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Abstract

Organic bulk heterojunction photovoltaics have attracted extensive attention during
the past decade due to the global energy crisis, and it had been nominated as one
of the most promising substitution for the next generation of green energy. Organic
Photovoltaics, also named as “plastic solar cells”, have many advantages including
super-low cost, flexibility, and compatibility with the ink printing fabrication
technique, etc. Although the photovoltaic efficiency of the organic bulk heterojunction
is still not as high as that of the inorganic ones, its great potential makes it the most
promising solar cells in the future. In this dissertation, Chapter 1 presents a basic
introduction to the concepts of conjugated polymers, the widely utilized materials
in photovoltaic devices, and the fundamental device physics. Meanwhile, some
basic spintronics was also discussed in this chapter. Finally, the peer publications
review is briefly discussed in order to cover the academic progress in this field.
Chapter 2 and Chapter 3 systematically study the origin of open circuit voltage
in organic photovoltaics. Chapter 4 and Chapter 5 study the magnetic field effect
on photocurrent change of bulk heterojunction and double layer photovoltaics,
respectively. Chapter 6 focuses on the “intra-molecular” interaction effect on internal
photovoltaic processes in new low band gap materials based on magnetic field effect
and photoassisted dielectric response techniques. Finally, Chapter 7 gives a short

conclusion for the entire dissertation.
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Chapter 1

Introduction

This chapter presents the fundamental background information for the basic device
physics of organic solar cells and some basic photophysics in organic materials.
The motivation is trying to provide comprehensive information before the following
chapters, so there would be no significantly blocks for the readers who are not working

i this area.

1.1 History of solar energy conversion: photo-

voltaics

1.1.1 Inorganic photovoltaics

The solar cells have been extensively studied to increase the photon to electricity
conversion efficiency since the first discovery of photovoltaic effect.[1] The crystalline
silicon solar cell with over 6% efficiency was first developed in Bell Laboratories.|[2]
In 1998, the efficiency reached up to 24%,[3] which is close to the theoretical limit of

30%.[4][5] Nowadays, the Solar photovoltaics is growing rapidly, with a total global



capacity of 67,400 megawatts (MW) at the end of 2011. However, it only provides
0.5% of the worldwide electricity demand.[6] Thus, further increasing the capacity
and the efficiency (for solar cell panels) of the solar photovoltaics and reducing the

cost are a very critical issues in solving the energy problems in the world.

1.1.2 Organic photovoltaics

Organic photovoltaics are widely accepted as the fifth generation device of the solar
energy conversion. The efficiency of the O PV has grown dramatically from 4.4 %|7]in
2004 up to 8.6 % in 2011.[8] Considering the average power efficiency of the inorganic
solar cell counterparts in the market, the breakthrough of the power conversion
efficiency to over 10% will make it very close to realistic application. The organic
material-based solar cells have a lot of advantages that the inorganic counterparts do
not have, such as flexibility, ultra-thin active layer in the hundreds nanometer scale,

printing technology, wider color selection possibilities, and so on.

1.2 Organic Photovoltaic materials

1.2.1 [II-conjugated organic semiconductors

The traditional polymer were widely considered as insulator materials before 1970s;
however, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa have found the
conductive polymers can be obtained by chemical doping, which made it possible
for the polymer can be used in the application of optic and electric devices. The
three scientists won the Nobel Prize for Chemistry in 2000 “for their discovery and
development of conductive polymers”. Essentially, the semiconductor properties of

the II-conjugated organic materials come from the alternative single and double bond



configuration, as shown in Figure 1.1a.

S
O - L6, U .G
e \C|:/ \$/ \?/ \Cl:/
H H H H

(b) The schematic diagram of p, orbitals

Figure 1.1: (a): Chemical structure of Polyacetylene showing alternative single and
double bonds; (b): The schematic diagram of p, orbitals showing the overlap of =
electron wavefunction.

Take Polyacetylene as example, the CH unite forming a quasi-one-dimensional lattice,
which is because the intrachain 7 interaction (o-bond or m-bond) is significantly
stronger than the interchain interaction (van der Waals force or hydrogen bonding).
Moreover, three of the four carbon valence electrons are sp? orbitals, specifically,
two of the o bonds connect with neighboring carbon atoms and the other connects
with hydrogen. The fourth valence electron has a 2p, orbital with the electron cloud
lobes perpendicular to the plane decided by the other three.[9][10] The overlap of
the p. wavefunctions leads to the formation of m-bond, and the electrons in P,
orbitals, namely m-electrons, can then delocalize over the entire molecule. Thus the
conjugated polymer can be possible to have the electric conductivity. Because the
wavefunction overlap, as shown in Figure 1.1b, of 7 orbitals forms both bonding

() orbitals with lower energy and antibonding (7*) orbitals with higher energy,



the electronic structures consist of Highest Occupied Molecular Orbital (HOMO)
and Lowest Unoccupied Molecular Orbital (LUMO). The concepts of HOMO and
LUMO are similar to the concepts of the valance band and conduction band of
the inorganic semiconductors. However, the band structure of organic conjugated
polymer is direct band structure, and it has a much larger absorption coefficient
than inorganic materials, which makes it the novel alternative material for the next

generation of solar energy harvesting devices.

1.2.2 Materials for bulk heterojunction photovoltaics

The polymers used in this dissertation are P3HT', PT'B1, F8BT, MEH — PPV et
al. The small molecules are PC'BM, Cgy, et al. The chemical structures are shown

in Figure 1.2

1.3 Bulk heterojunction photovoltaics

1.3.1 Device architecture

The architecture of the OPV is typically as follows: ITO/PEDOT : PSS/Avtivelayer/Al.
The high work function material /T0O/PEDOT : PSS is the anode, and the low work

function metal Al is the cathode. The schematic figure is shown in Figure 1.3

1.3.2 Working principle

The working principle of OPV can be explained step by step through Figure 1.4.
First, when the incident photon is absorbed by donor, an electron-hole pair is
generated, leaving a hole in HOMO and an electron in LUMQO. Then, the exciton

(intramolecular electron-hole pair) can move to the donor and acceptor interface if
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Figure 1.2: Materials utilized in bulk heterojunctions (a): P3HT; (b): PCBM; (c):
F8BT; (d): HXS-1; (e): MDMO-PPV; (f): PBnDT-DTBT; (g): PTBI; (h): PTB2;
(i): PTB4; (j): PTBT; (k): MEH-PPV.



Figure 1.3: Schematic figure of typical OPV.

the exciton diffusion length is larger than the domain size of donor. Second, the
photoinduced electron transfer happens in femtosecond scale at the interface. Then
the electron and hole will transfer through the relative networks under the internal
electric field towards the respective electrode. Finally, the electrons and holes will be
collected by the anode and cathode to generate photocurrent. Moreover, it should be
noted that the geminate (Process 7) and bimolecular recombination (Process 8) can

occur during the photoenergy conversion process.

1.3.3 Electrical characterization

For organic photovoltaics, the efficiency can be calculated by the output power of the
cell divided by the standard sunlight intensity, AM1.5 100 mW/cm?. Mathematically,
the efficiency can be obtained by Equation

Voc-Isc- FF
n= D (1.1)

Here, the Voc is open circuit voltage, I, is short circuit current, F'F' refers to fill

factor, P, is AM1.5, 100 mW/cm?.
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Figure 1.4: The working principle of organic bulk-heterojunction solar cells. 1. The
photon absorption; 2. Intra-molecular recombination; 3. Exciton diffusion; 3’. Hole
transportation 4. Photoinduced electron transfer at donor and acceptor interface; 5.
Electron transportation in acceptor; 6. Electron collection; 6’. Hole collection; 7.
Geminated recombination; 8. Bimolecular recombination
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Figure 1.5: Typical Voltage-Current characterization of solar cell under light
illumination



by Isuy Ry |

AV Rgp

Figure 1.6: Equivalent electric circuit of the organic bulk-heterojunction solar cell

The typical current-voltage characterization of solar cell under light illumination is

shown in Figure 1.5.

The equivalent electric circuit is shown in Figure 1.6. The parallel and series resistance

can determine the fill factor of the solar cell.

1.3.4 Magneto-optical characterization and experimental setup

A schematic drawing of the experimental setup for the measurement of magnetic field
effect on photocurrent change is shown in Figure 1.7. The sample is mounted in the
middle of the electromagnet. The electric parameters are monitored by the Keithley
2400 source meter, and the magnetic field is measured by FW Bell5170 Tesla Meter.

The photocurrent change under magnetic field is defined as

MFEp¢ = (1.2)

The maximum magnetic field can be adjusted by choosing the different gap distances

between the electromagnets or by adjusting the driving current.
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Figure 1.7: Schematic diagram for magnetic field effect on photocurrent change
setup

1.4 Photophysics in organic materials and photo-

voltaics

1.4.1 Singlet and triplet excited states

In quantum physics, spin is the angular momentum intrinsic to the atomic length scale
particles, such as individual atoms, protons, or electrons. In quantum mechanics, the
spin of the particles does not have the classical feature, which is associated with the
rotation of the mass; it only refers to the presence of angular momentum. For a two
particle system, each of the components only has spin vector S; quantized on values
+h/2. Thus, the total spin vector for the two particle system is S = S; + Sy. If the

two particles are completely anti-parallel, such that S; = —S5, then the total spin is



Sm=0 TmZ(} & Tm=- I

m=1

Figure 1.8: Schematic diagram of singlet and triplet states configuration.

0, and the spin multiplicity will be m = 0. On the other hand, if the two particles
have parallel spin, then the total spin is m = 3 (m = 2.5 + 1), so there are three
possible combinations. Thus, the wave function of singlet and triplet state can be
described as Equation 1.3 and Equation 1.4, 1.5 and 1.6. The schematic diagram of

singlet state and generated triplet states can be shown in Figure 1.8.

Vs(s1,82) = %[%(51)%(52) — Pp(s2),(s1)] (1.3)
Yrm=1 = P1(51)Y1(52) (1.4)
Yramet = =ty (51 (52) + Gy (52)0y(51)] (15)

V2

Vtm=—1 = Yy (51)¢1(52) (1.6)

The excited state or exciton in photophysics is essentially an electron and hole pair
generated by the absorption of incident photon. Because the electron hole pair is
a two particle system, there are singlet excited state and triplet excited state due
to the different spin configurations. In photophysics, the singlet and triple excited
states are very important for the fluorescence efficiency. Due to the ultra-fast electron
transition from the ground state to the excited state, excited electron-hole pair will

keep the singlet spin configuration as in the ground state. The transition from singlet

10



excited state back to the ground state leads to the radiative emission, or non-radiative
decay with phonon emission. However, the transition from triplet excited state to
the ground state is spin forbidden due to the spin conservation. Thus, the triplet
excited states normally have longer lifetimes and relatively longer diffusion lengths
than singlet excited states. Moreover, due to spin-spin interaction, the electrons with
the same spin signatures are repulsive to one another. Thus, the triplet state has a
lower energy level and a larger binding energy than the corresponding singlet state.
The energy difference between singlet and triplet state is called “exchange energy”;
a schematic diagram is shown in Figure 1.9. Experimental results show that the

exchange energy for the intramolecular excitonic states is around 0.7 eV .[11][12]

S

Figure 1.9: Schematic diagram for exchange energy in excitonic states

Furthermore, exchange energy dramatically depends on the separation distance
between electron and hole. It should be noted that the above discussion is based
on excitonic states. For the cases of polaron pair state and charge-transfer complex
state, the situation will be different mainly due to the electron hole pair separation

distance. The details are discussed in the next section.

1.4.2 Exciton, polaron pair, and charge-transfer complex

Essentially, exciton, polaron pair and charge-transfer complex are electron-hole pairs.
The difference between them is the separation distance, which can be easily shown in
Figure 1.10. It should be noted that the exciton in organic semiconductors is Frenkel

type exciton which has the binding energy around 0.1 ~ 1 eV [13] as compared with
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the inorganic counterpart with formation of Wannier-Mott exciton. The binding

energy of Wannier-Mott exciton is typically on the order of 0.01 eV.[14]

®-—0O

Exciton

-y
=i

Polaron Pair State

Figure 1.10: Schematic diagram for the distance of Exciton, Polaron pair, and
Charge-Transfer Complex.

The distance between the electron-hole pairs is very important because it determines
both the Coulomb attraction and the spin exchange energy. The Coulomb attraction

energy is shown in Equation 1.7; while the exchange energy is shown in Equation 1.8.

1 Q1 - 42
= . 1.
u 4meg r (17)
AEsy = Joexp(—ar._p) (1.8)

The concept of exchange energy is critically important in this dissertation, because
under magnetic fields of less than 1 7', as in our studies, the spin configuration only
can be modified under external magnetic field in either polaron pair or charge-transfer
complex states, which is due to their negligible exchange energy associated with the

longer separation distance, as shown in Figure 1.11.

12



Exchange energy
]

Seperation distance
Figure 1.11: Schematic diagram for exchange energy with the separation distance

1.4.3 Zeeman effect

The energy level of an atom will be changed if the atom is placed in a static
external magnetic field; this phenomenon is called the Zeeman Effect.[15] The total

Hamiltonian of a single atom in a magnetic field is
H=H)+ H, (1.9)

Hy is the unperturbed Hamiltonian, H, is the perturbation due to the external

magnetic field B, and H, can be determined by
H,=—ji-B (1.10)
1 is the magnetic moment of the atom, which equals
ji=—pp-g-J/h (1.11)

J is the total electronic angular momentum including orbital angular momentum L

and spin angular momentum S. g is the g factor. Thus, the magnetic moment
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Figure 1.12: Schematic diagram of Zeeman effect

equals to

fi=—pup-g-(g-L+gs S)/h (1.12)

pp is the Bohr magneton, and can also be written as

eh
KB = (1.13)

- 2m.

g = 1 and g5 ~ 2.0023192, which is the anomalous gyromagnetic ratio. Thus, the
perturbation due to the external magnetic field can be obtained as follows:

e

H. (L +25) - Bew (1.14)

:2m

It should be noted that the comparison between the internal field and the ezternal
field determines if the Zeeman splitting can happen. A schematic diagram is shown

in Figure 1.12. For more information, please refers to book. [15]

1.4.4 Spin-Orbit coupling

Spin-orbit coupling is the electromagnetic interaction between the electron’s spin
angular momentum and the orbital momentum of this electron. This interaction
can cause the shift of the electron’s atomic energy levels.[16] The coupling is more

pronounced in the following two situations:[17] (1) if the electron exhibits in a strong
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Figure 1.13: Schematic diagram of spin-orbit coupling

field, when the electron is in an orbital which is closer to the nucleus. It can
be achieved when the nucleus has a high atomic number; this is called the heavy
metal effect. (2) if the energies of the states being mixed are very close to each
other. A schematic diagram of spin-orbit coupling is shown in Figure 1.13, and the

mathematical description is given by Equation 1.15

. ( e? 1
so — \g ) 5 5 aV"
meg’ m2c2r3

(1.15)
S is spin angular momentum and L is orbital angular momentum.

Meanwhile, the 1.15 is based on the hydrogen atom. Generally, studies have shown
that the SOC constant is proportional to Z4, where Z is the atomic number.[18][19]
This is the origin of the heavy metal effect. The SOC also exponential decreases with

the separation distance.[20]
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1.4.5 Hyperfine interaction

The hyperfine interaction, in essence, refers to the magnetic interaction due to the
nucleus spin and the electron spin; in other words, the hyperfine interaction is spin-
spin interaction. Because the mass of the proton is much more heavier than the
mass of the electron, so as the magnetic dipole moment, the energy shift induced by

hyperfine interaction is normally orders smaller than the spin-orbit coupling.[15]

1.4.6 Intersystem crossing

The excited states only can have two spin configurations: one is the singlet
configuration, in which the excited electron is anti-parallel paired with the electron
in ground state; the other is the triplet configuration, in which two charges are
in parallel spin. Intersystem crossing refers to the radiationless process involving
the transition of the two electronic states with different spin multiplicity.[17] For
instance, the excited singlet states can convert to triplet states through intersystem
crossing. The probability is governed by the extent of spin-orbit coupling and the
energy gap between the states involved. Normally, the transition coefficient between
singlet and triplet excited states is very low because it is quantum mechanically
forbidden.[16] However, when the exchange energy is small, as in the cases of polaron
pair state and charge-transfer complex states, in which the electron hole separation
distance is much larger than exciton, the usually forbidden of the interconversion can
be partially allowed due to spin-orbit coupling or hyperfine interaction. Namely,
the spin-orbit coupling and hyperfine interaction can mix the singlet and triplet
wavefunctions if the exchange energy is negligible, as shown in Figure 1.14. The

theoretical calculation indicates that the for the polaron pair or charge-transfer
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Figure 1.14: Schematic diagram for exchange energy polaron pair or charge-transfer
complex states

complex states favor the singlet configuration, the singlet energy level must lie below

the triplet energy level.[21]

1.4.7 Triplet charge reaction

It was found that the triplet exciton can interact with a trapped charge, and the
products are a singlet exciton in ground state and a free charge. Moreover, the triplet
exciton can take the energy from a free charge and then dissociate the triplet exciton.

The mathematical description is shown in Equation 1.16 and 1.17

T+ Ctrap — SO + Cfree (]‘]‘6)

T+ Cree = €+ h =4 Chree! (1.17)

1.5 Magnetic field effect

Both experimentally and theoretically, there are several parameters can be changed
under magnetic field due to the spin mixing, such as resistance, photocurrent,
photoluminescence and electroluminescence. The schematic diagram for the magnetic
field effect is shown in Figure 1.15. When the life time of polaron pair or charge-
transfer complex is shorter than the spin-lattice relaxation time, the evolution of the

spin only depends on the external magnetic field. Thus, the thermal energy (which
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may exceed the exchange energy by external magnetic field) cannot affect the spin

motion processes.|[22]

i T t
PLB) EL®B) JuB) I(B)

Figure 1.15: Schematic diagram for the magnetic field effect on resistance,
photocurrent, photoluminescence and electroluminescence.

1.6 Peer article review of the origin of V,. in
organic solar cells

Since the breakthrough of the energy conversion efficiency to more than 1% in organic
bulk heterojunction solar cells,[23] tremendous effort was made to further increase
the solar cell efficiency and to deepen the fundamental understanding of the device
physics. As one of the most important parameters, the origin of V,. was investigated
with different models. Here, the development of the physical understanding on the
origin of V,. will introduced and other possibilities that may have been missed will
also be discussed. I am sorry that I cannot include every paper which has contribution

on the study towards V..
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In 2001 and 2002, Brabec [24] and Ramsdale [25] et al. found that different electrodes
change the V. of organic solar cells. More importantly, they claimed that the V.
is more dependent on the LUMO energy level of acceptors than the workfunction
of electrode. Then, Deng[26] and Gadisa[27] et al. found that the V. is determined
by the energy difference between HOMO of donor and LUMO of acceptor. In 2007
and 2008, Kim, Kinoshita and Yip et al. found that the modification of interfacial
layer between active materials and the electrode can modify the V,. by changing the
interfacial energy diagrams.[28][29] In 2008 and 2009, Vandewal found that the V.
is determined by the formation of ground state charge transfer complexes.[30][31]
Although it is quite clear that the origin of V,. is dominated by the energy difference
between HOM O of donor and LUMO of acceptor, there are some other parameters

that may affect the V,. in organic solar cells will be explored in this dissertation.

1.7 Peer article review of magnetic field effect on
photocurrent change

There has been a long history on the study of the magnetic field effect on kinetics of
chemical reactions,[32] and recently, the magnetic field effect on solid state organic
semiconductor devices caught great attention in the academic field. Here only the

work related to the magnetic field effect on photocurrent change is reviewed.

Frankevich et al. [33][34] proposed Hyperfine interaction (H F'I) mechanism to explain
the low field M F Ep¢ of poly(p-phenylene vinylene) (PPV) and its derivatives. For
the polaron pair states generated through photoexcitation, when the separation
distance between electron and hole is long enough that the exchange energy is
negligible, the singlet and triplet states are mixed by HFI. The degree of mixing
is dependent on the external magnetic field. Under external magnetic field, the

triplet states is degenerated and split into three energy states. When the external
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magnetic field is large enough, the I.SC from singlet polaron pair to triplet polaron
pair will completely forbidden. With the consideration of different dissociation rates
or recombination rates between singlet and triplet, the generation of photocurrent can
be modified under external magnetic field. A similar explanation was also given by
Kalinowski et al. [35] Tolstov and Frankevich et al. [36] also presents a triplet exciton
charge reaction model to explain the negative M F'Epc under magnetic field. The
argument is that the trapped charge can be “kick out”, becoming a free charge with
the interaction of triplet exciton, and the magnetic field can reduce the rate constant.

As such, the TC'R model can well explain the negative M F' Eps phenomenon.

Ito et al. [37][38] studied the M FEp¢ of charge transfer complex based on 1,2,4,5-
tetracyanobenzene (TCNB)-doped poly(N-vinylcarbazole) (PVK) film.[37] They used
similar HF'I to explain the positive M F Epe at low field and used a level crossing

mechanism to explain the dip of M FEpe around 43 mT.

Gillin et al. [39][40][41] described the M F Ep¢ for Algs and P3HT : PCBM solar cell
devices under photoexcitation around V.. Both positive and negative M F' Eps were
found in those systems. The argument of this phenomenon is that the intersystem
crossing rate will increase from the higher population density state to lower population
density state under external magnetic field. For example, when the applied voltage is
right below V., the singlet state is dominated, so the I.SC' is from singlet to triplet,
and because the triplet states has longer lifetime than singlet states, the triplet have
a large possibility of dissociating and then contributing to the photocurrent, so there
will be a positive M F'Epc. The negative M F'Epc also can be explained by the same

mechanism.
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1.8 Outline of the dissertation

In this dissertation, the magnetic, optical and dielectric effects on organic photo-
voltaics are studied. The dissertation includes basic concepts of polymer physics, a
detailed discussion of device fabrication procedure, and device physics. In Chapter
2, the origin of open circuit voltage in organic bulk heterojunction solar cells is
systematically studied. Then, the open circuit voltage is further investigated by
the capacitance-voltage characterization in Chapter 3. For Chapter 4 and Chapter
5, the magnetic effect on photocurrent change in both bulk heterojunction solar cells
and the polymer-inorganic double layer solar cells is studied, and it is found that
the inter-molecular charge-transfer complex formation is responsible for the high-
field magnetic field response. It is revealed that the control of the charge-transfer
complex formation is one of the key issues to further improve the photovoltaic
efficiency. In Chapter 6, the intra-molecular “donor-acceptor” interaction effect is
found in the newly synthesized efficient low band gap polymers, and it is found
that the intra-molecular “donor-acceptor” interaction can facilitate the electron-hole
pair dissociation at the donor and acceptor interface, in another word, lower the
binding energy of the inter-molecular charge-transfer complexes. Thus, the “donor-
acceptor” interaction in pristine polymer forms a new way to further increase the

power conversion efficiency in organic photovoltaic devices.
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Chapter 2

Open circuit voltage in organic

bulk-heterojunction photovoltaics

2.1 Electrode dependence of the open circuit volt-

age

2.1.1 Introduction

For the Metal-insulator-Metal model (MIM), the open circuit voltage depends, in
first order, on the work function difference between the cathode and anode. However,
for the organic bulk-heterojunction solar cells, the V. is only weakly dependent
upon the work function difference, which indicates that the M IM is not fit in bulk-
heterojunction solar cells. It has also been studied that the energy level pinning of the

electrode is responsible for the weakly dependence upon work function difference.[42]
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Figure 2.1: Work function of cathode dependence of the open circuit voltage in
P3HT : PCBM based bulk-heterojunction solar cells.

2.1.2 Experimental

For the fabrication of solar cell devices, at first, ITO glass was cleaned in
ultrasonic bath in the following sequence: detergent, deionized water, acetone,
isopropanol, and chloroform. Then, approximately 40 nm polyethylenedioxythio-
phene/polystyrenesulphonate (PEDOT/PSS) was spin-casted on the top of UV
treatment ITO glass. After baking the substrates at 140 °C for one hour and spin-
coating the active layer, the appropriate cathode was thermally deposited under the
vacuum of 7 x 10~7 Torr. The current-voltage characteristics were measured utilizing
Keithley 2400 source meter, and light source of photon response was measured using

Thermal Oriel 96000 300 W solar simulator from Newport.

2.1.3 Results and Discussion

The Figure 2.1 shows that the workfunction change of the cathode in I'TO/PEDOT/P3HT :
PCBM/X solar cell by 2.3 eV can only change the V. by around 0.4 V,
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thus, it can be concluded that the work function difference is not the first parameter

to determine the V. in organic bulk-heterojunction solar cells. (Hint: See Figure 2./)

2.1.4 Conclusion

It can be seen from Figure 2.1 that the work function of the electrode is not the first
order parameter to determine the open circuit voltage for organic bulk-heterojunction
solar cells. Thus, more work needs to be done to clarify the origin of V,. in organic

bulk-heterojunction solar cells.

2.2 Thickness dependence of the open circuit volt-

age

2.2.1 Introduction

In this section, the thickness dependence of the active layer on V. is studies, and it

is found that the V. is independent with the thickness of the active layer.
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Figure 2.2: Thickness dependence of open circuit voltage in PSHT : PCBM based
bulk-heterojunction solar cells.

24



2.2.2 Experimental

The fabrication procedure of P3HT : PCBM solar cell devices is the same as the
procedure in 2.1.2. The thickness can be controlled by adjusting total weight of the
materials or by changing the spin coating speed. All of the solar cells with different
film thickness in this section are made up by P3HT and PCBM at 1 : 1 weight ratio

without further treatment. The solvent is dichlorobenzene.

2.2.3 Results and Discussion

It can be seen from Figure 2.2 that the open circuit voltage does not change with the

thickness of the active layer thickness.

2.2.4 Conclusion

The independence of open circuit voltage on the active layer thickness indicates that
the open circuit voltage in organic bulk heterojunction solar cells is not dimension
related but determined by the intrinsic properties of the materials themselves in a

selected electrode combination.

2.3 Energy level dependence of the open circuit

voltage

2.3.1 Introduction

It has been studied that the V,. of the bulk heterojunction is proportional to the
energy difference between HOMO of the donor and the LUMO of the acceptor.[43]
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Figure 2.3: Effective band gap for organic bulk-heterojunction solar cells.

It can be also treated as the effective energy band gap of the bulk-heterojunction if
compared with the counterpart of the inorganic semiconductor solar cell. Moreover, it
should be noted that the V. is essentially smaller than the effective energy band gap,
due to the Coulomb energy loss. The schematic description of the effective energy

band gap is shows in Figure 2.3.

2.3.2 Experimental

There are eight polymers used in this section, they are PT'B1, PT'B2, P1' B4, PT B7,
HXS -1, MEH — PPV, MDMO — PPV and P3HT. The chosen acceptor is
PCBM. The weight ratio between donor and acceptor PCBM is 1:1 for PTB1,
PTB2, PITB4, PI'B7, HXS — 1; 1:4 fo- MEH — PPV, MDMO — PPV; and 1:2
for P3HT. The chemical structures of the polymers are shown in Figure 1.2. The
energy levels of the materials are shown in Table 2.1. Moreover, the HOMO and

LUMO for PCBM is 3.7 eV and 6.2 eV, respectively.

Table 2.1: Energy levels of the selected donor materials

(eV) | PTB1 | PTB2 | PTB4 | PTB7 | HXS-1 | MEH-PPV | MDMO-PPV | P3HT
LUMO | 3.20 3.22 3.31 3.31 3.35 2.70 3.00 3.53
HOMO | 4.90 4.94 5.12 5.15 5.21 5.11 5.30 5.30
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Figure 2.4: The relationship between open circuit voltage and effective energy band
gap of the heterojunction solar cells.

2.3.3 Results and Discussion

Figure 2.4 shows the relationship between V. and the effective energy band gap, the
difference between the HOMO of donor and the LUMO of acceptor. It can be seen
that the V,. of the solar cell is proportional to the effective energy gap. This has also
been studied by other groups. It should be noted that the relative weight ratio of
the donor and acceptor can also affect the V. of the solar cell. This dependence is
essentially related to the effective dielectric constant of the medium or the free energy
of the charge-transfer complex. The detailed study of this part is presented in Section

2.4.

2.3.4 Conclusion

In conclusion, by selecting different energy band gap of the donor materials, or by
adjusting the HOMO of the donor materials, the effective energy band gap can be
changed. It can be seen from the experimental results that the V. is proportional to

the effective energy band gap of the bulk heterojunction solar cells.
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2.4 Dielectric effect on the open circuit voltage

2.4.1 Introduction

The energy conversion from photoexcited states at donor-acceptor interface to
electrical potential determines the maximum open-circuit voltage (V,.) in bulk
heterojunction organic solar cells. However, the V,. is always smaller than the
theoretical prediction due to the energy loss in the photon-electron conversion process.
This section reports the experimental studies on the effects of dielectric constant on
Voe based on PSHT : PCBM solar cells. Our experimental results suggest that the
dielectric constant of the bulk heterojunction can control the V,. in the non-thermal
annealing treatment solar cells. Therefore, our experimental studies indicate that
controlling the medium dielectric constant forms a new mechanism to reduce the V.

loss toward device efficiency improvement in organic solar cells.

2.4.2 Experimental

The fabrication procedure is the same as that described in 2.1.2. The solvent for
the solution is chlorobenzene. Thermal annealing treatment is only performed on the
organic heterojunction films without cathode. The thermal annealing temperature is

155 °C for 5 min.

2.4.3 Results and Discussion

Figure 2.5a shows the current-voltage characteristics for the P3HT : PC'BM bulk-
heterojunction solar cells with different donor:acceptor compositions. It can be clearly

seen that the V,. changes from 0.60 V to 0.86 V with the increase of PCBM
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concentration.

It is noted that the obtained V,. is much smaller than the energy difference (1.5 eV/)
between the HOMO of P3HT (5.3 eV')[44] and the LUMO of PCBM (3.7 €V),[45]
which indicates a significant V. loss in the PSHT' : PCBM solar cells. We know that
changing donor:acceptor composition can change both charge transport channels, due
to binary morphological development, and average bulk dielectric constant, due to
their different dielectric constants. The charge transport channels can directly affect
the dissociated electrons and holes, causing them to be transported to electrode
interfaces. We further characterized the effects of average dielectric constant on
V,. at different donor:acceptor compositions. We can see from Figure 2.5b that the
average dielectric constant of the P3HT : PC'BM film decreases with increasing the
PCBM concentration. The decrease in average dielectric constant can be attributed
to the mixing of relative high and low dielectric PSHT (¢ = 6.5)[46] and PCBM
(e = 3.9).[47] More importantly, we can see from Figure 2.5¢ that the V. is inversely
proportional to the average dielectric constant €,. This means that the compositional
dependence of V. is essentially related to the effective dielectric constant for the bulk
medium, in other words, the real V. increases with the decrease of effective dielectric

constant.

It has been reported by Veldman etc. al.[48] that the V. is proportional to the energy
of the C'T" states Ecr, which can be calculated via Equation 2.1 from the Gibbs free

energy of photoinduced electron transfer,

e? 1 1 e? 2
8meor Erer  (Er) 8meoe,  Roo

Ecr = e[Eox (D) — Erpp(A)] — ) (2.1)

It is straightforward to get the relationship between V,. and Ecr with the con-
sideration of complete separation of electron and hole, which is corresponding to

Reoe = 00,[48] shown in Equation 2.2
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Figure 2.5: (a) Current-Voltage characteristics before annealing under illumination
(100 mW/em?) from Thermal Oriel 96000 300 W solar simulator for P3HT and
PCBM blend heterojunction. The arrow shows that the weight ratio of PCBM
corresponding to the total weight of the blend from 16% to 66%. (b) Effective
dielectric constant dependence on the concentration of PCBM. (c) Open circuit
voltage versus reciprocal of the effective dielectric constant.

30



Ve = k- {[Eox (D) = Eneo(A)) - 5 (2= = 29),) 2.2

It should be pointed out that k in Equation 2.2 equals to 1 only when V,. becomes
saturated with strong light, because the V,. can be turned by changing illumination
intensity. Here, e and gy refer to electron charge and vacuum permittivity,
respectively; r stands for average ionic radius, ¢, is the effective dielectric constant of
the blend materials. Besides Epx (D) and Erpp(A), the average dielectric constant ¢,
will affect the V,.. Our study on the dielectric measurement on V,, for the un-annealed
devices demonstrates that the local electrical polarization will weaken the Gibbs free
energy. Thus, with higher average dielectric constant in the bulk heterojunction,
a relatively low free energy of the complex was tuned. This is responsible for the

decrease of V,. with increasing of effective dielectric constant of the active medium.

Now we discuss the decrease of V,. due to the morphology change of the heterojunction
film after thermal annealing. It is noticed from Figure 2.6a that after the devices were
baked at 155 °C for 5 min, the V,. of all the devices decrease, the V,. dropped to
around 0.6 V' which is the typical number appearing in most publications[49][50][51]
except for the first one. The effective dielectric constant was also measured (under
dark condition) of the thermally annealed films, as reported in Figure 2.6b. It was
found that there is almost no change on the effective dielectric constant, although
it should be noticed that the interfacial dipole between P3HT and PCBM can be
different due to the local morphology change. Considering the open circuit voltage
dependence upon the PC'BM concentration, as shown in Figure 2.6¢, it can be seen
that the V. lose the linear dependence on the reciprocal of effective dielectric constant
after the thermal annealing induced morphology change. This indicates that after
thermal annealing, the local electrical polarization is not the primary parameter for
the compositional dependence of V,.. In other words, the Gibbs free energy expression

of V,. is not capable of explaining the V,. loss after thermal annealing. It is widely
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known that thermal annealing on P3HT and PCBM blended film would form a
nanoscale interpenetrating network with crystalline order.[52] Moreover, long and
thin conduction nanowires were formed in a rather homogeneous, nanocrystalline
PCBM film. The newly developed PC'BM rich domains were also generated. Thus,
the thermal annealing changes the local morphology of the bulk film, destroying the
relative uniform mixing of P3HT and PCBM and forming a more binary structure
after thermal annealing. Furthermore, the AFM description of the P3HT and
PCBM films before and after thermal annealing is presented in Figure 2.7(Here, just
one weight ratio PSHT : POCBM =1 : 0.8 is given). From the figures, it can be seen
that after thermal annealing under 155 °C for 5min, the area RMS goes from 0.2537
nm to 0.5322 nm, which indicates that the strong material aggregation happens. It
is also well reasonable to argue that the material domain size is bigger than the un-
annealed film.[50][51] Figure 2.8 presents the PC'BM compositional dependence of
V. for both non-annealed devices and the annealed ones. More importantly, the V..
loss due to thermal annealing was found for all the combinations, and the detailed
analysis about the V. loss at a typical weight ratio will be discussed by photo-induce

impedance measurement in Chapter 3.

To further prove the argument of effective dielectric constant effect on V,. for
the organic bulk heterojunction solar cells, the P3HT : F8BT solar cells were
fabricated. Here, the FF8BT is acceptor material. It can be seen from Figure 2.9

that the dependence of the effective dielectric constant of V,. is the same as that of

P3HT : PCBM solar cells.

2.4.4 Conclusion

In conclusion, our studies shows the effective dielectric constant effect on the Gibbs
free energy of the P3HT : PCBM solar cells with different weight combination;

it reveals that the average dielectric constant of the active medium is a control
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Figure 2.6: (a) Current-Voltage characteristics after thermal annealing under
illumination (100 mW/em?) from Thermal Oriel 96000 300 W solar simulator for
P3HT and PCBM blend heterojunction. The arrow shows that the weight ratio
of PCBM corresponding to the total weight of the blend from 16% to 66%. (b)
Effective dielectric constant dependence on the concentration of PC' BM after thermal
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Figure 2.7: AFM characterization of PSHT : PCBM films before (a), (¢) and after
(¢), (d) thermal annealing under 155 °C in nitrogen gas atmosphere.
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Figure 2.9: Effective dielectric constant effect on open circuit voltage for thermal
annealed P3HT : F8BT solar cells.
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parameter of V,. for the non-annealed solar cells. However, for the films with more
pronounced phase separation and the molecular aggregation by thermal annealing,
the average dielectric constant lost the control of V. due to the significantly changed

local morphology.

2.5 Chapter summary

In this chapter, the origin of V. for the organic bulk heterojunction solar cells was
systemically studied. It was found that the V,. is weakly dependent on the work
function of the electrode and the active layer thickness. However, the V. is strongly
dependent on the effective dielectric constant of the active layer and the effective
dielectric constant. Essentially, the V. is determined by the Gibbs free energy of the
photoinduced electron transfer. It should be also pointed out that in the classical
metal-insulator-metal (MIM) architecture, the V. is only proportional to the work
function difference of the anode and cathode. More importantly, the MIM model
only works for the situation in which the work function of the electrode is located
between the LUMO and HOMO of the active layer.[42] However, for the organic bulk
heterojunction solar cells, the electrode work function will be pinned to the LUMO
or HOMO of the semiconductor. Thus, the change of the electrode with different
work function can only slightly change the V,. in organic bulk heterojunction solar

cells.
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Chapter 3

Determination of Open Circuit
Voltage in Organic Bulk
Heterojunction Photovoltaics from

Photoassisted Impedance Analysis

3.1 Introduction

The open circuit voltage of PSHT : PCBM based organic bulk heterojunction
photovoltaics was studied by capacitance-voltage analysis under different light
illumination intensities. It was found that the peak position of the capacitance-voltage
(CV) plots for the photovoltaics is essentially related to the dark current injection
barrier at the interface between organic medium and the electrode. Moreover,
the charge injection barrier can be determined by the surface charge density at
the interface. It was revealed that the open circuit voltage can be decided by

the capability of dark current injection due to the matching of photon generated
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current and the dark injection current at open circuit voltage. The open circuit
voltage loss due to the local morphology change by thermally annealing can also
be explained by the decrease of the dark injection barrier. This chapter further
presents understanding of the determination of open circuit voltage for organic bulk

heterojunction photovoltaics.

3.2 Experimental

The materials used in this cshapter are the regioregular poly(3-methylthiophene)
(P3HT) and fullerene derivative 1-(3-methyloxycarbonyl)-propyl-1-phenyl (6,6) C61
(PCBM), which were purchased from Rieke Metal, Inc. and Nano-C, Inc.,
respectively. The average molecular weight of P3HT is 50,000. The chlorobenzene
purchased from Sigma Aldrich Inc. was taken as the solvent for the mixture
solution, and the weight ratio of P3HT : PCBM was 1 : 0.8. The device
fabrication procedure is similar to that described in 2.1.2. Thermal annealing
was carried out in a nitrogen atmosphere by heating the films at 155 °C for 5
min. The bulk-heterojunction OPV was then fabricated by the vacuum deposition
of calcium (Ca) and aluminum (Al) electrode with the device architecture of
ITO/PEDOT/P3HT:PCBM/Ca/Al. The CV measurements were performed by
using dielectric spectrometer (Agilent, F4980A) with different light illumination

intensities.

3.3 Results and Discussion

Figure 3.1a and 3.1b show the C'V plots for the OPV at different light illumination
intensities. It was found that the C'V plots including both increasing component and
decrease component. Moreover, it is interesting to find that the C'V' peak shifted from
high voltage to low voltage regime with the increase of light illumination intensity.

The shift was found for both the as-cast and the thermally annealed devices. From
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the C'V plots, four conclusions can be drawn. First, the capacitance of C'V' plot
at certain light illumination intensity increases with the forward bias, because the
capacitance essentially reflects the capability of storage of charges. Thus, the increase
of the capacitance can be explained by the charge accumulation at the interface.
The larger capacitance indicates that the more charge accumulated at the interface.
Second, the capacitance will decrease with further increase the bias voltage after
certain voltage, defined as V... Based our understanding, we can argue that the
decrease component is due to the charge injection from the electrode, which caused
the charge recombination. Third, it is worthy to note that the V. is smaller than
the V,. at any light illumination intensities, the V.., can be attributed to the dark
current injection barrier in OPV. Fourth, as shown in Figure 3.1a and 3.1b, the Vicqx
will shift to low voltage regime with the increase of light illumination intensity, for
both as-cast and thermally annealed devices. The decrease of Ve was due to the
photo-illumination induced dark injection barrier reduction, which will be discussed

later.

Now we discuss the Veqr shift in Figure 3.1. In the metal-semiconductor contact, the

dark injection barrier can be described by the following Equation[53]

n; = Ntexp(—ki—iT) (3.1)

where the n; is the surface charge density, /V; is the volume density of molecular sites,
and ¢; is the energy barrier at the interface between active medium and the electrode.
This shows that higher surface charge density leads to reduction of energy barrier ¢;

Without an applied field, the thermionically injected current is determined by

Jinj = C’e:z:p(—k;LT) (3.2)

where ¢ is the Schottky barrier and C' is constant. Obviously, with the higher light

illumination intensity, there is more surface charge density at the metal-semiconductor
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Figure 3.1: Normalized the capacitance-voltage characterization of PSHT : PCBM
solar cells at different light illumination intensities for: (a) as-cast device; and (b)
thermally annealed device. The solid arrow bar indicates the light illumination
intensity increase.
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interface. The energy barrier ¢; will decrease with the higher light illumination
intensity, which is essentially the larger dark injection current. The exponential
expression of ¢ in Equation 3.2 also indicates that the V... is an energy related

parameter in the energy diagram of OPV..

It has been intensively studied that the thermal annealing can greatly enhance the
P3HT : PCBM cell power conversion efficiency. Figure 3.2a shows the voltage-
current characterization of P3HT : PCBM devices for as-cast and thermally
annealed condition. The I,. increases from 6.2 mA/cm? to 10.8 mA/em?, and the
power conversion efficiency 7 increases from 2.2% to 3.7%. However, it was found
that the V,. decreases from 0.63 V' to 0.58 V', which corresponds to the findings
of other groups.[54][55][56] The V. loss due to thermal annealing will decrease the
overall power conversion efficiency. Moreover, the V. loss was found in different light

illumination intensities as shown in Figure 3.3.

Our studies indicate that the V. loss after thermal annealing can be explained by
the following arguments: (i). Better charge transport channels can be formed after
thermal annealing, which leads to the higher charge density at the interface between
the active medium and the electrode. (ii). The dark current injection barrier is
essentially related to the surface charge density state both in dark and light conditions.
(iii). The dark current injection barrier decreases after thermal annealing. Figure
3.1 shows the CV plots for both as-cast and thermally annealed OPV under 100
mW /cm?; it was found the Vpear shifts to low voltage after thermal annealing. The
capacitance increases under zero bias for the thermally annealed OPV shown in Figure
3.2b further supporting our argument about the morphological induced surface charge

density increasing by thermal annealing.

The dark injection current with an applied field can be modified, based on Equation

3.2, as follows
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Figure 3.2: The voltage-current characterization (a) and capacitance-voltage
characterization (b) of P3SHT : PCBM solar cells at 100 mW/em? for as-cast device
and thermally annealed device.
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) (3.3)

Vapp 1s the applied bias. It should be noted that V,,, = V,. when J;,,; = —Jp;, .[57]
Thus, the reduction of energy barrier will affect the V,. (Or can be seen as V,,, ),
which is responsible for the matching of photocurrent under light illumination. It
was also found that the V.. for the thermally annealed device is smaller than the
as-cast one at different light intensities. Moreover, the reduction of V. is also found
with high boiling point, 1-2 dichlorobenzene as solvent, which functions in a similar
way to thermal annealing, which increase the crystallinity of the bulk films.[7]

Figure 3.4 shows the short circuit current versus the light illumination intensity for
both as-cast and thermally annealed devices in double logarithmic plot. The slope
of the curve can be obtained by the power law J,. = I*, where a = 0.94 for the
as-cast device and o = 0.92 for the thermally annealed device. I, is short circuit
current, and [ is the light illumination intensity. The sublinear dependence of the
short circuit current and the light intensity for both as-cast and thermally annealed

device indicates that the bimolecular recombination is not sufficient reason for the
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Figure 3.4: Short circuit current with light illumination intensity for as-cast and
thermally annealed P3HT : PC'BM solar cells.

current increase by thermal annealing.[58]

Now we discuss whether electron or hole accumulation leads to the dark injection
barrier reduction due to thermal annealing or the stronger light illumination
intensities. It should be noted from the energy diagram of the O PV under architecture
ITO/PEDOT : PSS/P3HT : PCBM/Ca/Al that the work function of Ca is 2.9
eV. However, the LUMO of P3HT and PCBM are 3.5 eV[59] and 3.7 eV,[60]
respectively. Thus, there is no dark injection barrier from the cathode. As for
anode, the work function of ITO/PEDOT : PSS is around 5.2 eV, and the
HOMO of P3HT and PCBM are 5.3 eV [59] and 6.1 eV/,[60] respectively. With
the consideration of the bulk heterojunction of P3HT : PCBM cell, the active
layer essentially the mixture of donor and acceptor material, so with the strict
consideration, three components are coexist at the contact between ITO/PEDOT:PSS
and active layer, namely, PEDOT : PSS, P3HT and PCBM. Thus, more holes
have a larger chance of being accumulated at the interface. This argument can also be
supported by Figure 3.5; it is known that thermally annealing can dramatic increase

the hole’s mobility by three orders,[61] while only limitedly enhance on electron’s
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Figure 3.5: V. of P3HT : PCBM solar cells at different light illumination
intensities for as-cast device and thermally annealed device.

mobility.[30][61] Thus, for the thermally annealed device, more holes can transport
and accumulate to the interface, as compared to the devices not receiving annealing
treatment; this leads to the reduction of the dark injection barrier for the thermally
annealed device. It can be shown in Figure 3.5 that at all light intensity ranges
measured, the V., after thermally annealing is smaller than that corresponding to

the as-cast devices.

The identification of what type of charge carriers accumulated at which interface can
be further studied by changing the doping level of the electron acceptor PC'BM , and
essentially, it has the similar function as the thermal annealing and increase the light
illumination intensities which all can increase the generation of free charge carriers in
the photovoltaic devices. Figure 3.6 shows the capacitance-voltage results for pristine
P3HT, 5 wt% doping with PCBM, and P3HT with PCBM in 1:1 weight ratio.
It was clearly shown that in Figure 3.6a, the increase of light intensity does not
change the CV peak position; this is because most of the photogenerated excitons are
quenched by radiative emission in pristine form of P3HT'. There are few dissociated
charge carriers in this type of device. Thus, the charge density at the interface did

not significantly changed, so the current injection barrier which is essentially related
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to CV peaks position also did not change. From Figure 3.6b, with the 5 wt% PCBM
doping in P3HT, it can be clearly seen that the increase of illumination does not
significantly change the position of CV peaks either. This is because the formation
of photogenerated current is limited by the the PC'BM transport channel. In other
words, with small PC'BM doping level, the increase of photo illumination cannot
significantly change the charge carrier density at the interface. More importantly,
because the low level doping of PCBM cannot form efficient PC'BM networks in the
heterojunction, the transportation of electron is limited. As such, the accumulation of
holes at the anode and active layer will dominate. However, this hole accumulation
is not pronounced enough to significantly change the CV peak position. Finally,
when the P3HT is heavily doped with PC'BM to form real organic solar cells, both
the P3HT and PCBM charge transport channels are formed due the the high level
doping. From Figure 3.6c, it can be seen for the heterojunction with both efficient
P3HT and PC BM networks, the holes and electrons transportation are very efficient.
Thus the increase of light illumination intensity can shift the CV peaks, which are
related to the dark current injection in this device. It should be noted that the high
work function of cathode Ca/Al cannot form an electron injection barrier in this
device due to the ohmic contact formation because the energy level pinning effect.
Thus, the dark current injection barrier is coming from the hole’s injection at the

anode.

To further identify our argument, the CV peaks for pristine P3SHT, 5 wt% PCBM
doping in P3HT and 10 wt% PCBM doping P3HT are studied. It can be clearly
seen in the Figure 3.7 that the CV peaks shift significantly. As discussed above,
the 5 wt% PCBM doping in P3HT cannot form efficient PC BM networks, so the
capability of electron transportation is limited. However, the holes have a very good
transport channel due to the richness of P3HT in the bulk heterojunction. Thus, the

holes have more change to accumulate between the anode and active layer. So the
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shift of CV peaks here is due to the holes accumulation.

Moreover, it was confirmed by both experimental and theoretical studies that the
energy level pinning occurs between the cathode and the LUMO of PCBM. That is
why changing the cathode to metals with different work functions cannot significantly

change the V,. of the organic solar cells.[42][62]

Figure 3.8 shows the V,. — Vjeqr versus the light illumination intensity at the range
from 10 mW/cm? to 100 mW/em?. Tt is found that the difference between V. and
Vpear 1s linearly depended on the logarithmic light intensity. This indicates that
Vpeak 1s an energy potential related parameter. Based on our studies, the following
equations were obtained by combine both the C'V and voltage-current behavior under
light illumination.

nKT J.
V:)c_vea = —-1 =
peak (& nJQO

(3.4)

Where, Vieqr refers to the charge carriers injection barrier, V,. is the open circuit
voltage, n is the morphology related factor, K is the Boltzmann constant, 1" is the

absolute temperature, and Jyg is the characteristic current. Thus, for the as-cast and
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thermally annealed devices, V,. , Js , and Vjeq can be described through 3.5 and

3.6, respectively.

2.9068KT Jse

‘/OC - ‘/;)eak: - - n 03779 (35)
4.7983KT Jse
Voe — ‘/peak = o -In 117 (36)

Moreover, by using the J,. at different light illumination intensities into Equation
3.5 and 3.6, it can be shown in Figure 3.8 that the simulated value of Vi, — Viear
versus light intensity agrees with the experimental data. Essentially, this equation
describes the dark injection current density at V;,, = V.., stating that it is equal to
the photogenerated current Js.. Thus, this also supports the argument that the Vieq

can be seen as the dark current injection barrier at the metal-semiconductor interface.
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3.4 Conclusion

In conclusion, our capacitance-voltage study on P3HT : PC BM photovoltaics shows
that the C'V peak is essentially determined by the dark current injection barrier,
and the surface charge density induced by either higher light illumination intensity
or the formation of better charge transport channels due to thermal annealing can
reduce the interfacial potential energy barrier. Essentially, the total current density of
P3HT : PCBM photovoltaics is zero at bias voltage V,.. Thus, the value of V,. can
be determined by the dark injection capability, which matches the photo-generated
current. In this chapter, an empirical equation was presented to describe both the
capacitance-voltage and voltage-current characterization. The V. loss due to thermal
annealing was also explained by the shift of C'V peak under light illumination. Our
study on the C'V' analysis reveals an alternative description on the determination of

V,e in PSHT : PCBM bulk heterojunction photovoltaic devices.
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Chapter 4

Magnetic field effect on

charge-transfer complex in
P3HT:PCBM bulk-heterojunction

photovoltaics

The electron-hole pairs can be formed in inter-molecular charge-transfer (CT)
states between two adjacent molecules due to Coulomb interaction in organic
semiconducting materials. In general, the exciton dissociation can experience
the intermediate states: inter-molecular C'T' states at donor-acceptor interfaces to
generate photocurrent in organic solar cells. This chapter focuses on the magneto-
optical studies on inter-molecular C'T" states in the generation of photocurrent by using
magnetic field effects of photocurrent (M F Epc) and light-assisted dielectric response
(LADR). The M FEpc and LADR studies reveal that internal electrical drifting and
local Coulomb interaction can largely change the formation and dissociation of C'T’
states by changing internal charge-transport channels and local Coulomb interaction

through morphological development upon thermal annealing. Therefore, the M FEp¢c
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and LADR can be used as effective magneto-optical tools to investigate charge

recombination, separation, and transport in organic solar cells.

4.1 Introduction

Organic semiconducting polymers have become promising photovoltaic materials with
large optical absorption coefficients, efficient formation of photoexcited states, and
morphologically controllable charge-transport channels.[7][23][63][64][65][66][67][68][69]
It has been experimentally found that the light absorption leads to the formation of
Coulombically bound intra-molecular electron-hole pairs, namely Frenkel excitons
with large binding energies in organic semiconducting polymers.[13][43][70][71][72]
Therefore, sufficient donor-acceptor interaction is necessarily required to dissociate
the photoexcited excitons for the generation of photocurrent in organic solar
cells. In general, the dissociated electrons and holes can form electron-hole
pairs at CT states at donor-acceptor interfaces due to inter-charge Coulomb
attraction.[73][74][75][76][77] As a result, dissociating electron-hole pairs at CT states
is an important issue in improving photocurrent in organic solar cells.[78][79][80][81][82]
In this chapter, we use magnetic field effects of photocurrent: MFFEps and
light-assisted dielectric response: LADR as new experimental tools to detect the
electron-hole pairs at inter-molecular CT" states at the donor-acceptor interfaces.
In particular, we investigate the effects of internal electrical drifting and local
Coulomb interaction on the formation and dissociation of inter-molecular C'T" states
by adjusting morphological structures upon thermal annealing in the generation
of photocurrent. It is noted that the MFEpc can be divided into low (<
150 mT) and high (> 150 mT) field regimes corresponding to the dissociation
processes in pristine polymers[38][41][83] and donor-acceptor bulk-heterojunctions,
respectively.[37][84][85][86] In general, the low-field M F'Epc from pristine polymers
can show positive and negative components.[33][34][36][85][87] We have observed in

our previous study that MEH — PPV, which has a nearly 100% singlets under
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photoexcitation, only shows a positive M F Epc in low-field regime. However, the
P3HT, which has both significant singlet and triplet states under photoexcitation,
gives both positive and negative components in the low-field M F Epe. Therefore,
we suggest that the positive and negative components in low-field M F'Eps are due
to singlets and triplets, respectively. It can be further suggested that the positive
and negative components arise from the dissociation in polaron-pair states[33][34]
and the charge reaction in excitonic states,[32][36][88][89] respectively. The positive
M F Ep¢e generated by the dissociation of polaron pairs comes from the following two
arguments. First, a low magnetic field can increase the singlet ratio in polaron-pair
states through intersystem crossing by disturbing the spin momentum conservation
involved in the intersystem crossing. Second, the singlets have stronger ionic natures
in wavefunctions relative to the triplets due to different spin configurations and
can therefore exhibit larger dissociation rates through Onsager process in pristine
conjugated polymers.[32][90][91] As a result, the dissociation in polaron-pair states
can generate a positive component in low-field M F Epc (Figure 4.1a). Indeed, the
photoexcited excitons can Coulombically interact with charge carriers, generating
exciton-charge reaction. It can be suggested from the photophysics studies of radical
pairs that the relevant outcome of exciton-charge reaction is the separation of excitons
to generate free charge carriers[36][92][93][94][95][96] (Figure 4.1a). Furthermore,
magnetic field effects of electroluminescence have also suggested that the excitons
can react with charge carriers, with the consequence of generating free charges in
organic light-emitting diodes.[97][98] It is noted that an external magnetic field
can reduce the exciton-charge reaction rate constant,[36][99] leading to a negative
magnetic field effect in the generation of free charge carriers. Nevertheless, the
negative low-field M F Epc can indicate the existence of exciton-charge reaction. It
should be noted that the singlet and triplet excitons can dominate the dissociation
of polaron pairs and the exciton-charge reaction, respectively, due to their different
ionic natures and lifetimes. On the other hand, the high-field M F Epc can be used

as a new experimental tool to detect the electron-hole pairs formed in inter-molecular
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C'T states at donor-acceptor interfaces, based on the following three fundamental
arguments. First, photophysics studies have suggested that the inter-molecular C'T
states are formed with both singlet and triplet states through geminate and non-
geminate capture of dissociated electrons and holes at donor-acceptor interfaces when
electron spin multiplicities are considered.[100] Second, an external magnetic field can
change the singlet and triplet ratios in the inter-molecular C'T" states by perturbing
the intersystem crossing[32][33][101] through spin momentum conservation. Third,
the singlet and triplet inter-molecular C'T" states can have high and low dissociation
rates in bulk-heterojunctions,[35][91] respectively, similar to polaron pairs in pristine
polymers, due to their different ionic natures involved in dissociation driven by
Onsager process.[90] Therefore, applying an adequate magnetic field can change the
photocurrent by altering the singlet and triplet ratios in C'T" states, generating high-
field M FEpc in bulk-heterojunction organic solar cells.[85][86][102] Furthermore,
we found that light-assisted dielectric response, LADR, can provide experimental
information on charge generation, transport, and collection in donor and acceptor
interpenetrating networks when an organic solar cell is operated in capacitor mode
under photoexcitation. Specifically, the measurement of device capacitance under
light illumination can essentially reflect the following three pieces of information.
First, the local electrical polarizabilities from Coulomb interaction can be given under
dark condition when light illumination is off. Second, at a given light illumination, the
capacitance change caused by light illumination can be related to the generation of
charge carriers. Third, the measurement of device capacitance with light illumination
can describe the transport of generated charge carriers. Therefore, the use of M F'Ep¢
and LADR can reveal the internal photovoltaic processes in bulk-heterojunction

organic solar cells.
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4.2 Experimental

The regioregular Poly(3-hexylthiophene) (P3HT) and fullerene derivative 1-(3-
methyloxycarbonyl)-propyl-1-phenyl (6,6) C61 (PCBM ) were purchased from Aldrich
and American Dye Sources, Inc., respectively. The number-average molecular weight
of P3HT is 87,000. The P3HT : PCBM composite films were spin-coated
from chrolobenzene solutions on indium-tin-oxide (I7°0) glass substrates pre-coated
with 40 nm thin layer of poly(3,4-ethylenedioxythiophene): poly(styrene sulfonate)
(PEDOT : PSS) (Baytron P 4083) in nitrogen atmosphere. The P3HT : PCBM
compositions are given by their relative weight ratios. The bulk-heterojunction
organic solar cells were then fabricated by the vacuum deposition of aluminum
(Al) electrode with the device architecture of ITO/PEDOT/P3HT : PCBM/AI.
Thermal annealing was carried out in nitrogen atmosphere by thermally heating
the devices with selected temperature and time period. The M FEps and LADR
measurements were performed based on a single device with continuous thermal
annealing starting from low to high temperatures to remove experimental errors.
The double-layer solar cells were also fabricated by using 770, and ZnO films, as
more and less polar materials, with a P3HT layer. The T70, and ZnO films were
prepared by spin casting with the thickness of 60 nm from their respective solutions
based on published procedures.[103][104] The thickness of P3HT layer was controlled
at 80 nm in the double-layer devices. The photocurrent-voltage characteristics
were measured by using Keithley 2400 source meter and the photoillumination of
AM1.5G 100 mW/em? from Thermal Oriel 96000 300 W solar simulator for the
fabricated solar cells. The MFEps was measured from the solar cells placed
in magnetic field under the light illumination with central wavelength of 500 nm
selected by monochromator and transported through a liquid light waveguide fiber.

The magnetic field was applied parallel to the device plane during measurements.
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However, the M F Epc does not show appreciable angle dependence with magnetic
field direction in the P3HT : PC BM bulk-heterojunction solar cells. The M F Ep¢c
is determined by the relative change in photocurrent at short-circuit condition, as
shown in Equation 1.2. The light-assisted dielectric response LADR was recorded
by using a dielectric spectrometer (Agilent, E4980A) to measure the capacitance of
bulk-heterojunction organic solar cells. Specifically, the capacitance measurement
was performed for organic solar cells under the light illumination from a sunlight
simulator. The light illumination intensity was changed by using different neutral
optical filters. The LAD R results were obtained by measuring the capacitance of bulk-
heterojunction solar cell with light illumination intensity. The photoluminescence
(PL) was characterized by using a SPEX Florolog 3 spectrometer. All measurements

were performed in nitrogen gas atmosphere at room temperature.
4.3 Results and Discussion

Figure 4.1b shows the M F' Ep¢ for the P3HT : PC' BM bulk-heterojunction solar cell
when the short-circuit photocurrent was measured as a function of magnetic field.

Clearly, the P3HT : PCBM bulk-heterojunction solar cell lacks a low-field M F Ep¢
(< 150 mT') but shows considerable a high-field M F'Epc (> 150 mT'). Specifically, the
M F Ep¢ remains flat at low field (0 ~ 150 mT") but has a positive component at a high
field (150 mT" ~ 1 T). In contrast, the pristine P3HT device shows significant low-field
MF Epe with typical rapid increase and slow decrease components based on short-
circuit photocurrent. However, the pristine P3HT does not exhibit positive high-
field M F Epc. Therefore, we can suggest that low-field and high-field M F Eps can
be attributed to pristine organic semiconducting materials and bulk-heterojunctions,
respectively. In the pristine P3HT device the positive and negative low-field M F'Ep¢c
indicates that the photocurrent is generated by two processes: the dissociation
of polaron pairs and the charge reaction in excitonic states. In contrast, the

lack of low-field M F Epe implies that the strong donor-acceptor interaction can
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Figure 4.1: Photocurrent-generation channels in pristine semiconducting P3HT and
magnetic field effects of photocurrent M F'Ep¢ in bulk-heterojunction PSHT:PCBM
solar cell. (a): Photocurrent-generation channels: dissociation of polaron pairs,
dominated by singlet excitons, and exciton-charge reaction, dominated by triplet
excitons. S and T represent photoexcited singlet and triplet excitons. (PP)1
and (PP)3 are inter-molecular singlet and triplet polaron pairs in pristine P3HT.
KISC) and K(ISP) are intersystem crossing in excitonic and polaron-pair states.
+MFEpc and —M F Epe are positive and negative components in magnetic field
effects of photocurrent in low-field regimes. (b): M F Ep¢ for ITO/PEDOT/P3HT :
PCBM /Al solar cell. The weight ratio of PSBHT:PCBM is 1 : 0.8. The M F Ep¢ for
pristine P3HT device (ITO/PEDOT/P3HT/Al) is shown as an inset.
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directly dissociate both singlet and triplet excitons without going through polaron-
pair states and exciton-charge reaction process, and consequently removes the low-
field MFEpe in P3HT : PCBM solar cell. In particular, the positive high-field
MFEpe implies that the exciton dissociation undergoes significant CT' states at
donor-acceptor interfaces in bulk-heterojunctions.[88] Because it is difficult to get the
C'T states signature from the photoluminescence spectrum due to the weak light
emission from the complexes formed at the donor-acceptor interface, we use the
electroluminescence studies to prove for P3HT : PC'BM based bulk-heterojunction
devices. The alternative detection of the CT" formation by electroluminescence
other than photoluminescence in the bulk-heterojunction film is based on the
following two arguments: first, the optical spectrum of the photoluminescence and
electroluminescence in conjugated organic semiconductors relatively have the same
spectrum characteristic such as the spectrum peak position; and second, due to
the formation of the interpenetrate networks for both electrons and holes, and
the significant mobility difference at the donor acceptor interface, it is possible to
accumulate abundant charge carriers at the interface at high injection condition.
Figure 4.2 shows the the electroluminescence spectrum for P3HT : PCBM film at
different weight ratios at 15mg : 3mg, 15mg : 12mg, and 15mg : 30mg. It was found
that a new peak exists for all different combinations at approximately 830 nm, and
the peaks at 666 nm and 720 nm comes from the pristine form of P3SHT and PCBM,

respectively.

The dissociation of C'T" states generates a positive signal in high-field M F Eps. This
positive high-field M F'Epc generated by the C'T' states is similar to the positive low-
field M F Epc generated by the polaron pairs. This similarity can be attributed to
the fact that both polaron pairs and C'T" states are electron-hole pairs. Specifically, a
polaron pair is formed when electron and hole are captured in different molecules in
pristine polymers, while a C'T" state is generated when electron and hole are captured

at donor and acceptor interface in bulk-heterojunctions. Therefore, both polaron
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Figure 4.2: Electroluminescence studies for P3HT : PCBM based devices at
different weight ratios.

pairs and CT states are essentially electron-hole pairs. However, the electron-hole
separation distance in C'T" states is usually shorter than that in polaron pairs due
the close contact between donor and acceptor domains in bulk-heterojunctions. Due
to the shorter electron-hole separation distance C'T" states can have larger binding
energies and exchange energies relative to polaron pairs. We should note that
bulk-heterojunctions are still more efficient to generate photocurrent although the
CT states have larger binding energies. This is because (i) almost every exciton
undergo dissociation, (ii) the donor and acceptor interpenetrating networks can
largely facilitate the charge collection at respective electrodes, and (iii) only a
portion of dissociated charge carriers forms the C'T' states at donor and acceptor
interfaces in bulk-heterojunctions. In contrast, only small portion of excitons undergo
dissociation to form polaron pairs in pristine polymers. In addition, pristine polymers
lack sufficient donor and acceptor interpenetrating networks for the collection of
dissociated charge carriers. As a consequence, pristine polymers do not efficiently
to generate photocurrent although the polaron pairs have lower binding energies.

We further examined the relationship between positive high-field M F Eps and CT
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states by using double-layer design with different dielectric materials: 770, and ZnQO,
respectively. The 7O, and ZnO have different dielectric constants ( e = 86 for 770,
and € = 8 for ZnO)[105] but similar electronic levels (LUMO = 4.4 ¢V and HOMO
= 8.1 eV for TiO,;[68] LUMO = 4.3 eV and HOMO = 7.7 €V for ZnO ).[106] In
particular, the 790, and ZnO can be used as more and less polar materials to form
the double-layer solar cells with the P3SHT. Figure 4.3a shows that the use of more
polar T70,, layer causes a positive high-field M F Epc. In contrast, the less polar ZnO
layer does not appreciably change the M FEps from the P3HT, lacking high-field
MFEpc.

In addition, the P3HT/TiO, solar cell shows a larger photocurrent and photolumi-
nescence (PL) quenching relative to the P3HT/ZnO device (Figure 4.3b). The larger
PL quenching caused by the 770, film can be attributed to the stronger Coulomb
interaction between the P3HT and TiO, at the interface due to the larger dielectric
constant of T70,. Nevertheless, these experimental results imply that (i) more polar
Ti0, can enhance the exciton dissociation through local Coulomb interaction and
(ii) the dissociated electrons and holes form C7T states at the P3HT /TiO, interface
in the generation of photocurrent in the double-layer organic solar cell. Therefore,
the comparison between more and less polar effects in M F Eps further indicates that
the high-field M F Eps can be attributed to the electron-hole pairs formed in CT
states at the donor-acceptor interfaces in organic solar cells. We should note that the
MF Ep¢ signal from the C'T states in the P3HT /TiO, covers both low and high-
field regimes, while the M F'Ep¢ signal from the CT states in the P3HT : PCBM
bulk-heterojunctions only exists in high-field regimes. This is because the M F Ep¢c
signal consists of the contributions from both bulk and interface in the P3SHT /TiO,
device, and the combination of bulk (low-field positive and negative components)
and interface (high-field positive component) contributions can produce a positive
MFFEpc covering low and high-field regimes. For the P3HT : PCBM bulk-

heterojunctions the M F Eps signal only consists of the contribution from the C'T
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Figure 4.3: Magnetic field effects of photocurrent (MF Epc), short-circuit
current-voltage (I — V'), and PL quenching for P3HT/TiO, and P3HT/ZnO
double-layer solar cells. (a): MFEpc for ITO/PEDOT/P3HT/Ti0O,/Al and
ITO/PEDOT/P3HT/ZnO/Al solar cells. (b): I, — V for P3HT/TiO, and
P3HT/ZnO double-layer solar cells insert: PL quenching for P3HT with TiO, and
Zn0 dielectric films, respectively, in double-layer design.
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Figure 4.4: Schematic for inter-molecular C'T" states formed at donor-acceptor
interfaces under the competition between Columbic attraction (F4) and electrical
drifting (Fp) force. The W, and W, are the workfunctions for anode and cathode.

states formed at the donor and acceptor interfaces and consequently gives rise to a
positive component at high field. The experimental studies from transient absorption
measurements have suggested that the formation of an electron-hole pair in C'T" states
is determined by the competition between the free energy of charge separation and
the Coulomb binding energy.[78] Based on this experimental finding, we can consider
the electrically attractive force F4, due to the Coulomb interaction, and the electrical
drifting force FD, due to built-in electric field in the formation of electron-hole pairs

in C'T states, as schematically shown in Figure 4.4.

The Coulomb interaction depends on both the dielectric constant in the medium

and the electron-hole separation distance at donor-acceptor interfaces. The built-in

Vo c

electric field can be estimated by the open-circuit voltage V., given by £ = ~¢

, Where
d is the photovoltaic film thickness. The total energy U of a C'T" state can therefore

consist of electronic energy associated with donor and acceptor electronic levels,
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potential energy from the Coulomb attraction, and kinetic energy from electrical
drifting, shown in Equation (4.1).
1 e 1

1
U= |Ep(HOMO) — Ex(LUMO)| — y 5meve2 + §thh2 (4.1)

Where Ep(HOMO) and E4(LUMO) are the HOMO for donor and the LUMO
for acceptor, e and h are the electron and hole drifting velocities, m. and my are
the masses for electron and hole, r is the separation distance between electron and
hole at donor-acceptor interface, and ¢ is the medium dielectric constant. It can be
seen from Equation 4.1 that increasing the kinetic energy can reduce the stability of
charge-transfer complexes and consequently enhance the dissociation of C'T" states.
However, increasing the Coulomb potential energy can stabilize the C'T" states and
thus weaken the dissociation of C'T states. In principle, changing the potential energy,
through Coulomb interaction, and the kinetic energy, through electrical drifting,
forms a mechanism to control the formation and dissociation of C'T" states at the
donor-acceptor interfaces in organic solar cells. In potential energy, the medium
dielectric constant and donor-acceptor interfacial distance essentially determine the
electron-hole capture probability in the formation of C'T" states through Coulomb
interaction. In kinetic energy, the built-in electric field and charge mobility control the
probability for dissociated electrons and holes to completely escape from their mutual
Coulomb attraction towards the generation of photocurrent. Therefore, adjusting
kinetic and potential energies through electrical drifting and Coulomb interaction
can essentially change the density of inter-molecular C'T" states. Figure 4.5a shows
that the morphological adjustment through thermal annealing can reduce the high-

field M F Ep¢ signal strength in the P3HT : PCBM (1:0.8) solar cell.
According to the high-field signal amplitude at 900 mT, the optimized thermal
annealing (five-minute heating at 155 °C) can largely decrease the density of CT

states by at least 61 % in the ITO/PEDOT/P3HT : PCBM /Al solar cell (Figure
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4.5a). The transient spectroscopy measurements have found that thermal annealing
can significantly increase the yield of dissociated charge carriers by increasing the
free energy of charge separation.[58] Our studies of high-field M F'Epc have further
shown that the thermal annealing can also reduce the density of CT" states in
P3HT : PCBM bulk-heterojunction solar cells through morphological development.
We note in the formation of C'T" states that the electron and hole drifting velocities
te and g, involved in the kinetic energy depend on both charge mobility and built-in
electric field, given by

Ve =l - E (4.2)
Vyp = Up - E (43)

where p. and pp are the electron and hole mobilities, and E is the built-in
electric field. It has been experimentally found that thermal annealing can
substantially improve the interpenetrating networks for charge transport[51][52][107]
and consequently increase charge mobilities.[58][61][108][109][110] It can be therefore
suggested from Equation 4.2 and 4.3 that the increase in charge mobilities upon
annealing can lead to a reduction in the density of C'T' states through increasing
the kinetic energies of dissociated electrons and holes in organic solar cells. In
addition, earlier experimental studies have already found that thermal annealing
can significantly improve photovoltaic efficiencies of the P3HT : PCBM solar
cells[7][107][111][112][113] due to the improvements of optical absorption and charge
mobilities induced by morphological change through PC'BM aggregation and P3HT
chain packing.[52][61][113][114][115][116] Figure 4.5b indicates that the power conver-
sion efficiency (PCE) was improved from 1.4% for the un-annealed device (I,.=6.5
mA /cm2, V,.=0.49V, FF=0.42) to 3.5% for the optimally annealed device (/s.)=9.6
mA/cm2, V,.=0.61V, FF=0.60) under the simulated sunlight illumination of 100
mw/cm? (AM1.5). Our MFEpc results suggest that the reduction in the density

of C'T states can also contribute to the improvement of photovoltaic efficiencies
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upon thermal annealing. Now we discuss the binding energy and dissociation of
C'T states formed at donor-acceptor interfaces in organic solar cells based on the
experimental measurements of electrical field dependence of M F Epq. It was observed
that the M F Epc can be significantly increased in organic solar cells by reducing the
dissociation of photoexcited states around open-circuit condition when a forward
electric field is applied to cancel internal electric field.[41] This experimental result
implies that the density of photoexcited states responsible for M F Eps can be
modulated by the external electric field through dissociation process. Here, we apply
a reverse electric field to enhance the dissociation of C'T" states and consequently
to decrease the MF Epc amplitude. We should note that the measurement of
MF Epc versus reverse electric field can provide the information on the binding
energy of CT states. Figure 4.6a shows that an applied reverse electric field can
decrease the high-field M FFEpc signal in the annealed P3HT : PCBM (1 : 0.8)
solar cell. The amplitude reduction of high-field M FEpc at 900 mT shows that
the applied electric field of 2.0 V' reverse bias reduces the density of C'T" states by
18% in the annealed P3HT : PCBM solar cell. This experimental result indicates
that the applied external electric field can compete with the electron-hole Coulomb
attraction in the CT states and consequently decrease the density of C'T" states by
enhancing the dissociation of C'T" states at the donor-acceptor interfaces. It should
be further noted that the un-annealed P3HT : PC'BM solar cell shows a much larger
reduction (~ 65%) in high-field M F Ep¢c signal amplitude under the influence of an
equivalent applied electric field (1.8 V reverse bias) (Figure 4.6b). This experimental
result implies that thermal annealing can indeed destroy the CT' states of lower
binding energy. However, the C'T' states with higher binding energy still exist after
thermal annealing. In addition, it can also be seen that the annealed device shows
a higher threshold (~ 300 mT) in the M FEpc as compared to the un-annealed
device (threshold ~ 180 mT"). This implies that the remaining C'T states have larger
exchange energies in the annealed P3HT : PC' BM solar cell. It can be suggested from

the larger exchange energies that thermal annealing enhances the donor and acceptor
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interfacial contacts and consequently reduces the donor and acceptor separation
distance for more efficient dissociation. Clearly, the thermal annealing can dissociate
low binding-energy C'T" states and significantly reduce the total density of C'T" states
by enhancing the kinetic energies of dissociated charge carriers (4.1). However, the
remaining C'T" states have higher binding energies at the donor and acceptor interfaces
in the annealed P3HT : PCBM solar cell. On the other hand, the un-annealed
P3HT : PCBM solar cell has lower binding energies but a higher density of C'T
states. Therefore, completely removing the C'T" states is an important issue in the
generation of photocurrent in bulk-heterojunction solar cells. It can be suggested
from Equation 4.1 that the internal charge transport and local Coulomb interaction
are two critical parameters that control the formation of C'T" states at donor-acceptor
interfaces. Here, we use light-assisted dielectric response: LADR to investigate the
charge transport and local Coulomb interaction upon thermal annealing when the
P3HT : PCBM solar cell is operated in capacitor mode under photoexcitation.
Figure 4.7 shows the capacitance of the P3HT : PC BM solar cell as a function of light
illumination intensity before and after annealing. It is known that the capacitance
is essentially related to the internal electrical polarization of P3HT : PCBM blend
film and the amount of photogenerated charge carriers stored in the electrodes in the

P3HT : PCBM solar cell.

It can be seen from Figure 4.7 that the thermal annealing causes three changes in
the dielectric response. First, under dark condition the device capacitance slightly
increases with thermal annealing in the P3HT : PCBM solar cell. This indicates that
the thermal annealing increases the electrical polarizabilities of local morphological
structures through P3HT chain packing and PCBM aggregation and consequently
enhances the overall dielectric constant of P3SHT : PCBM film. It should be also
noted that our experimental result of enhanced dielectric constant can explain the
early published result: the increase of absorbance for P3HT : PCBM film after
thermal annealing.[61][110] Moreover, this morphology-dependent polarizability can

67



4 P3HT:PCBM=1:0.8

< 0.3
002!
0
L 0.1}
0.0! Annealed
0 300 600 900
Magnatic field (mT)
(a) Annealed solar cell
P3HT:PCBM=1:0.8
1.0/
;\30.8-(b) M
o0.6f L8V
b 0.4}
= 0.2
0.0} ~~Unannealed

0 300 600 900
Magnetic field (mT)

(b) Un-anncaled solar cell

Figure 4.6: Applied electric field effects on high-field MFEps for the
ITO/PEDOT/P3HT : PCBM(1 : 0.8)/Al solar cells before and after annealing:
(a): Annealed solar cell; (b): Un-annealed solar cell. The equivalent electric fields
were applied by using reverse biases of 2.0 V' (after annealing) and 1.8 V' (before
annealing).
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Figure 4.7: Light-assisted dielectric response is shown for the P3HT : PC'BM bulk-
heterojunction solar cell before and after annealing, respectively. The capacitance is
plotted as a function of light illumination intensity when the PSHT:PCBM solar cell
is operated in capacitor mode.

be backed by nanosize-dependent dielectric interaction in nanomaterials.[117][118]
It has been suggested that the increased electrical polarizabilities can increase
the donor-acceptor interaction and thus reduce the formation of CT states.[119]
Second, at a given light illumination intensity the thermal annealing increases the
device capacitance in the P3HT : PCBM solar cell. This result implies that the
thermal annealing can indeed increase the exciton dissociation and consequently
the amount of photocharge carriers stored in the respective electrodes through
morphological development. Third, the larger increase rate of device capacitance
with light illumination intensity implies that the thermal annealing enhances the
charge-transport channels for dissociated electrons and holes to drift to respective
electrodes. It is noted that the enhancement of charge-transport channels can
essentially decrease the stability of C'T" states by increasing the kinetic energies of
dissociated electrons and holes at the donor-acceptor interfaces. Nevertheless, the
light-assisted dielectric studies reveal that morphological development generates three

outcomes upon thermal annealing: (i) the increase of electrical polarizations of local
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P3HT and PCBM morphological structures, (i) the increase in effective donor-
acceptor interaction and exciton dissociation, and (iii) the enhancement of charge-

transport channels.
4.4 Conclusion

In summary, our magneto-optical studies indicate that M FEps and LADR can
be presented as new experimental tools to investigate the inter-molecular CT
states at donor-acceptor interfaces during exciton dissociation in the generation of
photocurrent in bulk-heterojunction organic solar cells. The M FEps and LADR
measurements have shown that morphological development can change the internal
electrical drifting and local Coulomb interaction and consequently affect the formation
and dissociation of C'T" states at the donor-acceptor interfaces in the generation of
photocurrent in bulk-heterojunction organic solar cells. Specifically, the competition
between electrical drifting force and Coulomb attraction determines the formation and
dissociation probabilities of electron-hole pairs in the C'T" states at the donor-acceptor
interfaces. As a result, adjusting internal electrical drifting and local Coulomb
interaction through materials design and film-morphological development presents a
fundamental pathway to improve the photocurrent by controlling the formation and
dissociation of inter-molecular C'T" states at the donor-acceptor interfaces in bulk-

heterojunction organic solar cells.
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Chapter 5

Magnetic field effect on

charge-transfer complex in
P3HT /TiOx double layer

photovoltaics

In this chapter, we use the magnetic field effects of photocurrent (M F Epc) to study
the photovoltaic processes in pristine conjugated polymer, bulk-heterojunction, and
double-layer solar cells based on poly(3-alkylthiophene) (P3HT). The MFEpc
reveals that the photocurrent generation undergoes dissociation in polaron-pair states
and the charge reaction in excitonic states in pristine conjugated polymers. As
for the bulk-heterojunction solar cells consisting of the electron donor: P3HT
and electron acceptor: [6,6]-phenyl C61-butyric acid methyl ester (PCBM), the
M F Ep¢ indicates that the dissociated electrons and holes inevitably form the inter-
molecular charge-transfer complexes at donor and acceptor interfaces. Essentially,
the photocurrent generation relies on the further dissociation of inter-molecular
charge-transfer complexes. Moreover, we use double-layer solar cell to further study

the inter-molecular charge-transfer complexes with well-controlled donor-acceptor
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interfaces based on double-layer P3HT/Ti0, design. We find that the increase in
free energies can significantly reduce the density of charge-transfer complexes upon

thermal annealing.

5.1 Introduction

It has been found that photoexcitation generates intra-molecular electron-hole pairs,
namely Frenkel excitons.[13][43][70][71][72] Therefore, the photocurrent generation
requires sufficient donor-acceptor interaction[23][63] to dissociate the photoexcited
excitons in organic solar cells. However, it has been found that the dissociated elec-
trons and holes can inevitably form the inter-molecular charge-transfer complexes at
donor and acceptor interfaces.[73][76][77][78][79][80][81][82][120][121][122] Generally,
the charge-transfer complexes have two pathways to release their energies: one is the
direct dissociation into free charge carriers and followed by the charge transportation
through the respective networks to generate photocurrent, and the other is the
bimolecular recombination of the electrons and holes generating radiative or non-
radiative emission. Due to the large binding energies occurring in both excitonic and
charge-transfer complex states,[123][124][125] dissociating the photoexcited excitons
and charge-transfer complexes is a critical issue in the generation of photocurrent
in organic solar cells, as schematically shown in Figure 5.1a. In this work, we use
MF Epc as an effective tool to study the electron-hole pair dissociation processes in
pristine conjugated polymer, bulk-heterojunction, and double-layer systems. Clearly,
the M F Epc can elucidate the dissociation in polaron-pair states, the charge reaction

in excitonic states, and the dissociation in charge-transfer complex states.

5.2 Experimental

The photovoltaic materials of P3HT and PCBM were purchased from Reiki

Metals Inc., and American Dye Source Inc., respectively. The T70O, was prepared

72



by the method based on published procedures.[103] Here, the bulk-heterojunction
organic solar cells were fabricated by mixing the P3HT, as electron donor, and
the low molecular-weight molecules PCBM, as electron acceptor. Chlorobenzene
(anhydrous, 99.8%) from Sigma-Aldrich was used to prepare blend solution of P3HT
and PCBM for the spin-cast P3HT : PCBM thin films with the weight ratio of
1:0.8. For the fabrication of solar cells, IT'O glass was first cleaned in ultrasonic bath
by using detergent, deionized water, acetone, isopropanol, and chloroform. Then,
the polyethylenedioxythiophene/polystyrenesulphonate (PEDOT/PSS) (Baytron P
4083) was spin cast on the top of UV treatment 170 glasses with the film thickness
of 40 nm. After baking the PEDOT films in vacuum at 140 °C for one hour, the
photovoltaic layer P3HT : PC'BM was then coated with the film thickness of 150
nm on the previously thermally treated PEDOT. The aluminum (Al) was thermally
deposited to form bulk-heterojunction solar cells. The double-layer solar cell was
prepared with the architecture of P3HT/Ti0, with the thickness of 75 nm/15 nm,
where the 770, functions as electron acceptor. The film thicknesses were measured by
utilizing Veeco diCaliber (004-1001-000) Atomic Force Microscope (AFM). Both bulk-
heterojunction and double-layer solar cells were thermally annealed at 155 °C for 5
man on a digitally controlled hot plate under nitrogen atmosphere to maximize device
performance. The current-voltage characteristics were measured utilizing Keithley
2400 source meter under the photoexcitation provide by Thermal Oriel 96000 300
W solar simulator from Newport. The M FEps was measured from the solar cells
placed in magnetic field under the light illumination with central wavelength of 500
nm selected by monochromator and transported through a liquid light waveguide
fiber. The M F Epc is determined by the relative change in photocurrent at short-
circuit condition, as shown in Equation 1.2. The magnetic field was applied parallel
to the device plane during measurements. Moreover, the M F Eps does not show
appreciable angle dependence with magnetic field direction in the fabricated solar

cells.
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5.3 Results and Discussion

Figure 5.1b shows the M F Epc at short-circuit condition for both pristine polymer
and bulk-heterojunction solar cells. It is noted that the pristine P3HT' device shows
considerable low-field M FEps with typical rapid increase and slowly decreasing
components. However, the P3SHT : PCBM bulk-heterojunction solar cell lacks a
low-field M FEpe (< 150 mT') and shows a significant positive component at high-
field regime (150 mT ~ 900 mT'). Therefore, we can suggest that low-field and
high-field M F Epc correspond to the photovoltaic processes in the pristine organic
semiconducting materials and bulk heterojunction, respectively. At low field, we
have observed that singlet polymers such as polyfluorene only exhibit a positive
MFFEpe but gives rise to both positive and negative M FFEps when the triplet
excitons are introduced by using heavy-metal complexes.[85] Therefore, it can be
therefore suggested that the singlet and triplet excitons are responsible for positive
and negative M F' Epc, respectively. Specifically, the positive M F Epc component is
generated by the dissociation in the polaron-pair states, while the negative M F' Ep¢c
component is due to the exciton-charge reaction in pristine conjugated polymer

devices, schematically shown in Figure 5.2a.

It can be noted that the polaron pairs are mainly generated by singlet excitons
through charge separation process driven by Onsager process[90] due to strong ionic
natures in singlet wavefunctions. It has been experimentally found that an external
magnetic field can change the singlet and triplet ratios in polaron-pair states through
spin-dependent intersystem crossing.[35][38][126] It is noted that the spin-dependent
intersystem crossing requires both energy and spin-momentum conservations. The
energy conservation can be satisfied by thermal vibration. The spin-momentum
conservation must be satisfied by internal magnetic field from spin-orbital coupling

or hyperfine interaction to flip spin polarizations during the intersystem crossing.
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Figure 5.1: (a): Schematic diagram for intra-molecular exciton in pristine polymer
and inter-molecule charge-transfer complex states at donor and acceptor interface in
bulk-heterojunction, respectively and (b) Low-field and high-field M F' Ep¢ in pristine
polymer P3HT and P3HT : PCBM bulk-heterojunction solar cells.
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When an external magnetic field is comparable to internal magnetic field, the spin-
momentum conservation can be partially broken, leading to a modification on the
singlet and triplet ratios in polaron-pair states.[35][38][126] It has been found that
the increase in singlet-to-triplet ratio in polaron-pair states can lead to a positive
MFFEpe at low field in pristine polymers due to the higher dissociation rates of
singlet polaron pairs.[32][91] The exciton-charge reaction is usually dominated by
triplet excitons due to the long lifetimes involved in Coulomb exciton-charge contacts.
The relevant outcome of triplet exciton-charge reaction is the generation of free charge
carriers by Coulombically breaking the triplet excitons.[94] Photophysics studies have
found that a low magnetic field can reduce the triplet exciton-charge reaction rate
constant[32][34][36] by disturbing the spin-spin interaction between a triplet exciton
and a charge. As a consequence, the triplet exciton-charge reaction generates a
negative M F'Ep¢ at low field in pristine polymers. On the other hand, we noticed that
the triplet excitons can form trions, a complex consisting of a free charge and a triplet
exciton, which can cause a temporary trapping of mobile charges.[39][127] There is
a possibility that an external magnetic field may affect the trions and then changes
the photocurrent. However, the magnetic field dependence of photoluminescence has
indicated that an external magnetic field does not appreciably change the singlet
and triplet exciton ratios under photoexcitation due to strong spin interaction and
large exchange energy in excitonic states.[85] This implies that an external magnetic
field does not change the trions through triplet density. It should be also noted that
an external magnetic field can reduce the formation rate constant of trions when
the spin interaction between a triplet exciton and a charge is perturbed. However,
this perturbation would generate a positive M F Ep¢c instead of a negative M F' Ep¢.
Therefore, we can suggest that the trions do not play a significant role in the M F' Ep¢.
Nevertheless, the typical rapidly increase and slowly decrease components in the
MF Epc indicate that the pristine P3HT experiences the dissociation in polaron-
pair states and the charge reaction in excitonic states in the generation of free charge

carriers. More importantly, the lack of low-field M F Epc in P3HT : PC'BM solar cell
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implies that the strong donor-acceptor interaction can directly dissociate both singlet
and triplet excitons without going through polaron-pair states and exciton-charge
reaction process, and consequently removes the low-field M F Epc in PSHT : PCBM
bulk-heterojunction solar cell. However, the P3HT : PCBM solar cell shows a
clear high-field M FFEpc with a positive component. This high-field M F Epc has
been found as evidence that the dissociated electrons and holes form inter-molecular
charge-transfer complexes at donor and acceptor interfaces in the generation of
free charge carriers in donor-acceptor bulk-heterojunction solar cells, as shown in
Figure 5.2b.[85][86] Furthermore, the high-field required for the M F Epc suggests
that the electron-hole pairs in charge-transfer complex states formed at donor-
acceptor interfaces have relatively larger exchange energies in bulk-heterojunctions

as compared to the polaron pairs in pristine organic semiconducting polymers.

We further study the formation and dissociation of inter-molecular charge-transfer
complexes by using the double-layer P3HT /TiO, solar cell with a well-controlled
interface. Figure 5.3a shows the high-field M F Eps at different photoexcitation
energies for the P3HT/TiO, device up to 900 mT. The high-field MFEpc
confirms the formation of inter-molecular charge-transfer complexes at the P3HT
and Ti0, interfaces in the double-layer P3HT/Ti0O, system. We find that the
magnitude of M FEpc signal gradually decreases with increasing photoexcitation
energy. Particularly, when the excitation energy reaches to 4.13 eV, no high-field
M F Epc signal is observed in the double-layer P3HT /TiO,, device. This means that
higher photoexcitation can lead to a significant reduction in the formation of inter-
molecular charge-transfer complexes. It has been observed that the photoexcitation
with energy greater than the Sy — S transition energy can generate hot electrons
in higher energy levels and consequently reduce the exciton formation in conjugated
polymers.[128][129][130] Figure 5.3b schematically shows that the very hot electrons
with very high energies generated in the donor P3HT can adiabatically transfer

to the acceptor 770, and then directly dissociate to the electrode without forming
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Figure 5.2: Schematic dissociation processes accountable for (a) low-field and
(b) high-field M FFEpc in pristine polymer P3HT and P3HT : PCBM bulk-
heterojunction solar cells, respectively.
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the charge-transfer complexes (labeled as process 1 in Figure 5.3b), as indicated
by the M FFEpc result at the photoexcitation energy of 4.13 eV in Figure 5.3a.
Moreover, the hot electrons can adiabatically transfer to the acceptor 770, at the
P3HT/Ti0, interface (labeled as process 2 in Figure 5.3b). A portion of transferred
hot electrons can directly dissociate and transfer to the electrode. The other portion
of transferred electrons can intra-molecularly relax to the lowest excited state (S1)
within the acceptor 770, and then inter-molecularly form charge-transfer complexes
at the P3HT/TiO, interface (labeled as process 2’ in Figure 5.3b). Second, the
photoexcited hot electrons with intermediate energies can intra-molecularly release
their energies and relax to the lowest excited state (S1) within the donor P3HT
and then transfer to the acceptor TiO, at the P3HT/TiO, interface to form charge-
transfer complexes (labeled as processes 3 and 3’ in Figure 5.3b). Clearly, changing
photoexcitation energy relative to the S; — Sy energy difference can change the ratio
between direct dissociation and formation of charge-transfer complexes in organic
solar cells, as shown in the M F' Ep¢ resulting with different photoexcitation energies
in Figure 5.3a. This experimental finding implies that reducing the energy gap relative
to the photoexcitation energy presents a new pathway to control the formation
and dissociation of inter-molecular charge-transfer complexes in the generation of
photocurrent in organic solar cells. We further study the binding energies of inter-
molecular charge-transfer complexes based on the double-layer P3HT/TiO, solar
cell by combining applied reverse electric field and M F Epe. It has been found
that applying external electric field can largely reduce the density of charge-transfer

complexes and consequently decrease the amplitude of high-field M F Ep¢.[41]

Figure 5.4a and 5.4b shows the high-field M F Epc for both thermally annealed and
un-annealed devices under external reverse electric field. In particular, the high-field
MF Epc results reflect two important phenomena. First, at zero bias the thermal
annealing clearly reduces the M F Epcs amplitude. This means that the thermal

annealing decreases the densities of charge-transfer complexes at the P3SHT/TiO,
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Figure 5.3: (a): Photoexcitation-energy dependence of high-field M F' Ep¢ in double-
layer ITO/PEDOT/P3HT/TiOx/Al device; (b): hot electrons involved in the
charge dissociation and formation of inter-molecular charge-transfer (CT') complex at
the P3HT /TiO, interface, 1: Very hot electron with high energy generated in electron
donor P3HT can directly transport to cathode through electron acceptor 770,. 2:
Hot electron with intermediate energy can transport from donor P3HT to acceptor
Ti0, across P3HT/TiO, interface. 2@ Transferred hot electron intra-molecularly
relaxes within acceptor T70,. 3: Photoexcited hot electron intra-molecularly relaxes
within donor P3HT. 3': Relaxed electron can transfer from donor P3HT to acceptor
T10, and then forms C'T" complex.
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interface. Second, applying reverse electric field can largely reduce the high-field
M F Epc magnitude in both annealed and un-annealed P3HT'/TiO, solar cells. The
comparison of electric field-dependent M F'Epc between annealed and un-annealed
P3HT/Ti0O, solar cells clearly indicates that the thermal annealing reduces the
binding energies of charge-transfer complexes at the donor /acceptor interface. For the
densities of charge-transfer complexes, we note that the total energy U of a charge-
transfer complex can consists of both potential energy from the Coulomb attraction
and kinetic energy from electrical drifting,

U = |Ep(HOMO) — Ex(LUMO)| — 1 - 1meve2 - 1mhvh2 (5.1)

Adre r 2 2

where Ep(HOMO) and Eo(LUMO) are the HOMO for donor and the LUMO for
acceptor, V. and V}, are the electron and hole drifting velocities, m. and my, are the
masses for electron and hole, r is the separation distance between electron and hole
at donor-acceptor interface, and ¢ is the medium dielectric constant. Experimentally,
increasing free energies of dissociated charge carriers can largely decrease the binding
energies of charge-transfer complexes towards charge dissociation.[58] As a result,
the reduction in the densities of charge-transfer complexes can be attributed to the
following experimental arguments. It has been found that the thermal annealing
can increase the charge mobilities in the P3HT.[61][108][110] We can suggest that
the increase in charge mobilities can then increase the kinetic energies of dissociated
charge carriers and decrease the contact time between dissociated charge carriers at
the P3HT /TiO, interface. Therefore, the thermal annealing can reduce the formation
of charge-transfer complexes at the donor/acceptor interface. In regards to the
reduction in the binding energies of charge-transfer complexes, we note that applied
electric field can compete with the electron-hole Coulomb attraction in inter-molecular
charge-transfer complexes and therefore decrease the densities of charge-transfer
complexes through electric field-assisted dissociation. More importantly, by plotting

the amplitude of high-field M F Epc with the different applied reverse voltages, we can
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see from Figure 5.4c¢ that in the thermally annealed P3HT/TiO, device the threshold
voltage (V;h) of 1.5 V' can completely remove the high-field M F Epc. However, the
un-annealed P3HT /Ti0O, device requires a much higher threshold voltage of 2.84 V'
to completely remove the inter-molecular charge-transfer complexes. The comparison
of electric field-dependent M F Epc between annealed and un-annealed P3HT /Ti0,
solar cells clearly indicates that the thermal annealing can largely reduce the binding
energies of charge-transfer complexes. It has been found that the thermal annealing
can enhance the dielectric constant of 790,.[131] In particular, increasing of dielectric
constant can cause an increase in the local electrical polarizations and consequently
reduce the Coulomb attraction between dissociated charge carriers. Nevertheless,
our M F Ep¢ results suggest that the thermal annealing can decrease the formation
and binding energies of charge-transfer complexes by increasing the free energy
of dissociated charge carriers and by weakening the Coulomb attraction between
dissociated charge carriers through the modification of local dielectric constant in

organic solar cells.
5.4 Conclusion

In summary, we found that the MFFEpc can show photovoltaic processes in
pristine, bulk-heterojunction, and double-layer solar cells. Specifically, the low-
field M FFEpc reveals that the generation of free charge carriers can undergo
dissociation in polaron-pair states and the charge reaction in excitonic states in
pristine polymers. In the P3HT : PCBM bulk-heterojunctions, the high-field
MF Epe indicates that the dissociated electrons and holes inevitably form inter-
molecular charge-transfer complexes at donor/acceptor interfaces. It also indicates
that the generation of free charge carriers requires the further dissociation of charge-
transfer complexes. In the P3HT /TiO, double-layer solar cells, we find that thermal
annealing can reduce the density and binding energies of charge-transfer complexes
at the P3HT/Ti0, interfaces towards the charge dissociation in the generation

of photocurrent. Moreover, the photoexcitation-energy dependence of high-field
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MF Epe shows that high photoexcitation energy can lead to a significant reduction
in the formation of inter-molecular charge-transfer complexes towards the generation
of photocurrent in the double-layer P3HT /TiO, solar cell. This experimental result
suggests that engineering the energy band gap can lead to a reduction in the formation
of inter-molecular charge-transfer complexes to enhance photocurrent generation.
Nevertheless, our M F'Epc results indicate that internal charge transport, potential
energy, and local electrical polarization can largely affect the densities and binding of

charge-transfer complexes in the generation of photocurrent in organic solar cells.
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Chapter 6

Intra-Molecular “Donor-Acceptor”

Interaction Effects on Charge
Dissociation, Charge Transport,
and Charge Collection in
Bulk-Heterojunction Organic

Photovoltaics

6.1 Introduction

This chapter reports experimental studies on internal photovoltaic processes: charge
dissociation, transport, and collection by using magnetic field effects of photocurrent
(MFEpc) and light-assisted dielectric response (LADR) in highly-efficient organic
solar cells based on newly synthesized photovoltaic polymer CT" and PT B4 with
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intra-molecular “Donor-Acceptor” interactions. The low-field M FFEpc (< 150
mT') indicates that the intra-molecular “Donor-Acceptor” interactions generate
charge dissociation in pristine PT' B2 and PT B4 films, which is similar to that in
lightly doped Poly(3-hexylthiophene) with 5 wt% PCBM (fullerene derivative 1-(3-
methyloxycarbonyl)-propyl-1-phenyl (6,6) C61). After the C'T" and PT B4 are mixed
with electron acceptor PC'BM to form bulk-heterojunctions, the high-field M F Ep¢c
(> 150 mT) reveals that the charge-transfer (C'T") complexes formed at the PT B2 :
PCBM and PTB4 : PCBM interfaces have much lower binding energies due to
stronger electron-withdrawing abilities, as compared to the P3HT : PCBM device,
towards the generation of photocurrent. Furthermore, the light-assisted dielectric
response: LADR indicates that the PT'B2 and PT B4 based solar cells exhibit much
larger capacitances relative to P3HT : PCBM device under photoexcitation. The
photoinduced capacitances suggest that the PT'B2 : PCBM and PTB4 : PCBM
bulk heterojunctions have more effective charge transport and collection than their
P3HT : PCBM counterpart. As a result, our experimental results indicate that
the intra-molecular “Donor-Acceptor” interaction plays an important role to enhance
charge dissociation, transport, and collection in bulk-heterojunction organic solar

cells.

6.2 Experimental

The bulk-heterojunction photovoltaic systems were formulated by the photovoltaic
polymer C'T and PT' B4 and commercially available regioregular P3HT" with electron
acceptor PCBM. The compositions were prepared with the weight ratio of 1:0.8
for PSHT : PCBM and 1:1 for both PI'B2 : PCBM and PTB4 : PCBM.
The respective photovoltaic films were spin cast with the thickness of 120 nm for
P3HT : PCBM and 100 nm for both PT'B2: PCBM and PT'B4 : PCBM films on
indium-tin-oxide (I7TO) glass substrates pre-coated with 40 nm thin layer of poly(3,4-
ethylenedioxythiophene): poly(styrene sulfonate) (PEDOT:PSS) (Baytron P 4083)
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in nitrogen atmosphere. The bulk-heterojunction solar cells were fabricated with the
architecture of IT0O/PEDOT /polymer : PCBM/Ca/Al. The P3HT : PCBM
was dissolved in chlorobenzene and thermally annealed at 155 °C for 5 min to
optimize the efficiency, while 1,2 dichlorobenzene was used for PT'B2 and PT' B4 based
solar cells without further treatment. The photocurrent-voltage characteristics were
measured by using Keithley 2400 source meter under photoillumination of AM1.5G
100 mW/em? from Thermal Oriel 96000 300 W solar simulator. The M FEpc was
characterized by measuring the change in short-circuit photocurrent as a function
of applied magnetic field under the photoexcitation with the central wavelength of
500 nm selected from the monochromator and transported through a liquid light
waveguide fiber. The light-assisted dielectric response: LADR was measured by using
dielectric spectrometer (Agilent, F4980A) with alternating voltage of 50 mV at 1
K Hz under light illumination from a sunlight simulator at 100 m¥//cm? when an
organic solar cell was operated at short-circuit condition. In the LADR measurement,
the dielectric spectrometer essentially measures the impedance of organic solar cell as
a function of light illumination intensity. In particular, the impedance measurement
can show the dielectric constant, the generation of charge carriers at electrodes,
and the transport of charge carriers to electrodes under photoexcitation in organic
solar cells. All measurements were performed in nitrogen gas atmosphere at room

temperature.

6.3 Results and Discussion

The recently synthesized photovoltaic polymers have led to remarkable enhancement
in photovoltaic efficiencies when mixed with fullurene-type electron acceptors in
bulk-heterojunction organic solar cells.[132][133][134][135] The highest efficiencies of
organic photovoltaic devices have reached over 8%.[8] However, it demands further
investigations to elucidate the internal photovoltaic processes occurring in those

highly-efficient organic solar cells for the development of advanced photovoltaic
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materials. In this work we use magnetic field effects of photocurrent and light-
assisted dielectric measurements to investigate the charge dissociation, transport,
and collection in bulk-heterojunction organic solar cells based on efficient photo-
voltaic polymers PT B2 and PT B4, which have intra-molecular “Donor-Acceptor”
interactions due to electron-withdrawing side-groups, compared with the commonly
used polymer P3HT. It is known that the light absorption results in the
formation of intra-molecular strongly-bound electron-hole pairs, namely excitons,
in organic semiconducting polymers due to low dielectric constants and direct
band structures.[13][70][136][137] The photocurrent can be consequently generated
by exciton dissociation followed by charge transport in organic solar cells. In
general, the photoexcitation-generated excitons can dissociate into charge carriers in
both pristine semiconducting polymers, [138][139] and bulk-heterojunctions.[52][63] In
pristine semiconducting polymers, the dissociated charge carriers can form electron-
hole pairs at chain-chain interfaces, generating polaron pairs.[33][136][140][141][142]
The polaron pairs can re-dissociate into charge carriers, when local electric fields can
overcome the inter-chain electron-hole Coulomb attraction, to generate the photocur-
rent in organic materials. In bulk-heterojunction solar cells, the dissociated charge
carriers can form inter-molecular charge-transfer (CT) complexes at donor-acceptor
interfaces.[73][76][77][120][125] Furthermore, the CT complexes can re-dissociate into
charge carriers, when their free energies can compete with the Coulomb attraction
at the donor and acceptor interfaces,[58][143] towards the generation of photocurrent
in donor-acceptor bulk-heterojunction systems. Nevertheless, the polaron pairs and
C'T' complexes play an important role in the generation of photocurrent in pristine
polymers and bulk-heterojunctions, respectively. Early experimental studies have
shown that the photocurrent is sensitive to an external magnetic field in organic
materials, leading to magnetic field effects of photocurrent.[37][84][144][145][146][147]
The magnetic field effects of photocurrent originate from following two facts.
First, an external magnetic field can change singlet and triplet ratios by changing

intersystem crossing through spin-momentum conservation due to magnetic scattering
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or through energy conservation due to Zeeman splitting.[35][36][85][148][149] Second,
singlets and triplets have different contributions to the generation of photocurrent
through dissociation and charge reaction due to their different ionic properties and
lifetimes.[41][91] In particular, magnetic field effects of photocurrent can form an
effective tool to elucidate charge dissociation processes. We recently found that the
polaron pairs and C'T" complexes generate magnetic field effects of photocurrent at
low-field and high-field regimes,[85][88] namely low-field M FEpc (< 150 mT) and
high-field (> 150 mT') M F Ep¢, respectively. As a result, using low-field and high-
field M FFEpc can elucidate the dissociation in polaron pairs and CT" complexes.
Furthermore, we know that an external electric field can interact with internal
electrical polarizations to compete with the binding energies of electron-hole pairs,
enhancing the charge dissociation in the polaron pairs and C'T" complexes[150] through
Omnsager process,[90] reducing the densities of polaron pairs and C'T' complexes. As a
consequence, applying an electric field can lead to a reduction in low-field and high-
field M FEpc generated by polaron pairs and C'T" complexes in pristine and bulk-
heterojunctions, respectively. As a result, measuring M F'Epc in an external electric
field can form a new experimental tool: V — M F Ep¢ to estimate the binding energies
of polaron pairs and C'T" complexes. It is further noted that the interpenetrating
donor-acceptor networks can form necessary charge-transport channels to collect the
dissociated charge carriers at the cathode and anode to generate photocurrent in
bulk-heterojunction organic solar cells.[52][151] Here, we use light-assisted dielectric
response: LADR to study the charge transport and collection in the PT' B2 : PCBM
and PT'B4 : PCBM solar cells as compared to P3HT : PCBM device based on
impedance measurement.[143][152] In particular, we combine the M F Epc and LADR
measurements to elucidate internal charge dissociation, transport, and collection in

PTB2: PCBM and PT B4 : PCBM solar cells.

The photovoltaic polymer PT B derivatives were synthesized by using the procedure
shown in Figure 6.1.[153] (The synthesis is done by Dr. Liang in University of
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Figure 6.1: Chemical synthesis route for photovoltaic polymer PT'B2 and PT BA4.

Chicago) The monomer A (0.50 mmol) was weighted into a 25 m L round-bottom flask.
2,6-Bis(trimethyltin)-4,8-Bis(n-octyloxy)benzo[1,2-b:4,5-b’|dithiophene (0.50 mmol)
and Pd(PPh3)4 (25 mg) were added. The flask was subjected to three successive
cycles of vacuum followed by refilling with argon. Then, anhydrous DMF (2 mL) and
anhydrous toluene (8 mL) were added via a syringe. The polymerization was carried
out at 120 °C for 12 h under nitrogen. The polymer was precipitated into methanol
and collected by filtration. The precipitate was dissolved in chloroform and filtered
through Celite to remove the metal catalyst. The final polymers were obtained by
precipitating in hexanes and drying in vacuum for 12 h, yielding PT' B2 and PT B4
(Figure 6.1). The electron-withdrawing ester group in both PTB2 and PT B4 is
introduced to stabilize the electron-rich thieno[3,4-b|thiophene moiety.[45][154][155]
The benzo[1,2-b:4,5-b’|dithiophene unit can provide extended conjugated system and
enhanced solubility due to its proper side chain pattern. Previous studies have
revealed high power conversion efficiency based on theses polymers.[133] It should
be noted in Scheme 6.1 that the A and B structures can exhibit intra-molecular
“Donor-Acceptor” interaction caused by electron-withdrawing side-groups which can
enhance exciton dissociation and charge transport by affecting the development
of interpenetrating bulk-heterojunction morphological structures when mixing with
electron acceptor PC'BM. Moreover, the strong electron withdrawing fluorine side-
group in PT B4 can further enhance the intra-molecular “Donor-Acceptor” interaction

due to its high electronegativity.
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Figure 6.2a shows the low-field M FFEps (< 150 mT) for the pristine P3HT,
PTB2, and PTB4 devices with the ITO/PEDOT /Polymer/Ca/Al architecture.
The P3HT device shows both positive and negative components in low-field
MFFEpc. Interestingly, the PTB2 and PT B4 devices only exhibit a flat low-
field M FEpc. It should be particularly pointed out that the pristine PT'B2 and
PT B4 are equivalent to 5 wt% PCBM doped P3HT in the low-field regime with
flat M FEpc (Figure 6.2b). We know that the low-field M FEpc can, in general,
include both positive and negative components through dissociation and charge
reaction in pristine polymers.[85][86] Figure 6.2a schematically shows that the positive
component at low-field M F Epqc arises from the dissociation of polaron pairs in

pristine polymers[33][34][85] based on the following three experimental arguments.

First, an external magnetic field can change the singlet-triplet intersystem cross-
ing in polaron-pair states by perturbing the spin momentum conservation and
consequently modifying the singlet and triplet ratios[33][35][85][126][148][149] when
applied magnetic field is comparable to the internal magnetic interaction generated
from hyperfine interaction or from spin-orbital coupling in polaron-pair states.
Second, magnetic field dependence of photoluminescence (MFEp;) in exciplexes
has suggested that changing the intersystem crossing can lead to an increase in
singlet ratio in polaron-pair states.[38][88] Third, increasing singlet ratio in polaron-
pair states can increase the photocurrent and consequently generate a positive low-
field M F Ep¢, because singlets and triplets have relatively high and low dissociation
rates through Onsager process[90] due to their different ionic natures in their
wavefunctions.[32][91] Therefore, increasing the singlet ratio in polaron-pair states

can increase the photocurrent, leading to a positive component in low-field M F Ep¢.

On the other hand, the negative component in low-field M F' Eps can also be generated
when photoexcited excitons react with charge carriers through Coulomb interaction,

generating exciton-charge reaction with the consequence of separating excitons into

91



ITO/PEDOT/Polymer/Ca/Al

1.0 . Ra .
W, /s )
8\/ 0.5 R,00C ?

O PT?Z,PTB4
LLl 0.0 o o
LL
= N-CeH3

-0.5- éZ/S\B% P/SHT (@)

0 40 80 120 160
Magnetic field (mT)

(a) Low-field M FEp¢ in pristine forms

ITO/PEDOT/P3HT+(x%)PCBM/Ca/Al
1_

MFE,_ (%)

0 40 80 120 160
Magnetic field (mT)

(b) Low-field M FEpc for P3HT with doped PCBM

Figure 6.2: (a): low-field M F Ep¢ for the P3HT, PT' B2, and PT B4 in their pristine
forms with the device structure of ITO/PEDOT/Polymer/Ca/Al. The inset shows
the chemical structures for the P3HT, PTB2, and PTB4. The side groups are
X = H, Rl = 2 — ethylhexyl, R2 = n — octyloxy for the PT' B2, and X = F|,
R1 = n—octyl, R2 = 2—ethylhexyloxy for PT'B4. (b): Low-field M F Ep¢ for lightly
doped P3HT with different PC' BM concentrations. The doping concentrations were
given by weight percent.
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Figure 6.3: Schematic diagrams for low-field and high-field M F Epc: (a): Singlet
dissociation and triplet-charge reaction generate + M F Epc and - M FEpc at low
field (< 150 mT'). (b): Dissociation of CT complexes generates + M F Epc at high
field (> 150 mT).
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free charge carriers.[34][36][85][89] Indeed, the exciton-charge reaction can occur with
free carriers,[94][127] or with trapped carriers,[94][145] or with the electrode.[94]
In essence, the exciton-charge reaction is determined by the contact probabilities
between an exciton and a charge. Although both singlet and triplet excitons can react
with charge carriers through Coulomb interaction, the triplet excitons can dominate
the exciton-charge reaction in organic materials due to their long lifetimes.[40][94][99]
In particular, a magnetic field can reduce the triplet exciton-charge reaction-rate
constants by perturbing the spin-spin interaction between a triplet exciton and a
charge, consequently leading to a reduction in photocurrent and generating a negative
component in low-field M F Ep¢c in pristine polymers.[32][85] Therefore, positive and
negative components in low-field M F' Epc can reflect the dissociation in polaron-pair
states and the charge reaction in excitonic states in the generation of photocurrent
in pristine polymers. We note in Figure 6.2b that lightly doped P3HT with the
PCBM at 1 wt% concentration can remove the positive M F Epc but keeps the
negative M F'Ep¢ at low field. This indicates that the weak donor-acceptor interaction
introduced by low PCBM doping can dissociate the polaron pairs but leaves the
triplet exciton-charge reaction unchanged in the P3HT. However, increasing the
PCBM concentration to 5 wt% can lead to a flat M FEpc by removing both
positive and negative components. In addition, it has been found that 5 wt%
PCBM doping can largely quench the photoluminescence (PL) from the P3HT
by 78% in solid films.[156] This PL quenching suggests that the 5 wt% PCBM
doping can significantly dissociate excitons in the P3HT. Therefore, the flat low-
field M FFEpc at low field implies that the P3HT : PCBM composite with 5 wt%
PCBM doping can destroy both the polaron pairs and exciton-charge reaction. This
experimental result confirms that the 5 wt% PCBM doping can generate significant
charge dissociation in the P3HT. By comparing the pristine PT'B2 and PTB4
with the 5 wt% PCBM doped P3HT, we can clearly see in Figure 6.2a and 6.2b
that the pristine PBT2 and PT B4 exhibit considerable intra-molecular “Donor-

Acceptor” interaction, which is similar to the externally introduced donor-acceptor

94



interaction in the 5 wt% PCBM doped P3HT. Our studies on M FEpc at low
field (< 150 mT) reveal that the pristine PT'B2 and PT B4 can generate significant
charge dissociation due to the intra-molecular “Donor-Acceptor” interaction, similar
to the 5 wt% PCBM doped P3HT. On one hand, this intra-molecular “Donor-
Acceptor” interaction yields a flat low-field M F Ep¢c in their pristine forms. On the
other hand, this intra-molecular “Donor-Acceptor” may reduce the binding energies
of C'T states, shown in high-field M F'Epc, when the PT B2 and PT B4 are mixed
with the PCBM to form heterojunction solar cells. We should note that the
enhanced intra-molecular electrical polarization has been used to shift electronic levels
towards the improvement of photovoltaic responses based on “push-pull” donor and
acceptor blocks.[157][158][159][160][161] In addition, early experimental results have
also indicated that intra-molecular “Donor-Acceptor” interaction can enhance charge
dissociation to generate photoconduction in organic materials.[162][163] Now we
discuss the effects of intra-molecular “Donor-Acceptor” interaction on the dissociation
of C'T" complexes when the PT'B2 and PT' B4 are mixed with PCBM to form bulk-
heterojunction solar cells. The experimental results on photoinduced absorption,
photoluminescence, and electroluminescence have shown that in bulk-heterojunction
solar cells the dissociated electrons and holes undergo inter-molecular C'I" complexes
to generate photocurrent.[73][76][77][120][164][165][166] Our theoretical consideration
shows that the dissociation is essentially determined by the kinetic energy and
Coulomb attraction of electrons and holes at donor-acceptor interfaces. More
importantly, we found that the dissociation of C'I" complexes can generate high-field
M F Ep¢.[85][86] Figure 6.3b schematically indicates that the generation of high-field
MF Ep¢ is based on the following three experimental evidences. First, photophysics
studies have suggested that the C'T" complexes are formed with both singlet and triplet
states through geminate and non-geminate capture of dissociated electrons and holes
at donor-acceptor interfaces when electron spin multiplicities are considered.[100][167]
Second, an external magnetic field can change the singlet and triplet ratios in the C'T’

complexes by perturbing the intersystem crossing[101][151] through spin momentum
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conservation in competition with internal magnetic field generated from spin-orbital
coupling or hyperfine interaction, similar to magnetic field-dependent intersystem
crossing in polaron-pair states. Third, the singlet and triplet C'I" complexes can have
high and low dissociation rates in bulk-heterojunctions, respectively, similar to the
phenomenon occurring in polaron pairs in pristine polymers,[88][91][151] due to their
different ionic natures involved in Onsager process-driven dissociation.[90] Here, we
combine M F Ep¢ and electric field, namely V' — M F Ep¢, to characterize the binding
energies of C'T" complexes formed at donor:acceptor interfaces in the PT'B2 : PCBM
and PT B4 : PCBM solar cells as compared to the PSHT : PCBM device.

Figure 6.4a and 6.4b indicate that both PTB2 : PCBM and P3HT : PCBM
bulk-heterojunction solar cells show strong positive signals in high-field M F Epc.
This confirms that the dissociated charge carriers form the CT" complexes at
the donor:acceptor interfaces towards the generation of photocurrent in bulk-
heterojunction organic solar cells. However, it can be seen in Figure 6.4b that the
applied reverse bias of 2 V' can completely remove the high-field M F Epc in the
PTB2 : PCBM solar cell. On contrast, this reverse bias of -2 V' can only quench
the high-field M FEpc by 26% in the P3SHT : PCBM solar cell (Figure 6.4a). The
V — MFFEpc result clearly suggests that the CT' complexes in PT'B2 : PCBM
device have lower binding energies than that in the P3HT : PCBM device. The
lower binding energies of C'T' complexes suggest that the intra-molecular “Donor-
Acceptor” interaction can form strong local electric fields with the electron acceptor
PCBM molecules to overcome the Coulomb attraction at PT' B2 : PCBM interfaces
for charge dissociation. We should note in Figure 6.4c¢ that the PT'B4 : PC' BM solar

cell shows un-appreciable high-field M F Ep¢.

This un-appreciable M F Epc indicates that the electrons and holes do not form
considerable CT" complexes at PT' B4 : PCBM interfaces. This result implies that

the C'T" complexes have much lower binding energies at PT' B4 : PC'BM interfaces
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and consequently lead to higher photovoltaic efficiency in the PT'B4 : PCBM solar
cell. Here, we suggest that the strong electron-withdrawing fluorine side-group is
responsible for the reduced binding energies of C'T" complexes at the PT'B4 : PCBM
interfaces. Photovoltaic studies have also found that the incorporation of fluorine in
the polymer backbone can play an important role for the high-performance organic so-
lar cells.[168][169] Nevertheless, our V — M F Ep¢ results indicate that intra-molecular
“Donor-Acceptor” interaction can reduce the binding energies of C'T" complexes when
photovoltaic PT'B derivatives are mixed with electron acceptor PCBM to form
bulk-heterojunction solar cells. Now we discuss the charge transport and collection
through donor and acceptor interpenetrating networks in the PT' B2 : PCBM and
PTB4 : PCBM solar cells. It is known from polymer thermodynamics that the
formation of morphological interpenetrating networks is mainly driven by the inter-
molecular interaction in polymer blends.[170][171] Therefore, the intra-molecular
“Donor-Acceptor” interaction may enhance the formation of PT'B derivative and
PCBM interpenetrating morphological structures, when the PT'B derivative and
PCBM are mixed to form bulk heterojunction solar cells, and consequently increasing
the charge transport. Here, we use light-assisted dielectric response: LADR, where the
capacitance is measured at the frequency of 1 K Hz under photoexcitation (Figure
6.5a), to characterize the charge transport through PTB derivative and PCBM
interpenetrating networks in the PT'B2 and PT' B4 based solar cells as compared to
the P3HT : PCBM device.

It should be noted that this frequency of 1 K Hz is largely below the RC response
time of our solar cells. The LADR results in Figure 6.5b show three important
information. First, under dark condition the PT'B2 : PCBM and PT B4 : PCBM
solar cells exhibit a lager capacitance than the P3HT : PCBM device. This implies
that the PT'B2 : PCBM and PT B4 : PCBM films have a higher dielectric constant
relative to the P3SHT : PCBM film. This higher dielectric constant further indicates
that the PT'B2 : PCBM and PTB4 : PCBM bulk heterojunctions have stronger
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local electrical fields from intra-molecular “Donor-Acceptor” interactions, which are
accountable for the lower binding energies of C'T" complexes in the PT'B2 and PT B4
based solar cells. Second, at a given photoexcitation intensity the PT B2 : PCBM
and PTB4 : PCBM solar cells show higher capacitances as compared to the
P3HT : PCBM device. This result suggests that the photoexcitation leads to
more charge collection at the respective electrodes in the PTB2 : PCBM and
PTB4 : PCBM solar cells relative to the P3HT : PCBM device. Third, the
PTB2 : PCBM and PTB4 : PCBM solar cells have a larger increase-rate in the
capacitance-photoexcitation characteristics than the P3SHT : PCBM device. This
indicates that the PT'B2 : PCBM and PT B4 : PCBM solar cells form more effective
charge-transport channels to transport dissociated charge carriers to respective
electrodes through the donor-acceptor interpenetrating networks. Especially, using
stronger electron-withdrawing fluorine side-group can lead to a larger increase-rate
in capacitance-photoexcitation characteristics in the PT'B4 : PCBM solar cell as
compared to the PT'B2 : PC'BM solar cell. This implies that stronger intra-molecular
“Donor-Acceptor” interaction can enhance the charge transport and collection when

the PT B4 is mixed with PCBM to form bulk-heterojunction solar cell.

It can be seen in Figure 6.6 that the PT'B derivatives-based solar cell shows larger
photocurrents based on intra-molecular “Donor-Acceptor” interaction as compared
to the P3HT : PC'BM device. Further increasing intra-molecular “Donor-Acceptor”
interaction by using strong electron-withdrawing fluorine side-group can lead to a
more efficient photovoltaic performance in the PT'B4 : PCBM solar cell. Therefore,
we can confirm that intra-molecular “Donor-Acceptor” interaction can indeed enhance
charge dissociation, transport, and collection towards the generation of photocurrent

in the bulk-heterojunction solar cells.
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6.4 Conclusion

In summary, the low-field M F Epc reveals that the newly synthesized photovoltaic
polymer PT B2 and PT B4 exhibit intra-molecular “Donor-Acceptor” interaction in
their pristine forms. In particular, this intra-molecular “Donor-Acceptor” interaction
in the pristine PT' B2 and PT B4 is equivalent to the externally introduced donor-
acceptor interaction in 5 wt% PCBM doped P3HT for charge dissociation. The high-
field M FEpc together with applied electric field indicates that the C'T" complexes
in the PTB derivatives-based solar cells have much lower binding energies as
compared to the PSHT : PCBM device towards the generation of photocurrent.
Furthermore, the light-assisted dielectric response: LADR indicates that when the
PTB2 and PT B4 are mixed with the PCBM to form bulk-heterojunctions, the
charge transport and collection are more effective through donor and acceptor
interpenetrating networks to generate photocurrent. Therefore, it can be suggested
that the intra-molecular “Donor-Acceptor” interaction plays an important role to
reduce the binding energies of C'T" complexes for charge dissociation and to enhance

the charge transport and collection in bulk-heterojunction organic solar cells.
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Chapter 7

CONCLUSIONS

The magnetic, optical and dielectric effect were studied toward the organic photo-

voltaics in this dissertation. The research includes the following three parts.

First, the origin of the open circuit voltage of bulk heterojunction solar cell was
systematically studied, including the change of cathode, active layer thickness, donor
material, and the modification the donor/acceptor weight ratio, etc. It was found
that the open circuit voltage is mainly determined by the energy difference between
HOMO of donor and LUMO of acceptor which is consistent with the published results
by many groups. However, it was also found that the effective dielectric background
of the heterojunction also can affect the open circuit voltage, which may not have
been paid enough attention. Moreover, the photo-assisted impedance spectroscopy
analysis was utilized to study the charge accumulation effect on the open circuit

voltage in P3HT : PCBM solar cells.

Second, the magnetic field effect on photocurrent change was studied in both pristine
polymer, bulk heterojunction and double layer architecture based photovoltaic
devices. It was found that in the heavily studied polymer material P3HT', the

positive photocurrent change under external magnetic field is due to the change
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of singlet /triplet polaron pair ratio through intersystem crossing together with the
consideration of higher dissociation rate of singlet state due to its stronger ionic
nature. The negative photocurrent change can be associated with the magnetic
field depended triplet and charge reaction processes. For bulk heterojunction and
double layer structure devices, it was found that the charge transfer complexes
exist at the donor and accepter interfaces. The formation of the charge transfer
complexes essentially form a loss channel towards the generation of free charge
carriers. By combining the magnetic field effect on photocurrent change and the
reversed bias electric field, the binding energy of charge transfer complex can be
qualitatively studied between different systems or under different post treatment
methods. Particularly, in double layer structure P3HT/TiO, photovoltaic device,
the photocurrent change under magnetic field was studied under illumination with
different wavelengths. It was found that the M FEpc decreases with decreasing of
excitation wavelength, and the results support the argument of the exist of hot exciton
and also provide detailed information towards the internal photovoltaic processes of

exciton dissociation and free charge generation.

Third, the “intra-molecular” interaction effect was found in the new low band gap
polymers (PTBs). It was found that the push-pull group in the polymer chain can
facilitate the exciton dissociation and free charge generation. The magnetic field effect
study on photocurrent change in pristine polymers PT' B2 and P71 B4 and the system
of 5% doping of PCBM in P3HT reveals that the polymers PTB2 and PTB4 in
their pristine form is essentially equivalent to the condition of 5% doping of PCBM
in P3HT. Moreover, the study indicates that the intra-molecular “Donor-Acceptor”
interaction plays an important role in reducing the binding energies of C'T" complexes
for charge dissociation and then enhancing the charge transport and collection in

organic bulk-heterojunction photovoltaics.
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