoS: 35.5 0.55 0.61 12.04
250 uL CNT and 700uL MoS: 27.4 0.54 0.64 9.51
250 uL CNT and 800uL MoS: 28.4 0.52 0.63 9.4
250 uL CNT and 900uL MoS: 29.6 0.55 0.56 9.14
250 uL CNT and 1000uL MoS2 31 0.51 0.6 9.45




