Ministry of Higher Education and Scientific Research

University of Babylon, College of Science

D alilin %
STTY oF B

Department of Physics

Study of the Organic Dyes and Carbon Nanotubes for
constructing Solar Cells Systems using First- Principle
Calculations

A Thesis Submitted to the College of Science, University of Babylon in
Partial Fulfillment of the Requirements for the Degree of Master of
Science in Physics

BY

Noor Abdul Ameer Hameed Hussein

B.Sc. in Physics (2018)

Supervised by

Prof. Dr. Hayder M. Abduljali Assist. Prof. Dr. Hussein H. Abed

2023 A.D 1444 &2 H



ol il g Ml adall 35155
sl IS / iy Al

sba il auid

LA dalad) St Ay o3l ¢y gu ST (il g dg gudandl Cilisal) do) o
A oY) cilibuad) Jleatinly A

iy dnals — p gl D06 o1y 380 pudd N Lashie s
sl agle (B jfuqlall dp 3 Jyf cilllste (e 83 (A
M
Cped Lax ) Loy gi

(bl Anala — oLy s o e o 30 IS

(2018)
i/ gl
1e afla Cpun 0, ) Judad s dane s o/

a YavY A)ede



sy

%DMOJJAJM ..... uaJ\JUuUM\JJJZM‘
KPRV RS I G rliadl & Flias

"wb'

Laie ¥ Abya ¥ D65 ALk 5ad oe B B0

Doas e O 0 0 A A Bl b ) A

5ol QB G0 Gapdny & LD Ga o sl SN 20
Ml (o 0 A3

w\mép

(Yo) LY sl 5 ) s



Supervisor Certification

We certify that this thesis entitled (Study of the Organic Dyes and
Carbon Nanotubes for constructing Solar Cell Systems using First -
Principle Calculations) was prepared by (Noor Abdul Ameer Hameed
Hussein) under our supervisions at Department of physics, College of
Science, University of Babylon, as a partial fulfillment of the
requirements for the Degree of Master of Science in Physics .

SUPERVISORS:

Signature : Signature :

Dr. Hayder M. Abduljalil Dr. Hussein H. Abed
Title : Prof. Title : Assist. Prof.

Address: Department of physics — College of science — University of
Babylon.

Date : [ 12023
Certification of the Head of the Department

In view of the available recommendation, | forward this thesis for debate

by the examination committee.

Signature:

Name: Dr. Samira Adnan Mahdi

Title: Assist. Prof.

Address: Head of the Department of Physics - College of Science-
University of Babylon

Date: /1 2023



Acknowledgments

At first, praise be to thank my God for His graces that
enabled me to meet the requirements of my study and overcome

the difficulties during the courses and research.

| would like to express my deep thanks and respect to Prof.
Dr. Hayder M. AbdulJalil and Assist. Prof. Dr. Hussein Hakim
Abed for their supervisions and for their efforts to accomplish

my study.

| am grateful to Mohammed Ayad from the environmental

recharge and study center, Babylon, Iraqg for his help.

| would like to thank the center of recharging and
environmental study and the Dean of college of sciences and the
Head of Physics Department at the college of Science at

University of Babylon.



Dedication

In the name of god ...
And the holy Mohammed...

For the one who made me from the trash , For the soul

of my precious mother ...

To my supportive family and friends ...

Noor



-

dadAl)
Si, Ti, S,) <k daadaall 5 4801 5 3¥) dapal 4 i) Sl il pladiad 46lS4) pani o
Al e A8USH) Alla 4y k0 Crardil rall el LIAN pusieS (Zn, Al Cu, Ni
Sl Al Ay sl (B3LYP) Al Al ae Anedall 6-31G (slasY!
dau) 52 (DSSCs) JI A silill al il onenill 218l Cans A 5 S Ll 535 4, 5L
(LUMO) Jsieia 5l ¥ (5ol laalls (HOMO) Jisieial e s sadl ladll
Gy oY) Al Aadas T /1 Cads IV Jslaall d8Ua ) A 4y ) caS)
alaind o3 Ailall 5 gad ) AiLeaYL ciliaill e sall o358l SIS i) e (TIO,)
Sl 5 saall sl 3: LS 5 (5 ) paliaie¥) luald (o3l e saaieall 2861 Al
Al g 4y )

Clllaie (3ia3 2 5ialV0 daskaall 53V draa lacle dy sl CaS) 5 aaa o & jedal il
V) Baa, Aiaill s sall 5 sl e A el el 3ail (e EED Gl 5 pmnenl
5(LUMO) ) ind Juadl sl Gpsnenill Jia¥) albail) L) iy <y S0 5 )3 danaall
s as 36U Judl 5 aladl Jaese Jil 5 ( HOMO)

Ll s il alsl Jishl ases o dedigd) LEY) Clas magy
Aokl Gl pe aiie el 4 glall 4y paall 5 5Y) Aasay (SWCNT) 524l
skl gl el il g el Lolad) Al Clus ekl Ay il
S il sale) 5 daaill dlee ba & i gind, (2,2,14) 5(2,2,10) Y ) @ld (SWCNT)
UV-Vis. b sl 528 -0 5 581 (g 55 55 LeiSay ¥ (3,3,8) ¢ 4wed Cisll By
bz 5 Sl e LB el (Gaill 8 caS) i) aies dpaliaial G SWCNT JShig!
Lapay JuatV) B (4 (3,3,8) (SWCNT) J Ayl 5 45 S al &) (ppasnt o3
W jojad o3 B S il sale) 5 panil) dulee O ) (ge Jaal | Gulaills 4y i) 3V
>0 dsh abel dogad o3 Guladlly 4 pdiall 5 3Y) dapay (SWCNT) Jiasi o Ledie
bz 5 Sl ladDl ¢ jeall it 22 Glas ) el Glaill (e Galiaie
Jiae (8 Gulailly Ay pfiall 5 )W) a4 i) oY) a5 aladiial (S ALl Al
Apsad]) 43U



Summary

The possibility of nanostructures of azo dye doped with ( Silicon Si,
Titanium Ti, Sulfur S, Zinc Zn, Aluminum Al, Copper Cu, Nickel Ni)
atoms as a sensitizer of dye sensitizer solar cells DSSCs is investigated.
The density functional theory with B3LYP/6-31G is used to get the
geometrical optimizations and electronic properties of nanostructures.
The feasibility of the nanostructures as the sensitizer of DSSC was
studied by the lowest unoccupied molecular orbital LUMO and high
occupied molecular orbital HOMO of the nanostructures with respect to
the I /I, electrolyte, and TiO, electrode respectively, the charge spatial
separation and the energy gap. The time-dependent DFT TD-DFT is used
to investigate the optical absorptions and light-harvesting efficiency of
the optimized nanostructures.

The results showed that all the nanostructures except azo-Al have HOMO
and LUMO that satisfy the conditions of sensitizers. However, only three
of the eight considered nanostructures exhibit charge spatial separation.
The most azo-doped nanostructures improved absorptions in the visible
region. The azo doped with the sulfur atom azo-S is recognized as the
most promising applicant sensitizer of DSSCs which is most suitable
LUMO and HOMO. It is characterized by charge spatial separation, low
recombination rate, and good light-harvesting efficiency.

Geometrical calculation shows that all the bonds length of single-walled
carbon nanotube SWCNT and Cu-doped azo organic dye agreed with
theoretical and experimental studies. Molecular orbital energy calculation
shows that the SWCNT (2, 2, 10) and (2, 2, 14) satisfied the condition of
regeneration and recombination process, meanwhile, (3, 3, 8) can't

generate pair of electron-hole. The UV-Vis. spectrum for SWCNT



structures shows that all samples were absorbed in the visible range of
electromagnetic radiation. Electronic and optical properties for (3, 3, 8)
SWCNT were enhanced by connecting with Cu-doped azo dye. Results
conclude that the regeneration and recombination process was enhanced
when SWCNT connected with Cu-doped azo dye. The maximum
wavelength of absorption was shifted from the visible range to the
infrared range of electromagnetic radiation. The final result express that
can be used nanotube structures and Cu-doped azo dye in the solar energy
field.
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Chapter One

General Introudaction

1-1 Introduction
Energy is most important in today's world, as a lack of it poses a major

challenge to current development (i.e. insufficient food, warm shelter,
and internet access, as well as the consumption of nanotechnology
products) [1]. For the design and operation of efficient systems for the
generation, storage, transformation, and transportation of energy in
diverse forms, promising new technologies, as well as novel physical and
chemical processes, are required to extend present energy trends [2].

A number of organic and inorganic semiconductors have been used in
solar cells. Because experimental data was the primary source for
screening solar cell materials until recently, the selection was mostly
based on known materials [3]. A lot of factors impact solar cell
efficiency, including the quantity of concentrated sunlight and the
stacking of multi-junction cells. The Massachusetts Institute of
Technology (MIT) has created a new system that uses sunlight to heat an
absorber-emitter arrangement over photovoltaic cells (PV) [4]. The
worldwide mean the temperature on the ground has risen by 0.3-0.6 °C.
Since the late 1800s, the worldwide sea level has increased by 10-25 cm,
almost entirely due to human activity [5]. Climate change has already
increased the number and intensity of regular disasters, and in the future
decades, it is predicted to have considerably more severe consequences
for people and other life forms all across the planet [6]. Solar cells are
devices that convert solar energy directly to electricity, either through the
photovoltaic effect or indirectly by first converting solar energy to heat or
chemical energy [7]. Solar panels are made up of cells that are used to

create solar modules, which are used to store energy from the sun. The
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energy generated by these solar modules is known as solar power [8].
When the light source isn't inevitably sunlight, cells are referred to be
photovoltaic cells (for example, lamplight) [9]. Second-generation solar
cells use thin sheets of materials including formless silicon, cadmium
telluride, and copper indium (gallium) dieselin [10]. Low-cost solar cells
have been a major topic in science for the past three decades [11]. One of
the most promising materials for low-cost energy generation has been
discovered: amorphous semiconductors [12]. DSSCs (dye-sensitized solar
cells) are a new form of low-cost energy conversion technology that uses

a dye to sensitize the solar cell [13].

1-2 Elements used in the present study

Silicon Si is the chemical elementwith the symbol Si and atomic
number 14. It is a hard, brittle crystalline solid with a blue-grey metallic
luster, and is a tetravalent metalloid and semiconductor. It is a member
ofgroup 14in the periodic table: carbonis above it, and
germanium, tin, lead, and flerovium are below it. It is relatively
unreactive [17]. Silicon Si was used in the initial generation of solar cell
research due to its availability and applicability in the growing
semiconductor sector [11]. Extrinsic n-type and p-type semiconductors
are produced when intrinsic semiconductors, such as Si, are doped with
one of two donors or acceptor impurity atoms [14]. By altering the atomic
density of impurity atoms, the concentration of the carrier (electron or
hole) and, as a result, the material conductivity can be changed [15].

Zinc Zn is a bluish-white, lustrous, diamagnetic metal though most
common commercial grades of the metal have a dull finish. It is
somewhat less dense than iron and has a hexagonal crystal structure, with
a distorted form of hexagonal close packing, in which each atom has six
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nearest neighbors (at 265.9 pm) in its own plane and six others at a
greater distance of 290.6 pm. The metal is hard and brittle at most
temperatures but becomes malleable between 100 and 150 °C [16].
Aluminum Al is achemical element with the symbol Al and atomic
number 13. Aluminum has a density lower than those of other
common metals, at approximately one third that of steel. It has a great
affinity towards oxygen, and forms a protective layer of oxide on the
surface when exposed to air. Aluminum visually resembles silver, both in
its color and in its great ability to reflect light. It is soft, non-
magnetic and ductile. It has one stable isotope, Al; this isotope is very
common, making aluminum the twelfth most common element in the
Universe. The radioactivity of Al is used in radio dating [18].

Sulfur Sis a chemical element with the symbol S and atomic number 16.
It is abundant, multivalent and nonmetallic. Under normal conditions,
sulfur atoms form cyclic octatomic molecules with a chemical
formula S8. Elemental sulfur is a bright yellow, crystalline solid at room
temperature [19]. Copper Cu plays an important role in these renewable
energy systems. Copper usage averages up to five times more in
renewable energy systems than in traditional power generation, such as
fossil fuel and nuclear power plants since copper is an excellent thermal
and electrical conductor among engineering metals (second only to
silver), electrical systems that utilize copper generate and transmit energy
with high efficiency and with minimum environmental impacts [20].
Titanium Ti is a chemical element with the symbol Ti and atomic number
22. It found in nature only as an oxide, it can be reduced to produce a
lustrous transition metal with a silver color, low density, and high
strength, resistant to corrosion in sea water, and chlorine [21].

Nickel Ni is a chemical element with symbol Ni and atomic number 28.
It is a silvery-white lustrous metal with a slight golden tinge. Nickel is a

3



hard and ductile transition metal. Pure nickel, powdered to maximize
reactive surface area, shows a significant chemical activity, but larger
pieces are slow to react with air under standard conditions because an
oxide layer forms on the surface and prevents further corrosion
(passivation). Even so, pure native nickel is found in Earth's crust only in
tiny amounts, usually in ultramafic rocks, and in the interiors of larger
nickel—iron meteorites that were not exposed to oxygen when outside
Earth's atmosphere [22].

Additionally, due to its unusual carbon allotrope features and peculiar
shape, it has a wide range of possible uses, including those in electronic
devices, energy storage, chemical decorations, and biosensors [20].
Researchers have extensively studied the thermal, electronic, electron
transport, mechanical, and structural properties of carbon nanotubes in
recent years [11]. Single-walled carbon nanotubes (SWCNTSs) and multi-
walled carbon nanotubes (MWCNTS) are two different forms of carbon
nanotubes. MWCNT ranges in diameter from 5 to 100 nm, whereas

SWCNT has a diameter of roughly 1 nm, as shown in Fig.(1. 1).



Figure (1. 1): Carbon nanotubes[12].

Heavy semiconductor doping is undesirable because it causes the band
gap to narrow due to impurity sub-bands, which is detrimental.
Recombination is anticipated to grow when defect states rise [23]. Since
the landmark work in 1991 by O'Regan and Gratzel, the creation of
energy from sun using sustainable materials like solar cells with dye
sensitization (DSSCs) has attracted the interest of numerous technologies
[24]. These low-cost and easy-to-make gadgets cleared the way for a new
generation of economical photovoltaic modules, which have emerged as a
viable alternative to silicon-based solar cells [25]. Separating light
collecting and charge separating, as plants do in natural photosynthetic
processes, was critical to obtaining low costs and increased functionality

[26]. When opposed to the conservative fossil fuels, solar energy is one of
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the most exciting and promising alternative energy sources [27]. Crystal-
like silicon-based solar cells dominate the photovoltaic industry,
accounting for more than 90% of worldwide solar cell output [28]. One of
the most important aims in solar cell production is to keep prices low
while maintaining a high conversion efficiency [29]. The materials
utilized and the processing procedures employed are the two key
components that must be addressed for cost reduction [30].

1-3 Azo dye

Azo dyes represent the largest production volume of dye chemistry today,
and their relative importance may even increase in the future[11]. These
dyes are synthesized from a simple method of diazotization and coupling.
Different routes and modifications are made to obtain the desired color
properties, yield and particle size of the dye for improved dispersibility.
Azo dyes are the most used dyes and account for more than 60 % of total
dyes approximately 70 % of all the dyes used in industry are azo dyes.
Azo dyes are the most important synthetic colorants which have been
widely used in textile, printing, paper manufacturing, etc. The term azo
dye refers to a large class of industrial organic dyes that contain nitrogen
in the form of an azo group -N = N - within their molecular structures,
within the general formula R — N =N — R’, where R and R’ is usually an
aryl group such as Congo Red dye[10]. These pigments have different
colors but are generally not very stable. These dyes are used in dyeing
fabrics, leather, paper, rubber, and in the manufacture of paints, printing,
etc. They are also used as evidence in analytical chemistry, and they are
insoluble in water and other solvents. Azo sticks have bright colors,
especially red, orange, and yellow[13]. Some azo compounds, for
example, use methyl orange as a guide for acid-base reactions. Most
DVD-R/+R discs and some CD-R discs use azo blue as the recording
layer. Depending on other chemical characteristics, these dyes fall into

6



several categories based on their texture or the ways in which they are
applied. The oldest method of applying azo dyes to cotton involves
successive treatment with a solution of two chemicals that react together
to form the dye within or on the surface of the fibers[11]. Dyes applied in
this way are called show dyes. The most easy-to-apply azo dyes are those
classified as direct: they contain chemical substituents that make them
soluble in water and thus absorbed from the solution with cotton. The
first direct dye was Congo Red, discovered in 1884, which was later
largely replaced by acid and fade resistant dyes. Azo-acid dyes have an
affinity for wool and silk and are applied by the same procedure used for
direct layering. An example is tartrazine, a yellow-colored azo-acid dye
discovered in 1884 and still in common use. Other azo dyes contain
chemical groups that bind to metal ions. Of the many metal salts used
with these dyes, chromium and copper are the most common; Often, the
metal ion also combines with the fiber, improving the dye's resistance to

washing .Azo dyes are shown in Fig. (1. 2)[13].

HO N

B

Figure (1. 2): Azo dye chemical structure [6].



1-4 Types of Solar cells
There are two types of solar cells inorganic and organic.

1-4-1 Inorganic Solar Cells

The percentage of crystal-like silicon cells made from p-type material is
close to 95%, while the percentage of crystal-like silicon cells made from
n-type material is just little more than 5% [31]. This is mostly owing to a
lack of industrial application of n-type cell techniques for multi-
crystalline substrates and insufficient growth [32]. However, n-type
silicon materials have lately attracted a lot of attention as potential
candidates for future generations of high-efficiency solar cells [33].
Despite the fact that n-type crystalline silicon solar cells are in short
supply sun power and Sanyo, two prominent producers, are employing
this material to make high-efficiency solar cells [34]. The efficiency of
these cell types were 24 and 23 percent, respectively [35]. The reflection
of light from the air/silicon contact reduces solar cell efficiency
significantly. As a result of this reflection, the outer quantum efficiency is
lowered [36]. An sufficient amount of antireflection coating can be
utilized to match the optical impedance and reduce reflection [37]. The
antireflective coating SiN, is the most extensively used and widely
available [38].

1-4-2 Organic Solar Cells
Organic solar cells has grown interest due to their ease of processing

[33], because polymer processing science has progressed, traditional
processing technologies like as roll-to-roll processing and doctor-blading
are expected to be employed in the future to create large-area, low-cost
organic solar cells on flexible substrates [39]. Flexible cells, according to
the researchers, might be employed in a range of applications, such as

portable electronics and commercial power generation [40], because of
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their adaptable chemical composition and simplicity of manufacturing for
large-area photovoltaic panels, organic solar cells are appealing
possibilities for harvesting solar energy [41]. Organic semiconductors,
which are commonly found in organic/polymer mixes with band gaps
ranging from 1.4 eV to 3 eV and absorb a tiny portion of the solar
spectrum, are the basis for these materials. Stacking cells with various
band-gaps in sequence is one way to get around this restriction [23]. New
materials and devices with lower band gaps, on the other hand, involve
meticulous design, and understanding diffusion dynamics is required to
improve solar cell efficiency. Poor stability, even after encapsulating to
guard against oxidation, has impeded the creation of novel and efficient
organic devices .Spin-coating, doctor blading, and screen-printing
technologies were used to create organic solar cells [42]. The use of
large-scale printing and coating processes allows production to be ramped
up while using less energy [43]. This has implications for the amount of
energy provided by a solar cell during its lifespan, conversely the amount
of energy required to manufacture the same solar cell is referred to as the
global energy balance [39]. The quest for high-efficiency, low-cost solar
photovoltaic technologies has prompted organic solar cells, dye-
sensitized solar cells, quantum dot solar cells, and other technologies are
undergoing extensive study and development [44]. Organic solar cells
have a number of benefits over other emerging alternative organic solar
cells, including low cost, plentiful earth components, easy production
techniques, and the ability to include a variety of other technologies [45].
Organic solar cells now have the greatest documented efficiency of over
10%, and it is commonly accepted that their lower operational efficiency
compared to traditional silicon solar cells does not limit their
commercialization potential due to their advantage [46]. Organic solar
cells' core physics, functioning mechanism, and latest advances [47].
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Solar cells are now more expensive than traditional energy sources,
which is a big drawback [48]. To address budgetary restraints, researchers
are working to improve solar cell efficiency as well as develop and
commercialize lower-cost materials [49]. While silicon performs well in
solar cell applications, it takes a lot of energy to turn it into crystalline
wafers, because silicon wafers are so expensive [50]. Many researchers
are looking for other materials to serve as the basic semiconductors in
solar cells[51]. Nanoscale science's present success has supplied
researchers with novel fabrication techniques, materials, and probing
tools, allowing for unprecedented control over the structure and dynamics
of solar cells to convert solar radiation into electrical energy, a DSSC
drives through three steps as shown in the figure(1.3), it is based on
photo-excitation of dyes activating an electron transfer into the
conduction band of semiconductor such as TiO,, followed by
regeneration of oxidized dye molecules via electron donation from the
redox couple in the electrolyte, and lastly migration of electrons through
the exterior load [52].

10
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Figure (1. 3): Fundamental process of dye sensitizer solar cells (DSSCs)[8].
1-5 Previous studies.

° Regimol C. Chen and et al. [53], in(2007) used Phtlialocyaiunes
to make organic dye lasers. The examination of the optical characteristics
of these thin films is required for application in thin films optics. Tin
phllialocyanine (SiPc) thin films produced by thermal evaporation were
utilized in the characterization investigations. The absorption spectra are
utilized to look into how heat radiation and post-deposition heat treatment
affect the optical band gap.

o S. Cataldo and et al. [54], in (2012) investigated many challenges
relating to their synthesis, purification, functionalization, processing, and
device integration, using carbon nanotubes in photovoltaics is still a

challenge, review chosen contributions dealing with the aforesaid
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difficulties initially, then concentrate on the benefits and limitations of
carbon nanotubes in the creation of organic solar cells.

o Wei-Lu Ding and et al. [55] , in (2013) studied the optical
efficiency of the indoline dye by density function theory and time
depending-self consist field. Six types of indoline dye doped with 7-
spacer. The researchers investigated solar energy conservation efficiency,
open voltaic circuit, light harvesting, injection free energy, redox
potential and wavelength of absorption. Result showed that all indoline
dye structure are satisfy regeneration and recombination process because
of all LUMO level distribute above CBM(TiO,) and HOMO below /1.
All molecular structure absorbed in the visible region of electromagnetic
radiation. Meanwhile, indoline dyes molecular structure have high values
of open voltaic circuits varies from (0.82 - 1.82) Volt.

o S. Zhang and et al. [56], in (2013) High energy conversion
efficiency is one of the most important keys to the commercialization of
dye-sensitized solar cells (DSCs) in the huge electricity generation
market. According to our experience in the persistent efforts that helped
to achieve high efficiency DSCs, selectively review the major progress
of improving the energy conversion efficiency of DSCs which may be
useful for future applications. We start the discussion from modeling the
device by macroscopic equivalent circuit and then highlight some
approaches to improve the device performance, such as the molecular
engineering of novel dye sensitizers and light trapping effect, tuning the
potential of redox shuttles and surface passivation of photoelectrodes, and
optimizing the resistance. illustrate a roadmap of possible future
directions of DSCs with the challenges of how to further improve the

efficiency to accelerate the progress in the commercialization of DSCs.
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o S . Shalini et al. [57], in (2016) discovered as sensitizers,
DSSC currently employs inorganic Ruthenium (Ru)-based, metal-free,
and natural dyes. Due to their inexpensive cost, simplicity of preparation,
accessibility, and environmental friendliness, metal-free and natural dyes
have become a potential alternative to expensive and scarce Ru-based
dyes, because of their narrow absorption bands (100-250) nm, undesired
dye aggregation, and instability, most alternatives to Ru-based dyes have
so far shown to be inferior to Ru-based dyes.

o J. Day et al. [58], in (2018) investigated the spectral mismatch
between solar cells and incident radiation is a crucial element that limits
their efficiency, according to research. Materials and luminescent
processes exist that can alter the characteristics of incident sunlight to
better suit the cell's best absorption zones. This is a fascinating field of
research and a promising strategy for improving solar cell efficiency,
which is critical for environmental reasons organic solar cells.

o F. Gao et al. [59], in(2018) studied the geometrical, electronic and
optical properties for graphene-dye organic composites by density
function theory method. Structural properties show that all bond lengths
were being an agreement with experimental measurements. Electronic
properties show that all HOMO energy level was distribution below
iodine/tri-iodine redox potential and LUMO was distributed above
minimum conduction band of titanium dioxide. Result indications all
system was had an ability to generate electron-hole process. Time
depending-density function theory calculation show that all proposed
system absorbed in visible region of electromagnetic radiation.
Meanwhile, result prove that all proposed system were more suitable for
application in dye sensitized solar cells field.

o L. Michels et al. [60], in (2021) studied the crystal structure and
optical properties for curcumin, bixin and indigo dyes and applicable in
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solar energy field. X-Ray diffraction calculation show that curcumin dye
has wide degree of crystallization compared with bixin and indigo dyes.
Evaporation calculation shows that bixin was distraction chemically and
indigo and curcumin dyes doesn't appear any change in structure. The
calculation of photo emission ultra violet spectra show that indigo dye
has negative work function and ionization potential. Result shows that it

can ability design photo detectors from three dyes used in the study.

o A. Behera and et al. [61], in (2022) used quantum chemical
simulations to investigate the impact of heterocyclic spacers on azo-based
metal-free donor-acceptor dyes. To create twelve distinct dye sensitizers,
six heterocyclic moieties were added to an azo-based dye in two different
places as extra spacers. The advancement on the optoelectronic
characteristics and the effectiveness of such dyes have been explored
using a density functional method,computed characteristics, including
those related to charge transfer analysis, light-harvesting efficiency, and
driving.

° K. Periyasamy and et al. [62], in (2022) studied the optical
efficiency conservation of the phenothiazine and dibenzofuran dyes by
the time depending-density function theory calculations. The electronic
properties show that two dyes under study have high ability to inject the
electrons to electrodes also, molecular orbitals energy satisfy the
conditions of regeneration and recombination phenomena and absorbed in

the visible range of electromagnetic radiation.
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1-6 Aims of the present study
The aims of the present study can be summarized by two points

1- Constructing the nanostructures of azo dye and azo doped with
(Si, Ti, S, Zn, Al, Cu, Ni) atoms as DSSC by using DFT with
B3LYP/6-31G, and investigating the photosensitizer performance
of these nanostructures.

2- Examination the photosensitizer performance of single walled
carbon nanotubes SWCNTs and SWCNT/ Cu- azo dye.
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Chapter Two

Theoretical Background

2-1 Introduction
Theoretical calculations in physics and chemistry are commonly

employed when a mathematical method has been sufficiently developed
and may be applied using a computer [63]. The fundamental laws of
physics are linked with mathematical approaches in theoretical chemistry
to analyze chemical progressions. Computational physics and chemistry,
often known as molecular modeling, is a discipline of chemistry in which
computers are used to mimic molecules [64]. It is an important and basic
element of molecular science research. Molecular modeling methods and
physicians are now widely used to investigate computationally many
properties such as molecule energies, molecular geometries, electronic
structure, electron and charge distributions, Infrared (IR), Ultraviolet
(UV), and physical properties of biological, inorganic, organometallic,
polymeric, catalysis drug, and other molecular systems [65]. The four
primary approaches used by computational chemists and physicians are
density functional theory (DFT)[66]. Density functional approaches are at
the heart of today's atomic, molecular, solid-state, and even nuclear
physics computation as a result of their widespread success, these
methods are used by a huge number of computational physicists [67].
Density functional conceptions dominated mathematical physics in the
1970s (Thomas-Fermi theory), 1980s (Hohenberg-Kohn theory), and
1990s (density functional theory). Computational chemistry involves the
study of molecular geometries, molecule energies, chemical reactivity, IR
spectrum, UV spectrum,, as well as the physical characteristics of

substances [68].
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2-2 Schrddinger equation
Schrédinger's immediate focus when developing his equation to treatment

the hydrogen atom, and the solution reached in 1926 convinced him. The
creation of a wave equation that may describe stealthy, wave-like
behavior of the first step is to create a quantum particle. In developing a
theoretically consistent theory of nonrelativistic quantum mechanics. The
Schrodinger equation is the name for this equation [69]. In quantum
physics, the Schrodinger equation has a similar role to in classical
mechanics. Schrodinger equation is a partial differential equation that
describes how a quantum particle’s wave function ebbs and flows.
Newton's second law is a differential equation that outlines how a
classical particle moves [70]. In addition, both Newton 's laws and
Schrédinger equation were suggested and then evaluated for time-
independent systems, where total energy(E) is equal to the sum of total

kinetic and potential energy[68]:

E = KE (kinetic energy) + PE (potential energy) (2.1)
The kinetic energy of an electron is calculated as follows[69]:
KE=(1/2)mv?=p?*/2m (2.2)

Where m denotes particle mass, v denotes particle velocity, and p denotes
particle momentum. The electron travelling in the charge's field Ze

nucleus has a potential energy of [70]:
PE=-Ze’r™ (2.3)

Where r is denotes to the electron's distance from the nucleus and e
denotes the unit of electronic charge. As a result, the electron's total
energy is [70]:

2

E:p__Zezrfl (2.4)
2m
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a kinetic energy contribution and a potential energy function added
together [68]:

{—g—vz —Zi}w(r) —Ep(r)
m r

(2.5)
Where:
7 : Plank constant (h) divided by 2r,

V- The wave function of an electron.

VZ:The Laplacian operator is a kind of operator (kinetic energy operator).

Eg. (2.5) denotes the Hamiltonian operator, denoted by the letter

H. Schrodinger equation is written in condensed form as [71]:

Hy(N=Ey(r) (2.6)

A Hamiltonian operator with a large number of electron atoms can be
expressed in a similar way. It's the total of the nuclei and electrons kinetic
energy operators, as well as the potential energy terms indicating the

numerous Columbic interactions [72]:
H= Ty + Te + Vee + Ven + Vi (2.7)

Where the kinetic energy operators for nuclei and electrons are Ty and T,
respectively. The potential energies of electron-electron, electron-nucleus,

and nucleus-nucleus, respectively, are Ve , Ven and V.

Suppose that there are N nuclei with n electrons, the total Hamiltonian

operator will be in atomic units [70]:

HT_ 1N 1v2 12nVZ 2n . N2nZ 71 NZZR?:L
=-22 A_Ezp: p+zrpd_zzp: Ala + 2 ZaZgR5g (2.8)

2 A MA p<d A A<B
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Where M, is the mass of nucleus A; m electronic mass; Z,, Zg are the
charges on nuclei A and B, respectively, ryq is the distance between p and
d electrons, and Rpg is the distance between nuclei A and B. The general

form of Schrodinger equation will be [73]:
H'(1,2,....N,1,2,..n) ¥(1,2,....N,1,2,...n)=E¥(1,2,...,N,1,2....n) (2.9)

Where ¥(1,2,...,N,1,2,..,n) is the entire wave function for all particles in

the molecule and is the overall energy of the system.

2-3 The Wave Function
The wave function ¥ is not physically observable, but its square [¥]? can

be interpreted as the probability density, which yields a probability when
multiplied by the volume of a region. Acceptable wave functions for a
system have to:

1. Orthogonal one to another.
2. Normalized.
3. Form a complete set.

"Orthonormality” refers to the characteristic that wave functions

R _(Lifi=j
have:[ W/ W,dxy = (¥|¥;) = §; = {0’ ifi%] (2-10)
Completeness refers to the ability to create the “delta function,” which is
the sharpest possible function of the unit area, from the whole set of eigen
functions. The energy of a wave function can be calculated using the
Hamiltonian operator's predicted value [74,75].

[P*HWY dv

E=<H>=

(2-11)
The wave function ¥ describes the many-particle systems.
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2-4 Hartree - Fock (HF) Approximation
Pauli exclusion principle should be considered when applying

Schrodinger equation with an atoms multiple electrons, molecules or
solids. The sign of the wave function must be flipped when the
coordinates of any two electrons are changed, according to this concept.
The wave function becomes antisymmetric as a result of this. Hartree was
the first to derive the many-electron Schrodinger equations. The whole
wave function, according to Hartree, could be approximated as a

sequence of one electron wave functions [76].

Yior = [liz1 ¥i (%) (2.12)

Pauli exclusion principle was not taken into account in Hartree
equations. Fock and Slater updated this method to include the influence
of electron exchange and the exclusion principle; as a result, using the
Slater determinant, the entire wave function for n electron systems is

produced in the form [77]:
Wi(x1) Walx1) ... Wh(xq)
LI11(:952) lp2(:952) Lpn(:xz) (2.13)

Lpl(xn) Lpz(xn) Lpn(xn)
Hartree-Fock equations, often known as self-consistent field

¥(1,2,..,n) = \/i;

equations, are a type of self-consistent field equation. These equations are

formatted as follows:

[H"+> (20, -K % =Y 8%, i=1..n (2.14)
J J
The left-hand side of Eqg. (2.14) is also known as the Fock

Hamiltonian since it reduces Eq. (2.14) to the standard form.
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Trial wave functions are utilized to construct the Coulomb and exchange
potential integrals and differential equations in order to solve the n
Hartree-Fock equations. Solving the n equations yields a new set of wave
functions. After that, the new wave functions are utilized to compute a
new set of potential integrals. The cyclic approach is repeated until the
estimated wave functions or potential integrals remain unchanged.
Because the final wave functions yield potential integrals, which, in turn,
produce the identical wave functions within a specified acceptance, When
Eqgs. (2.15) are solved, this approach is known as the self-consistent field
method [78,79].

2-5 Density functional theory
Quantum mechanical method of density functional theory (DFT) is

frequently used to study the electronic structure of many-electron systems
in physics and chemistry. It is presently one of the most important
techniques for determining the ground-state properties of metals,
semiconductors, and insulators [80]. DFT is one of the most extensively
used and useful computational methods in physics and chemistry.
Thomas-Fermi model provided the foundation for the theory of density;
in 1927, Thomas and Fermi described an atom's energy as a function of
electron density, combining this with the standard equations Nuclear-
electron interactions and electron-electron interactions may both be
expressed in terms of electron density [81]. DFT concentrates on the
much less complicated electron density (r). For a particular state, the
number of electrons n per unit volume is the definition of electron
density,the system is solely affected by three coordinates, regardless of

the amount of electrons in it [80]:

N = [ p(P)dF (2.16)
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Ground state energy is at the heart of DFT, and the density of electrons
dictates all other ground state electronic characteristics. The electronic
density corresponds with the system's exact ground conditions when the

total energy is low [82, 83].

2-6 Kohn-Sham Equations
Theorems of Hohenberg and Kohn (HK) allow FHK to be written in a

variety of ways [81]:
F[n]=Ts[n]+J[n]+Enc[n] (2.17)

Where Ts [n] is the Kinetic energy of a non-interacting electron system.
A single Slater determinant of orbitals represents the electron density of
the non-interacting system. The exchange-correlation (non-classical)
energy E,[n] of interacting electron system can be defined in the
form[82]:

Exc[n]=TIN}-Ts[n]+ Encln] (2.18)

Where E,. [n]: the DFT exchange-correlation energy. By applying the
variation principle, dE/an(r) =0, to the Kohn—Sham functional [83]:

E[n]=[nVodr+TJ[n]+Jn]+E.[n] (2.19)

The density n(r) is given by [80]:
0 =21 %0OF (2.20)

This leads to the Hartree-type of one—electron equations [83]:

[—%vz V() + j%dﬂvxc (O, (1) = £, P, (1) (2.21)
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Where¢; Kohn—Sham orbital energies, ¥;(r) is Kohn—Sham orbitals, and

V. (r) is the exchange-correlation potential [84]:

0E [n]

V(=5

(2.22)

The Egs. (2.20)—(2.22) are Kohn-Sham equations, are technically precise

and only have one unknown term, E,. [n] [85].

The basic goal of DFT is to discover the exchange-correlation energy
Exc, which has only been utilized as a mathematical word thus far. If the
precise exchange-correlation function is known, the system can be solved
appropriately. As previously stated, this function is generated from the
difference in Hamiltonians between interacting many-electron systems
and non-interacting single electron systems. As a result, this phrase
encompasses all consequences of exchange and correlation interactions,
such as Pauli exclusion between electrons with the same spin orientation
and the instantaneous response of electrons with opposite spins [86].
Kohn—-Sham equations are said to have a circular aspect to them. To solve
Kohn-Sham equations, Hartree potential must be determined, and the
electron density must be known to define Hartree potential. However,
single-electron wave functions must be differentiated in order to calculate
the electronic density, and the Kohn—-Sham equations must be solved to

determine these wave functions [87].

2-7 B3LYP Functional
This is the most popular DFT model. This method is called to be a hybrid,

because it uses corrections for both gradient and exchange correlations.
The most popular hybrid functional, B3LYP [88] uses Becke’s exchange

functional (E£®%)1988 and Lee, Yang and Parr’s correlation functional
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(EEYP) as gradient corrections to the LSDA exchange and correlation

functionals [89]:
Exe"" = (1 — a)Ex°P? + aEx¢ + bEZ®® + cE¢™® + (1 — oE¢>PA (2.23)
Where the three parameters, a =0.20, b=0.72 and c=0.81.

The first parameter (a) specified the amount of exact exchange, while (b)

and (c) control the contribution of exchange and correlation.

2-8 Basis sets
A basis set consists of a collection of functions used to explain the orbital

structure of an atom. Linear combinations of base functions and angular
functions are used to build molecule orbitals and full wave functions.
Most semi-empirical techniques rely on a set of predefined bases. A
collection of bases must be described after ab initio or density functional
theory computations. Although a set of basis can be developed from
scratch, the vast majority of calculations are performed with pre-existing
basis sets. The type of computation used and the basis selected are the
two most important aspects in determining the correctness of the results
[85]. Slater type orbitals(STO) are exponential that mimic the exact eigen

functions of the hydrogen atom. A typical STO is expressed as [53,76]:
xTO = Nr™1e~¥Y,,, (8, ) (2.24)

(STOs) satisfies all the appropriate boundary conditions, having a cusp at

the nucleus and exponentially decaying to zero at infinity.

Gaussian-type orbitals (GTOs) can be written in terms of Cartesian
coordinates as [76]:

XGTO — NXlxylyZlZe_Erz (225)
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2.8.1 Minimal Basis Sets
The minimal basis set is the minimum number of basis functions y needed

to describe the ground states of the atoms in a molecule. Common
minimal basis sets are STO-NG, where N=(2-6) is the number of
Gaussian primitive functions that comprise a single basis function,for
example, STO-2G, STO-3G, STO-6G [53,75,80]. In these basis sets, the
same number of Gaussian primitives comprises core and valence orbitals.
Minimal basis sets typically give rough results that are insufficient for
research quality publication but are much cheaper than their larger

counter parts.

2-8-2 Split-Valence Basis Sets
In this type, the inner-shell atomic orbitals are represented by one basis

function, and the valence orbitals are represented by two or more basis
functions [53,75,81,82]. Split-valence basis sets employ more than one
basis function of variable orbital exponents for each valence orbital and
only one basis function for each core orbital. For instance, the valence
double-zeta (VDZ) basis set uses two functions per valence orbital, while
the valence triple-zeta (VTZ) uses three, and so on. For example, the 4-
31G basis set uses a set of four primitives contracted to one basis function
for each core orbital and a split-valence of three and one primitive for the
valence orbitals. Another example of these are the 6-311G basis set uses
a set of six primitives contracted to one basis function for each core

orbital and a split-valence of three, one and one primitive for the orbitals.

2-9 Electronic properties

In this section the electronic properties will be presented.
2-9-1 Geometrical structures

All molecules possess geometry, characterized by:

1. The number and kinds of atoms.
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2. Bonds' number and types.

3. Bond lengths that are relevantr : 0 <r <o .

4. Bond aspect that is relevant € -180° < € < 180° (units of degrees).

Geometry optimization is a physical chemistry computation that
determines the lowest energy or most relaxed conformation of a
molecule. The approach is an iterative process in which the molecular
shape is changed slightly at each stage and the energy of the molecule is
compared to the preceding cycle. The computer gently pushes the
molecule in order to achieve the most relaxed condition possible.
Calculates the energy, then pushes it a bit further till the lowest energy is
determined. At the ideal geometry, the molecule's energy minimum is
discovered [85].

2-9-2 HOMO, LUMO and energy gap
The highest occupied molecular orbital (HOMO) and the lowest

unoccupied molecular orbital (LUMO) are the two most important

molecular orbitals .

The band gap is the difference of the energies between the two orbitals
HOMO and LUMO [90].

Egap = Erumo — Enomo (2.26)

The energy gap is used to characterize the chemical reactivity and
stability of a molecule, as well as to control how it interacts with other
species. A tiny band gap molecule is usually associated with high

chemical reactivity, low stability, and a soft molecule [91].

2-9-3 Total energy, Electron affinity, and Ionization Potential
The sum of all total kinetic and potential energy in a system is called total

energy. Because the resultant of the effective forces is zero, an optimized
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molecular system must have the lowest total energy value. This indicates
that the molecular system is at equilibrium. The amount of energy
produced when an electron attaches to an atom or moleculeXg and forms

a negative ion is known as the electron affinity EA[30]:

X(g) +e” - X" (g) (2.27)
The IP lonization Potential and EA can be calculated as[92]:

IP = Ecation — En (2.28)
EA = Ep — Eanion (2.29)

Where E,, , Ecation » Eanion are the total energies of the ground state of a

neutral molecule, cation and anion, respectively.

In this study, the IP and EA are estimated according to Koopmans'

theorem as[93]:
IP= —Exomo (2.30)
EA = —Epymo (2.31)

Where Eyomo and E;yyo are the HOMO and LUMO energies,
respectively [92, 93].

2-10 Infrared Spectrum
Normal oscillations accompanied by variations in dipole moments are

active, and they can be seen in the infrared spectrum. To absorb and emit
energy, the normal modes of the simple harmonic oscillator are used to
describe the oscillation of a molecule. The infrared spectrum (IR) is
electromagnetic radiation in the infrared wavenumber range.(1 —5) =
103 cm™?! [32]. When enough energy is absorbed by the N-atoms system,

it oscillates with three degrees of freedom for translation and rotation, and
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(3N-6) degrees of freedom for ring molecule vibration. Fundamental and
nonfundamental oscillation bands can be observed in a system's
oscillations [94]. The vibration analysis is valid only when the first
derivative of the energy with respect to the atoms' displacement is zero.
The method works in transition phases and higher order saddle points as
well [95].

2-11 UV- Visible radiation
The excitation of electrons in both atoms and molecules from lower to

higher energy levels is connected to the absorption of visible (Vis) and
ultraviolet (UV) light. Because matter's energy levels are quantized, only
light with precisely the right amount of energy can drive transitions from
one level to the next. Ultraviolet radiation is a type of radiation that exists
just below the visible spectrum of light. It has a range of wavelengths
from 100 to 400 nanometers [96]. Specific compounds absorb UV or
visible rays. Different molecules are capable of absorbing different
wavelengths of light. Within the molecule, an absorption spectrum should
show a range of absorption bands that correspond to the structural groups
[97].

2-12 The programs used

2-12-1 Gaussian Program
Gaussian is a quantum physics and chemistry software suite that may be

purchased from Gaussian, Inc. Almost every computer platform,
including Microsoft Windows, can run the software. Web-based interface
tools like Web MO can also be used to access it. According to the North
Carolina School Computational Chemistry website, Gaussian is the most

advanced tool available to student researchers. The '09' alludes to the
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software's initial release, which occurred in 2009. The version G09 is not

the most recent [98].

2-12-2 Gaussian View 5.0.8 Program

The Gaussian view program is designed to ingest Gaussian program input
files and show Gaussian program output files in a three-dimensional
picture. It is not a calculator, but it makes working with Gaussian

algorithms simpler and offers three important advantages to users.

First: It allows the user to draw molecules, including the largest, as well

as rotate, transfer, and change their size using the mouse.

Second: The Gaussian view allows for and achieves various Gaussian
calculations, allowing for sophisticated input preparation for ordinary

tasks and advanced methods.

Third: The Gaussian view allows to inspect the results of Gaussian
computations using a variety of geometrical techniques, including the
following: (Molecular orbits, electronic density surfaces, and balanced

molecular patterns) [99].

2-13 Solar cell sensitizer parameters
Preference of Dye Sensitizer Solar Cell (DSSC) is evaluated by Incident

Photon to Conservation Energy (IPCE). It is associated with charge
collection efficiency (), electron injection efficiency (¢i,)) and Light
Harvesting Efficiency (LHE). LHE computed from following equation
[40].

LHE=1-10" (2-32)
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where f is oscillation strength corresponding to maximum wavelength
absorbed. Electron injection efficiency ¢y is directly proportional to free

energy of electron injection (AGyy;) [15].
Pinj @ f ('AGInj) (2-33)

equation (2-33) shows that more positive value of AG the grater will
electron injection efficiency. Free energy electron injection is defined as
difference between oxidation potential energy of excited state (E**") and
reduction potential energy of TiO, conduction band equal (-4.0) eV which
describe by[55].

A(}Inj=Edye* - (ECB)TiOZ (2-34)
E%*" can be calculated by the following equation.

EY= EY — AE(may (2-35)
Where E*®is (-HOMO) in ground state and AEomax) 1S @bsorption energy

corresponding to maximum wavelength.

V., can be calculated based on electron injection from the LUMO level
of dye to the conduction band minimum (CBM) of TiO, [98].

Voc= LUMO (SyStem) — (CBM)Tiog (2-36)
Regeneration driving force (AGyg) can be calculated from the difference
between the ground state oxidation potential and redox potential of the

iodide/tri-iodide redox couple I/1; computed by the following equation
[100]:

AGieg=I/l; — E™* (2-37)
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Chapter Three

Results and Discussions

3-1 Introduction
DFT calculation estimate to computing ground and excitation properties

for all structures by using hybrid function B3YLP at basis set 6-31G. The
present study includes three parts:

e Azo dye and azo doping with (Si, Ti, S, Zn, Al, Cu, Ni)
atoms.

e Different types of single walled carbon nanotubes
(SWCNT).
e SWCNT and azo dye.
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3-2 The work scheme

The work scheme of the present study will be summarized by the

figure(3.1).

Construct the
structures

I

y

Y

SWCNTS Pure Azo
dye
SWCNT(3, Azo doped with
3,8)/AZ0  Uessssesseessesssesew| (Si, Ti, S, Zn, Al,
doped Cu Cu, Ni) atoms
atom

] I

Geometrical optimization by DFT
method

I

HOMO .
Structural properties

LUMO

Energy gap l

Vo Electronic properties

l

Optical properties by
TDDFT method

|

Applications in DSSCs

Figure(3-1): The work scheme
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3-3 Computational Method for Azo Dye and Azo Doping
Nanostructures from azo dye and azo doping with (Si, Ti, S, Zn, Al, Cu,

Ni) atoms are constructed. These nanostructures are completely
optimized using Gaussian 09 program. The time-dependent density
functional theory (TD-DFT) is used to examine the UV-Vis spectrum and
calculate light-harvesting efficiency (LHE) by using the relation(2-32)

[101). The optimized nanostructures are shown in Fig.(3-2).
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Figure (3-2): The optimized azo dye and azo doping with (Si, S, Ti, Al,
Zn, Cu, Ni) atoms Nanostructures.
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3-4 HOMO, LUMO and Energy Gap for Azo and Azo
Doping Dye
The HOMO, LUMO, and E, for azo and azo doped with (Si, Ti, S, Zn,

Al, Cu, Ni) atoms have been discussed.

HOMOs ,LUMOs, and The HOMO-LUMO gap of the nanostructures
plays a significant role in the efficiency of electron injection and the
regeneration driving force. For high electron injection efficiency (high
charge transfer) the HOMO level of the dye must be very near to and less
than the redox potential of the I /I, electrolyte (—4.8 eV), while the
LUMO level must be greater than the conduction band minimum CBM of
TiO, (4.3 eV). The HOMOs and LUMOs for all the nanostructures, the
CBM of TiO, and I /I, redox potential levels are shown in Fig. (3-2).
Therefore, all the energy levels of the nanostructures except (azo-Al)
satisfy the requirement of DSSCs [102] .This figure illustrates that the
LUMOs of all nanostructures except (azo- Al) is higher than the CBM of
TiO, and the redox energy level of I /1, electrolyte is greater than HOMO
levels. From Fig (3.2) the azo-Ti have the LUMO level (-3.887 eV)
which is higher than the CBM of TiO, and HOMO (-5.212 eV) is lower
than the redox potential level of I /I, electrolyte, which is a confirmation
that the electrons will be injected into the electrode effectively.

The electron transfer from HOMO to LUMO, and the charge separation
of carriers, which modify the recombination rate of the electron-hole, are
important two factors impacting the DSSC efficiency. Fig.(3-3) shows the
configuration HOMO and LUMO orbital nanostructures and their spatial
charge separation. From this figure ,Can be noted that the HOMOs of
azo-Si, azo-S, and azo-Cu nanostructures are localized on the part which
contains the Si, S, and Cu atoms, respectively where the Si, S, and Cu
atoms are contributed as the donor. Meanwhile, the LUMOs are restricted

on another side of these nanostructures. Therefore, there is apparent
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spatial charge separation, as a consequence, the -electron-hole
recombination in these nanostructures is slow, which is very favorable to
the efficiency of conversion for DSSC. On the other hand, the other
nanostructures clearly do not show actual spatial charges separations, on
which the LUMOs and HOMOs orbitals are constrained on the similar
part of the nanostructures. Thus, the spatial charge separations are minor.
Hence, the recombination rate of electron-hole will be fast and the DSSCs
efficiency is low. These results indicate that azo-Si, azo-S and azo-Cu are

favorable sensitizers for DSSCs.
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Figure (3. 3): The HOMOs and LUMOs energy levels for all the nanostructures,
the CBM of Tio,, and I /I3 redox potential levels.

The calculation shows the energy gap of the azo dye equal 2.292 eV, but
when added one of the following atoms (Si, Ti, S, Zn, Al, Cu, Ni) it
showed a direct effect on the values of the energy gap, as shown in Table
(3-1), especially when adding titanium atom, the HOMO and LUMO
levels of azo-Ti are higher than azo dye, therefore, the energy gap
decreased to (1.325 eV), which means that the energy bundles converge

and the number of transfer electrons will be increased. The electron
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transfer depends on the value of the energy gap, all values of energy gaps

(1.325-2.456) eV for nanostructures are suitable for electron transforms.

Nanostructures HOMO LUMO

Pure Azo

Az0-Si

Azo-Ti

Az0-S
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Az0-Zn

Azo-Al

Az0-Cu

Azo-Ni

Figure (3.4): The HOMOs and LUMOs for nanostructures.
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Table (3. 1): The HOMO LUMO and energy gap of nanostructures.

Nanostructures HOMO LUMO Eg= LUMO- HOMO

eV) (eV) (eV)

Pure Azo -6.197 -3.905 2.292
Az0-Si -6.043 -3.912 2.131
Azo-Ti -5.212 -3.887 1.325
Az0-S -6.275 -3.966 2.309
Az0-Zn -6.113 -3.924 2.189
Azo-Al -5.942 -4.305 1.637
Azo0-Cu -5.538 -3.508 2.030
Az0-Ni -5.966 -3.510 2.456

3-5 Absorption Spectra and Light Harvesting Efficiency for

Azo Dye and Azo Doping
The absorption spectrum and light-harvesting efficiency are the important

parameters for DSSCs.The absorption spectra of nanostructures are
shown in Fig.(3.4). It is clear from the spectra that adding (Si, Ti, S, Zn,
Al, Cu, Ni) atoms produced the shift of spectrum for azo dye toward the
visible region for most nanostructures.

All nanostructures have good absorbance in the visible region except the
azo-Ni nanostructure. The maximum wavelength (Amax) COrresponding to
maximum intensity,oscillation strength (f) and light-harvesting efficiency
(LHE) are presented in Table (3.2). The pure azo, azo-S, and azo-Zn
nanostructures have two peaks. The pure azo , azo-Zn, and azo-Al
nanostructures can be used in light-harvesting systems but are not very
favorable for DSSCs.

The most favorable nanostructure for DSSCs is azo-S because it has good
light-harvesting efficiency, charge spatial separation, appropriate HOMO
and LUMO, and suitable driving force, so that, it has satisfied all

requirements for a DSSCs desired system [102].
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Figure (3.5): UV-Vis. for all the nanostructures.

Table (3. 2): hmax, f, LHE for nanostructures.

Nanostructures Amax NM F LHE %
Pure azo 406 0.502 68.522
618.8 0.193 35.879

Az0-Si 621.6 0.176 33.319
Azo-Ti 623 0.178 33.625
Az0-S 399.2 0.437 63.44
617.6 0.163 31.293

Az0-Zn 406 0.397 59.913
616 0.1662 31.797

Azo-Al 472 0.342 54.501
Azo-Cu 440 0.193 35.879
Azo-Ni 650 0.0167 3.772

3-6 Single walled carbon nanotubes.
In this section we will study the properties of different type of single

walled carbon nanotubes, then, study the effect of these nanotubes on the
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azo dye as a DSSC .This properties contain the geometrical, electronic
and optical properties of different types of single walled carbon
nanotubes (SWCNT). Geometrical properties includes bond length and
angle between atoms. Electronic properties are molecular orbitals energy,
band gap and open voltaic circuits (Voc). Optical properties represented
by ultraviolet-visible spectrum (UV-Vis.). After investigating all
properties of SWCNT , connect them with Azo organic dye.

3-7 Computational Method for SWCNTSs.

SWCNTs of different diameters and lengths (2,2,10), (2,2,14), and (3,3,8)
are constructed by Gaussian 09 program as shown in Fig.(3. 5). The UV-
Vis spectrum, efficiency, energy gap, maximum wavelength the harmonic
oscillation of the greatest wavelength, the highest energy level occupied

by electrons and the lowest unoccupied energy level are investigated.

System Geometrical Structure

2

R
(2,2,10) m
- Ly L J
>

OO

43




(3,3,8)

Figure (3.6): Single walled Carbon nanotubes of different diameters and lengths
(2,2,10), (2,2,14) and (3,3,8).

3-8 HOMOs, LUMOs and Energy Gaps for SWCNTSs.
In the present section, study the effect of nanotubes length on molecular
orbital's energy and energy gap. Table (3. 3) listed the values of the

higher occupied molecular orbitals (HOMO) and lower unoccupied

molecular orbital (LUMO), and the energy gap measured in eV unit,

Table (3.3): Listed values of HOMOs, LUMOs, and energy gap in eV for

SWCNTs.
SWCNT HOMO(ev) LUMO(ev) Eg (ev)
(3,3,8) -4.3483 -2.3292 2.019
(2,2,10) -4.8283 -2.5937 2.234
(2,2,14) -4.8245 -2.8952 1.929

Results in Table (3.3) show that the nanotube length and charity have a
direct effect on molecular orbitals energy, and the shift in HOMO and
LUMO levels plays an essential effect in the electron transfer process.
The values of the energy gap show that all carbon nanotubes have a
semiconductor nature. To complete the regeneration and recombination
process, the nanotubes should satisfy two important conditions, first, all
LUMO levels should be arranged above the conduction band minimum
CBM of TiO, (—4.3eV). secondly, the HOMO level should be arranged
below the oxidation potential of the iodine/tri-iodine electrolyte (—4.8eV).
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The result in Table (3.3) concludes that only the (2,2,10) and (2,2,14)
satisfied the conditions of the regeneration and recombination process,
and they can inject an electron in the CBM of (Ti0,).

Figuer(3.6)shows the distribution of charge in orbitals of HOMO and
LUMO levels for nanotubes. from this figure, we note that the HOMOs of
(2,2,10) and (2,2,14) nanotubes are localized in the central part.
Meanwhile, the LUMOs are distributed in all parts of nanotubes.
Therefore, there is apparent spatial charge separation, as a consequence,
the electron-hole recombination in these nanotubes is slow, which is very
favorable to the efficiency of conversion for DSSC. Conversely, the
(3,3,8) nanotubes do not appear in actual spatial charge distribution, on
which the LUMOs and HOMOs are distributed on a similar part of the
nanotubes. These results refer to (2,2,10) and (2,2,14) nanotubes are

favorable sensitizers for DSSC.

Nanostructures HOMO LUMO

(3,3,98)

(2, 2,10)
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Figure (3.7): HOMOs and LUMOs for the nanotubes.

Also, Figure (3.6) indicates that the electron charge density distribution
was increased with an increase in the length and charity. Meanwhile, the
distribution becomes more symmetry when the length and charity

increase.

Open voltaic circuits can be computed from equation (2-36). V¢ property
Is presented in Table (3.4). Result shows that the nanotube length has had
a direct effect on the Voc property. By increasing tube length, the Voc
property has being decreased, and it can be arranging in the order (3,3,8)
>(2,2,10) > (2,2,14).

Table (3.4): Listed values of (V)

Nanostructures Vo Vot
(3,3,8) 1.970
(2,2,10) 1.706
(2, 2,14) 1.404

3-9 UV-Visible for SWCNTSs.

TD-DFT method was used to compute the oscillation strength f and light
harvesting efficiency for all nanotubes understudy. Table (3. 5) indicates
that the charity and length of nanotube had a direct effect on LHE and f.
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In the case (2,2,10) and (2,2,14) SWCNTSs structures, results show that f
was decreasing with increased nanotube length from 10 to14 nm because
of the symmetry of the nanotube edge. The sample (3, 3,8) had high f
compared with other samples. LHE calculations show that (3,3,8)
SWCNT has high light harvesting efficiency compared with other

structures because it has high oscillation strength values.

Table (3.5): present the values of Amay), f, and LHE for nanotubes

Nanostructures A max NM F LHE %
(2,2, 10) 470 0.04 8.79
(2,2, 14) 886.45 0.003 0.688
(3,3, 8) 505.45 0.21 38.34

3-10 SWCNT and Azo Dye
In this section of the present work, we selected the structure (3, 3, 8)

SWCNT to connected it with azo dye to enhance the electronic and
optical properties. Three structures of carbon nanotubes were taken and
they are linked with a dye that is impregnated with Cu atoms and the
difference is in the binding site, Fig. (3-7) represents the three models.
The first structures shows the bonding of the metal atom to the a carbon
atom of the nanotube and a carbon atom of the dye. The second model
represents the bonding of the metal atom to two carbon atoms of the
nanotube and a carbon atom with the dye, while the third structures
represents the bonding of the metal atom with the dye nitrogen atom, as
shown in Figure (3.7). Table (3.6) listeds the values of molecular orbitals
energy and energy gap. Table (3.6) indicates that sample (A) satisfied the
condition of the regeneration and recombination process and it could
inject the electrons into the TiO, electrode. Sample (B) and (C) satisfied
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one condition only from the two condition of formation DSSC that is
LUMO distribution above CBM(TiO,), in another hand, it can generate

electrons. Meanwhile, the HOMO level was population abovellf
3

electrolyte, so samples (A) and (C) cannot have the ability to
recombination electrons in the electrolyte solution. The above results
involve that's, sample (A) was more suitable for application in the DSSCs
field. The result of the energy gap shows that all samples have a

semiconductor nature.

Sample optimizations structures
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Figure (3.8): Nanocomposites after geometrical optimizations.

Table (3.6): Listes values of HOMOs, LUMOs, and energy gap for nano-

composites
Sample HOMO (eV) LUMO (eV) E, (eV)
A -5.15921 -3.78233 1.376877
B -4.58533 -4.09063 0.494696
C -4.34369 -3.21716 1.126535

Figure (3.8) illustrated the electron charge density distribution generated
by the Gaussian view 5.0 program. Electron charge density is one of the
important tools that indicate the most stable electron charge surrounding
the atoms constituting the nanocomposite. From figure(3.8 A), the results
indicate that the most charge density surrounding SWCNT is clear in the
HOMO. On the opposite, the charge density distribution indicates that
most LUMO overlaps the edge of azo dye. Fig.(3.8) (B and C), have the

same distribution of sample (A) but differ in the charge concentration.
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Figure (3.9): HOMOs and LUMO:s for the nanocomposites.

3-11 UV-Visible spectrum and open voltaic circuit for Nano-

composites
Time dependent-density functional theory TD-DFT calculation was used

to compute the maximum wavelength of absorption, oscillation strength,
and light harvesting efficiency. UV-Visible spectrum was an important
tool to determine the type of shift in electromagnetic radiation.
Oscillation strength considers an important parameter for computing LHE
and it corresponds maximum wavelength of absorption. Table (3.7) listes
the value of the wavelength of absorption, oscillation strength, LHE, and
open voltaic circuit .The results show that sample (A) is absorbing in the
near-infrared region of electromagnetic radiation. Samples (B) and (C)
are absorbed in mid and far-infrared regions of electromagnetic radiation.
From above results conclude that sample a was more suitable for
absorption in the near-infrared region of electromagnetic radiation
compared with the two another samples. LHE calculations show that
sample (a) has a high ability to harvest light compared with another

sample. V. results show that sample (a and c¢) can generate voltaic with

o1




the limitation of organic solar cell device, on the other hand, sample (b)
have a low ability to generate gain voltaic. Fig. (3-9) represents the curve

of the UV-Visible spectrum for the nanocomposite under study compute
by the TD-DFT method.

Table (3.7): Listed values of Anax, f, and LHE for Nano-composites

System Amax NM F LHE % V. Volt
A 987.12 0.0542 11.7 0.21
B 1326.73 0.02 4.50 0.09
C 1742.58 0.0001 0.02 0.78

1.2

Pure-SWCNT

0.8
0.6
0.4
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Figure (3.10): The UV-Visible spectrum for nanocomposite.
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Chapter four

Conclusions and Future Works

4-1 Conclusions
The geometrical optimizations and electronic properties of azo dye

and the effect of doping with (Si, Ti, S, Zn, Al, Cu, Ni) atoms are

investigated at the B3LYP/6-31G level, from the result one com

conclude that:

1-

The HOMOs and LUMOs energy levels of all nanostructures
except (azo-Al) satisfy the requirements of DSSCs with the TiO,
electrode and I /I; electrolyte.
Az0-Si, azo-S and azo-Cu exhibit spatial charge separation which
makes these three nanostructures favorable for sensitizer of DSSC.
The results of the optical absorption spectra and light-harvesting
efficiency demonstrate that the optical absorptions of azo dye are
affected by doping atoms and the nanostructures. (azo-Zn, azo-S,
and azo-Al) have an improvement in the visible region, indicating
that they are capable to be contenders for use as harvesting
materials.
Azo0-S nanostructure has respectable light-harvesting efficiency,
charge spatial separation, appropriate HOMO and LUMO, and
appropriate driving force. Therefore, azo-S is a favorable candidate
as a sensitizer of DSSCs. These results give guidance for the design
of the solar energy harvest materials and enhanced efficient
sensitizer of DSSCs.
The length and charity of SWCNT play an important role in the
change of electronic and optical properties.
All the pure SWCNT absorbed in the visible range of
electromagnetic radiation.
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7- The position of link Cu-doped azo dye with SWCNT effects on
regeneration and recombination process.
8- The nanocomposites built from Cu-doped azo and SWCNT are

more suitable for solar cell application.

4-2 Future work
1- Investigations the effect of doping azo dye by others atoms in the

photosensitizers properties.

2- Building new nanocomposites from SWCNT and others dyes such
as curcumin, pahthalocyanine dyes to study their photosensitizer
properties.

3- Studying the effect of replacement the SWCNT by graphene
quantum dot in the DSSCs.
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