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0.3 Abstract

Bulk heterojunction organic solar cells were prepared and characterized in
terms of electrical and optical properties of the photosensitive medium. Two
cases of organic solar cells were developed in this investigation with active
layers composed of PSHT:PCBM molecules blend and PSHT:PTB7:PCBM
ternary molecules blend, at stoichiometric ratio 1:1 and 2:1:1, respectively.
The ternary molecules blend active layer attracted the attention of the re-
searchers because of the possibility of broadening the absorption band. The
performance of the devices was investigated and found better device per-
formance in binary molecules blend while low charge mobility was observed
in the ternary molecules blend active layer. The highest power conversion
efficiency (1) obtained were 1.6 % for PSHT:PCBM blend and 0.56 % for
P3HT:PTB7:PCBM active layer. The result indicated that the charge trans-
fer mechanisms in the ternary molecules blend were not favorable on the
extraction and transportation of charges to the electrodes. The morpholo-
gies of the films and charge transfer properties in the two media are discussed

based on SEM images and electrical measurements.
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Chapter 1

Introduction

1.1 Historical background of OPV

Organic semiconductors have become interesting materials for photovoltaic
(PV) and light emitting diodes (LEDs) applications. There have been ex-
tremely great efforts made in the synthesis and characterizations of organic
semiconductor molecules in the last two decades [1, 2]. The branch of organic
photovoltaic (OPV) research emerged after the discovery of several organic
semiconductor molecules were available for device fabrication [3]. The long
polymer chains were chemically polymerized using smaller monomer units
which notably improved the charge transport mechanism on the backbone of

the largest polymer molecules.

The difference between the organic and inorganic semiconductors is due to
the poor charge-carrier mobility of organic semiconductor medium than the
inorganic counter part. This has highly affected the design and efficiency
of organic semiconductor devices. However, the low mobility in the organic

semiconductors is partially compensated by its strong photon absorption co-
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efficients (usually > 105 cm™!) which assists to enhance the creation of charge
carriers in the medium [4]. Even the thin film layer of polymer molecules
(< 100 nm) has a high absorption coefficient. Organic semiconductors have
many advantages over the inorganic counterpart such as: low device fabrica-
tion cost, mechanical flexibility and light weight. Because of such attractive
properties, organic semiconductors were employed to fabricate low cost pho-
tovoltaic cells. Furthermore, they are less energy consuming devices. Since
the 1990’s, several research works have been performed with the aim of pro-
ducing efficient and low cost OPV cells, but the power conversion efficiencies

achieved are low compared to semiconductors based solar cells.

The first OPV solar cell was fabricated based on a single layer device structure
which was sandwitched between two metal electrodes consisting of different
work functions [1, 3]. The power conversion efficiency (n) of the first OPVs
was reported to be generally poor (~ 1072 — 1072 %). An organic bilayer was
then introduced to solve the problems observed in the single layer solar cell.
In bilayer devices, p-and n-type organic semiconductor layers were arranged
one over the other and sandwitched between the electrodes. The junction
of these two layers forms a zone of charge separation regions where the free
charge carriers are transported in the two different layers to the opposite
electrodes. In 1986, n about 1 % was reported by Tang for two organic mate-
rials using bilayer device architecture [5]. This device structure was good for
many years up until at the turn of the millennium. The most effective device
structure to date is the bulk heterojunction devices introduced by Hiramoto
and co-workers [6]. More details about device structures will be given in

chapter 4.



In the last ten years, a renewed interest has been dedicated to OPV cells
because of the progress attained so far. This new interest is motivated by
two recent developments in the field of organic semiconductors. Firstly, it has
shown that the quantum efficiency of the electron transfer from an excited
polymer to Cyg is very high and very fast [7], which is the necessary property
for charge carrier separation in organic photovoltaic cells. Secondly, the real-
ization of efficient organic electronic displays based on organic light emitting
diodes (OLEDs). These fast development attracted several researchers into
the field, both in academics and industry. The low cost technology is now
used to develop those OLED displays and, currently, important progresses

are under way to the realization of OPV solar cells [8].

1.2 Technological importance of OPV

OPV technology is among an attractive research field at present with the
view to solve the energy challenges. Because of rapidly increasing energy de-
mand, there is an intensive search for renewable and clean sources of energy.
The OPV is one of the alternatives available at present which can harvest
renewable and clean energy sources from solar radiation. The mechanical
flexibility of OPVs allowed the potential uses in unfamiliar areas such as so-
lar cells on electronic machines, clothing, windows and also there are some
researchers who are suggesting about using OPVs as curtains. OPVs can
generate power for a large portion of the day. However, n of OPVs is still far
from silicon based solar cells to compete in the energy market. The following
key advantages of OPV devices have been identified over other types of solar

energy converter :



1. Low weight and flexibility of the PV modules,

2. Semi-transparency,

3. Easy integration into other products,

4. Significantly lower manufacturing costs compared to conventional inor-
ganic technologies,

5. Short energy payback times and low environmental impact during manu-

facturing and operations.

Some of the advantages listed above applies also to solar cells based on
vapor-deposited small molecule absorbers. This suggests that OPV does
have a potential to be a new technology within the PV market. The research
and development activities have been initiated and substantial progress has

been made in improving n of solution processed OPV during last years.



Chapter 2

Theory of Charge Transport

2.1 Space Charge Limited Current

Mott and Gurney were the first to propose the theory of space charge limited
current between two parallel electrodes. The current density in a conducting

medium in the absence of any traps is given by the Mott-Gurney law [14]

9 V2
J = Rl (2.1)

Where p is the free charge mobility, € is the dielectric constant of the material,
V is the applied voltage and L is the electrode separation distance. This
current density is assumed to consist of the drift carriers only, the effect of
diffusion is not included. Further assumption in equation 2.1 is that, the
charge mobility is independent of the field. The theory of Space Charge
Limited Current (SCLC) has been improved by several authors, Lambert
at (1956) is one of those authors. Later in (1970), Murgatroyd derived a
modified form of the current density equation 2.1 for the case of one set of
traps located below the conduction band at energy level F; (Fig. 2.1). Under

this situation, and, in the presence of a significant amount of empty traps;
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Figure 2.1: Single energy traps level in energy band gap.

the proportion of free total charge to empty traps is approximated by [14] as

Pr NC A
= Cerp(——) =6 2.2
= (=) = (2:2)

kT
Where py is a free charge density, p; is a trap charge density, NV, is the effective

density of states in the conduction band and /N, is the density of traps. Since

the diffusion effect is neglected, the current density is given by :
J = pyE (2.3)

The Poisson’s equation of the form :

@:Pf"‘ﬂt

2.4
dx €€ (2:4)
Can be re-arranged to acquire :
dE

= e6p— 2.5
pr+ = ea’ (25)

By substituting equation 2.5 into equation 2.2 we get

dE

= eegby— 2.6
pr = ccobo— (2.6)



Substitution of equation 2.6 into equation 2.3 gives the current density as :

dE
= 0o — 2.
J = ueegby I (2.7)

This equation can be re-arranged also to get :

Jd
Y _ pdE (2.8)
peegty
The integration of equation 2.8 from 0 to x goes as follows :
/ iz — / FdE (2.9)
peeoto Jo E(0)
Jx 1
= ~(E*(z) — E? 2.1
= (@) — *0) (210)

Assuming that the injecting electrode is at = 0, therefore E(0) = 0 then
solving E in equation 2.10 gives :

2Jx

E—
peeobo

(2.11)

Integrating equation 2.11 from 0 to L gives :

L 9 L
E/ dx = J / z2dy (2.12)
0 peeotlo Jo
270 2 3
EL = —( J >2L% (2.13)
3 \ peepby

Solving for the current density in equation 2.13 goes as follows, we square

both sides of equation 2.13 and use E = % the field between two electrodes :

40 2J
F2L2 = —( >L3 (2.14)
9 \ neegb
Thus, the current density is :
9 V2
J = gMEGOGOE (215)

Equation 2.15 is similar to Mott-Gurney law given in equation 2.1, except

that the current density is decreased by the factor 6.
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2.2 Frenkel effect

In the absence of a strong applied voltage, the charge carriers might be sub-
jected to electrostatic potential traps, these charge carriers require a min-
imum energy known as the work function in order to escape through the
surface of a given material, which act as a barrier. Unless a strong external
electric field (voltage) is applied, those charge carriers in electrostatic poten-
tial traps do not contribute to the total current in the device. Frenkel in
(1938) and Vermilyea in (1954) discovered that the decrease of the effective
depth of a trap may be caused by a strong applied electric field [14]. By
considering electron traps as a positively charged centre located in a fixed
position in a structureless dielectric, one can write the potential energy of
the electron as :

Vir)=- —eEx (2.16)

Where E is the electric field along the x-direction. The maximum value of
this potential energy is zero (V' (r) = 0) in the absence of the applied external
field and that occurs at » = oo. In the presence of applied external field,
V (r) get decreased on one side of the trap (see Fig. 2.2). Now the maximum
potential of the trap occurs at a distance z; from the trap. The differentiation

of equation 2.16 with respect to x gives :

dv 2 d/1
Vo)
dx 4reeg dx \x
) (2.17)
av._ e B
dr  Ameeox? c

dv (r
d.

By applying the condition z) =0 at z = x; (see Fig. 2.2) into the last

equation of equations 2.17, and solve for z; we get

e

2
dmeepx]

e
T1 =
! dmecg B

8

(2.18)




Figure 2.2: The Frenkel effect showing the trap depth ¢ reduced by A¢ [14].

The potential at the point x; is calculated as :

2

-

—e e 2
Vie) = - eE(47reeoE)
dmeeg <4ﬂi60> (2.19)
eSSEN3
- <7T€€0>

The trap potential is considered to be reduced by this amount V(x;) =
1

3 2 . . . [
—(5 £ ) , and consequently the proportion of carriers, which are free is in-
TEEQ

creased [14]. This equation 2.2 can be written as :

pf N, A 1 /e3E\3
= e (22
pr+pe Ny KT KT \ree

= Oexp (BE%)

(2.20)

Where
3

1 /e \3
= —(— 2.21

8 kT <7T660> ( )
If the exponent SE > is of order unit or greater, that is where the importance

of the Frenkel effect is likely to have observable consequences [14].
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2.3 Space charge current with Frenkel effect

This section discusses the relation between the current density (J) and voltage
(V) across the electrodes with the inclusion of the Frenkel effect. The analysis
begins with solving equation 2.3, 2.4 and 2.20 together as follows,

Equation 2.3 and 2.4 can be re-written as :

J
Pr= 7
E
H e (2.22)
Pyt pe = o

Elimination of p; and p; by substituting equations 2.22 into equation 2.20

lead us into the following equations :

J

uE 1
o = foean(9F)
J 1\ dE
_,UE = eeoeoexp(5E2> I (2.23)

dE

dr

J = peepbpexp (BE%> E

The final equation of equations 2.23 can now be integrated in order to obtain

the J-V relation :

Jd$ 1
o exp<6E2>EdE
; Hecoto 1 (2.24)
el /dm = /exp(ﬁE?)EdE
,Lbijeo = /exp(ﬁEé)EdE (2.25)

After several steps of integration by parts of the right hand side of equation
2.25 and taking the arbitrary constant C' = 6, the following equation is found
which is similar to the one reported by Frank and Simmons in 1967 for the

first time which results in [14] :
Jx 2 1 343 9 1
A2 [ea:p@Ez) (5 E% — 38°E + 68E% — 6> + 6} (2.26)
peegly B4
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When BE% is allowed to approach zero, the equation 2.26 tends to equation
2.15. It is not possible to do the analytical integration into equation 2.26
in order to obtain the J-V relation, the solution was found numerically by

Murgatroyd in (1970) using Simpson’s Rule to a good approximation as [14]

().891( e3V )2} (2.27)

meeg L

2.4 Chemical and Physical properties of con-

ducting polymers

Organic semiconductors are known as conjugated polymers consisting of al-
ternating single and double bonds in their chemical structure (Fig. 2.3).
The backbone of the molecular structure is composed of covalent carbon
bonds which are sp*-hybridized and therefore they possess a 7 atomic or-
bital. The overlap of these 7 orbits along the backbone form delocalized
m molecular orbitals, which define the Highest Occupied Molecular Orbital
(HOMO) and Lowest Unoccupied Molecular Orbital (LUMO) electronic lev-
els. The optical and electrical properties of the macro-molecules are deter-
mined from the difference between HOMO and LUMO levels. The overlap of
the HOMO and LUMO 7 molecular orbitals between the adjacent molecules
or polymer chains characterizes the military capability of the intermolecular
electronic couplings, which exemplify the key parameter controlling charge
carrier mobilities. In crystalline inorganic semiconductors, the three dimen-
sional character and rigidity of the lattice ensure wide valence and conduction
bands, and large charge carrier mobilities (typically of the order of 10% to 103
em?V~1s™1). In organic semiconductors, the electronic couplings are weak

(due to their intermolecular character), the large electron-vibration couplings

11



(leading to geometry relaxations), and the disorder effects all agree together
to produce more modest carrier mobilities due to charge carrier localization
and formation of polarons [15]. As an outcome, the charge carrier mobil-
ities strongly depend on the morphology of the film, which can shift over
several orders of magnitude in the transition from highly disordered films
(typically 107% to 1073 em?V ~1s71) to highly ordered crystalline materials
(> 1 em?V—1ts™t) [15].

M M
X X
trans-polyacetylene cis-polyacetylene
() W
S X f!\l X
H
polythiophene polypyrrole

Figure 2.3: Chemical structures of the most common conjugated polymers
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Chapter 3

Doping of Conjugated Polymers

The electrical properties of conjugated polymer can be improved by several
orders of magnitude by the process of doping the pristine polymers. Dop-
ing is a process whereby the electrons are added to or subtracted from the
backbone of the conjugated chain with simultaneous insertion of the com-
pensating counter ions between the chains. There are many ways of doping
the conjugated polymers :

1. Chemical doping by charge transfer

2. Electrochemical doping

3. Photo-doping

4. Charge injection at a metal semiconductor interface

3.1 Chemical doping

This type of doping can be done by the process called oxidation or re-
duction via the interaction of the polymer with either the oxidizing agent

or reducing agent. Exposing the polymer to a solution or vapor of the

13



dopant, that could also result in a chemical doping. The most commonly
used oxidizing agents are, iodine, arsenic pentachloride(AsFs) and nitroso-
nium hexafluorophosphate(NOP Fg) while sodium naphtalide is a typically
reducing agent. The selection of oxidizing or reducing agent is based on
their ability to oxidize or reduce the polymer without lowering its ability
to conduct electricity, also without starting side reactions that disturb the
conductivity of the polymers. In the process of oxidation, the electrons are
removed from the valence band and the positive charges are left behind in the
polymer resulting p-type doping. These positive charges are strongly spread
over many monomer units in the polymer. These positive charges as well
cause a geometry relaxation of the polymer to a more energetically favored
conformation. In the reduction process, electrons are added on the half filled
valence band of the conjugated polymer, then the polymer is left as n-type
doping.

3.2 Electrochemical doping

This type of doping can be done by applying an external voltage into a con-
jugated polymer, typically in a form of a solution. When a positive voltage is
applied to the conducting polymer, for exemplar, on an inert electrode, the
chemical oxidants or reductants ion moves in from the solution into the con-
ducting polymer towards the sites of the delocalized charge which results in
an ionic doping. This anionic doping is named as p-type doping. Likewise,
when a negative potential is applied in solution to a conducting polymer
immobilized on an electrode, a cation move in from the solution into the
polymer. This is named as cationic or n-type doping. The reactions of an-

ionic and cationic doping for poly (pyrrole) (PPy) and poly (p-phenylene)

14



P(PP) are given below as

Anionic doping

(PPy) +nLiCLO, — (PPy)"tP(PP)"") (3.1)

Cationic doping

P(PP) +nLi — (Li)"" P(PP)") (3.2)

3.3 Photo-doping

Photo-doping is another means of doping technique which can be performed
by letting out the polymer into intense radiation, for example a Laser light
source. During illumination, the electrons will be withdrawn or added from
or to the polymer chain. As in the other doping techniques, this also creates
a mid gap state which is commonly known as solitons like in the case of
Poly (acetylene). A conjugated polymer in undoped state, or neutral state,
is generally called as pristine. The range in which oxidation or reduction
doping extends is called the doping level, and is measured as the proportion
of dopant ions per monomer units. A conducting polymer with one dopant
anion per four monomer units has a doping level of 0.25 or 25 %. Doping
is uniform throughout the polymer, for example, if one chemically analysis
a 25 % doping level, this means that for every four monomer units there is

one dopant molecules throughout the polymer.
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3.4 Charge injection at a metal semiconduc-
tor interface

This case of doping has a substantial part in the electrical attributes of
organic semiconductor devices, and is sometimes more dominant than charge
transport within the organic semiconductor medium. The mechanism of
metal to semiconductor contact can be used to describe the charge injection
barrier at the contact interface between a metal and an organic material [16].
This supplies the explanation that a potential barrier is caused by the energy
competition between the Fermi-level of the metal and the energy band of the
organic material [17]. Thus, the usage of metals with sufficient large work
function is commonly thought to be the most important ingredient in curbing

the potential barrier for charge injection.
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Chapter 4

Device Structure of OPV

The solar energy can be converted into electrical energy using the organic
photovoltaic (OPV) devices. The general device structure of OPV consists
of one or several photo-active materials which are sandwitched between the
anode and cathode electrodes. Thus, there are three types of device structure
in the preparation of OPV, which are single layer, bilayer (double layer) and
bulk heterojunction (BHJ) layer.

4.1 Single Layer

The concept of organic solar cell initially started based on single thermally
evaporated molecular organic layers sandwitched between two metal elec-
trodes consisting of different work functions. The MIM (metal-insulator-
metal) model can be used to explain the behaviour of these devices together
with a Schottky barrier formation between lower work function metal and p-
type organic semiconductor layer can also be used to explain the behaviour of
single layer organic devices [16]. In Fig. 4.1, a single layer device is schemat-

ically depicted for the case of Schottky contact at the aluminium contact.

17



The resulting energy band is bending from the so called depletion region

TN

............ S R R ——

=L W\

p-type Schottky device

.
[

Figure 4.1: Schematic diagram of a Single layer device with a Schottky con-

tact at the aluminium contact [11].

(W). The electric field inside this region correspond to the field required to
dissociate excitons. Most of the organic solar cell materials have the exciton
diffusion length less than 20 nm, therefore, there are less excitons contribut-
ing to the photo-current since they are generated from a small region within
< 20 nm [4]. The filling factor (FF) in these materials is low and the charge

carrier collection depends on the field because of the high series resistances.

4.2 Bilayer Device

In this device structure, the donor and acceptor material is joined together

with a planar interface. Here the charge separation takes place at the in-

18



terface between p-type and n-type layers, which is characterized by a large
potential difference between donor and acceptor interface. The bilayer is fit-
ted between two electrodes in such a way that it match the donor HOMO and
the acceptor LUMO levels, so that the extraction of the charge carriers will be
efficient. The structure of the bilayer device is schematically depicted in Fig.
4.2, ignoring all possible band bending because of energy level alignments.

In the bilayer structure, the charge transfer between donor and acceptor of

7 B\

Au Al

LAY

O
Figure 4.2: Schematic diagram of a Bilayer device where D refers to donor

and A refers to acceptor molecules [11].

an undoped material is due to the differences in the ionization potential and
electron affinity of the adjacent materials. Although the creation of a classical
p/n junction needs doped semiconductors consisting of free charge carriers to
create the electric field in the depletion region. The photon is absorbed in the
donor (D), then electron get excited from the HOMO to the LUMO. If the

19



acceptor molecules A is much closer to the donor molecules D, the transfer
of electrons to the LUMO of (A) may occur, which is energetically favorable
when Ip«—Ajs—Ug < 0, where Ip- is the ionization potential of the agitated
state (D*) of the donor, A4 is the electron affinity of the acceptor, and Ug
is the effective Coulomb interaction [18]. The release of electron energy may
then be used to separate electron and hole from their Coulomb potential [4].
It is noted that this charge transfer (CT) occurs only under illumination, as
it involves the excitation energy of the donor electron to reach the LUMO
in the acceptor. A huge advantage of bilayer over a single layer device is the
charge transport. After the dissociation of excitons at the material interface,
holes and electrons travel within the p-type donor and n-type acceptor ma-
terial, respectively. Therefore, electrons and holes are completely separated
from each other and therefore charge recombination is highly reduced, as a
result, the large FF for thinner layers can be achieved. The power conversion
efficiencies for an evaporated bilayer device using copper phthalocyanine and

Ceo [19] were reported about 3.6 % under illumination.

4.3 Bulk Heterojunction

Bulk-heterojunction device active layer is composed of the mixture of donor
and acceptor molecules in a bulk volume. In this manner, each donor-
acceptor interface has a length which is less than the exciton diffusion length
of each absorbing site. Fig. 4.3 shows the bulk heterojunction device schemat-
ically, where all kinds of energy level alignments and interface effects are
neglected. Bilayer devices and Bulk heterojunction devices are similar to
each other with respect to the D-A concept, but bulkheterojunction shows

an increased inter-facial area where separation of holes and electrons occurs
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Figure 4.3: Schematic representation of BHJ working principles showing

charge generation, dissociation and transportation [20].

at a molecular level. The D-A interfaces are spread throughout the bulk of
the photoactive medium, and hence, the photo-generated exciton needs to be
dissociated into free charge carriers within their lifetime. In this structure,
charges are separated within different phases as in the other device structures,
but here the recombination of charges is highly reduced compared to the sin-
gle and bilayer structures. In the bilayer, the donor phase forms a contact
with the anode electrode and the acceptor from a contact with the cath-
ode electrode, but, in the bulk heterojunction the donor/acceptor interfaces
spread in the medium creating percolating pathways for transporting holes
and electrons to the contacts. Thus, the donor and acceptor must form an in-
terpenetrating network. In general, the bulk heterojunction may be achieved
by co-deposition of donor and acceptor pigments [21, 22] or by casting so-
lution of polymer / molecules, or polymer/polymer, or molecule/molecule
blend of donor and acceptor. Most of the devices produced today’s are based
on solution casting PSHT:PCBM blends which results in a n well above 3.5
% [23].
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4.3.1 The Origin of Open Circuit Voltage in BHJ

Consider a bulk heterojunction structure composed of a mixture of donor
material such as poly(3-hexythiophene) (P3HT) and an acceptor 6,6-phenyl
Ce1 butyric acid methyl ester (PCBM). The BHJ medium can be prepared by
ways of the solvent based route or dry processing route (co-deposition under
vacuum) [24, 25, 2]. There are two specific cases highlighted in this section
of the bulk heterojunction structure, which are nonohmic contact and ohmic
contact. The energy level alignment given in Fig. 4.4 shows the nonohmic

contact. Since there is nonohmic contact, therefore a metal-insulator-metal

- g e e mm e e e - = = \acuum level

e/\ @5 cathode

V,
0c2 I Voc1= Fa @electrodes

@Sanode

Donor

Acceptor

Figure 4.4: Open circuit voltage for bulk heterojunction with nonohmic con-

tact [26].

(MIM) -type behavior is observed, and hence, Voo = Vo1 = Adeiectrodes-

In the case of ohmic contact (for example on a cathode made from Al or LiF)

see Fig. 4.5, the HOMO level of the donor and LUMO level of the acceptor

corresponds with the positive and negative electrodes respectively. The max-
donor

imum Vo is then generally accepted as Voo = Voo = EZZC?\Z%" — E¢ner o

This value is mainly controlled by the bulk material properties. If the Fermi
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Figure 4.5: Open circuit voltage for bulk heterojunction with ohmic contact

126].

levels of the anode and the cathode are pinned [30] to E%5%,, and Ejehe

__ phacceptor d ~
levels then we have Voco = Ejvio — EHoNo = Panode — Peathode-

4.4 Characterization of a Solar Cell

Solar cells can be fabricated from various types of materials which can be
classified into two major groups known as inorganic and organic semicon-
ductor materials. Examples of materials often used in the fabrications of
solar cells are; gallium-arsenide, silicon, conjugated polymers, etc. However,
the organic materials are promising candidates to be used as a cheap photo-
active medium for solar cell application. The parameters of a solar cell can
be derived from the properties of an ideal solar cell. The ideal solar cell is

represented by an equivalent circuit shown in Fig. 4.6. This circuit consist
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Figure 4.6: Equivalent circuit to an ideal solar cell.

of a current generated by incident photons (I,,), a diode that generates a
saturation current, series resistance (r,), and shunt resistance (rg,). The se-
ries resistance is caused by the resistance of metal contacts, junction depth
and impurity concentration and it reduces the short circuit current and the
maximum power output of a cell. The shunt resistance results from the loss
due to the surface leakage on the edge of the cell or to crystal imperfection.
There are several parameters used to characterize a solar cell, including 7,
maximum power (P,,,,) and FF which will be discussed in the next section

(section 4.4.1).

4.4.1 Current-Voltage Characteristics of a Solar Cell

In the absence of light illumination, the biased voltage (V) across the MIM
junction generates the so called saturation current denoted by ;. This cur-
rent is originated by thermal energy, therefore, is also called minority carrier
current. Whereas the majority carrier current (which is injection dependent)
exponentially grow with applied voltage

qV
]maj = Isexp(ﬁ) (41>
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Then the resulting measured current density is therefore

i= IS.[ewp(qV (4.2)

k:_T)_l]

When the junction is illuminated with light, there is photocurrent (Z,;)

Figure 4.7: Schematic diagram for current-voltage characteristics of a bulk

heterojunction solar cell [20].

generated. Therefore, the total current density in the device becomes (see

Fig. 4.7)

qV
1= 1feap(5) ~ 1] (4.3)

Under the condition of illumination, the I-V curve does not pass through the
origin, and exhibits the following properties:

» In the first quadrant, a forward bias V' > V¢

» In the third quadrant, a photo-diode is under a reverse bias, the current
approaches to maximum photo-current exponentially. At V' = 0, the photo-

generated current equals the measured current which is called short circuit
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current (I;. = —I,p).
» The product of the voltage and current is negative in the fourth quadrant
so that the device can produce the electrical energy equal to the maximum
rectangular area formed under the curve. The yellow rectangle in Fig. 4.7
is a maximum power corresponding to the product of the values I = I,,, and
V =V, so that

Pz = Vinlm (4.4)

Therefore, the FF is the ratio of P,,,, to the product of Vo and Igc which

are the ratio of the area of the yellow rectangle to that of the white one.

Pmax

FF = ——ma
Voo X Isc

(4.5)

Furthermore, from the current equation 4.3, by substituting / = 0 we get the

expression for the open circuit voltage as

kT I
Voo = 7509(% +1) (4.6)

From this equation 4.6, it can be seen that the Ve depends on the magni-
tude of saturation current (I). Finally, the 7 is defined by the ratio of the

maximum power to the incident radiant power (P;,)

Vil
P
(FF)(Isc)(Voc)
P

n
(4.7)

Therefore, in order to characterize a solar cell, the important parameters

such as FF, Isc and Ve must be enhanced.
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Chapter 5

Results and Discussion

5.1 Materials and Methods

The binary and ternary bulk heterojunction organic solar cell were fabricated
from chloroform based solution. The preparation process begins by etching
the ITO coated glass substrate ( 3 x 3 ¢m?), using acid solution containing
48 % HCL, 48 % H,0O and 4 % NHO3 concentrations. After etching, the
ultrasonic bath was used to clean the substrate thoroughly by sonicating in
detergent, deionized water, acetone and isopropanol for 10 minutes, respec-

tively. The substrates were then dried for 30 minutes in an oven at 150 °C.

After the substrate were dried, thin layer of PEDOT:PSS was spin coated
on the ITO side of the substrates at 3500 rpm using the spin coater (see Fig.
5.1 a) and then placed in an oven for 30 minutes at 150 °C. The photo-active
layer composed of a mixture of PSBHT:PCBM and P3HT:PTB7:PCBM was
prepared separately in chloroform solvent, at stoichiometries ratio of 1:1 and
2:1:1, respectively. The concentration of the solution used was 20 mg/mL.

In order to enhance the homogeneity and inter-dispersion of the molecules,
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Figure 5.1: (a) PI-KEM LTD Spin Coater KW-4A (b) Edward Auto 306

deposition unit.

the solution was sonicated for three hours at 40 °C. The active layers were
then spin coated on top of PEDOT:PSS at 1200 rpm for 40 s. The chemical

structures of the molecules used are given in Fig. 5.2 . Immediately after

Figure 5.2: Chemical structures of the polymers used [27, 28, 29].
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coating the active layer, samples were put into the vacuum chamber Edward
Auto 306 deposition unit (Fig. 5.1 b) and finally LiF and Al electrodes were
deposited at a base pressure of approximately 2 x10~% mbar. The deposition

thickness were 0.5 nm for LiF and 60 nm for Al.

5.1.1 Precautions

The cell must be protected from direct exposure to light during the process
of fabrication. The dust particles are also needed to be avoided by placing

the substrates in a clean container.

5.2 Optical Properties

The difference between the HOMO and LUMO in organic semiconductors
represents the energy band gap (E,) of the material. The low energy photons
can be absorbed by low band gap polymers while the high energy photons
(UV) can be absorbed by a large band gap polymers. The excess energy
from high energy photons will be wasted in the form of heat in the medium.
The ternary molecules blend was intended to absorb photons which other-
wise cannot be absorbed with binary molecules blend. The organic polymers
normally have a wider energy band gap than inorganic semiconductors [31],
thus organic polymers produce an efficient absorption in the region near the
UV part of the energy spectrum. In this experiment, we studied the opti-
cal absorption spectra of the two binary molecules blends PSHT:PCBM and
PTB7:PCBM as well as the ternary molecules blend P3HT:PTB7:PCBM
using UV-VIS double beam spectrometer. The medium has an efficient ab-
sorption near UV region of the energy spectrum, see Fig. 5.3. The binary
molecules blend PSHT:PCBM absorb electromagnetic radiation in the region
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Figure 5.3: Optical absorption spectra of the two bi-molecules blends
(P3BHT:PCBM and PTB7:PCBM) and one ternary molecules blend
(P3HT:PTB7:PCBM).

from 400 nm up to 650 nm while PTB7:PCBM absorb electromagnetic radia-
tion from nearly 400 nm up to 750 nm. According to Fig. 5.3, the absorption
peak for PSHT:PCBM occurs at 525 nm while there is also a shoulder oc-
curring at 590 nm. In comparison, the wavelengths where the absorption
peak and the shoulder occurs for PSHT:PCBM are almost the same with
those reported in literature [32]. This shoulder is common to P3HT molecule
and is caused by inter-chain vibrational and electronic absorptions resulted
from a high degree of ordering and strong inter-chain interactions [33]. The
two absorption spectra for the binary molecules blends overlap between the
region 400 nm and 650 nm, but beyond 650 nm, these absorption spectra are
separated since PTB7:PCBM is still absorbing electromagnetic waves up to
750 nm. This binary molecules blend PTB7:PCBM has an absorption peak
at around 650 nm, this means that PTB7:PCBM absorb more electromag-
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netic waves near the infra-red regions of the spectrum while PSHT:PCBM
absorb more electromagnetic waves near the ultraviolet regions of the spec-
trum. From the onset of absorption peak, the energy bandgab (E,) was

determined using the equation

E,=hv = h§ (5.1)

Where h = 6.626 x 1073* Js is a Plank’s constant, ¢ = 2.998 x 10® ms~! is a
speed of light and A\ is the photon wavelength. From Fig. 5.3, the wavelength
corresponding to the start of the absorption for PSHT:PCBM is A = 650 nm,
therefore, the energy band gap for PSHT:PCBM is calculated as

(6.626 x 10_34)(2.998 X 108)
Eg = _
650 x 109

—3.0561 x 10712 J (5.2)

=19 eV

Where e is the elementary charge of an electron with value 1.602x1071° C.
This band gap energy we got is almost the same as the band gap found in
P3HT:PCBM film in the literature [31]. For PTB7:PCBM, the cut-off wave-
length is A =~ 750 nm. Therefore, the energy bandgap for PTB7:PCBM is
calculated as in equation 5.2, we found E; = 1.7 eV. The energy band gap
for PTBT7 was reported to be 1.6 eV according to reference [34] which is fa-
vorably close to the measured value in this experiment. The small difference

between the values could be due to the presence of PCBM in the medium.

The optical absorption of the medium containing the ternary molecules
P3HT:PTB7:PCBM blend were also measured, see Fig. 5.3. This ternary
molecules blend absorbs electromagnetic radiation in the visible spectrum

and extend to near UV and infra-red regions. That is, the absorbance
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starts around from 400 nm up to 800 nm. The strong vibronic shoulder of
P3HT:PCBM near 590 nm can be still be recognized in the ternary molecules
blend. A small bump in the ternary molecules blend spectrum, around 690
nm is associated with the existence of PTB7 in the film. Since PSHT:PCBM
is a wide band gap polymer, so it is dominant near the UV region while
PTB7:PCBM polymer has a narrower band gap than PSHT:PCBM and dom-
inate near the infra-red region. From Fig. 5.3, the bandgap of the ternary
molecules is also calculated from the onset of absorption at the vicinity of

A~ 760 nm (is 1.6 eV).

5.3 Electrical Properties of PSHT:PCBM Bulk
Heterojunction PV Cell

Bulk heterojunction organic solar cells are produced in sandwitch type struc-
ture where the photo-active layer is located between two electrodes as shown
in the schematic diagram (Fig. 5.4). After producing the devices, the
electrical properties were studied by measuring the current-voltage curve
both under light and dark conditions. The active layers were composed
of either binary molecules blend P3SHT:PCBM or ternary molecules blend
P3HT:PTB7:PCBM. The standard SS50AAA solar simulator and Keithly
2400 source meter were used to study the electrical properties of these devices
produced in the laboratory. This study was carried out under illumination
and dark conditions where the devices were scanned from -0.2 V to 0.8 V
and -3.0 V to 3.0 V, respectively. One of the best samples produced using
P3HT:PCBM, was plotted in Fig. 5.5 which shows the J-V characteristics.

From Fig. 5.5, Vi, Jse, Vinar and Jp,4, are determined. Then the FF and the

1 were calculated using these parameters and the equations given in chapter

32



Figure 5.4: Schematic diagram of BHJ photovoltaic cell [35].

Figure 5.5: PSHT:PCBM device under illumination.

4, equation 4.5 and equation 4.7, respectively. All these parameters are tabu-
lated in Table 5.1. The diodes are required to behave in the same manner but

we found diode 6 in this results behaving different from the other diodes in
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terms of its open circuit voltage and short circuit voltage. This could result
from the exposure time of the device in light during the measurements. All

the other diodes except diode 6, they exhibit similar behaviour.

Average n = 1.441 % and Average FF = 39.71 %
Diodes| Voc(V) | Jsoc(mAem™)| Viae(V) | Jmaz(mAcm™2) FF% | PCE%
diodel|l 0.5545 6.743 0.3061 4.668 38.21 1.429
diode3|| 0.5508 6.952 0.3470 4.455 40.37 1.546
diode4| 0.5653 7.063 0.3470 4.661 40.50 | 1.617
diodeb|| 0.5545 6.839 0.3061 4.952 39.97 | 1.516
diode6]| 0.5137 5.423 0.3061 3.993 39.48 1.100

Table 5.1: PSHT:PCBM under illumination right after device preparation.

5.4 Ternary Molecules Blend P3HT:PTB7:PCBM
Bulk Heterojunction PV Cell

The aim of making the ternary molecules blend P3HT:PTB7:PCBM was
to improve the power conversion efficiency and compare these results with
standard binary molecules blends P3HT:PCBM discussed in the previous
section (5.4). The active layer of the ternary molecules blend was prepared
by mixing the solutions of PSHT:PCBM into PTB7:PCBM at 2:1 ratio. The
J-V characteristics taken from the ternary molecules blend are given in Fig.
5.6. From Fig. 5.6, one can deduce that, all the diodes are behaving in a
different manner in terms of their short circuit current densities and open
circuit voltages. By comparing this curve (Fig. 5.6) with the J-V curve of
the binary molecules blend P3HT:PCBM (Fig. 5.5) one can deduce that,
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Figure 5.6: PSHT:PTB7:PCBM device under illumination.

P3HT with PCBM alone works better. The averages of the n and FF for the
ternary molecules tabulated in Table 5.2 are small compared to that of the
binary molecules tabulated in Table 5.1 , which is also one of the reasons why
the binary molecules blend of P3HT:PCBM works better than the ternary
molecules blend PSHT:PTB7:PCBM.

Average n = 0.4838 % and Average FF = 30.73 %

Diodes| Voc (V) | Jsc(mAem™2)| Viae (V) | Jiae(mAecm™2) FF% | PCE%
diodel|| 0.6459 2.398 0.3878 1.229 30.77 | 0.4767
diode2|| 0.5949 2.296 0.3061 1.229 27.55 | 0.3763
diode5|| 0.6460 2.596 0.4286 1.222 31.22 | 0.5236
diode6|| 0.5873 2.850 0.3878 1.441 33.37 | 0.5587

Table 5.2: P3HT:PTB7:PCBM under illumination after 30 minutes.
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5.5 Charge Transport Properties of an Or-
ganic Solar Cell

The dark currents were measured from the devices by scanning from -3.0
V to 3.0 V under the dark condition. The J-V curves taken under dark
condition are given in the Fig. 5.7 below for binary molecules blend and

ternary molecules blend. We can see that all the five diodes for the binary

Figure 5.7: Dark current for: (a) Binary molecules blend P3HT:PCBM and
(b) Ternary molecules blend P3HT:PTB7:PCBM.

molecules blend are responding in the same manner by looking at the shape
of the curve while for the ternary molecules blend one diode is responding
differ from the other diodes. These curves do not provide much information
about our devices performance, but it is useful for charge transport study. We
can see that for a reverse bias, all the diodes produce a negligible amount of
current. For a forward bias around V;; = 1 Volts, the diodes produces a huge
value of the current (current injection) in the case of binary molecules blend,
while in the case of the ternary molecules blend, the diodes still produce

a small amount of current except for diode 4 which behave the same way
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as the diodes of the binary molecules blend. The natural logarithm of the
current density was taken in order to find some more information about the
devices. This was done by plotting a graph of a natural logarithm of a
current density versus the voltages, the graph given in Fig. 5.8 is in the case
of binary molecules blend. From this graph (Fig. 5.8), we were able to find
some information about the properties of the photoactive medium, such as
the zero field mobility (ug) and field activation factor (). We did proceeded
similarly in the case of the ternary molecules blend. According to Fig. 5.8,
region 1 consists of a reverse and a forward bias where there is an Ohmic
contact behaviour(J o V). Region 2 refers to a current known as injection
limited current and increases exponentially with an applied forward bias
according to the relation J o exp(%). This occurs only when the applied
bias is greater than q(¢; — ¢2), where ¢; and ¢, are the work functions of the
electrodes, then the charge carriers are able to tunnel through the barrier and
results to an injection limited current density. This is described in details in
terms of Fowler-Nordheim tunnelling theory. Region 3 is a region of interest
since it represent SCLC, where the current density is directly proportional to
the square of the applied voltage (J o< V?). In this region, all the traps are
filled with the charges and the current becomes very large and reach steady
state condition since the injection of charge carriers into a polymer occurs
very easily than in the other region. We used the data by region 3, in order
to find the important parameters by fitting the logarithm of a Space Charge
Limited Current data with SCLC equation. The logarithm of an SCLC used

in this experiment was

9ee 0.89 _ 1

Where the dielectric constant(e) was chosen to be 3, the permittivity of free

space € = 8.85 x 10712 F'm~!, and the thick layer L = 120 nm.
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Figure 5.8: Logarithm of the current density versus voltage graph for the

binary molecules blend under dark condition.

Fig. 5.9 below shows our experimental data fitted with equation 5.3, and
the results confirm that our experimental data are in a good agreement with
the theoretical prediction. The zero field mobility (i) and field activation
factor () were determined and tabulated on Table 5.3 for P3HT:PCBM.
The semi-empirical field dependent mobility equation which is given by u =
(1€ 8VE [36] was used in this experiment to calculate the field dependent
mobility (x) which is also given in Table 6.3. The lowest possible values for
the mobility of an organic photovoltaic cells is from the order of magnitude
1075 to 1072 em?V~1s7! [37] and the highest possible values can be more
than 0.1 cm?V ~1s™1 [38]. The average mobility of binary molecules blends
P3HT:PCBM in this experiment was found to be 9.527x107° em?V ~1s71
This value lies within the range of the lowest possible values of the mobility
given above. The same procedure was followed in order to determine the

zero field dependent mobility (ug), activation factor (v) and field dependent
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Diodes po(em?/V.s) | v((em/V)2) | p(em?/V.s)
diodel 4.601x107° 2.400x1073 8.383x107°
diode3 4.508x107° 2.900x1073 9.308x107°
diode4 1.092x1074 8.000x10~* 1.334x1074
dioded 3.657x 1075 3.400x 1073 8.557x107°
diode6 3.525x107° 3.300x1073 8.045%x107°

Table 5.3: Transport parameters from dark current data of the binary

molecules blend P3HT:PCBM.

Figure 5.9: SCLC fitted data with equation 5.3 for the binary molecules

blend.
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mobility (u) for the ternary molecules blend PSHT:PTB7:PCBM, the results
are tabulated on Table 5.4. The average mobility for the ternary molecules
blend was found to be 4.880x107° em?V ~1s7!, it is also within the range of
the lowest possible values but less in magnitude compared to the mobility of
the binary molecules blends. The low mobility results to a small current of a
device, as we can see in this experiment, binary molecules blend has a higher
mobility than the ternary molecules blend and is performing better than the
ternary molecules blend. According to the charge transport properties [37],
our devices produce a good charge mobility. The fitting of equation 5.3 into
the dark current data of the ternary blend is also shown in Fig. 5.10 which

also shows a good agreement with the theoretical predictions.

Diodes po(em?/V.s) | v((em/V)2) | p(em?/V.s)
diodel 6.324x107° 5.000x 1073 2.933x107°
diode2 5.156x10~¢ 4.800x1073 2.249%x107°
dioded 1.280x107* | 5.792x107° | 1.303x10~*
diodeb 6.049x10~¢ 5.000x 1073 2.064x107°
diode6 1.208x1075 4.000x1073 4.123x107°

Table 5.4: Transport parameters from dark current data of the ternary

molecules blend PSHT:PTB7:PCBM.
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Figure 5.10: SCLC fitted data with equation 5.3 for the ternary molecules
blend.

5.6 Morphology of the Active Layer

The investigations of the active layer morphology have been proven to be
highly important in determining the optoelectronic properties of the polymer
based devices [39]. It plays a significant role in the transportation of the
charge carriers. The scanning electron microscopy (SEM) images given in
Fig 5.11 shows the morphology of the binary and ternary molecules blend
fabricated in this experiment. In Fig. 5.11 (a), the partially white spots
are PCBM molecules where the black leaves on top of those white spots
are presumably PTB7 molecules, and the dark background moving around

those spots in P3HT molecules. In Fig. 5.11 (b), the PCBM molecules
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Figure 5.11: Surface morphology (a) P3HT and PTB7 blended with PCBM
(b) P3HT blended with PCBM.

(white spots) are distributed randomly in P3HT matrix, which results in
increasing the charge separation all over the active layer. The absence of
PTBT7 molecules in the binary molecules blend leads to the smooth structure

of the active layer as we can see from Fig. 5.11 (b).

5.7 Degradation of Binary and Ternary Molecules
Blends

Although organic photovoltaic solar cells are promising candidates for mit-
igating energy problem since the efficiency keep on improving compared to
the earlier stage. But, the degradation of an organic solar cell is still another
challenge for the researchers. Therefore, in this experiment we investigated
the life time of the binary and ternary molecules blends prepared under ambi-

ent condition. The samples were tested at different times after the fabrication
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Figure 5.12: Variation of the photovoltaic parameters with respect to time

after the fabrication of the devices.

process, where some other diodes were not giving the conclusive results. The
samples were covered with a black opaque material to avoid exposure to
sunlight while measurements are taken. This was the first step to be met
in order to avoid the solar cell to degrade suddenly. The second one is the
effect of the humidity during the fabrication of the samples. In Fig. 5.12,
parameters of organic solar cells based on binary molecules PSHT:PCBM

and the ternary molecules PSHT:PTB7:PCBM blends were plotted against
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time. Similar trend of decreasing of solar cell parameters Vpo, 1, and Jsc
was observed on both cases as the time elapses. It was observed that for the
first three hours after their fabrication, the binary molecules degrade faster
than the ternary molecules parameters. The open circuit voltages reduced
by about 9 % and 7 % from their initial values for the binary and ternary
molecules, respectively, in the first 3 hours. The power conversion efficiency
and the short circuit current density showed a drastic loss in the first three
hours on both cases binary and ternary molecules. The loss of the efficiency
for binary and ternary molecule is about 31 % and 27 %, respectively from
its initial value, while the short circuit current density decreases by about
32 % and 29 %, respectively. The operational lifetime of the OPV cells is
estimated from Fig. 5.12 to be approximately 12 hours, after 12 hours our
samples were not operating efficient. The degradations to our samples are

due to absorptions of oxygen and moisture into the organic molecules.
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Chapter 6

Conclusion

Organic solar cells based on binary molecules PSHT:PCBM and ternary
molecules P3HT:PTB7:PCBM blend were fabricated under the ambient lab-
oratory condition. Immediately after the fabrication process of the samples,
electrical properties were studied both under dark and illumination condi-
tions. The results found in this work were in favor of the binary molecule
blends compared to the ternary molecules blend. The average power conver-
sion efficiency for the binary molecule was found to be n = 1.441 %, while
in the ternary molecule was found to be n = 0.4838 %. The poor perfor-
mance of the ternary molecules blend is associated with low charge mobility
in the medium and enhanced charge recombination process. According to the
SEM images taken from the two surfaces, one can clearly see the formation
of PTBY clusters on the film containing ternary molecules. The formation
of the clusters would hinder the charge transport across the electrode and

favorable for charge recombination processes.

Furthermore, the average charge carrier mobilities for binary and ternary

molecules found from the data were p = 9.527 x 107° em?V~1s7! and
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o= 4.880 x 1073 em?2V 1571, respectively. The optical absorption of the
active layers was studied and the band gap energies were calculated from the
onset of absorptions and found £, = 1.9 eV for binary molecule blends while

for the ternary molecule blends was found to be £, = 1.7 V.

The devices produced in this work were in a good quality and compara-
ble but less stable with the other results reported in literatures. One thing
un-expectable in this work was that the performance of the ternary molecule
blends found to be less than that of the binary molecules blend which is con-
trary to optical absorption result. This work proved that producing organic
solar cell can be easy and cheap, however the lifetime and environmental
stability of the cell remains as a major challenge to the researchers. From
Fig. 5.12 one can deduce that the power conversion efficiency decreased by

approximately 33 % after 10 hours exposure to ambient environment.
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