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Abstract

The energy demand has been continuously growing owing to the shortage of sources of

traditional energy (such as fossil fuels), due to the growing population of the world, and

increased industrialization, which prompted the need for more energy. However renewable

energy (such as photovoltaics) has attained attention due to its reliance on the infinite

energy source (sun) which provides an hour long energy flow that fulfil the yearly energy

of the glob. Not only that, renewable energy sources offer clean energy, that is meant

to contribute to decarbonization in the future and reduce environmental changes. Solar

cell materials that can effectively capture photons and conduct charges are continuously

investigated for the last six decades. Contrarily to silicon based solar cells, organic solar

cells are among the most promising solar cells in terms of offering cheap device fabrication,

flexibility, high absorption, etc. However, these solar cells still suffer from low efficiency

compared to traditional silicon solar cells due to poor absorption, low mobility, and poor

stability. Numerous strategies have been employed to improve the efficiency of OSC de-

vices, these include Ternary OScs, Tandem OSCs, and the inclusion of nanoparticles in

OSC devices. Nanoparticles remain the best candidate to feature in OSC devices because

Tandem OSCs require multi-absorber layers which leads to high device cost, whereas

nanoparticles can be produced at a small scale and still offer good results. This study

takes advantage of the features offered by the nanoparticles and uses them to investi-

gate the effect of Nickel doped with cobalt bi-metal nanoparticles(Ni/Co BMNPs) in the

PEDOT:PSS buffer layers of the P3HT: PCBM-based devices. Solar cells were success-

fully fabricated with four different concentrations of Ni/Co BMNPs as 0.05 %(0.5 mg),

0.15 %(1.5 mg), and 0.25 %(2.5 mg). Significant improvements were achieved for the

0.05% with the Fill factor of 58.52 %, and current density of 15.31 mA/cm2, and maxi-

mum efficiency of 5.05 % which displayed 67.8 % improvement from the undoped device.

The investigation was further conducted by simulation program called SCAPS to confirm

yhe contribution of the metal nanoparticles on the device performance. The results were

reproduced in SCAPS where the energy band gap of the P3HT:PCBM and the shallow
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conduction density of electrons of the PEDO:PSS were simultaneously varied. All results

are comparable with the experimental results and found to be similar. The device that

was made to mimic the 0.05 % device produced a FF of 57.76 %, Jsc of 15.76 mA/cm2,

and maximum efficiency of 5.76 % which displayed 88 % improvement from the undoped

device. This study further provides factors that contributed to the high/low device per-

formance due to the inclusion of the BMNPs in the OSC device and some of the necessary

background and theory are provided to support these findings.
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Abbreviations

ABL Absorber Layer

Al Aluminium

BMNPs Bi-Metal Nanoparticles

CO2 Carbon dioxide

Co(N03)2 Cobalt Nitrate

EB Binding Energy

EQE External Quantum Efficiency

ETL Electron Transport Layer

FF Fill Factor

HOMO Highest Occupied Molecular Orbital

IPCE Incident Photon to electron Conversion Efficiency

ITO Indium Tin Oxide

LiF Lithium Fluoride

LSPR Localized Surface Plasmon Resonance

LUMO Lowest Unoccupied Molecular Orbital

MNPs Metal Nanoparticles

NaBH4 Sodium Borohydride

Ni(N03)2 Nickel Nitrate

Ni/Co BMNPs Nickel doped with cobalt Bi-Metal Nanoparticles

NPs Nanoparticles
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NREL National Renewable Energy Laboratory

OSCs Organic Solar Cells

P3HT:PCBM poly(3-Hexylthiophene).:[6,6]-Phenyl-C61-Butyric Acid Methyl Ester

PCE Power Conversion Efficiency

PEDOT:PSS Poly(3,4-Ethylenedioxythiophene) Polystyrene Sulfonate

PIRET Plasmon Induced Resonance Energy Transfer

SCAPS Solar cell Capacitance Simulator

SEM Scanning Electron Microscopy

SPCLC Space Charge Limited Current

TEM Transmision Electron Microscopy
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Chapter 1

1 Introduction

1.1 Renewable energy

The Industrial Revolution led to emerge more advanced technologies, which made life easy

and brought more wealth that grew the economy. However, there is high energy demand

to power such technologies, and the current energy sources (fossil fuels) are finite and

emit greenhouse gases such as CO2. The emission of greenhouse gases can lead to severe

environmental changes like global warming whose consequences are evident by the rise of

sea levels due to the melting of onshore ice shields, water shortage, desertification, and the

collapse of the ecosystem, etc [3]. Due to all these severe impacts of burning fossil fuels

on the environment, an alternative source of energy that contributes to decarbonization,

such as renewable energy is currently receiving immense attention. The replacement of

fossil fuels with renewable energy sources is expected to reduce CO2 emission by 75 %

by 2050 [2, 3, 5, 10] which brings us to the levels in 1985. Renewable energy sources not

only protect the environment but also contribute to the fast-growing world economy and

bring stability to nature. The renewable energy technologies can be produced at small

scales and, in a short time. Some renewable technologies include windmills, photovoltaics,

and nuclear power [4, 6, 7, 9, 13], etc. Among these renewable technologies, photovoltaic

technology is regarded as the most promising technology owing to the abundant energy

coming from the sun. The earth receives 1020J of magnitude of energy from the sun per

hour which is equivalent to the amount of energy used in the world per year. This energy

can be converted to electricity by solar cell devices. The excess energy spreads around the

globe and can be absorbed by plants, or by the earth’s surface, or can be reflected into

space [4]. Solar cells made their breakthrough after the introduction of the p-n junction

by William B. Shockley, Walther H. Brattain, and John Bardeen (Nobel Prize for the

transistor in 1956)[1]. With the advent of new technologies and the attention they are

currently receiving, their performance has improved since their launch by Bell Labs in
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1954 [8, 10, 25, 27]. The performance of different types of solar cells reported on the

Figure 1: Best research cell efficiencies recorded by NREL from 1974 to 2023, Figure and
caption taken from NREL website in ref [11].

NREL website is shown in Figure 1, with the Multijunction solar cells being the most

efficient solar cells, with minimum efficiency records of 35.5 % and maximum efficiencies

of 47.6 %. In terms of efficiency, Single-Junction GaAs solar cells rank second. The

minimum efficiency of 27.8 % and maximum efficiency of 30.8 % are reported for these

solar cells. Crystalline Si Cells is the third most popular solar cell. The lowest efficiency of

21.2 % and the highest efficiency of 27.6 % were reported for these solar cells. Thin-Film

Technologies, with a record minimum efficiency of 14.0 % and a maximum efficiency of

23.6 %, is the second-last efficient solar cell. Finally, for Emerging photovoltaics (PV)

cells, their reported minimum and maximum efficiency are 13 % and 33.9 %, respectively.

According to Figure 1, which provides a detailed overview of each of these solar cells’

progress, some of these solar cells were launched as early as 1976, some in the 1990s, some

in the early and late 2000s, and some had their progress end before 2023 owing to a lack

of research. In terms of efficiency and research, organic solar cells are currently among

the fastest-growing solar cells.
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1.1.1 Progress in organic solar cells

Organic solar cells are one of the new emerging solar cell technologies that have attracted

the attention of scientists and engineers as well as industries. These new and emerging

technologies including perovskite, dye-synthesized solar cells, and organic solar cells (OSC)

brought advantages in terms of cost, and stability. OSC is the leading technology in terms

Figure 2: Different structures of organic solar cells, a) Single layer structure,b) bi-layer,
c) Bulk-heterojunction structure(blend).

of offering low cost, portability,flexibility [14, 16, 17, 18, 19] etc. These solar cells came

into existence after the discovery of conducting polymers in the 1970s by Heeger et al.

who were later awarded with Nobel prize in 2000s [10, 12]. OSCs are often fabricated

in one of the three main device structures (see Figure 2). The first OSC was made in

the 1980s from a single active layer sandwiched between the two electrodes (see Figure

2a), which has produced a PCE as low as 0.1 %[50] due to the challenges in separating

excitons. Tang introduced a bilayer heterojunction structure (Figure 2b) in 1986 [15, 38,

46, 50], which was regarded as a significant advancement in the area of OSCs at the time.

This structure used copper phthalocyanine as the donor (D) and perylene tetracarboxylic

derivate as the acceptor (A). Using copper phthalocyanine and perylene tetracarboxylic

derivate as active layers, this bilayer heterojunction device produced a PCE of less than

1 %. Compared to inorganic solar cell PCE, this efficiency was regarded as small. Short

exciton diffusion lengths (ranging from 1-10 nm) and exciton lifetime were responsible

for low PCE in OSC [41, 46]. Moreover, the use of a thin organic photoactive layer

3



Figure 3: Growth in efficiency of organic solar cells from 2012 to 2022.

owing to poor absorption. The new device architecture known as bulk-heterojunction

was introduced in 1995 [15] by Yu et al It involves blending the donor and acceptor

material(see Figure 2c) bringing the interfaces close enough to allow the exciton separation

before recombination. The use of bulk heterojunction design of Organic Solar Cells led

to improved efficiency as close as 6 %.However, with the introduction of small molecules

and non-fullerene acceptors, the power conversion efficiency grew from less than 1 %in

1990 to (∼ 20%) [15, 16, 17, 19] in 2022 as shown in Figure 3 taken from ref [14]. Even

with the advent of BHJ, the problems of poor absorption and conductivity remain, thus

research is currently concentrating on the insertion of nanoparticles in organic devices to

increase absorption and conductivity.
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Chapter 2

2 Semiconductor characteristics and devices

A semiconductor is a material that has an electrical conductivity between that of a metal

and an insulator [20]. One of the parameters that characterizes the semiconductor is the

energy band gap which can be referred to as the forbidden space between the conduction

band and valence band. The occupation of electrons in the conduction band depends on

the temperature, At zero kelvin the conduction band is empty while the valence band is

fully occupied [1]. At temperature T, the density of electrons in the conduction band is

varied according to [1, 9, 21, 22, 23, 24]

n = 2

(
mekBT

2πh̄2

) 3
2

exp

(
−(Ec − EF )

kBT

)
= NC exp

(
−(Ec − EF )

kBT

)
(1)

Similarly,the concentration of holes in the valence band is defined as

p = 2

(
mhkBT

2πh̄2

) 3
2

exp

(
(EV − EF )

kBT

)
= NV exp

(
(EV − EF )

kBT

)
(2)

Where me is the effective mass of electrons,mh is the effective mass of holes, KB is the

Boltzmann constant, T is the temperature, h̄ is the reduced Planck’s constant, EC con-

duction band energy, EV is the valence band energy, EF is the fermi-level energy, NC is

the conduction effective density of states, and NV is valence effective density of states.

In an intrinsic semiconductor, the concentration of electrons in the conduction band is

equal to the concentration of holes in the valence band n = p = ni[1, 9, 21, 22, 23]. By

multiplying eq.1 and eq.2 it can be shown that the intrinsic carrier concentration depends

exponentially on Eg/2kBT, where Eg is the energy band gap defined as Eg = EC−EV .

np = ni
2 = 4

(
KBT

2πh̄2

)3

(mhme)
3
2 exp

(
(−EC + EV )

KBT

)
(3)
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By putting a square root on eq.3 we get

ni = 2

(
kBT

2πh̄2

) 3
2

(mhme)
3
4 exp

(
−Eg
kBT

)
(4)

The Fermi energy can be obtained by equating eq.1 to eq.2

NC exp

(
−(Ec − EF )

kBT

)
= NV exp

(
(EV − EF )

kBT

)
(5)

Putting the natural log in both sides of eq.5, and rearranging, we can arrive at the

following fermi energy equation

EF =
(EV + EC)

2
+
kBT

2
ln

(
NC

NV

)
(6)

If NC = NV then EF = (EV +EC)
2

, and EF lies close to the middle of the forbidden gap

as shown in Figure 4a. The intrinsic semiconductors remain non-conducting until small

dopants are introduced. Doped semiconductors with acceptor atoms or donor atoms to

Figure 4: The energy diagram showing the intrinsic and extrinsic semiconductors, a)
An intrinsic semiconductor with the fermi-level centered in the forbidden region,b) Semi-
conductor doped with donor atoms resulting in the fermi-level shifting up close to the
conduction band,c) Semiconductor doped with acceptor atoms resulting in the fermi-level
shifting down close to the valence band.
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set up their conductive property are known as extrinsic semiconductors. For instance,

an array of Silicon atoms with no impurities cannot conduct carriers due to the balance

of charges in the atoms. Silicon has four valence electrons, in a crystal array, all these

electrons are paired with the neighboring Silicon atoms which results in the stability of

these atoms. These electrons are immobile or are constrained between the atoms since

they are used to form the bonds between the atoms. The conductive properties of Silicon

change when small impurities such as phosphorous or arsenic are introduced into the Sili-

con crystal structure to replace the Silicon atom. Phosphorous has five valence electrons,

when it replaces the Silicon atom, only four of the five valence electrons fit in the crystal

structure the fifth is free to move throughout the crystal [22, 25, 26]. A semiconduc-

tor doped with small amounts of phosphorous can be imagined as containing positively

charged atoms and electrons that are free to wander throughout the semiconductor, which

therefore alters the conductive properties of the material. This type of semiconductor is

called an n-type semiconductor because the doped impurities contribute mobile negative

charge (electrons)(see Figure 5a). In the p-type semiconductor, the doped impurities con-

tribute positive charge(holes)(see Figure 5a), for instance, a Boron atom has three valence

electrons when it is doped into the silicon crystal structure, and an electron from Silicon

occupies a hole in Boron (boron becomes negative since it has gained an electron) leaving

a hole behind [22, 25, 26], An electron from a neighboring silicon atom can move into this

hole, and the hole moves to another Silicon atom, In this way, a positively charged hole

can wander through the crystal. Therefore, this type of semiconductor can be viewed as

containing immobile, negatively charged boron atoms and an equal number of positively

charged, mobile holes. Because of the mobile holes, the semiconductor can conduct elec-

tricity. The introduction of defects such as donor atoms in the Silicon crystal structure

can lead to the complete ionization of donor impurities in such semiconductors at room

temperature suggesting an equal number of electrons in the conduction as the number of

impurity atoms[22]. If we let ND the donor concentration of atoms, and equate it to eq.1
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we obtain

n = NC exp

(
−(Ec − EF )

kBT

)
= ND (7)

It can be noted in Figure 4b that the Fermi level shifts upwards due to the introduction of

the donor level [25, 42]. It is necessary to express the concentration of electrons and holes

as the intrinsic carrier concentration ni and intrinsic Fermi level(Ei) as they are used as a

reference point for the discussion of the extrinsic carriers. Therefore multiplying eq.7 by

exp
(

−Ei

kBT

)
exp

(
Ei

kBT

)
yields

n = NC exp

(
−(Ec − EF )

kBT

)
exp

(
−Ei
KBT

)
exp

(
Ei
kBT

)
(8)

n = NC exp

(
(Ei − EC)

kBT

)
. exp

(
EF − Ei
kBT

)
(9)

n = ni. exp

(
EF − Ei
kBT

)
(10)

Similarly, for the p-type impurity concentration (holes), one can arrive at the following

equation after derivation.

p = pi. exp

(
EF − Ei
kBT

)
(11)

When these semiconductors are brought into contact, a p-n junction is formed. The free

electrons from the n-material and free holes from the p-type material close to the junction

diffuse across the junction (see Figure 5b) and combine, leading to a diffusion current,

which occurs due to a large carrier concentration gradient at the junction. This carrier

diffusion is caused by thermal energy since there is no external field. On the other hand,

the potential gradient is created across the p-n junction which results in the creation of a

drift current which counteracts the diffusion current.
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2.1 Charge transport in Semionductors

2.1.1 Diffusion current

The currents due to diffusion of electrons from an n-type material to a p-type and holes

from a p-type material to an n-type are given by [23, 25, 27, 28, 31]

Jdiff,n = eDn
∂n

∂x
(12)

Jdiff,p = −eDp
∂p

∂x
(13)

Dn, Dp are the diffusion coefficients given by the Einstein relations

Dn =
kBT

e
µn (14)

Dp =
kBT

e
µp (15)

µn and µp are electron and hole mobilities respectively.

The drift current densities are given by

Jdrift,n = eµnnE (16)

Jdrift,p = eµppE (17)

Where E is the electric field. The total current due to electrons is given by the sum of

the drift and diffusion currents.

Jn = Jdiff,n + Jdrift,n = eµnnE + eDn
∂n

∂x
(18)

The total current due to holes is the sum of eq.13 and eq.17

Jp = Jdiff,p + Jdrift,p = eµppE − eDp
∂p

∂x
(19)
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The combined total current is given by the sum of eq. 18 and eq.19

J = Jn + Jp = (µnn+ µpp) eE +

(
Dn

∂n

∂x
−Dp

∂p

∂x

)
e (20)

When there is a balance(at equilibrium) of charges in the positive and negative charge

layers on the two sides of the junction, An electric field set up by these layers prevents any

further movement of charge across the junction [27], and all charge flow quickly stops(

such that the current is zero), creating a region with no charge called the depletion

region(space charge region)(Figure 5b).

2.2 The p-n junction under external bias voltage

2.2.1 Reverse bias p-n junction

When an external load like a battery is connected across these semiconductors, such

that the battery’s positive terminal is connected to the n-type material, and the negative

terminal is connected to the p-type semiconductor. The positive charges in the battery’s

positive terminal will attract the negative charges in the n-type material, forcing them to

migrate away from the depletion region. Likewise, the negative charges from the negative

terminal of the battery will attract the positive charges from the p-type material forcing

them to migrate away from the depletion region as a result the depletion region and the

potential barrier will expand, allowing the minority of charges to pass across this region(

See Figure 6b).

2.2.2 Forward bias p-n junction

The battery is connected across these semiconductors such that the positive terminal of

the battery is connected to the p-type material and the negative terminal is connected

to the n-type semiconductor. The positive charges in the positive terminal of the battery

will repel the positive charges in the p-type material forcing them to migrate toward

the depletion region. Likewise, the negative charges from the negative terminal of the

battery will repel the negative charges from the n-type material forcing them to migrate

10



Figure 5: a)Extrinsic semiconductors, b) The formation of space charge region when
p-type and n-type materials are brought together.

Figure 6: a) Forward bias, b) Reverse bias.

toward the depletion region as a result the depletion region and the potential barrier will

reduce, allowing the charges to pass across this region (See Figure 6a). The voltage-

current density characteristics can be derived from a model known as ideal Schottky

diode and by using the equivalent circuit model
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2.3 Ideal Schottky diode

We recall that in the forward bias condition, the electric field is reduced, and the drift

current will be reduced too since it depends on it. Therefore the diffusion current is

dominant over the drift current hence it is used to obtain the ideal diode equation given

by

J = −Jo
[
exp

(
eV

nkBT

)
− 1

]
(21)

Where the J0 is the reverse saturation current density defined as:

J0 = e

(
Dp

Lp

n2
i

N+
D

+
Dn

Ln

n2
i

N−
A

)
(22)

Figure 7: The typical diode J-V curve.

When the diode is irradiated with light electrons will be excited, resulting in the photo-

generated current(Jph). The output current is now given by the sum of the photo-
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generated current and the diode current.

J = Jph − Jo
[
exp

(
eV

nkBT

)
− 1

]
(23)

The real solar cell can be modeled by the equivalent circuit.

2.4 Equivalent circuit model

The ideal structure of a solar cell contains no series resistance and shunt resistance, but

in reality, the ideal solar cell does not exist. The real solar cell has series resistance and

shunt(parallel) resistance, and its structure is shown in Figure 8

Figure 8: The equivalent solar cell circuit.

The shunt current density is given by

Jsh =
V + JRs

Rsh

(24)
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The output current is given by the modified Schottky current which includes series resis-

tance Rs and shunt resistance Rsh

J = Jph − JD − Jsh (25)

J = Jph − J0
[
exp(

e(V + JRs)

nkBT
− 1

]
− V + JRs

Rsh

(26)

The applied voltage can be derived from eq.23

V =
nkBT

e
ln

(
Jph − J
J0

+ 1

)
(27)

Where n and kBT are ideality factor and Thermal energy respectively

2.5 Solar cell characteristics parameters

The general solar cell parameters that determine the performance of the solar cell are(shown

in Figure 9): Short circuit current density Jsc, Open circuit Voltage Voc, Fill Factor FF,

External Quantum efficiency EQE, and Power conversion Efficiency PCE. The maximum

Figure 9: The typical J-V curve of a solar cell.
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power a solar cell can produce is the product of the maximum voltage and maximum

current density.

Pm = VmJm (28)

The FF is the ratio of the maximum power to the product of the Voc and Jsc given by the

following equation

FF =
JmVm
JscVoc

(29)

The series resistance can be found by taking the derivative of the current density and

equating it to zero when the current density is maximum. The derivative of eq.26 is

therefore given by( for simplicity the shunt current is ignored)

dJ

dV
=
dJph
dV
− J0

d

dV

[
exp(

e(V + JRs)

nkBT
− 1

]
= 0 (30)

The first term in eq.30 is zero since the photo-generated current does not depend on the

applied voltage, therefore eq.30 reduces to

dJ

dV
= −J0

(
exp(

e(V + JRs)

nkBT

)[
1

nkBT
+

Rs

nkBT

dJ

dV

]
= 0 (31)

For eq.31 to be zero the term inside the square brackets must be zero since the one inside

the round brackets can not be zero.

[
1

nkBT
+

Rs

nkBT

dJ

dV

]
= 0 (32)

1

nKBT

[
1 +Rs

dJ

dV

]
= 1 +Rs

dJ

dV
= 0 −→ − 1

Rs

=
dV

dJ
(33)

Therefore

Rs = − dJ

dV

∣∣∣∣
V0C

(34)

One can also write the shunt resistance as

Rsh = − dJ

dV

∣∣∣∣
Jsc

(35)
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The open circuit voltage is the voltage when there is no current in the circuit, which can

be derived from eq.23 or eq.27, by setting J=0 and V=Voc

Voc =
nkBT

e
ln

(
Jph
J0

+ 1

)
≈ nkBT

e
ln

(
Jph
J0

)
(36)

The Short circuit current density is the current when there is no external voltage applied

on the circuit, which can be derived from eq.23 by setting V= 0 and J=Jsc which leads

to Jsc=Jph. The PCE describes the amount of power converted by the solar cell from the

irradiance of (1000W/cm2) to electricity.

PCE =
Pout
Pin

=
JscVocFF

Pin
(37)

As it can be seen from eq.37, the efficiency of the cell depends explicitly on the Jsc, Voc,

and FF

2.6 Charge transport in solar cells

2.6.1 Space charge limited current

The theory of space-charge-limited current between plane parallel electrodes is crucial in

determining the charge carrier mobility. In the absence of light(under dark conditions)

and traps the current density is given by the Mott-Gurney law [9, 29, 30, 31, 77]

J =
9

8
µεε0

V 2

L3
(38)

Where µ is the field dependent mobility, ε0 is the permittivity of free space,ε is the relative

dielectric permittivity of the material, L denotes the thickness of the photoactive layer,

and V is the voltage drop across the sample. For the set of a single set of traps, eqs.38

can be modified as follows

J =
9

8
µεε0

V 2

L3
θ0 (39)
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Where θ0 is given by the following relation

ρf
ρf + ρt

= θ =
Nc

Nt

exp

(
− A

KT

)
(40)

Where ρf and ρt are the free and trapped charge densities, and Nc and Nt are the effective

conduction band density of states, and density of traps respectively. The current density

is given by.

J = µρfE (41)

With the contribution of the diffusion current being neglected. substituting eq.40 into

eq.41 we get

J = θ0µ(ρf + ρt)E (42)

Taking the relationship of the electric field with the charge density, given by Poisson’s

equation

dE

dx
=
ρf + ρt
εε0

(43)

Eq.42 reduces to

J = θ0µεε0E
dE

dx
(44)

Eq.44 can be integrated as follows

J

∫ x

0

dx = θ0µεε0

∫ E(x)

E(0)

EdE (45)

Jx = θ0µεε0
E2(x)− E2(0)

2
(46)

If the injecting electrode is at x=O, E(0) is assumed to be zero and

E(x) =

(
2Jx

θ0µεε0

) 1
2

(47)

17



The voltage V dropped across the sample can be determined by integrating eq.47 over

the absorber layer thickness L as follows

V = E

∫ L

0

dx =

(
2J

θ0µεε0

) 1
2
∫ L

0

x
1
2dx (48)

EL =
2

3

(
2J

θ0µεε0

) 1
2

L
3
2 (49)

And the current density J can be obtained by rearranging eq.49

J =
9

8
θ0µεε0

E2

L
(50)

According to Frenkel(1938), the effective depth of traps may be reduced by the presence

of a strong electric field, this was later discussed by Verimilyea(1954). The charge current

density -voltage equation due to the Frenkel effect is defined as( the full derivation can

be found in ref [29])

J =
9

8
θ0εε0µ exp

(
0.89

KBT

√
e3V

πεε0L

)
V 2

L3
(51)

2.7 Organic solar cell

Organic solar cells/organic photovoltaic solar cells are devices that convert sunlight en-

ergy into electrical energy by using conducting polymers. These polymers offer both the

absorption and conducting properties of a semiconductor. Many optoelectronic devices

have been made from these polymers such as light emitting diodes, bio-sensors, touch

screens, supercapacitors, photovoltaics, etc [49]. These polymers have gained extensive

attention owing to their superior advantages such as the ability to tailor their electri-

cal and optical properties through structural modifications, ease of synthesis, flexibility,

cheap production cost, and ease of processability [33, 37, 50]. The conducting prop-

erty of polymers can be explained by the bonds that exist between the Caborn atom

and neighboring atoms in the polyacetylene [49]. In polyacetylene, carbon atoms in the

polymer main chain are sp2 hybridized and each carbon atom forms three covalent sigma-
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bonds with adjacent neighboring atoms, The 2pz unhybridized orbital overlaps with the

other unhybridized 2pz orbital of the neighboring carbon atom, leading to the delocaliza-

tion [10, 12, 33, 37, 46, 51] of the electrons forming the π band. This half-filled π band

would make the polymer-metal, nevertheless, the structure dimerizes due to Peierls insta-

bility [49, 54], forming a completely occupied π band and an empty π∗ band, which gives

conjugated polymers their semiconducting characteristics. The energy band formation

Figure 10: Increasing the conjugated chain length introduces new energy states of the
π-bonds orbital conformations and in turn decreases the band gap. In a hypothetical
infinitely long polyacetylene chain, these levels will start to blend and form seamless
bands. By doping the material can extra energy levels of electrons and holes be introduced
into the material, making it more conductive. this figure and the caption were taken from
ref [56].

can be realized in Figure 10, where the conjugation of molecules results in the splitting of

energy levels for instance, the conjugation in Figure 10 starts with ethene, and one of the

carbons is single-bonded into the ethene to form butadiene. If this chain keeps repeating
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Hexatriene will be formed, then polyacetylene with more splitting in the energy levels

leading to the formation of π and π∗ bands, also known as the highest occupied molecular

orbital(HOMO) and lowest unoccupied molecular orbital(LUMO) respectively [37]. The

OSCs are continuously designed based on these polymers, some of the chemical struc-

tures of the materials used to design OSCs are shown in Figure 11. Although OSCs

Figure 11: Chemical structures of some of the most common organic materials used
in the fabrication of OSCs. Upper row: the p-type hole conducting donor poly-
mers MDMO-PPV (poly[2-methoxy-5-(3,7- dimethyloctyloxy)]-1,4-phenylen evinylene),
P3HT (poly(3-hexylthiophene2,5-diyl) and PFB (poly(9,9’-dioctylflu orene-co-bis-N,N’-
(4-butylphenyl)-bisN,N’-phenyl-1,4-phenylenediamine). Lower row: the electron con-
ducting acceptor polymers CN-MEH-PPV (poly-[2-methoxy-5-(2’-ethylhexyloxy)- -1,4-
(1-cyanovinylene)-phenylene) and F8TB (poly(9,9’-dioctylfluoreneco- -benzothiadiazole)
and a soluble derivative of C60, PCBM (1-(3- methoxycarbonyl) propyl-1-phenyl[6,6]C61).
Figure taken from ref [37].

have made such progress, they still differ from their counterparts inorganic solar cells due

to the physical parameters that characterize them such as mobilities, energy band gap,

dielectric constant, Coulomb forces, etc. Inorganic semiconductors such as Silicon have

narrow energy band gaps of 1.1eV [35]. which is an indirect band gap meaning that the

crystal momentum of electrons and holes remains the same in the conduction band and

the valence band and an electron can directly emit a photon. The excitation in the silicon
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semiconductor by the electromagnetic energy results in the generation of free charges,

which can be collected immediately after being generated this is due to the large dielec-

tric constant εr = 11 leading to weak coulomb forces and small binding energy. In the

absence of external energy, these free charges can also be created by thermal excitation (at

room temperature) from the valence band to a conduction band, with a concentration of

charge carriers given by N = Neffe
−Eg/2KT , where Neff is the effective density of valence

or conduction band states and Eg is the band gap [12]. These materials have intrinsic

conductivities ranges from 10−8 to 10−2 Ω−1 cm−1 [12]. Contrarily, the conductivity of

organic semiconductors is extrinsic and is brought about by the injection of charges at

electrodes, by purposeful or accidental doping, and by the dissociation of photo-generated

electron-hole pairs that are bonded by their mutual coulomb attraction. The energy band

gap of organic semiconductors is wide in the range of 1 eV−3 eV, which can be direct

or indirect, and they have a small dielectric constant of εr = 3.5 [40, 44, 53, 55] leading

to large coulomb forces and binding energy [12, 34, 46] of 0.5eV − 1eV , which limit the

creation of free charges by thermal excitation, and therefore more energy is required to

overcome the coulomb force. Lastly the Voc in organic solar cells is defined as the energy

difference between the energy of the LUMO of the acceptor material and the HOMO of

the donor material [36, 42, 44, 55]

Voc =
1

q

(
ELUMO

A − EHOMO
D
)
− 0.3 (52)

where A and D stand for acceptor and Donor respectively,the value of 0.3 V in eq.66 is an

empirical factor which is related to the coulomb attraction between holes and electron [44]

2.8 Working principle of organic solar cells

2.8.1 Absorption and exciton generation

Compared to Traditional silicon solar cells, organic solar cells cannot produce free charges

without external energy. The absorber material absorbs photon energy to generate free
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charges. Due to high binding energy EB > 0.3 eV, bound excitons are created rather than

free charges. The photon energy must be greater than the energy difference (band gap)

HOMO and LUMO of the absorber material, for the electrons to be excited from HOMO

to LUMO, leaving a hole behind. The photon absorption efficiency for any material

ηPA(λ) [1, 55] depends on the absorption coefficient of the absorber molecule, transmit-

ted photons whereas the reflected photons are lost [1]. Additionally, the absorber layer

thickness (which is in the range of the coherence length of the sunlight) and its position

within the optical field distribution created by interference determine ηPA(h̄ω). Hence, an

optimization of ηPA means finding molecules with high absorption in the desired spectral

range and optimizing the stack regarding optics [1]. The absorber material absorbed the

light energy hv which generated bound excitons, the binding energy is EB > 0.3eV which

poses difficulty in separating the generated excitons. For separation, the exciton has to

undergo diffusion.

Figure 12: a) Four steps governing the operating mechanism of OSCs in the energy dia-
gram, 1) Absorption and exciton generation,2) Exciton diffusion,3) Exciton dissociation,
and 4)Charge transport and charge collection. b) The working principle showed in the
blended materials that represent a Bulk-heterojunction structure.

2.8.2 Exciton diffusion

The generated electric field plays a very important role in separating the electron-hole

pairs, as already stated in organic solar cells the generated charges are bound together,
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unlike in inorganic solar cells where free charges are created immediately, and diffuse

across the junction and can be collected by the electrodes. The excitons in organic solar

cells diffuse towards the interface where they get separated by the electric field, hence the

drift current is dominant over the diffusion current in organic solar cells. These excitons

have to travel a certain distance to reach the interface, this distance is known as the

diffusion length (LD=
√
Dτ) which is limited to 10 nm [35, 38, 39, 40, 46, 48]. The

diffusion efficiency ηED is given by the ratio of the diffusion length to the thickness of the

absorber layer[1, 55]. if the excitons are generated outside this distance, recombination will

occur, however BHJ was developed such that excitons are generated within the diffusion

length [45].

2.8.3 Charge transfer

As the exciton diffuses to the interface, the charge transfer will occur at the interface

such that the electron will be transferred from the LUMO of the donor material to the

LUMO of the acceptor material, and the holes from the HOMO of the acceptor material

to the HOMO of the donor materials. These charges might or might not be still bound by

the intermolecular force. The charge transfer efficiency ηCT [55] requires an offset in the

electron affinities (ionization potentials) for electron (hole) transfer between donor and

acceptor, which is larger than the exciton binding energy [1].

2.8.4 Exciton dissociation

It is not clear whether the dissociation of exciton occurs during the charge transfer process

or whether the energy gained from the energy level offset is used to directly generate free

charge carriers via hot excitons. The full explanation of the proposals that may lead to

charge dissociation and its efficiency ηCD can be found in reference [1].

2.8.5 Charge transport and charge collection

After dissociation electrons will be transported by the accepter material and holes will

be transported by the donor material to the respective electrodes. The efficiency of
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charge transport ηCP [1, 55] may only be affected by the recombination (non-germinate)

of electrons and holes leading to the loss of charges. Finally, the electrons will be collected

by the cathode and holes will be collected by the anode. The efficiency of charge collection

is given by ηCC [1, 55]. The summary of the working principle of OSCs is shown in Figure

12. The above discussed efficiencies can be used in determining the External Quantum

Efficiency (EQE)

2.8.6 External quantum efficiency

The product of the discussed efficiencies yields the quantum efficiency, also known as the

incident-photon to-electron conversion efficiency (IPCE) or external quantum efficiency

(EQE) [1, 3, 43, 47, 55], as a function of temperature T, applied voltage V (which affects

the electric field F), and wavelength λ. EQE is defined as:

ηEQE = ηPAηIQE = ηPAηEDηCTηCDηCPηCC (53)

Where ηIQE is the internal quantum efficiency, defined as the ratio of carriers collected

at an electrode to photons absorbed in the device. Eq.53 can be used to find the short

current density, which is given by the following equation [38, 55]

Jsc =
q

h̄c

∫ λmax

λmin

EQEPin(λ)λdλ (54)
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Chapter 3

3 Absorption enhancement methods for solar cells

Light harvesting materials are in high demand owing to the abundant energy coming from

the sun which most of it is not utilized. Currently, OSCs are only capable of converting

less than 21 % of the photon energy, which is very small compared to the amount of

energy consumed globally each year. However, the incorporation of nanostructures such

as nanoparticles, nanorods, nanoshells, and nanowires in solar cells is gaining popularity

due to unique optical properties offered by these nanostructures, such as strong interaction

with the light because of the occurrence of LSPR. Among the most widely used metal

nanoparticles are those of nickel and cobalt, which have several uses in a variety of fields,

such as photovoltaics as light traps, water purification, medicine, and chemical reactions

as catalysts. In this work, Bi-MNPs are mixed i the charge transport (PEDOT:PSS) to

influence positively the charge collection mechanisms in OSC.

3.1 Plasmon nanoparticles assisted light trapping in OSC

The inclusion of nanoparticles in the OSC device has demonstrated improvement in the

device’s light absorption, and charge transport processes that enhance the collection of

photogenerated current [59]. Depending on their position in the device, MNPs play a

vital role in guiding the light within the OSC device. for example, the unabsorbed light

can be guided to the region of maximum cell absorption through scattering. LSPR oc-

curs through the interaction of the incident light with the surface electrons of the metal

nanoparticles. The electric field component of the incident light polarizes the surface

electron concentration which induces a dipole moment that oscillates with time. ( as

shown in Figure 13a). The occurrence of LSPR is dependent on the size, shape, posi-

tion, and geometry of nano-material [58, 59, 63, 65, 66, 67, 68]. The LSPR decays into

various channels, which include energy transfer into the vinical semiconductor. The en-

ergy transfer processes can be split into two main parts: Radiative and non-radiative
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energy transfer [57]. The non-radiative decay leads to the generation of hot electrons

and plasmon-induced resonance energy transfer(PIRET). Plasmonic metal nanoparticles

absorb light that leads to the generation of hot electrons [57]. These electrons can be used

to generate current when they cross the potential barrier in the metal-semiconductor and

enter the conduction band. In the case of PIRET, sunlight is absorbed by the plasmonic

metal nanoparticle, which then uses dipole-dipole coupling to transfer the energy from a

metal to a semiconductor, leading to the creation of electron-hole pairs below and close

to the semiconductor band edge [58]. Radiative energy transfer is a critical property of

the plasmonic nanoparticle because it influences the semiconductor’s light absorption. To

describe radiative energy transfers, two basic components can be used: near-field coupling

(absorption) and far-field scattering. In both scenarios, the plasmonic nanoparticles serve

as secondary energy sources [57]. For example, in the NEAR field coupling, the small-sized

plasmonic metal nanoparticle absorbs light and emits it, causing the emitted photons to

be absorbed by the vicinal semiconductor. The light is scattered by the large plasmonic

nanoparticle [58] until it is absorbed by the nearby semiconductor. Therefore, Due to

LSPR excitations, the optical cross-section extinction σe is improved which is given by

the combination of the scattering cross-section and absorption cross-section.

σext = σabs + σscatt (55)

The scattering and absorption cross sections for spherical nanoparticles were first found

by Gustav Mie in the early 1900s. The scattering and absorption extinction cross-sections

are defined as [57, 58, 60, 62, 65]:

σabs =
24π2r3ε

3
2
m

λ

εi

|ε+ 2εm|2
(56)

σscatt =
32π4r6εm

2

λ4

∣∣∣∣ ε− εmε+ 2εm

∣∣∣∣2 (57)
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Figure 13: The LSPR excitation effect: a) LSPR, b) generation of hot electrons,c) far-
field-scattering, d)near-field-coupling,e) Plasmon Induced resonance energy transfer, the
picture and caption were taken from ref [58].

Where ε and εm are the complex permittivity of the metal and permittivity of the sur-

rounding material which are very important in determining the resonance condition of

light with the nanoparticle.

3.1.1 Plasmon resonance frequency

The permittivity is one of the physical parameters that describe the optical properties of

the metal nanoparticles. The permittivity is made of both real and imaginary parts and

is given below

ε(ω) = εr(ω) + iεi(ω) (58)

where ω is the angular frequency, the real part determines the position of the resonance

and the imaginary part determines the dephasing. Considering conduction electrons to

be free, the Drude model is used to describe the permittivity of the metal[62, 65]

ε(ω) = 1−
ω2
p

ω(ω + iγb)
(59)
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Where ωp and γb are the plasma frequency and the bulk damping constant given by[60]

ωp =

√
e2n

ε0m
(60)

γb =
νF
lm

(61)

Where νF and lm are the Fermi velocity and mean free path respectively. The temporal

length of damping (given by the product of ωτ , where τ is the free electron gas’s relaxation

period) is substantially larger than unity at frequencies close to ωp, it is approximated

that the damping is negligible. Therefore, by discarding the damping term from eq.59 [62]

ε(ω) = 1−
ω2
p

ω2
(62)

It is clear that from eq.56 and eq.57, the strong interaction of the nanoparticle occurs when

the imaginary part of ε is close to zero, and ε = −2εm which leads to the occurrence

of LSPR [60, 61, 62, 63, 64, 65]. In the dipole approximation, the peak or maximum

frequency is given by [60, 62]

ωmax =
ωp√

2εm + 1
(63)
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Chapter 4

4 Device structure and preparation of OSCs

4.1 Experimental

The device structure of thin film organic solar cell is composed of solar absorber layer,

charge transport layers, and electrodes. Indium tin oxide(ITO) coated glass, is a fre-

quently used anode in the preparation of thin film organic solar cells in the laboratory

scale. It has a transmittance of around 90 % and is transparent and non-reflective. Be-

cause of their high work function and ability to reflect light, cathodes such as silver and

aluminum are frequently employed in organic solar cells (OSCs). Figure 14 depicts the

OSC conventional device structure. The active layer comprises two polymer molecules

Figure 14: basic structure of the OSC cell device with Ni/Co Nps added in the PE-
DOT:PSS buffer layer.

such as donor and acceptor material blended in an appropriate solvent to form a solution.

The solution is then spin coated on the substrate and sandwiched between the electrodes.

Additionally, buffer layers are added between the electrodes to improve charge transport
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and prevention of surface recombination. PEDOT: PSS is used as the hole transport

layer(HTL) inserted between the anode and the active layer. HTL blocks the electrons

from flowing to the anode allowing only the holes. LiF is used as the electron transport

layer(ETL) inserted between the cathode and the active layer. ETL blocks the holes from

flowing to the cathode allowing only the electrons.

4.1.1 Synthesis of Ni/Co BMNPs

The chemical reduction method was employed to synthesize Ni/Co BMNPs. The required

chemicals were 40 mM of nickel nitrate 20 mM of cobalt nitrate and 0.1 M of Sodium

borohydride used as the reducing agent in the aqueous solution. Two separate solutions

were prepared from 40 mM of Ni(N03)2, to 20 mM of Co(N03)2, respectively, in 25 mL of

distilled water and each containing 0.1 M of NaBH4. The solutions underwent a productive

agitation at ambient temperature and were safely amalgamated through a meticulous

dropwise addition technique while the mixture was stirred continuously. After 3 hrs

of stirring on a hot plate at 40 ◦C, the amalgam needed some purification. The mixture

underwent filtration and was thoroughly rinsed with distilled water to extract any lingering

sodium ions. The end result was a suspension that was devoid of any undesirable particles.

The Ni/Co BMNPs precipitate was left to dry for 2 hrs in a vacuum oven set to 70 ◦C. This

ensured the amalgam would be moisture-free, making it a highly desirable end product.

4.1.2 Device preparation

The ITO-coated glass substrates were used as received from the suppliers, which is of

the size 20 mm x 15 mm and sheet resistance of 10 Ω/sq. The ITO was partially etched

with an acid solution, It was then cleaned with detergent, acetone, and ethanol, and it

was rinsed with distilled water. The substrate was then sonicated with de-ionized water,

acetone, and isopropanol for 10 mins each. It was then transferred to the oven to be

dried for 20 mins at 90 ◦C. followed by the Deposition PEDOT:PSS with Ni/Co

. In the PEDOT:PSS, Ni/Co was added at weight ratios of 0.0 %, 0.05%, 0.15 %, and
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0.25 %. After that, the solutions were sonicated with magnetic stirring overnight to

ensure a smooth mixture. The solutions were spin-coated on the substrates at 3500

rpm for 60 s. After that, the devices were placed in the oven to dry for 20 mins at

100 ◦C before P3HT:PCBM depostion. The photoactive layer solution was prepared

from P3HT:PCBM blend in chloroform solvent. The 5 mg of P3HT and PCBM were

measured using the weighing balance and were then dissolved with chloroform. The

solution was placed on the hot plate 3 hrs for stirring to obtain good miscibility. The

P3HT:PCBM solution was dispersed on the spinning PEDOT: PSS-covered substrate

at the speed of 1200 rpm for 40 s. The devices were then transferred into the furnace

under a nitrogen atmosphere to dry for 10 mins at 90 ◦C, followed by the LiF and Al

deposition. The devices were transferred into a vacuum deposition chamber(Edwards

Auto 306) for the deposition of lithium fluoride (LiF) and aluminum (Al). LiF was

evaporated first and a thickness of 0.5 nm was achieved followed by the the evaporation

of Al with a thickness of 80 nm being achieved. The materials were evaporated at a

pressure of 1.9x10−6 mbar, after that, the devices were transferred into the furnace under

a nitrogen atmosphere to dry for 10 mins at 90 ◦C. The J –V data were taken using the

Keithley Source meter. Light illumination was measured by solar simulator SS-50A at an

intensity of 100 mW/cm2. The optical absorption spectra were measured using a Perkin

Elmer Lambda 9 Spectrophotometry.

4.2 Device simulation method

The fabricated solar cells are simulated by device simulation program called SCAPS(Solar

cell capacitance simulator). SCAPS is a one-dimensional simulation program. The

SCAPS program was developed at the Department of Electronics and Information Sys-

tems (ELIS) of the University of Gent Belgium[69, 70, 71, 72]. The operation of SCAPs

follows four steps depicted in Figure 15a, the front face of SCAPS is shown in Figure 16.

The semiconductor layers such as those shown in Figure 14 can be added under definition

panel layers one at a time, SCAPS is limited to only seven layers.
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Figure 15: a) Four steps operation of SCAPS, b) OSC structure in SCAPS.

Figure 16: Action panel (SCAPS front face), This figure is a screenshot from the SCAPS
software.

The software cannot simulate until physical parameters are provided for these layers.

Under layer properties physical parameters such as Energy band gap (Eg), thickness, mo-

bility, electron affinities, etc, must be added for each layer. Possible calculations such as

32



current voltage, capacitance-voltage, capacitance-frequency, and quantum efficiency can

be made under an action pane ,under dark conditions, or under illumination with the

light spectrum of 1000W/cm2. The full details of the operation of SCAPS can be found

in the most recent SCAPS manual in ref [69]. The materials that were used in this study

are shown in Figure 15b with no LiF, due to its large energy band gap which is beyond

acceptable value in SCAPS, however, to account for this material, the electron affinity of

the absorber layer was increased to 4.2 eV to match the work function of the Aluminium

electrode so that they form an ohmic contact. The physical parameters for each layer are

shown in Table 1 taken from our previous work in ref [81].

Table 1: simulation parameters FOR ITO, PEDOT:PSS hole transport layer(HTL), and
P3HT:PCBM absorber layer(ABL)

Parameter symbol ITO HTL ABL units
Thickness d 80 45 180 nm

Energy band gap Eg 3.6 2.2 - eV
Electron affinity χ 4.8 4.4 - eV

Di-electric permittivity(relative) ε 8.9 10 3.8
CB effective density of states NC 1× 1019 3.6× 1021 1.8× 1021 cm−3

VB effective density of states NV 1× 1019 4.1× 1020 5× 1020 cm−3

electron thermal velocity v 1× 107 1× 107 1× 107 cm s−1

hole thermal velocity v 1× 107 1× 107 1× 107 cm s−1

electron mobility µn 10 0.001 0.01 cm2/Vs
hole mobility µp 10 0.0001 0.001 cm2/Vs

doping concentration of acceptors NA 1× 1012 1× 1014 0 cm−3

doping concentration of Donors ND 1× 1017 - 0 cm−3

4.3 Numerical device simulation

The SCAPS program uses a fundamental transport equation as defined below. The equa-

tions were solved numerically for different types of design. continuity equations for elec-

trons and holes are given by eq.12 and eq.13 and the Poissons equation given by [69, 72]

∂

∂x

(
ε
∂ψ

∂x

)
= − q

εo

[
−n+ p−N−

A +N+
D +

1

q
ρdef(n,p)

]
(64)
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− ∂jn
∂x

+G− Un(n, p) =
∂n

∂t
(65)

− ∂jp
∂x

+G− Up(n, p) =
∂p

∂t
(66)

Where ρpdef is the defect distribution,Up, and Up are the net recombination rates, and

G is the generation rate. The generation rate can be calculated using the following

equations[73, 74]

G(x, λ) =
1

2
cεαn|E(x)|2 (67)

G(x, λ) =
λQ(z, λ)

hc
(68)

G(λ) =

∫
1.5G

Q(x, λ)dλ (69)

Where c is the speed of light,α is the absorption coefficient,and Q is the energy dissipation
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Chapter 5

5 Results and discussion

5.1 Nanoparticle characterization

The surface morphology and structure of the nickel-cobalt nanoparticles were studied us-

ing transmission electron microscopy (TEM) and scanning electron microscopy (SEM) as

shown in Figure 17 and Figure 18a. The TEM displays a 2D image of the nanoparti-

cle which shows an irregular circular shape with a size ranging from 29 nm to 74 nm.

while the SEM captures a 3D image, which displays various sizes of spherical shape

nanoparticles. The white spots in the TEM figures show the nanoparticle is porous.

Figure 17: Different resolution of the TEM images of Ni/Co:a) 100 nm, b)50 nm, c) 50 nm
and d) 10 nm.

At high resolution(Figure 17d), the fringes are observed with the atomic plane spacing

d = 0.256 nm. The orientation of the atomic planes is different for each grain or crystalline
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which therefore confirms the polycrystallinity of the structure as displayed by Figure 17d.

The compositions of each nanoparticle(Ni and Co) were studied using the EDS (EDX)

analysis(Figure 18 ). The EDS spectrum depicts the peaks of Ni and Co with no other

peaks observed except for these two components, which therefore reveals the purity of the

Ni/Co NPs with no defects in the Ni/Co sample, this is further confirmed by Figure 18d

which shows that the composition of Co is 35.06 wt % and that of Ni is 64.94 wt % which

add up to 100 %.

Figure 18: a) & b) SEM images of Ni/Co, c) EDS spectrum of the bi-metallic Np comprises
Ni and Co, Ni and cobalt, and the composition of each component.

5.2 Optical absorption of the photovoltaic device with the dif-

ferent NP concentrations

The absorption of light by the device plays very crucial role in solar cells’ performance as

it influences the photo-current. In this study, we sought to employ a material that can
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improve the absorption of the solar absorber layers by way of increasing the incident light

path length in the device structure. In this search, Ni/Co NPs were incorporated in the

hole transport layer of the devices which is aimed at changing the direction of the incident

light by reflection and LSPR that promote light trapping in the medium. The impact of

the metal nanoparticle is evident on the measured optical absorption spectrum taken from

the entire layers of the solar cell structure. The absorbance peak of P3HT:PBCM (Figure

19a black curve) centred at the wavelength of 550 nm is much smaller than the absorbance

of the nanoparticle at the same wavelength( Figure 19b). This undoubtedly gave hope

that incorporating this NP in the OSC device structure will yield good results. This

nanoparticle was then incorporated in the PEDOT:PSS buffer layers, and the optical

absorption of the devices were measured. The UV-Vis spectra provided in Figure 19a

shows the absorption of the devices with pristine and different concentrations of the Ni/Co

BMNPs. The concentration of Ni/Co ranges from 0.05 %(0.5 mg) to 0.25 %(2.5 mg). It

can be noted that the devices with Ni/Co BMNPs have an improved absorption than

the undoped device, this clearly shows the dependence of the device absorption on the

concentration of the Ni/Co BMNPs, and other factors could be plasmonic features of the

nanoparticle( explained in section 5.4)

5.3 The J-V characteristic of the photovoltaic device

The performance of the newly fabricated devices can be studied from the measured current

versus voltage characteristics. The data was taken both under illumination and dark

conditions for different reasons for the investigation. The devices were illuminated with

the solar simulator of irradiance 1000 W/cm2. The J-V results are shown in Figure 20

for the illuminated devices, with the improved maximum power for the doped devices

compared to the pristine device. The 0.05 % device yielded the highest results compared

to the other devices, with a short circuit current density of 15.31 mA/cm2 was obtained

for this device, Fill-Factor of 58.52 % and the Voc of 0.5632 V, which therefore yielded the

efficiency of 5.05 % ( see Table 2). This is such a big achievement for a P3HT: PCBM-

37



Figure 19: a)Tauc plot used for the calculations of the energy band gap of the devices with
doping concentrations ranging from 0 % to 0.25 %. c) Tauc plot used for the calculation
of the energy band gap of the Ni/Co Np b) Optical absorption of the P3HT: PCBM
device + devices with Ni/Co Nps in the PEDOT:PSS buffer layer. d) optical absorption
of Ni/Co Nps.

based device as it can be noted that there is a 67.8 % improvement from the undoped

device. As the concentration increases, all the solar cell characteristics parameters are

dropping as shown in Table 2 and Figure 20. We therefore summarize the factors that

contributed to the improvement and reduction of the device performance, these include

the size of the nanoparticle particle which leads to the occurrence of the localized surface

plasmon resonance (LSPR), and The interaction of the nanoparticle with the active layer.
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Figure 20: The J-V curves of P3HT:PCBM and Ni/Co Nps at different doping concen-
trations.

5.4 The effect of the localized surface plasmon resonance

The occurrence of LSPR, which influenced is by the size of the nanoparticle, was what

possibly caused the augmentation of the optical absorption of the doped devices. The size

of Ni/Co BMNPS is ranging from size from 29 nm to 74 nm based on the measurements

taken from the TEM images from Figures 17a and 17b. Eq.56 and eq.57 show the depen-

dence of the absorption and scattering, on the diameter of the nanoparticle, for particles

Table 2: Solar cell characteristic parameters with the concentration of Ni/Co bi-metallic
nanoparticle varied from 0.00 % to 0.25 %

Ni/Co wt/ % Voc /V Jsc /mA/cm2 FF/% η/% Rs/Ω Rsh/Ω

0.00 0,5704 8.896 54.37 3.01 383 3940
0.05 0.5632 15.31 58.52 5.05 558 11705
0.15 0.5730 11.99 58.75 4.04 628 14225
0.25 0.5062 11.23 55.36 3.15 1098 10340
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smaller than or equal to 50 nm [57, 59, 60], absorption dominates the extinction. Con-

sequently, the nanoparticle size influenced the device’s absorption of light; this resulted

in maximum absorption at 0.05 % concentration, which in turn produced the greatest

photo-current and maximum efficiency. As demonstrated by eq.56 and eq.57, scattering

predominates over absorption for nanoparticles larger than 50 nm [60]. The scattering is

dependent on r6, and since more light is trapped in the OSCs device, we can infer that the

absorption drop as the concentration is increased might have been caused by scattering,

which is still greater than Pristine. However, scattering at the HTL layer can positively

impact absorptions by increasing the path length of the incident light which increases the

chance for light trapping in the medium.

5.5 The interaction of BMNp with the absorber layer

The measured size of the nanoparticle ranges from 20 nm to 74 nm, and the thickness of the

buffer layer is maintained at 45 nm. In the case where the diameter of the nanoparticle

exceeds the thickness of the buffer layer, the metal and polymer contact(interface) is

formed. This contact or interface of the metal to the absorber layer has many effects on

the device. The generated electrons from the metal can be transferred to the polymer,

and be ready for the generation of the current. This study investigates the influence of

this interface on the structure of the polymer. One of the pieces of evidence is the Voc,

there is a drastic change in the Voc as the concentration is increased to 0.25 %. It is clear

from eq.52 that the Voc depends on the HOMO of the donor material and the LUMO

of the acceptor material, so any drastic change in the Voc would have come from the

changes in the energy alignments of the absorber material. In the cases of inorganic solar

cells, the Voc depends on the bandgap of the absorber material. Observable changes in

the band gap would also imply structural changes in the absorber material, Howeverever

these changes in the bandgap disagree with the Voc findings (see Table 3), as the theory

suggests that the Voc increases with an increasing band gap. So one would have to look

at more than just the structural changes to justify the changes in the Voc. We therefore
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extend our discussion to the recombination of carriers which influences the Voc loss.

5.6 Open circuit voltage loss

The Voc loss in organic solar cells is one of the major factors that impact the power

conversion efficiency negatively. The Voc loss ranges from 0.7 eV to 1 eV in OSCs [76]

compared to that of inorganic solar cells(such as c-Si, GaAs, CIGS, and perovskite) which

are approximately 0.3V[75]. The Voc loss is mainly due to non-radiative recombination,

which can be due to high carrier density(auger recombination) [13], holes, and electrons

recombining in the electrode( surface recombination, or In the forbidden region (band

gap), where doping—which may or may not be intentionally added—forms an energy level,

electrons and holes can recombine(Shockley-Read-Hall (SRH or RHS) recombination).

Figure 21 summarizes all these recombinations including the radiative recombination.

Figure 21: Shows different recombination (radiative and non-radiative), the figure was
taken from ref [13].

The Voc loss is defined as

q∆V = Eg − qVoc (70)

Which can also be written as

q(∆V1 + ∆V2 + ∆V3) (71)

Where q∆ V1 = (Eg − qVoc
SQ)is the energy difference between bandgap Eg and the

Shockley−Queisser limit voltage, q∆ V2 = (qVoc
SQ−qVoc

rad) is voltage loss via radiative
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recombination from the absorption below bandgap, and ∆ V3) = (qVoc
rad −qVoc) is

voltage loss via nonradiativeEq.70 was used to calculate the Vocloss, and the offset energy

band gaps for the 4 devices were calculated using the Tauc equation( equation can be

found in our previous work ref [17]), which was used to produce Figure 19c, where the

optical band gaps are the values in the X-axis pointed by the arrows.The 0.05 % has less

Voc loss compared to other devices. This may be due to less recombination as it can

be seen in Table 3 that the Voc for 0.05 % device is large. The 0.25 % device has the

largest Voc loss, this confirms the occurrence of recombination which affected the Voc and

contributed to the drop in efficiency. The type of recombination can not be confirmed

due to the lack of tools to calculate them. recombination [75].

Table 3: Charge transport parameters

Ni/Co wt/% Eg /eV Voc /V q ∆ V /eV µ0 x10−4 /(cm2/Vs) γ/(cm/V)2

0.00 1.564 0,5704 0.9936 21.60 ± 1.731 -1.0 ±0.2
0.05 1.264 0.5632 0.7008 25.39 ±2.035 -1.7 ±0.2
0.15 1.399 0.5730 0.8260 21.29 ±1.706 -2.4 ±0.2
0.25 1.452 0.5062 0.9458 1.360n±1.090 -1.6 ±0.2

5.7 Dark current

The impact of Ni/Co BMNPs on the charge transport properties in the solar cell is studied

by reducing the influence of photons-induced charge generation in the medium. For this

reason, the current-voltage characteristics of the devices measured under dark conditions

are best for the study of charge transport in the medium. The JV characteristics of devices

presented in Figure 22a show the measured data with different doping concentrations of

Ni/Co BMNPs in HTL. At the low voltage regions, the JV curves show the Diode JV

characteristics [78], with more current being produced by the low concentrations 0.00 %

and the 0.05 % doped devices than the other devices(see Figure 22a). This indicates the

dominance of holes in the organic solar cells, and the Ni/Co BMNPs have less contribution

in terms of improving the dark current since its influence relies on the presence of light.
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The current is reduced by increasing the nanoparticle’s concentration. At high voltage,

all the traps are filled [78], and the current reaches saturation(See Figure 22b), this can

be used to extract mobilities by using the space charge limited current model.

Figure 22: a) Dark JV curves of devices with different doping concentrations,b) Field-
dependent space charge limited current plotted with varying doping concentrations.

5.8 Charge carrier mobility

For dark injection, ITO/PEDO: PSS anodes were used to assist hole injection. The

PEDOT: PSS and P3HT are expected to form an ohmic contact Since their HOMO

levels are equal(HOMO-level = 5.2 eV). Normally an ohmic contact is formed when the

conduction bands of the two materials are equal, which is important in determining the

electron mobility, however, organic solar cells are made of materials that are rich in holes,

hence hole mobilities are calculated using the space charge limited current by the Mott

Guenney law given in eq.38. The hole mobility can be calculated when the current reaches

saturation(as shown in Figure 22b) such that the resultant voltage drop across the active

layer would be defined as[77];

V = Vap − Vbi (72)
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where Vap is the applied bias voltage, and Vbi is the built-in potential. The field-dependent

mobility µ, typical of the Poole-Frenkel-like, can be described by an equation of the form;

µ = µ0 exp
(
γ
√
E
)

(73)

Eq.38 can be modified by substituting eq.73 into it

J =
9

8
εε0µ0 exp

(
0.89γ

√
V

L

)
V 2

L3
(74)

where µ0 is the low-field mobility and γ field activation factor.The current density and

voltage data were fitted with the natural logs of eq.74, for the calculations of the hole

mobilities with the concentration of the nanoparticle being varied from 0.05 % − 0.25%.

The results are shown in Table 3 for hole mobilities, with fewer changes observed in all

the devices, however, the little changes observed show that the devices with 0.05 % have

improved mobilities, which can be due to reduced series resistance compared to 0.15 %

and 0.25 % devices as shown in Table 2. It can be observed that as the concentration of

the nanoparticle is increased the hole mobilities are decreasing. Taking certain metallic

properties like mobilities into account, this may be justified. Unlike semiconductors,

metals do not have hole mobilities because moving electrons do not leave holes behind.

Thus, we might propose that the reason for the decreased hole mobilities as the bi-metal

nanoparticle concentration rises is that the nanoparticle blocks holes and prevents them

from conducting.

5.9 Simulation results

A device simulation program known as SCAPS was used to reproduce the experimen-

tally observed solar cell performances by computational methods. This effort will provide

evidences not only on the device parameters but also on the understanding of the im-

pact of BMNPs employed in the PEDOT:PSS buffer layer however, It should be noted,

though, that SCAPS is not capable of supporting numerical computations for metals
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neither organic solar cells. Furthermore, because it was designed to mimic inorganic

(semiconductors) solar cells, it does not support the plasmonic properties of nanoparti-

cles. Nevertheless, numerical computations of this device may be carried out in SCAPS if

the physical parameters of the blended P3HT:PCBM(or any other organic materials) are

known. To investigate the effect of Ni/Co BMNPs on the P3HT: PCBM-based device’s

Figure 23: a) JV curves and b) EQE plotted against different values of absorber layer
energy band gap, and Hole transport layer density of donors.

performance, The method used in ref [81] was to add the Ni/Co BMNPs to SCAPS as a

core buffer layer. Nevertheless, this was not feasible since there were no physical parame-

ters(such as hole mobilities) that would have made the Ni/Co BMNPs fit inside SCAPS.

After that, The experimental results were examined to determine which parameters were

impacted by the Ni/Co BMNPs’ presence. One of them, the energy band gap, showed

noticeable variations. In this investigation, an effort was made to adjust the band gap

using the exact experimental values (taken from Table 2), but the results were exagger-

ated(not shown here), and the EQE widened more than was reasonable for any P3HT:

PCBM-based device, particularly for energy band gap values below 1.5 eV. It is then

modified to 1.8 eV for the pristine device, which was previously employed in our work in

ref [81]. Additionally, the band gap values were adjusted to 1.7 eV, 1.6 eV, and 1.5 eV,

respectively, to mimic the 0.25 %, 0.15 %, and 0.05 % doped devices.

It’s more than just an energy band gap examined to investigate the effect of the
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Ni/Co BMNPs, however, all the parameters needed in the simulation program could

not be located since we did not have the necessary equipment in our lab. As a result,

some of the techniques used in ref [79, 80] were adopted, which deal with acceptor and

donor densities. For this reason, parameters were changed to PEDOT:PSS buffer layer’s

acceptor and donor densities. Varying the density of acceptors showed no changes at all

(not reported here), however, Varying the density of donors of the PEDOT:PSS buffer

layer caused significant changes in the device performance. The band gap values and

the density of donors were simultaneously varied as shown in Table 4. The results show

Table 4: Solar cell characteristic parameters with different values of absorber layer energy
band gap, and Hole transport layer density of donors.

Ni/Co wt/ % ND/cm−3 Eg/eV Voc /V Jsc /mA/cm2 FF/ % η/%

0.00 1x 1018 1.8 0.5668 9.244 52.68 3.07
0.05 1x 1020 1.5 0.5768 15.76 57.76 5.76
0.15 1x 1019 1.6 0.5684 13.22 58.22 4.86
0.25 1x 1018 1.7 0.5159 11.71 55.77 3.74

observable similarities between the experimental and simulated results, especially the JV

curves display the same trend (see Figure 20 and Figure 23a). The 1x1018, Eg 1.8 eV

which was made to mimic the 0.00 % experimental device has produced an efficiency of

3.07 % which is very close to the experimental result of 3.01 % of 0.00 % device. The

0.05 % device was mimicked by the ND 1x1020, Eg 1.5 eV device, the simulated device

shows much improvement efficiency of 5.76 %, however other parameters such as Voc,

Jsc, and FF are very close to that obtained experimentally. It was necessary to decrease

the donor densities while raising the energy band gap values, to computationally produce

results that are equivalent to those of 0.15 % and 0.25 % devices (see Table 4 and Figure

23a. External quantum efficiency calculations were carried out, as indicated in Figure

23b, to find out how much of the incoming photons were collected. The highest EQE

is observed in the ND 1x1020, Eg 1.8 eV device. The graph generated with Eg =1.8 eV

device is narrow compared to the other devices. When the energy band gap is big, only the

energetic photons can be absorbed, however when the energy band gap is small both the
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energetic photons and the less energetic photons are absorbed [81] hence the EQE shifts

to the red region for small band gap devices. The results of the computational simulations

were constrained by the fact that the SCAPS program does not support LSPR properties

of materials, in contrast to the experimental work which demonstrates that the improved

optical absorption was caused by the occurrence of LSPR and no red shift was observed

even for small band gap devices( see figure 19b).
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Chapter 6

6 Conclusions

The Ni/Co BMNPS were successfully synthesized using the chemical reduction method.

The morphology and size of the Ni/Co bi-metallic NPs were studied using high-resolution

TERM and SEM. The evidence suggests that there are indications of spherical shape of

the Ni/Co Nps with the size ranging from 29 nm to 74 nm. Using EDX analysis, the com-

position of each component (Ni and Co) was examined; the results confirmed no defects in

the sample were detected. The Ni/Co was incorporated in the PEDOT:PSS buffer layer

with different doping concentrations ranging from 0.0 % to 0.25 %. A device architecture

with layers of materials such as ITO/PEDOT:PSS(Ni/Co %)/P3HT:PCBM/LiF/Al, was

used for all types of solar cells produced in this investigation. Measurements of the optical

absorption demonstrated the concentration dependency of the optical absorption, with a

significant improvement for doped devices. The voltage-current density measurements,

which generate the device parameters, suggest that enhanced photon absorption due to

the occurrence of LSPR led to a significant improvement in power conversion efficiency as

high as 67 % at 0.05 % doping level compared to the pristine device. As the concentration

increases there is a reduction attributed to the Voc loss brought on by carrier recombina-

tion, the main factor for the sharp decline in the Voc for the 0.25 % device. Furthermore,

a series of device simulations were conducted using the SCAPS program, to reproduce

the experimental results. The energy band gap of the absorber layer was varied simulta-

neously with the density of donors of the PEDOT:PSS buffer layer to take into account

the effect of Ni/Co. The highest efficiency of 5.74 % was obtained from the Eg = 1.5 eV,

ND 1x1020 device with 88 % improvement in PCE from the pristine device. Moreover, the

devices with the lowest band gaps showed wider EQE graphs than the high energy band

gap devices, which displayed a narrow EQE graph due to the inability to absorb high

energetic photons. overall doped devices showed better performance than the undoped

devices for both experiments and simulation. In summary, the use of this nanoparticle in
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the hole transport layer can effectively improve device performance in OSC and based on

non-fullerene acceptors.
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