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Chapter 1 Introduction

1. 1 Motivation

It goes without saying that our lives heavily depend on energy and with the world’s
population on the increase, our needs are growing further every year. While fossil fuels have
served our civilization as the biggest energy supply for more than two centuries, there is no
doubt that we are facing the limit of fossil fuel reserves. Furthermore, the irreversible
environmental damage resulting from their use is increasingly becoming a threat to world
security. Obviously, our reliance on this finite resource has to diminish, and we soon have to

come up with alternatives that are economically viable and environmentally friendly.

Renewable energy sources (e.g. wind, solar, tidal energy) are considered as promising
alternatives to fossil fuels. In particular, solar cells have the potential to afford the high energy
demand in every region of the world because can be quickly and economically deployed
owing to their modular design. There are numerous studies on photovoltaic technologies with
various structures and materials. Of the current technology of solar cells referred to as 3"
generation solar cells, solution processable planar structured solar cells have been intensively

studied over the last decade. This is due to their high functionality and economic feasibility.

Since the performance of the PSC devices relies strongly on the nature of the interface, the
research on interfacial layer engineering has become more intense as the spotlight on PSCs
increases. Numerous types of interfacial layers have been studied and incorporated into
various interfaces within PSCs, have accordingly shown various functionalities such as

injecting/extracting/blocking of charges selectively at the interface, modifying the light



interference within the device, enhancing device stability, and modifying the device
morphology. Overall, the huge improvement was noted on the power conversion
efficiency(PCE) of PSCs is accompanied by desirable influences on the device characteristics

such as enhanced device stability and reproducibility.

In this work, | developed new soluble functional materials, each based on conjugated
polymers and metal oxide, and investigated the impact of functional materials on the PSCs
characteristics. Each functional material was incorporated in the active layer and the interface
of the electrode to modify the morphology of the active layer and interface characteristics,

respectively. This resulted in improved charge transfer and prolonged device lifetime.



1. 2 General Background of Solar Cells

1.2.1 Conjugated Polymer in Photovoltaic application

Organic polymers are large 1-dimensional linear molecules with a 1-dimensional carbon
chain and a molecular weight exceeding 10,000 grams/mole. Carbon atoms have four covalent
electrons that usually form two hybrid structures in a molecule — a tetrahedral configuration
and a hexagonal configuration. Conventional polymer molecules have a form tetrahedral
configuration in the molecule with saturated C-C bonds. Such polymers find applications that
range from fabrics to engineering plastic. But they do not exhibit any electrical conductivity

since all covalent electrons are bounded by chemical bonds.

In contrast, conjugated polymers that were discovered by Heeger, MacDiarmid, and
Shirakawa can become electrically conducting doping.* Conjugated polymer molecules have
a hexagonal configuration. In the hexagonal configuration, three of four covalent electrons of
carbon form covalent bonds with neighboring atoms while the fourth electron forms x-bond
with neighboring carbon atoms due to the attractive interaction with carbon nuclei. In contrast
with covalent bonds, the n-bond is delocalized along the conjugated molecule chain. Hence,
conjugated polymers are natural semiconductors and can even be made to conduct electricity
using doping processes.? Thus, conjugated polymers not only share advantages of
conventional polymers (plastics) such as solution processability and flexibility but also have

a band gap that can be controlled by altering the chemical structure.®

In the field of the solar cell, the bulk heterojunction(BHJ) of conjugated polymer with

fullerene derivatives are mostly studied.*® Recently, organic molecule based various non-



fullerene acceptors (NFAs) are emerging as an alternative acceptor, performing higher
efficiency ~17 %, originated from extended light absorption spectrum and reduced open-
circuit voltage loss.® However, low stability under the ambient condition still remains a severe

issue for its commercialization.™®



1.2.2 Perovskite in photovoltaic application

Perovskite is the name of mineral, CaTiO3 which found by Gustav Rose and named after
Russian mineralogist L. A. Perovski.l% Later on, the perovskite became a name of class of
compounds with the formula of ABX3, the same type of crystal structure with CaTiOs. Among
the various class of perovskites, the organic-inorganic halide perovskite attracts great attention
recently, due to their superior optical/electrical properties, making them a prospective material
for optoelectronic applications. The chemical formula for organic-inorganic halide perovskite
is ABXs, consisting of monovalent large organic cation (A : aliphatic or aromatic ammonium)
and divalent metal cation (B : Pb?*, Sn?*, Ge?*, etc...) with halogen anions ( X : CI', Br, I).
Figure 1-1 shows the structure of ABXs perovskite crystal. The ideal structure is a cube
consisting of corner-sharing BXg octahedron with A cation at the center as illustrated in Figure
1-1. However, structural distortions are commonly found, since the radius and outer electronic
structure of organic cations, metal ions and halogen anions will affect the octahedron structure
of BXe. Since many physical properties including electronic, magnetic and dielectric
properties of perovskite are depend severely on this distortion, the properties could be easily

fine-tuned by substitution of cations.

In the field of solar cells, MAPbI; or FAPbIz has mostly been studied, and currently, their
mixture with MAPbBr; or FAPbBr; is commonly used for higher performance and better
stability. Since the halide perovskite was first successfully incorporated in the solar cell in
2009 by T. Miyasaka, and in a solid-state solar cell in 2012 by Nam-Gyu Park, halide
perovskite has attracted prominent attention in the field of photovoltaic application,

demonstrated a meteoric rise in power conversion efficiency and now exceeded all other thin-



film technologies. Halide perovskite exhibits several outstanding properties for photovoltaic
applications such as high optical coefficient, tunable bandgap (generally 1.4~2.3 eV), low
exciton binding energy (<50 meV), and long exciton diffusion length(100~1000 nm for thin
film and ~175 um for single crystal) and lifetime. However, the low reproducibility due to
random morphology from solution-processed film and low chemical stability, especially, the
low stability toward the humidity in ambient air is considered as a major hindrance for its

commercialization.

Figure 1-1. Crystalline structure of Perovskite



1.2.3 Structure and Mechanism of Solar Cell Operation

The solution-processable planar-structured solar cells (PSCs) including polymer solar cells
(OSCs) and perovskite solar cells (PeSCs) have many common features that originated from
the similarity of the device structure. Although the study on PeSCs started from the liquid-
electrolyte based dye-sensitized solar cells (DSSCs), however, currently the device structure
became quite similar to OSCs as the DSSCs changed from liquid to solid state. Since, J. Jeng
et al., have demonstrated that the mesoscopic structure is not essential for device operation,
many studies have been attempted with a planar structure having many significant advantages

in device application.'?-1°

Figure 1-2 shows the general structure of PeSCs and OSCs in planar configuration.
Generally, the PSCs have an MSM architecture, which has semiconducting layers sandwiched
between metal contact and least one of them is transparent, letting the light incident to the
active layer. When the light absorbed by active layer, the absorbed photon generates exciton
which strongly bounded electron-hole pair. The binding energy of each bounded pair
determined by the properties of active layer, can be divided into strongly bounded pair
(Frankel exciton, OSCs), and weakly bounded pair (Mott-Wannier exciton). In the case of
Mott-Wannier type exciton (e.g. Perovskite), readily separated at the room temperature, results
in separated charges. On the other hand, Frankel type exciton can’t be separated by the thermal
energy at room temperature (e.g. Organic polymer), requires an additional component to
separate the bounded exciton (acceptor) into holes and electrons. Each separated charges
extracted by the built-in electric field toward the corresponding electrodes. In MSM

configuration, the built-in electric field is determined by the electrode and functional materials



at the interface, since the built-in electric field is formed by the contact work-function
(effective work-function) difference between each electrode, and the effective work-function
is strongly affected by the functional materials at the interface. Forasmuch as the operation of
solar cell is a competition between generation/dissociation of exciton and transport toward the
corresponding electrodes, and trap/accumulate/recombination of exciton and separated
charges, the functional layer which controls the built-in electric field, interfacial energy
alignment, trap density at the interface, and even the morphology of the active layer, holds
significant importance on the PSCs operation. Because of the difference in the electronic
properties of the active layer, the detailed mechanism and the role of functional material could

be different for OSCs and PeSCs.

Metal electrode —

Top interfacial layer — .

Active layer
Bottom interfacial layer | .

Transparent electrode — .
Substrate — .,

Metal electrode —

Top interfacial layer .,

Active layer ____,
Bottom interfacial layer ___,

Transparent electrode
Substrate —,

Figure 1-2. General structure of planar structure solar cell. ( up : Perovskite solar cell,
down : Polymer solar cell )



(1) Polymer solar cell

The BHJ polymer solar cell is made by a mixture of donor (conjugated polymer) and
acceptor (generally, fullerene derivatives). As mentioned above, the excitons are strongly
bounded, and the dissociation of excitons only occurs at the interface between donor and
acceptor. Therefore, the ideal bulk heterojunction refers to the junction between evenly
blended donor polymer and acceptor component for having sufficient area of D / A interface
within the active layer. Since the diffusion length of exciton generated within the organic
semiconductor is very short, having nanometer-scale of finely inter-mixed domains and
continuous interpenetrating network with well-connected domains at the same time is

significant for device operation.t?

On the other hand, because of this complex architecture of active layer, in practice, the
BHJ OSCs contain considerable traps and often undergo non-ideal charge transfer due to
incomplete interpenetrating network, caused by the randomness of film fabrication
procedure.®® Further, the non-ideal contact at the interface with electrode involves charge
accumulation and recombination due to the energetic barrier at the interface, and thus, hinders
charge extraction.®° These issues could be suppressed by adopting proper functional materials
at the interface, reducing energetic barriers and enhancing built-in potential, the driving force
to extract the separated charges. Recently, many attempts been made to achieve ideal charge
transfer within the active layer by optimizing interpenetrating network and carrier mobility of
active layer through incorporating functional material into BHJ blend (ternary BHJ), and

demonstrated impressive results.%-%



(2) Perovskite solar cell

In general, the structure of PeSCs can be categorized into mesoscopic and planar structure,
contingent on the existence of an oxide skeleton layer. The incorporation of an oxide skeleton
induces several pros and cons in terms of device performance and fabrication procedure,
however, regardless of the oxide skeleton, with respect to the carrier dynamics, the structure

of PeSCs can be simplified to p-i-n (or n-i-p) structure.

Contrary to the OSCs, halide perovskite generates weakly bounded exciton or readily
separated charge pairs under illumination due to strong dielectric screening effect originate
from high dielectric constant. Furthermore, halide perovskite demonstrates remarkably long-
range ambipolar charge transport properties, which allows forming sufficient thickness of the
active layer (~400 nm) for light harvesting. Such outstanding electrical properties of

perovskite allows efficiently collecting the charges generated from light absorption.

On the other hand, the morphology of the crystalline perovskite film could significantly
be affected by the fabricate condition and induces considerable loss during charge collection
process due to the substantial traps and defects at the grain boundary. Since the morphology
of the solution-processed film is strongly affected by the interface. Further, the surface states
such as defect, trap density, and energetic alignment at the interface are determined by the
interface. Therefore, the incorporation of adequate functional materials at the interface holds
significant importance on the performance of PeSCs. Recently, many research has been done
with functional materials to suppress the defects of perovskite film by applying the functional
material prior to forming a complete perovskite film, resulting in outstanding performance

and stability by successfully suppressing the traps and ion-migration.

-10 -



1.2.4 Characterization of photovoltaics

(1) Current density- voltage characteristics

The most important parameter of a photovoltaic is the ‘light to electrical power conversion
efficiency’(PCE). The current density — voltage (J-V) characteristics are one of the most
commonly used methods to determine the performance of photovoltaics including PCE. In
this measurement, each electrode of the solar cells is connected and the flowing current
through the cell at certain bias voltages are measured. This measurement is performed for a
range of bias voltages as seen in Figure 1-3. This process can be performed either under the

illumination (light J-V) or under the dark condition (dark J-V).

Ng Dark
:E ar
é —
£

v

c

@

(]

5

'g Light
O

Voltage (V)

Figure 1-3. J-V characteristics under the dark and light condition.
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(1)-1 Dark J-V characteristics

From the J-V characteristics measured under the dark condition, the carrier transport within
the photovoltaic device can be analyzed with the Shockley equation. Under the dark condition
(without incident photon), the photovoltaics are behaving as a diode which follows the

Shockley equation. The general Shockley equation for ideal diode?® is given as follow;

V) = Jo [exp (,fB—VT) -1 (L1)

where Jo is the reverse saturation current density, V is the applied bias, kg is Boltzmann
constant, and T is temperature. However, in practical devices, the J-V characteristics deviate
from the ideal behavior due to the resistance and defects. To take account the resistance and
the defects, the equivalent circuit model (Figure 1-4) and the Shockley equation for practical

diodel”18 js modified as follow;

/ R \

[ S

—0 AN
D, D | | |
» V! Ry |

| Dr [

(D) ~ - o

Figure 1-4. Equivalent circuit model for ideal and practical photovoltaic device.

) = 1 e (L9282) o] g [enn (L) o] o [CIR o

ng kBT n, kBT Rsh

where Rs is series resistance, Rsy is shunt resistance, and n is the ideality factor. The Rs and
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Rsw correspond to series resistance and the leakage path exists within the device, respectively.
The voltage term is modified to V-RsJ, in accordance with the voltage drop at the series
resistance Rs. And the third term in the equation corresponds to ohmic shunt current caused
by a parallel resistance Rsn. That resistances are defined to be area related(Rcm?). From Figure
1-4, the additional diode component Dr corresponds to recombination current, in accordance
with the Shockley-Read-Hall(SRH) recombination, the theory of recombination via traps,
where D, is ideal diode corresponding to drift current. Therefore, the ideality factor n, is often
assumed to be 1, whereas ng is set to 2. As shown in the semi-logarithmic dark J-V
characteristics in Figure 1-5, the Rs and Rsy are corresponding to the deviation in the high
(region I11) and low voltage region (region 1), respectively. The Jr affects the slope of the
semi-logarithm J-V plot, majorly in the region II. As described in Figure 1-5, the slope in the
region Il approaches the value of recombination current (ng = 2, according to SRH formalism)

as recombination current dominates the current within the device.

Current Density (log scale)

mi I
0.4 0.6
Voltage (V)

Figure 1-5. J-V characteristics for ideal and practical diode.
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The practical Shockley equation can be simplified to the one diode model for limited bias
range (usually between the maximum power point and V.. of the photovoltaic device) as

Figure 1-6 and Equation(1.3).:8

Rs
ANN—

» V¥ 3R

\ 4
L ew o

O
Figure 1-6. Equivalent circuit model for practical diode.
& q (V- JR;) (V—JRy)
J(V) =Jo [exp <7neff Ty T r, (1.3)

From Equation(1.3), the contribution of recombination current is contained in J, and
n®/f. As mentioned above, the contribution of trap-assisted recombination on the net dark
current is reflected as a deviation in the slope of the semi-logarithm J-V plot in region II,
which corresponds to a change in effective ideality factor from ‘ideal’(n=1) to ‘SRH
recombination’(n=2). Therefore, the effective dark ideality factor (n°, or ng), the ideality
factor for the net dark current in region Il, is concerned as a strong indicator of the effect of

trap-assisted recombination on the diode current.
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(1)-2 Light J-V characteristics

In the presence of light illumination, the equivalent circuit model for solar cells is described
by the combination of a photo-generated controlled current source Jp, with the diode as shown

in Figure 1-7. Accordingly, the general Shockley equation for photovoltaics'®? are given as

follow;
Rs Rs
MN—o
! Rsn - o Rsh
O O

Figure 1-7. Equivalent circuit model for photovoltaics under dark and under light
illumination.

qv —1R3)> _ 1] [(V —JRy)

JO(V) =T, [exp( ik, T + R—h] — (1.4)

where, Jpn is the photo-generated current from photovoltaics, and n; is the effective light

ideality factor of the photovoltaic device, respectively.

From the J-V characteristics under the illumination, a few important parameters can be
extracted. The most prominent factors are the short circuit current density (Jsc), open circuit

voltage (Voo), fill factor (FF), and power conversion efficiency (PCE).

Short circuit current density (Js) is the current flowing through the photovoltaic device
when the external bias is zero (short circuit condition) as marked on the J-V curve in Figure

1-8. The Js; characterizes the maximum current that the photovoltaic device can provide. There
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are several factors that affect Jsc such as the number of incident photons, the spectrum of the
incident light, the optical properties of the absorber, and the collection probability of

photovoltaic device.

max VOC

J maxj

Current Density (mA/cm?)

Voltage (V)

Figure 1-8. J-V characteristics of photovoltaics under illumination.

From the general Shockley equation for photovoltaics(Equation(1.4)), the photocurrent at

zero bias (Jso) is given as Equation(1.5).20%1

Jsc = —Jpn = —edGP (L, V) (1.5)

Where G is the generation rate of free charge carriers per unit volume, d is the distance
between each electrode, and P¢(1,V) is the charge collection probability. Under short circuit
condition, most of the charges generated within the active layer of the photovoltaic device are
swept out of the device prior to recombination due to a strong internal electric field ( P¢(l,V=0)

—1). Therefore, for an ideal device, the Js solely determined by the generation rate, hence,

Jsc has a linear dependency on the incident light intensity (Pin).
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Open circuit voltage (Vo) is the output voltage from the photovoltaic device when the
current is zero (open circuit condition). Under the open circuit condition, the photo-generated
charges will accumulate at the corresponding electrodes, offset the built-in potential. Since
the generation and recombination of carriers are counterbalanced, the system became a quasi-
equilibrium state. Under this condition, the potential difference between each electrode

generates the Vo, which is the maximum voltage that the photovoltaic device can provide.

In general, the Vo is determined by the difference in the quasi-Fermi levels of hole and
electron at the charge extraction contact, formed by light illumination. Therefore, the Vo is
not only affected by the energy levels of donor and acceptor (or CBM and VBM of the
absorber in the case of single absorber layer) but also affected by the interfacial contact,
electrode, carrier accumulation and recombination that can affect to the distribution of photo-
generated carriers. From the general Shockley equation for photovoltaics (Equation(1.4)), the

Vo, Where J=0, and Rsh > Rsis given as Equation(1.6).

kyT
Voe = 258 4y (]L"+ 1) (1.6)
q Jo

Equation(1.6) shows that the Vo has inversely proportional to Jo and directly proportional

to Jonh and ni.

Fill factor (FF) is the ratio between the maximum power of the device to the product of I
and V.. The FF is determined by carrier extraction efficiency which strongly affected by
carrier mobility, resistance, and dominant recombination mechanism. Therefore, the FF is an
important parameter which reflects the ideality of carrier transport within the photovoltaic

device.
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Voc X Isc

Power conversion efficiency (PCE) is defined by the ratio between maximum power of
the device to the power of incident light. PCE is the most significant parameter which

represents the performance of photovoltaic.

Poue Voc X Js¢ X FF

PCE =
Pin Pin

(1.8)
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(2) Light intensity dependent measurement

According to the general Shockley equations for photovoltaics under illumination, Js. and
V. are directly proportional to the incident light intensity, and the proportional tendency is
strongly affected by the charge transport and recombination dynamics within the photovoltaic
under operating condition. Therefore, the light intensity dependent measurement of Jsc and Ve
gives significant information on the recombination dynamics which limits the photovoltaic

performance.

(2)-1 Intensity dependence of short circuit current density

The general Shockley equation for photovoltaics under short circuit condition in
Equation(1.5), is clearly indicating that the Js. has a linear dependency on the incident light
intensity. However, in practical devices, the Jsc does not always scale exactly linearly to
incident light intensity. Generally, the current density at short circuit shows power-law

dependency on the Pin as Equation(1.9).%

Jon = —Jsc % P (1.9)

where a ranges from 0.85 to 1 for typical fullerene-based BHJ polymer solar cells. The

index a =1 implies that the most of photogenerated charges are extracted prior to
recombination, and the deviation of a known to arises from the loss of carriers via
bimolecular recombination, a build-up of space charge in the device, variation in the mobility

of two carriers, or variations in the distribution of density of states.
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(2)-2 Intensity dependence of open circuit voltage

The light intensity dependency of V. provides the details of the recombination mechanism
within the photovoltaic device. Equation(1.6) shows that the Vo has a logarithmically
proportional to incident light intensity. Based on the general considerations on quasi-Fermi
levels, we can provide an alternative equation for V. (Equation(1.10)) as derived by Koster

et al.2t22

ET k,T NN
Voc = i ln( - v) (1.10)
q q np

where, ng T is the effective band gap, corresponding to the gap between the quasi-Fermi level

of hole and electron, n and p are the electron and hole density at open circuit, and N¢ ,Ny are

the density of states in the conduction and valence band.

When the bimolecular recombination (Langevin recombination) is dominant, the

recombination rate is given as,

Ryi=ynp =G (1.11)

where Ry is a rate of bimolecular recombination per unit volume, y is the bimolecular
recombination constant. Since G is proportional to the incident light intensity I, this results in

the following correlation when it substituted into equation(1.10).

kgT
Voe o == tn(D (1.12)

On the other hand, if the SRH recombination (trap-assisted) is dominant, the
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recombination rate is given as,

CaCpN,
Cn(n + Tl1) + Cp(p + pl)

RSRH = np = G (113)

where, Nt is the trap density, Cn , C;, are the trap coefficients that correspond to the probability
of carriers in the corresponding band will be captured when the trap is filled with an opposite
charge, nl and pl are the thermally occupied trap densities. When the traps act as the

recombination center, it can be further simplified as follow.

4G*

=—— (1.14)
C,C,N?

np

Therefore, when the SRH recombination is dominant, the correlation between Vo and incident
light intensity becomes the following equation.

ksT . 2kgT

According to the Shockley equation, the slope of the V. versus In(l) plot is corresponding

nlkBT

to . Hence, the ideality factor (n) of 1 indicates that the bimolecular (Langevin)

recombination is dominant, while the n; of 2 indicates the SRH (trap-assisted) recombination
is dominant at open circuit condition. In general, the n; ranges from 1 to 2, suggesting that

recombination at open circuit is a combination of SRH and bimolecular process.
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1. 3 Functional Materials

1.3.1 Role of Functional Materials in Solar Cells

The functional material plays a significant role in determining the performance of SCs and
the device characteristics depend on the location and properties of incorporated functional
material.#>72% When the functional material is incorporated at the interface between the
electrode and active layer, (i) could eliminate the interfacial charge accumulation by forming
Ohmic contact,*>?428 (ii) could reducing the charge recombination by blocking/extracting the
carrier selectively,”2226:29.30 and (iii) reducing the contact resistance by forming better contact
at the interface.?283! In addition, if the functional material is incorporated at the top interface,
the interfacial layer (i) could modulate the light interference within the device as an optical
spacer33234 (ii) protect the active layer during thermal evaporation and thermal annealing by
preventing the diffusion of aluminum ion,*>% and (iii) isolate the active layer from humidity
thus, enhance the stability of device.>?°31%" On the other hand, if the functional material is
incorporated at the bottom interface, it could form better contact at the interface by modulating

the adhesion between the active layer and the substrate.?338.3

Recently, many types of research have been attempted to control the morphology or
passivate the trap sites by applying functional materials within the active layer, which is shown
to be very effective. Especially, in the field of PSCs, the addition of 3rd component is shown
to be efficient to control the morphology, and thus carrier mobility of active layer.40-44
Meanwhile, in the field of PeSCs, by applying functional materials in the middle of perovskite

film formation2®3745-47 or even by adding it into the perovskite precursor solution,*3-5* the film
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morphology including crystallinity, surface trap density, and film coverage has successfully

modified, furthermore the stability of PeSC has significantly improved.
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1.3.2 Mainstream Functional Materials in Research

During decades of researches on the field of optoelectronic devices, numerous functional
materials have been made, however, a few of them meet the requirement for being applied in
solution-processed planar structured solar cells (PSCs). Among the various materials, the
organic molecules and metal oxides are mostly used materials owing to their various ideal

characteristics that meet the requirement for being incorporated into PSCs.

In order to be incorporated into PSCs as an interfacial layer, the functional material should
satisfy several criteria. First, it is mandatory to provide a proper energy level alignment with
the corresponding active layer to efficiently block/transfer the charges selectively. Second, it
requires to be stable under light, heat, and moisture to ensure the long-term stability of the
device. Third, it is required to form a complete layer at low temperature by a solution process

for low-cost fabrication, and for further applications such as flexible devices.

Metal oxides with a wide bandgap are advantageous in maximizing the light-harvesting of
PSCs, and its adjustable energy level provides better energy level alignment at the charge
extraction interface. Furthermore, their superior chemical/thermal stability is advantageous
for the long-term stability of the device. Among various metal oxides, TiO,, ZnO, SnO; are
focused owing to ease of process, and superior electrical/optical properties. Especially, sol-
gel derived titanium sub-oxide (STO) has been focused as an effective cathode interfacial
material because of its low-temperature solution processability and ease of fabrication. It is
known that the STO based interfacial layer has many advantages such as enhancement of the
charge selectivity by modifying the energy level alignment at the interface, reinforcement of

the light intensity within the active layer by redistribution of light intensity, and enhancement
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the device stability by protecting active layer and scavenging O2 / H,O from the active layer.

Organic molecules, especially conjugated polymers are attracting significant attention as
functional materials due to their tunable energy level, and ease of fabrication through a low-
temperature solution process. Especially, PEDOT:PSS is the most commonly used material in
the field of PSCs. Recently, conjugated polymers, that initially designed as donor materials
for OSCs, are adopted on top of perovskite precursor film or even within the precursor solution,
results in better film quality with a lower density of defects, better morphology, and better
ambient stability due to the formation of Lewis base-acid adduct. Meanwhile, in the field of
PSCs, adopting small quantity of organic molecule, especially, highly crystalline polymer with
adequate energy level as a 3rd component within the BHJ solution has reported a significant
enhancement in light-harvesting owing to complementary absorption, improved morphology

including better interpenetrating network, and balanced charge mobility.
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Chapter 2 Experimental

2.1 Material Preparation

2.1.1 Polymeric Functional Materials

Polymer PCE10 (namely P4 in this work), namely poly([2,6’-4,8-di(5-ethylhexyl
thienyl)benzo[1,2-b;3,3-b]dithiophene]{3-fluoro-2[(2-ethylhexyl)carbonyl]thieno[3,4-b]
thiophenediyl}) was received from Organic Nano Electronic (ONE=1) Materials. Whereas,
the monomers 2,6-bis(trimethyltin)-4,8-bis(2-ethylhexyloxy)benzo[1,2-b:4,5-b']dithiophene
(BDT)  4,6-bis(5-bromothiophen-2-yl)-2,5-dioctylpyrrolo[3,4-c]pyrrole-1,3(2H,5H)-dione
(PPD) and 4,7-bis(5-bromo-4-octylthiophen-2-yl)-5,6-difluorobenzo[c][1,2,5]thiadiazole
(DTFfBT), were prepared in our group, using the literature. The molecular weights, absorption,
cyclic voltammetry and X-ray diffraction analyses were performed on Agilent 1200 Infinity
Series separation module, JASCO V-570 spectrometer, CH Instruments electrochemical

analyzer, and XPert-MPD.
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2.1.2 Metal Oxide based Functional Materials

The sol-gel procedure for producing novel titanium based metal oxide(PTO) is as follows:
Titanium(IV) isopropoxide (sigma aldrich, 5 ml), 2-methoxyethanol (sigma Aldrich, 20 ml),
and ethanolamine (sigma Aldrich, 2 ml) were injected into dried and nitrogen purged three-

neck flask. Injected precursors were stirred and heated at 80 C for 1 hour. Then, the
temperature increased to 120 C and stirred for 3 hours while carefully purging the nitrogen

to condense the precursor. The precursor extracted by adding 10 ml of isopropyl alcohol at
room temperature and the product was precipitated by adding 30 ul of formic acid. The
absorption, cyclic voltammetry, and X-ray diffraction analyses were performed on JASCO V-

570 spectrometer, CH Instruments electrochemical analyzer, and XPert-MPD.
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2. 2 Device Preparation

2.2.1 Polymer Solar Cells

The pre-cleaned glass-1TO substrates were dried and PEDOT:PSS (Baytron PH) was spin-
cast on glass-ITO substrate. Subsequently, the glass-ITO/PEDOT:PSS substrates were dried
at 140 °C for 15 min in an open atmosphere. The resulting substrates were transferred to a
glove box for coating the active layers. The respective active layer solution, P1-
P3:P4:PC7BM at different ratio in 97:3 (v/v) dichlorobenzene (DCB):1,8-diiodoctane (DIO),
was then spin-cast onto the PEDOT:PSS layer. Subsequently, the substrates were dried for 1
h in a glove box. Then, aluminum (Al, 100 nm) electrode was deposited onto the glass-
ITO/PEDOT:PSS/active layer substrates by thermal evaporation at approximately 3 x 10~
& Torr. The current density-voltage (J-V) profiles of the OSC devices were acquired using a
Keithley 2400 Source Measure Unit. The solar cell performance was determined using an Air
Mass 1.5 Global (AM 1.5 G) solar simulator with an irradiation intensity of 1000 Wm™. The
spectral mismatch factor was calculated by comparing the solar-simulator spectrum with the
AM 1.5 G spectrum at RT. The incident photon-to-current efficiencies (IPCEs) of the OSCs
were measured as functions of wavelength in the 300-1000 nm range using a xenon lamp as

the light source, calibrated against a silicon reference cell.
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2.2.2 Perovskite Solar Cells

The pre-cleaned glass-1TO substrates were dried and PEDOT:PSS (Baytron PH) was spin-
cast on glass-ITO substrate. Subsequently, the glass-ITO/PEDOT:PSS substrates were dried
at 140 °C for 15 min in open atmosphere. The resulting substrates were transferred to a glove
box for coating the active layers. The respective active layer solution, P1-P3:P4:PC7BM at
different ratio in 97:3 (v/v) dichlorobenzene (DCB):1,8-diiodoctane (D10), was then spin-cast
onto the PEDOT:PSS layer. Subsequently, the substrates were dried for 1 h in a glove box.
Then, aluminum (Al, 100 nm) electrode was deposited onto the glass-ITO/PEDOT:PSS/active
layer substrates by thermal evaporation at approximately 3 x 10-¢ Torr. The current density-
voltage (J-V) profiles of the OSC devices were acquired using a Keithley 2400 Source
Measure Unit. Solar cell performance was determined using an Air Mass 1.5 Global (AM 1.5
G) solar simulator with an irradiation intensity of 1000 Wm™. The spectral mismatch factor
was calculated by comparing the solar-simulator spectrum with the AM 1.5 spectrum at RT.
The incident photon-to-current efficiencies (IPCEs) of the OSCs were measured as functions
of wavelength in the 300—1000 nm range using a xenon lamp as the light source, calibrated

against a silicon reference cell.
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Chapter 3 Design and Characterization of Novel
Functional Materials

3. 1 Novel Polymeric Functional Materials

3.1.1 Introduction

The OSCs have shown much attention due to their high power conversion efficiency (PCE)
via the sample solution processability, mechanical flexibility, lightweight, and roll-to-roll
printing technique for the fabrication of large-area devices. It was established well that the
blend of electron-donor and electron-acceptor is required to effectively separate the charges
generated on the photoactive layer of OSCs®? %8 and the literature reveals that the m-
conjugated polymers and fullerene derivatives®>®® or m-conjugated organic small
molecules®° are used as an electron-donor and electron-acceptor materials. In conventional
OSC devices, single photoactive layer which is composed of bulk heterojunction(BHJ) with
one type of donor and acceptor materials is used for light harvesting®2-°° and charge generation,
and consequently, the phase-separated and molecular order of BHJ blends became very
important for efficient charge separation and transfer since the exciton diffusion length in the

organic molecules are quite limited.

To date, various efforts to control the morphology of OSCs have been studied by change
the polymer crystallinity, processing conditions such as annealing temperature or processing
solvent, and doping with additive. The concept of ternary OSCs with 3rd component was

initially presented to efficiently harvest a wider range of solar spectrum while maintaining the
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fabrication process to be simple®®-¢. However, it was shown that the addition suitable of 3rd
component not only promotes the light absorption but also efficiently promotes the charge
separation and charge transport via improving crystallinity and carrier mobility of BHJ
blended active layer. Especially, the inclusion of high aggregation or crystalline materials is
found to greatly improve the performance of ternary OSCs. More recently, the properties of
3rd component were fine-tuned via side-chain engineering and studied their effects on ternary
OSCs. However, there were no reports on the property modulation of 3rd component via the
main-chain engineering effects on the characteristics of ternary OSCs. We think that the
photovoltaic performance of binary OSCs might improve via altering the properties, such as

absorption, crystallinity, and carrier mobility, of 3rd component via backbone modification.

In this work, we fabricate the novel polymeric functional material, conjugated polymer
containing TPT unit. TPT units have been extensively explored in our research group as
electron-rich units to prepare m—conjugated polymers for OSCs.6-72 TPT derivatives have
been polymerized with various n—conjugates, such as indenofluorene (IF)®’, benzodithiophene
(BDT)®, phenylene (P), thiophene (T)%, benzothiadiazole (BT)"™, 4,7-bis(2-
thienyl)benzothiadiazole (BTBT)"!, and 4,7-bis(2-thienyl)thiadiazoloquinoxaline (TDQ)?,
with the aim of improving their photovoltaic properties by tuning their photophysical and
charge transport properties. Interestingly, the insertion of an electron-withdrawing imide
functional group on the 3- and 4-positions of the pyrrole moiety of the TPT unit (imide-
functionalized TPT unit » TPTI) results in a deep HOMO™ as well as balanced charge

transport™ for the polymer:PC7BM blend.

TPTI-based polymers (e.g., P(BDTT-TPTI)) incorporating benzodithiophene (BDTT)
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derivatives show high Vo (» 0.9 V), FF (» 70 %), and the PCE (~7 %)73, even with their wide
band-gap (Eg » 2.0 eV). In addition, it displayed a good complementary absorption with
PCE10. A TPTI-based low band-gap polymer (P(DKPP-TPTI), Eg » 1.37 eV) incorporating
a pyrrolo[3,4-c]pyrrole-1,4(2H,5H)-dione (DKPP) derivative has been recently reported™.
Unfortunately, the overall PCE of P(DKPP-TPTI) was found to be poor. The deeper LUMO
level (» —3.98 eV) of P(DKPP-TPTI) may lead to insufficient charge separation at the
donor/acceptor interface, which leads to a low Jsc. However, P(DKPP-TPTI) shows an

impressive V¢ (» 0.8 V) despite its narrow band gap (» 1.37 eV)™.

We believe that insertion of a relatively strong electron-withdrawing 1-keto-substituent,
instead of an imide group, at the 3- and 4-position of the pyrrole moiety in the TPT unit would
yield efficient polymers for OSCs. The high efficiency obtained for recently reported
polymers with keto-functionalized side chains supports our idea’". Thus encouraged, we
prepared a TPT-based new monomer unit (keto-functionalized TPT unit » TPTK)
incorporating 1-decanone (ketone) at 3, and 4-position of the pyrrole. To obtain TPTK-based
polymers with dissimilar band-gaps and energy levels, we polymerized TPTK with distannyl
derivatives of three different conjugates, benzodithiophene (BDTT), benzothiadiazole
(DTBT), and pyrrolo[3,4-c]pyrrole-1,4-dione (DKPP), to afford three new polymers P(BDTT-
TPTK), P(DTBT-TPTK), and P(DKPP-TPTK). Here, we report the preparation, as well as the
photophysical, electrochemical, and photovoltaic properties of the TPTK-based polymers. We
also briefly compared the properties of the TPTK-based polymers with those of the
corresponding TPTI-based polymers, P(BDTT-TPTI), P(DTBT-TPTI), and P(DKPP-TPTI),
to understand the effects of keto-substituents replacing the imide group. Note that TPTI-based

polymers P(BDTT-TPTI)”® and P(DKPP-TPTI)™ are already reported, and P(DTBT-TPTI)
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has been newly prepared in this study. The chemical structures of the three different 2,5-bis(2-
thienyl)pyrrole units (TPT, TPTI, and TPTK), as well as the TPTI- and TPTK-based polymers

discussed in this study are shown in Figure 3-1 for ease of understanding.
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Figure 3-1. Chemical structure of TPT, TPTI, TPTK, and TPTI- and TPTK- based
polymers discussed in this study.
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3.1.2 Result and Discussion

(1) Optical Properties

Figure 3-2 compares the absorption spectra of the TPTK-based polymers with those of
their respective TPTI-based polymers. P(BDTT-TPTK), P(DTBT-TPTK), and P(DKPP-
TPTK) showed improved interchain interactions in film than in solution, and consequently,
displayed a broad and red-shifted absorption band in the film state as compared to that in
solution. As we can see, the absorption spectrum of P(BDTT-TPTK) covers the region from
300 nm to 500 nm, with the absorption onset at 512 nm (Eg » 2.42 eV), in the film state.
However, the absorption spectra of P(DTBT-TPTK) and P(DKPP-TPTK) were extended up
to 650 nm and 900 nm, with the absorption onset at 645 nm and 875 nm (Eg » 1.92 eV and
1.42 eV), respectively, in the film state. The absorption maximum peaks appeared at 404 nm
for P(BDTT-TPTK); 383 and 533 for P(DTBT-TPTK); and 368, 603, and 649 for P(DKPP-
TPTK) in the thin-film state. The corresponding bands appeared at 514 nm for P(BDTT-

TPTI)™; 439 and 562 for P(DTBT-TPTI); and 423, 651, and 700 for P(DKPP-TPTI)"™.

The absorption bands of the TPTK-based polymers were considerably blue-shifted as
compared to those of the corresponding TPTI-based polymers. Notably, the absorption peaks
resulting from transition as well as internal charge transfer (ICT) were significantly blue-
shifted for all the three TPTK-based polymers. The structures of the TPTI- and TPTK-based
polymers were identical except for the substituents attached to the pyrrole backbone. We
believe that the difference in the planarity of the TPTI and TPTK units is the main reason for
the large difference in the absorption spectra. Consequently, we optimized the structures of

TPT1 and TPTK using DFT calculations; the results are shown in Figure 3-2 (d). The
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calculated twist angles between the thiophene and pyrrole aromatics of TPTI was » 33°and it

increased to » 50°-70° for TPTK. The decreased planarity of TPTK is expected to suppress

electronic transitions as well as interchain interactions. Therefore, the TPTK-based polymers

displayed blue-shifted absorption bands compared to those of the TPTI-based polymers.
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Figure 3-2. Absorption spectra of the polymer P(BDTT-TPTI) and P9BDTT-TPTK)
(@), P(DTBT-TPTI) and P(DTBT-TPTK) (b), P(DKPP-TPTI) and
P(DKPP-TPTK) (c), and the optimized structures of TPTI and TPTK

derivatives (d).
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Table 3-1. Properties of TPTI- and TPTK- based polymers.

M g gmoy PO e Gmr @ e e
P@DTT-TPTI)®  372x10° 185x10° 201 471 514 2,04 5.44 3.40
PBDTT-TPTK)  461x10° 179x10° 258 402 404 2.42 5.58 3.16
P(OTBT-TPTI)  167x10° 105x10° 159 415560 439,562 175 542 3.67
POOTBT-TPTK)  2.60x10° 182x10° 143 373,520 383,533 1.2 5.48 3.56
P(DKPP-TPTI)®  3.47x10° 146x10° 237 412,658 423;’0%51' 1.37 5.35 3.98
POKPP-TPTK)  326x10¢ L175x10° 186 “oodn 39900 4 531 3.89
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(2) Electrochemical Properties

Cyclic voltammetry (CV) analysis was performed with P(BDTT-TPTK), P(DTBT-TPTK),
P(DKPP-TPTK), and P(DTBT-TPTI) to determine the energy levels of the polymers. The
calculated onset oxidation potentials (Eox, onset) of P(BDTT-TPTK), P(DTBT-TPTK),
P(DKPP-TPTK), P(DTBT-TPTI) and ferrocene from Figure 3-3 were 1.35V, 1.25V, 1.08 V,
1.19V, and 0.57 V, respectively. The standard empirical formulas were used to determine the
highest occupied/lowest unoccupied molecular orbital (HOMO/LUMO) energy levels of the
polymers. The calculated HOMO/LUMO levels of P(BDTT-TPTK), P(DTBT-TPTK),
P(DKPP-TPTK), and P(DTBT-TPTI) were 558 eV/3.16eV, 548 eV/3.56¢eV,

5.31eV/3.89 eV, and 5.42 eV / 3.67 eV, respectively. The energy levels of the TPTI- and
TPTK-based polymers are summarized in Table 3-1 for comparison. P(BDTT-TPTK) and
P(DTBT-TPTK) showed deeper HOMO and higher LUMO levels than those of P(BDTT-
TPTI) and P(DTBT-TPTI). However, P(DKPP-TPTK) exhibited slightly higher HOMO and

LUMO levels than those of P(DKPP-TPTI).
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Figure 3-3. CV spectra of P(BDTT-TPTK), P(DTBT-TPTK),
P(DKPP-TPTK), and P(DTBT-TPTI)
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(3) Photovoltaic Properties

We fabricated OSCs using the newly prepared polymers, P(BDTT-TPTK), P(DTBT-
TPTK), P(DKPP-TPTK), and P(DTBT-TPTI) as the donor and PC7BM as the acceptor. The
J-V curves of the OSCs fabricated by using P(BDTT-TPTK):PC;BM, P(DTBT-
TPTK):PC7oBM, P(DKPP-TPTK):PC7BM blends and P(DTBT-TPTI):PC7BM (a, b, c,

and d, respectively) under different conditions are presented in Figure 3-4.
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Figure 3-4. J-V characteristics of OSCs fabricated using P(BDTT-
TPTK):PC7BM (a), P(DTBT-TPTK):PC7BM (b), P(DKPP-
TPTK):PC7BM (c), and P(DTBT-TPTI):PC7BM (d), blends under
different conditions such as different polymer:PC7BM ratios
(1:1 wt%, 1:2 wt%, and 1:3 wt%)
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The maximum PCE achieved for P(BDTT-TPTK), P(DTBT-TPTK), and P(DKPP-TPTK)
was 0.43 %, 0.79 %, and 0.63 %, respectively, and the corresponding values for P(BDTT-
TPTI), P(DTBT-TPTI), and P(DKPP-TPTI) were 6.57 %, 0.98 %, and 0.91 %. Notably,
P(BDTT-TPTK) and P(DTBT-TPTK) showed slightly improved PCE in the case of the
devices prepared with additives as compared to that of the devices prepared without any
additive. In contrast, P(DKPP-TPTI) showed a decreased PCE for the device processed with
additives. A similar trend was observed for TPTI-based polymers. The photocurrent obtained
from the J-V measurements were verified with the calculated photocurrent obtained from the

incident photon to current efficiency (IPCE) spectra of OSCs. The IPCE spectra are shown in

Figure 3-5.
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Figure 3-5. IPCE spectra of the OSCs
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P(BDTT-TPTK), P(DTBT-TPTK), and P(DKPP-TPTK) showed a lower PCE than that of
the corresponding TPTI-based polymers, P(BDTT-TPTI), P(DTBT-TPTI), and P(DKPP-
TPTI). Especially, P(BDTT-TPTK) showed much decreased PCE compared to that of
P(BDTT-TPTI). On the other hand, the PCEs of P(DTBT-TPTK) and P(DKPP-TPTK) are
slightly lower or comparable with those of P(DTBT-TPTI) and P(DKPP-TPTI), respectively.
Notably, TPTK-based polymers gave lower Voc than those of their respective TPTI-based
polymers though the former polymers showed deeper the HOMO levels than later polymers.
In addition, other two photovoltaic parameters such as Jsc and FF are also found to be
considerably lower for TPTK-based polymers compared to TPTI-based polymers. The
decrease in all there photovoltaic parameters such as Vo, Js, and FF for TPTK-based
polymers suggest that the big difference in any one of the parameters such as crystallinity,
charge transporting ability, planarity or polymer backbone curvature, and surface morphology
could be the reason for the dissimilar performances of TPTK- and TPTI-based polymers.

Therefore, we studied all those properties listed above.
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(4) Charge Transport Properties

We estimated the hole and electron mobilities of polymer:PC7BM blends using the space-
charge-limited current (SCLC) method. The hole- and electron-only devices prepared using
P(BDTT-TPTK), P(DTBT-TPTK), P(BDTT-TPTI), and P(DTBT-TPTI) were processed with
3 vol% DIO, while the devices prepared with P(DKPP-TPTK) and P(DKPP-TPTI) were
processed without DIO. The J-V curves of the hole- and electron-only devices are shown in
Figure 3-6. The estimated hole and electron mobilities are summarized in Table 3-2. The hole
mobilities of the TPTK-based polymer:PC,BM blends were in the order of 10°° cm?V s,
and the electron mobilities were one order lower (1076 cm?Vs™?) than that of hole mobilities.
In contrast, the determined hole and electron mobilities of TPTI-based polymer:PCzBM
blends were found to be relatively higher compared to those of their respective TPTK-based
polymer:PC7BM blends. Notably, P(BDTT-TPTI) showed balanced carrier mobilities but all
other polymers exhibited unbalanced carrier mobilities. The balanced carrier mobilities of
P(BDTT-TPTI) could be one of the reasons for their high photovoltaic performance compared

to other polymers.
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Figure 3-6. J-V curves of hole-only (ITO/PEDOT:PSS/polymer:PC70BM /MoO3/Al) devices
(a), and electron-only (1ITO/ZnO/polymer:PC70BM/AI) devices (b).

-41 -



Table 3-2. Carrier mobilities of TPTK- and TPTI-based polymers

hole mobility electron mobility
Polymer:PC7BM
(cm?V1s) (cm?V1s)P
P(BDTT-TPTK):PC7BM 3.61x 105 3.67x10°°
P(BDTT-TPTI):PC7,BM 3.36 x 107 576 x 10™*
P(DTBT-TPTK):PC70BM 2.98 x 10°° 1.76 x 108
P(DTBT-TPTI):PC7BM 7.62x 105 2.58 x 10
P(DKPP-TPTK):PC70BM 7.71x 10°° 432 x10°
P(DKPP-TPTI):PC7BM 3.08 x 10°* 489 x10°°
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(5) Crystallinity of the Polymers

Generally, the crystallinity of the polymers play a significant role on the carrier mobilities

of the polymer or polymer: PC7BM blends. Therefore, we measured the small angle x-ray

diffraction (SAXS) and wide angle x-ray diffraction (XRD) spectra for polymers and

polymer:PC7BM films. The respective SAXS and XRD spectra are shown in Figure 3-7.
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Figure 3-7. (a and b) Small angle X-ray diffraction (SAXS) and (c and d) wide X-ray
diffraction (XRD) spectra of polymer and polymer:PC7BM films.
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It is very clear that the crystallinity of P(BDTT-TPTI) is superior over all other polymers
(See Figure 3-7 (a) and (b)). Therefore, P(BDTT-TPTI) provided the highest mobilities. In
addition, the peak at 26 of 15-30° generally referred for the n—n stacking of polymer chains
(see Figure 3-7 (c) and (d)). In this instance, TPTI-based polymers have a relatively higher n—
© stacking ability than those of TPTK-based polymers. These results suggest that the planarity
and crystallinity of TPTI-based polymers are relatively higher than that of TPTK-based
polymers, and consequently, TPTI-based polymers exhibit higher mobilities than TPTK-based

polymers.

(6) Curvature of Polymer Backbone

To find the reasons for the much different mobility, crystallinity and photovoltaic
performance between P(BDTT-TPTI) and P(BDTT-TPTK), we optimized the structure of

the dimer model of the repeating units of P(BDTT-TPTI) and P(BDTT-TPTK).

P(BDTT-TPTI) : P(DTBT-TPTI)

Figure 3-8. Optimized structure of the repeating units of polymers P(BDTT-TPTI),
P(BDTT-TPTK), and P(DTBT-TPTI).
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As seen in Figure 3-8, P(BDTT-TPTI) shows well controlled wavy structured backbone but
P(BDTT-TPTK) exhibits v-shape structured backbone. These results indicates that P(BDTT-
TPTI) allows efficient interpenetrating networks formation when it blended with PC7cBM.
However, P(BDTT-TPTK) expected to create a charge trap cites due to their hindered structure.
It is better to note that the planarity or curvature of the TPT-based polymers is controlled
mainly by the twist angles located between the pyrrole and thiophene (refer 2 and 3 on the
structures of P(BDTT-TPTI) and P(BDTT-TPTK)) units. All other twist angles are
comparable except 2 and 3. Consequently, the similar trend is expected for all TPTK-based
polymers. To understand the reason for the poor performances of P(DTBT-TPTI) and
P(DKPP-TPTI) compared to P(BDTT-TPTI), we also optimized the structure of P(DTBT-
TPTI). Interestingly, P(DTBT-TPTI) shows arc like backbone though their planarity similar
to P(BDTT-TPTI). The arc like structure is also not favorable to get high efficiency. According
to the literature” 2, the curvature of the polymer backbone is also crucial to achieving high
photovoltaic performance. These results suggest that TPTI is better candidate than TPTK to
develop new materials for optoelectronics. However, careful design such as inserting five or
six membered cyclic substituents on pyrrole backbone of TPT unit and polymerizing with
fused-aromatics (example: benzodithiophene, cyclopentadithiophene, and dithienosilole

etc...) expected to offer efficient polymers for optoelectronic applications.
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3.1.3 Summary

Three new alternating polymers, P(BDTT-TPTK), P(DTBT-TPTK), and P(DKKP-TPTK),
containing TPTK and BDTT, DTBT, or DKPP were prepared. The calculated Egs of the
polymers were 2.42 eV, 1.92 eV, and 1.42 eV, respectively. The estimated HOMO/LUMO
levels of the polymers were —-5.58 eV /-3.16 eV, -5.48 eV / -3.56 eV, -5.31 eV /-3.89 eV,
and -5.42 eV / -3.67 eV. The determined hole mobilities of the three polymers were on the
order of 107 cm?V1s7%, and the maximum PCE of the OSCs prepared using P(BDTT-TPTK),
P(DTBT-TPTK), and P(DKKP-TPTK) was around 1%. Comparison of the properties of the
TPTK-based polymers with those of structurally similar TPTI-based polymers revealed that
the substituents attached to the 3- and 4-positions of the pyrrole moiety of TPT unit
significantly altering the properties of resulting polymers. In particular, the replacement of the
cyclic imide functional group with the acyclic keto functional group led to a higher band-gap
and lowers the charge transport properties of the resulting polymers. Consequently, the TPTK-
based polymers provided lower PCEs than did the TPTI-based polymers. This study indicates
that the incorporation of appropriate substituents, such as strongly electron-accepting cyclic

substituents, on the TPT backbone may provide efficient materials for optoelectronics.
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3. 2 Incorporation of Novel Polymeric Functional
Material in Organic BHJ Solar Cell

3.2.1 Introduction

It has been well established that a blend of electron-donor and electron-
acceptor is required to effectively separate the charges generated on the photoactive
layer of PSCs,%?58 and the literature reveals that t—conjugated polymers and fullerene-
derivatives,>>%3 or n—conjugated organic small molecules®*5®are used as electron-donor
and electron-acceptor materials. In conventional PSC devices, a single photoactive
layer that contains only one type of donor and acceptor material is used for light-
harvesting,52-%5 and consequently, it is difficult to harvest light effectively across the
full (UV-visible to near infra-red) solar spectrum. Maximizing the light absorption of
the PSC device as much as possible is essential to obtaining a high short-circuit current

(Jsc), and thereby good PCE.

Therefore, researchers have introduced the concept of tandem PSCs (tan-
PSCs): two or more photoactive layers, each containing different donor and/or acceptor
materials with dissimilar absorption bands, are connected serially or in parallel to
improve the photovoltaic performances of the PSCs.8-8 It is worth noticing that the
fabrication of tan-PSCs is more challenging than that of conventional PSCs. The idea
of ternary PSCs (ter-PSCs) is presented, because the fabrication process is similar to
that of conventional PSCs, and the photovoltaic performance can be maximized.5%-%6
On ter-PSCs, a single photoactive layer is used, but three or more appropriate electron-

donor and/or -acceptor materials having different absorption bands are employed for
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light absorption and charge separation. Consequently, the resulting ter-PSCs exhibited

improved photovoltaic performances compared with bi-PSCs.59-66

The reports on binary PSCs have suggested that the electron-donating polymer P4
(PTB7-Th) obtained a higher PCE when it was blended with electron-accepting PC7BM
via the good complementary absorption between P4 (intense absorption range: 550—-770 nm)
and PC7oBM (intense absorption range: 300—450 nm).*®>** The photovoltaic performance
of the P4:PC;BM blend was greatly improved further via the inclusion of a suitable co-
absorbent, a m—conjugated polymer or organic small molecule, which improved the absorption,
crystallinity, and carrier mobility of P4:PC70BM blends.*>*!! Consequently, the ter-PSCs
fabricated using a P4:co-absorbent:PC7BM blend exhibited a higher PCE than the
P4:PC7BM blend.®> ! In particular, the inclusion of highly aggregated or crystalline
materials was found to greatly improve the performances of ter-PSCs.*: 43109110 More recently,
the properties of co-absorbing polymers were fine-tuned via side-chain engineering, and their
effects on ter-PSCs were studied.*2 However, there have been no reports on the performances
of ter-PSCs using property modulation of co-absorbing wide band-gap polymers with main-
chain engineering. We expect that the photovoltaic performance of the P4:PC7BM blend
might also improve by altering the properties, such as absorption, crystallinity, and carrier
mobilities, of the co-absorbing wide band-gap polymers via backbone modification. One of
the polymers that we reported, PBDTPPD, containing benzodithiophene (BDT) and
di(thiophene)pyrrolo[3,4-c]pyrrole-1,3-dione (PPD) derivatives displayed a wide band-gap
(intense absorption range: 300-600 nm) and good complementary absorption with P4.7
However, the polymer PBDTDTffBT, which incorporates BDT and di(thiophene)-5,6-

difluorobenzo[c][1,2,5]thiadiazole (DTffBT) derivatives, showed high crystallinity but an
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absorption region (intense absorption range: 500750 nm) quite similar to that of P4.1'* The
structures of PBDTPPD and PBDTDTffBT are shown in Figure 3-9. The polymer PBDTPPD
might be a better candidate than PBDTDT{fBT for use as a co-absorbent with the P4:PC7,BM
blend. However, the inclusion of DTffBT on the PBDTPPD backbone is expected to induce
red-shift absorption and increase the crystallinity of the resulting polymers, which should be
helpful in improving the PCE of the P4:PC70BM blend. Therefore, a series of polymers,
P1-P3, containing different ratios of BDT:PPD:DTffBT were prepared, and their

photovoltaic properties were studied in binary and ternary PSCs.
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Figure 3-9. Chemical structures of PBDTPPD and PBDTDTffBT
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Figure 3-10. Synthetic route to P1-P3.
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3.2.2 Result and Discussion

The conventional Stille polymerization of respective monomers as shown in Figure 3-10
afforded polymers P1-P3. Polymers P1 and P2 exhibited good solubility, in chloroform (CF),
chlorobenzene (CB), and dichlorobenzene (DCB) with a concentration of 10 mg/ml, but P3

showed moderate solubility in all three solvents at ambient temperature.
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Figure 3-11. Film state absorption spectra (a), cyclic voltamagram (b) for P1-P3.

The absorption spectra (UV), cyclic voltammograms (CV) for P1-P3 are shown in Figure
3-11. The absence of DTffBT unit on the polymer backbone results narrow absorption band
with higher Eg (P1 ~ 2.11 eV) compared to the polymers containing DTffBT unit on their
backbone (P2: Eg ~ 1.74 eV and P3: Eg ~ 1.71 eV). The absorption of P1 results only from
n—1* electronic transitions, whereas those originating from the companied electronic
transitions such as n—m* and internal charge transfer between BDT and DTfBT units for P2
and P3. It is well known that the benzothiadiazole unit promotes the efficient internal charge
transfer between adjacent aryl m—conjugates and benzothiadiazole.”>*4117 Therefore, the

insertion of DTffBT unit on P1 backbone significantly lowering the band-gaps and also
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broadening the absorption bands for the resulting polymers P2 and P3. The cyclic voltammetry
analysis indicates that the HOMO levels of the polymers were gradually increased from —5.38
to —5.26 eV when the amount of DTffBT unit increased on the backbone of the polymer. The
determined molecular weights, absorption maxima, optical band-gaps, and energy levels of

P1-P3 are presented in Table 3-3.

Table 3-3. Molecular weight, photo-physical, and electrochemical properties of P1-P3.

Muw

n PDIa max, film Eg HOMO LUMO
(g/mol)? (g/mol)?

(m)°  (eV)’ (eV)®  (eV)
Pl 198x10' 440x10° 222 ~ 494 211 -538  -3.27

Polymer

P2 154x10* 3.83x10* 249 501 1.74 -5.32 —-3.58

P3 151x10* 4.12x10* 273 430578 171 -5.26 -3.55

The small-angle X-ray scattering (SAXS), and X-ray diffraction (XRD) spectra for P1-P3

are shown in Figure 3-12.
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Figure 3-12. Film state XRD (a), and SAXS spectra (b) for P1-P3.

-52 -



The XRD and SAXS spectra of the polymers P1-P3 indicates that their crystallinity is
greatly alerted via the incorporation of different ratio of DTffBT unit on polymer backbone.
The peaks correspond to n-n stacking (26~ 23.00, 23.40, and 23.72°, respectively for P1, P2,
and P3) between the polymer chains clearly indicates that the crystallinity of the polymers is
increased in the order of P1 < P2 < P3, and the calculated n-7 stacking spacing (d1) between
the polymer chains were 3.86, 3.80, and 3.75 A, respectively.*® The inclusion of higher
amount of DTffBT unit on polymer backbone notably increased the crystallinity of the
resulting polymer, and the relatively narrow peak appeared at 20 of 23-24° and shorter n-n
stacking spacing confirmed our argument. On the other hand, the peaks correlated to inter-
chain spacing (26~ 2-7°) of the polymer chains are also significantly altered via the
incorporation of DTffBT unit on polymer backbone.''® Polymer P1 displayed single inter-
chain spacing (20~ 4.58°) of 19.28 A . In contrast, polymers P2 and P3 showed two different
inter-chain spacing (d2 and d3 at 20 ~ 4.27, 5.69° and 4.03, 5.69°) of 20.68, 15.52 A, and
21.91, 15.52 A, respectively. Overall, polymers P2 and P3 showed additional shorter inter-
chain spacing of 15.52 A compared to P1. The XRD analysis confirmed that crystallinity of

P3 is superior over P2 and P1.

The bi-PSCs were fabricated using P1-P3 as an electron-donor and PC7oBM as an electron-
acceptor with a configuration of ITO/PEDOT:PSS/1:1.5 (w/w) Polymer:PC70BM + 3 vol%
DIO/AI. The PSCs offered a maximum PCE of 5.41 % (Voc ~ 0.88 V, Jsc ~ 9.04 mA/cm?, and
FF ~ 0.68), 5.55 % (Vo ~ 0.84 V, Jic ~ 10.80 mA/cm?, and FF ~ 0.61), and 4.01 % (Voc ~
0.74 V, Jsc ~ 10.42 mA/cm?, and FF ~ 0.52), respectively, for P1, P2, and P3. Polymers P2
exhibited higher Jsc but lower V. compared to P1 due to their extended absorption and higher

HOMO levels. However, P3 expected to provide higher Jsc and PCE than those of P2 but it
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offered comparable Jsc and PCE with P2. It is worth to note that the good solubility of the
polymer is essential for solution processability, and which assists the formation of uniform
photoactive layer film and also efficient interpenetrating networks between polymer and
PC7BM. As we mentioned above, the solubility of P3 is moderate in CB and DCB. Therefore,
the P3:PC7BM blend solution in DCB blend is not possible to filter (we need to add the filter

details, 0.4 pm) even after stirred at 80 ‘C for 3 h. However, we successfully fabricated the

PSC device without filtering the P3:PC7BM blend solution. Impressively, the resulting PSC
device made by using P3 also exhibited comparable PCE but lower Js than expected value.

The lower V. is reasonable but the Jsc and FF are expected to-improve by improving the
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Figure 3-13. (a) Energy levels of donor and acceptor materials. (b-d) The J-V
curves of the PSCs made by using different ratios of P4:P1-
P3:PC70BM + 3 vol% DIO blends.
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solubility of P3. We would like to insist that our motive is not to develop efficient polymers
for bi-PSCs, and to study the possibility of enhancing the performance of ter-PSCs via the
property modulation co-absorbing wide band-gap polymers. Consequently, ter-PSCs were
fabricated using P4:P1-P3:PC,BM + 3 vol% DIO blends at different ratio. For the better
understanding, the energy levels (c), and the J-V curves of the bi- and ter-PSC devices (d-f)
are shown in Figure 3-13. The bi-PSC device fabricated from 1:1.5 (w/w) P4:PC70BM + 3 vol%
DIO blend offered a maximum PCE of 8.20 % with a Vo 0f 0.79 V, Jsc of 15.27 mA/cm?, and
FF of 0.68. On the other hand, the ter-PSC devices prepared using 0.8:0.2:1.5 (w/w/w) P4.P1-
P3:PC7BM + 3 vol% DIO blends provided an improved PCE of 9.31 % (Vo ~ 0.80 V, Jsc ~
16.29 mA/cm?, and FF ~ 0.71), 9.60 % (Voc ~ 0.79 V, Jsc ~ 17.12 mA/cm?, and FF ~ 0.71),
and 9.85 % (Voc ~ 0.78 V, Jsc ~ 17.54 mA/cm?, and FF ~ 0.72). The photovoltaic parameters
of the PSC devices made with different ratio of P4:P1-P3:PC7BM + 3 vol% DIO blends are
summarized in Table 3-4. The improved performances of ter-PSCs compared to that of P4
mainly attributed from their enhanced Js.. In order to verify the Jsc, we measured the apsorption
spectra of P1-P4, and the IPCE spectra of bi- and ter-PSCs and those are presented in Figure
3-14. The calculated Jsc from the IPCE spectra were 8.59, 10.38, 10.55, 15.33, 15.97, 16.82,
and 17.32 mA/cm? for the PSCs made with P1:PC7BM, P2:PC,xBM, P3:PC7BM,
P4:PC7BM, P4:P1:PC7BM, P4:P2:PC7BM, and P4:P3:PC7BM blends, respectively. These
values are found to be similar to the Js values, 9.04, 10.80, 10.42, 15.27, 16.29, 17.12, and
17.54 mA/cm?, obtain from the J-V curves of PSCs. Impressively, the IPCE responses of ter-
PSCs were found to be increased in the hole region of the spectra compared to that of bi-PSCs
made with P4:PC7BM blend. On the other hand, we also noted a slight variation on the V.

of ter-PSCs compared to that of the bi-PSCs made with P4:PC+BM blend, and which is

-55 -



expected to originate from the differences in the energy levels of P1-P3. Notably, the FFs of

the ter-PSCs are increased gradually while the inclusion of P1-P3 on P4:PC7BM blend.

According to the reports, all the photovoltaic parameters were increased when the highly

crystalline organic small molecule or n—conjugated polymer included on P4:PC7BM blend.*

143108110 As seen in Figure 4-11, the crystallinity of the polymers is increased in the order of

P1 < P2 < P3, and consequently, the enhanced photovoltaic parameters of the ter-PSCs are

expected to recognize from the good complementary absorption and improved charge

extraction via the suppressed charge recombination.
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Figure 3-14. (a) Absorption spectra of P1-P4, (b) IPCE spectra of the bi- and ter-PSCs
made by using different ratios of P4:P1-P3:PC70BM + 3 vol% DIO blends.
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Table 3-4. Photovoltaic parameters of the OSC devices made by using X:X:X (w/w/w)
P4:P1-P3:PC7BM + 3 vol% DIO blends.

Active layer XXX Jsc Voc FF PCE
wt% (MA/cm?)? (V)P (%)° (%)°

1.0:0.0:1.5 15.27 0.79 68 8.20

PTB7- 0.9:0.1:1.5 15.56 0.79 70 8.67
Th:AP1:PC7,BM 0.8:0.2:1.5 16.29 0.80 71 9.31
0.7:0.3:15 14.86 0.80 69 8.20

0.0:1.0:1.5 9.04 0.88 68 5.41

1.0:0.0:1.5 15.27 0.79 68 8.20

PTB7- 0.9:0.1:1.5 16.16 0.79 70 9.02
Th:RP1:PC+BM 0.8:0.2:1.5 17.12 0.79 71 9.60
0.7:0.3:15 15.07 0.78 70 8.22

0.0:1.0:1.5 10.80 0.84 61 5.55

1.0:0.0:1.5 15.27 0.79 68 8.20

PTB7- 0.9:0.1:15 16.70 0.78 71 9.24
Th:RP2:PCBM 0.8:0.2:1.5 17.54 0.78 72 9.85
0.7:0.3:15 15.42 0.78 71 8.54

0.0:1.0:1.5 10.42 0.74 52 4.01

To verify the charge extraction and suppressed charge recombination, we determined the
hole (un) and electron (ue) mobilities of x:x:x (w/w/w) P4:P1-P3:PC7,BM + 3 vol% DIO
blends by using space-charge limited current (SCLC) method. We fabricated the hole-only
(ITO/PEDOT/active layer/MoOs/Ag) and electron-only (ITO/ZnO/active layer/Al) devices
with an active layer of x:x:x (w/w/w) P4:P1-P3:PC7BM + 3 vol% DIO blends. The J-V
curves of the hole-only and electron-only devices are shown in Figure 3-15 and the mobilities
were calculated using space-charge limited current (SCLC) method. The P1-P4:PC7BM
blends exhibited the hole and electron mobilities (1n and pe) of 6.12 x 10®, 6.69 x 105, 1.91

x 104, 8.62 x 10 cm2V-1s!, and 5.02 x 104, 2.01 x 10, 8.10 x 10, 4.05 x 10 cm2V-1s1,
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respectively. Whereas, the P4:P1-P3:PC7,BM blends showed the pin and e 0f 8.26 x 104, 7.35
X104, 7.95x 10° cm2V-1s!, and 6.29 x 104, 6.05 x 10, 8.32 x 10 cm2V-s%, respectively.
Notably, P4:PC7BM blend displayed un/| ratio of 2.12, but the inclusion of 20 wt% of each
of P1, P2, and P3 on P4:PC+,BM blends significantly lowers the pun/pe ratios to 1.31, 1.21, and
0.96. The pn/peratio value closer to 1 is expected to show very good charge transport between
active layer and electrodes. Therefore, the PSCs made by using P4:P3:PC7BM blend shown
better or improved photovoltaic performance than that of the devices prepared using P4:

P1:PC70BM, P4:P2:PC70BM, and P4:PC7BM blends.
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Figure 3-15. J-V curves for hole-only (a) and electron-only (b) devices.

We thought that the difference in the crystallinity or morphological modification of ternary
blends such as P4:P1:PC;BM, P4:P2:PC;BM, and P4:P3:PC7BM compared with binary
blends, namely P4:PC+,BM, could be the main reason for the difference in their mobilities.
Therefore, we performed thin film XRD and SAXS analysis for the P4:PC;BM,
P4:P1:PC7BM, P4:P2:PC+BM, and P4:P3:PC,BM films, and the respective images are
shown in Figure 3-16. The SAXS spectra of the P4:PC7BM and the ternary blends are quite

similar. However, the intensity ratio between each peaks corresponding to y—t stacking
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(d2/d1, where d1 and d2 at 20 of 18.9°and 22.5°) are higher for the ternary blends, indicating

that closer st—Jt stacking exists between polymers of ternary blends compared to that of the

P4:PC,BM blend. Overall, a slight modification occurred in the crystallinity of the

photoactive layer of the ternary blends compared with the P4:PC7BM blend.
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Figure 3-16. SAXS and XRD (a and b) spectra for the active layer films. (inset :
smoothened XRD spectra)
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The morphologies of the films prepared using P4:PC70BM, P4:P1:PC70BM,
P4:P2:PC70BM, and P4:P3:PC70BM blends were studied using TEM, and the respective
TEM images are shown in Figure 3-17. All four films showed good surface morphologies.
However, the ternary blends, such as P4:P1:PC70BM, P4:P2:PC70BM, and P4:P3:PC70BM,
showed relatively improved interpenetrating networks between the polymers and PC70BM
compared to binary bend namely P4:PC70BM. Overall, the crystallinity and morphology of
P4:PC70BM blend notably altered via the inclusion of co-adsorbing polymers P1-P3, and

which leads to higher photovoltaic performances.

‘s

P4:PC,BM, 4

PEPLYCN

"

Figure 3-17. TEM images for the active layer films.
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3.2.3 Conclusion

A series of polymers, P1-P3, containing different ratios of benzodithiophene, pyrrolo[3,4-
c]pyrrole-1,3-dione, and difluoro-benzothiadiazole derivatives were prepared with the aim of
enhancing the photovoltaic performance of ter-PSCs. The estimated Egs and HOMO levels of
P1-P3 were 2.11, 1.74, and 1.71 eV, and —5.38, —5.32, and —5.26 eV, respectively. The XRD
analysis revealed that the crystallinity of the polymers is increased in the order of P1 < P2 <
P3. Overall, the incorporation of difluoro-benzothiadiazole derivatives on polymer backbone
notably altered their photophysical, electrochemical and crystallinity. However, all three
polymers displayed comparable photovoltaic performance for the bi-PSCs made by using P1-
P3:PC7BM blends and the maximum PCEs obtained were 5.41 %, 5.55 %, and 4.01 %,
respectively. Surprisingly, the inclusion of 20 wt% of P1-P3 on P4:PC7BM blends found to
be notably improved the photovoltaic performance resulting ter-PSCs. The maximum PCEs
achieved for the ter-PSCs made by using P4:P1-P3:PC7BM blends were 9.31 %, 9.60 %, and
9.85 9%, respectively, and which is 10 %, 15 %, and 20 % higher than that of the bi-PSCs made
by using P4:PC7BM blend. Overall, the property modulation of co-absorbing polymers
results greatly enhanced photovoltaic performances for ter-PSCs via the improved absorption,
crystallinity, and charge extraction with suppressed charge recombination. We think this study

is very much helpful to the researchers working on PSCs.
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Chapter 4 Study on the Novel Metal Oxide
based Functional Materials

4.1 Preparation and Characterization of Novel Metal
Oxide based Functional Materials

4.1.1 Introduction

Highly efficient organic solar cells (OSCs) are attracting continuous attention as the
promising technology for commercialization due to its potential-in large scale processability
and a wide range of applications. The field of OSCs has progressed during the last decades in
terms of device performance, lifetime and range of applications that have been accompanied
by the development of interfacial materials.*"?° Consequently, tremendous efforts have been
devoted to developing interfacial materials, among various candidates, metal oxides (MOs)
have most extensively studied due to its superior properties for high performing PSCs such as
high transparency, thermal/chemical stability, electrical homogeneity.?32%!° Especially, sol-
gel derived titanium sub-oxide (STO) has been focused as an effective cathode interfacial
material because of its solution processability and ease of fabrication. It is known that the STO
based interfacial layer has many advantages such as enhancement of the charge selectivity by
modifying the energy level alignment at the interface6:12°, reinforcement of the light intensity
within the active layer by redistribution of light intensity3>-34, and enhancement the device

stability by protecting active layer and scavenging O2 / H,O from the active layer.%%212
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4.1.2 Result and Discussion

(1) Shelf stability of novel solid-state titanium sub-oxide

The major concern on the commercialization of STO arises from its short shelf-life time
due to severe hydrolysis in ambient air. As described in Figure 4-1, the aim of this work is to
suppress the hydrolysis reaction by separate them from the hygroscopic solvent and reducing
the surface area through solidification of STO while letting the major benefits of STO to be
maintained. We used many different anions for salt formations, among them, the HCOO-
(formate ion) was found to undergo effective salt formation reaction with STO and provided

white and smooth precipitates instantly.

Exposure in air

MOXx sol-gel Precipitation of
JJ\ + precursor insoluble TiO,

MOx powder
precursor soluble

Suppressed hydrolysis

Figure 4-1. Conceptual figure of this work: a comparison between solid-state metal oxide
precursor and conventional sol-gel derived metal oxide precursor.
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The appearance, solubility in different solvents and stability results for PTO are shown in
Figure 4-2. Notably, newly prepared PTO shows negligible changes in color and solubility
upon 10 days of storage in ambient condition. As it could be seen from the UV-Vis spectra of
STO precursor solution, after 10 days of exposure, STO became opaque while the PTO

maintained to be the same.
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Figure 4-2. Absorption spectra of STO (a), and the picture of STO(b) and PTO before/after
storage in ambient condition for 10 days and solubility of PTO in various
solvent(c).
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Figure 4-3 shows the XPS spectra of the film made with STO and PTO before and after
exposure in ambient conditions. The O1s spectra of STO show three peaks at 529.9, 530.3 and
531.3 eV which attributed to TiO,, Ti,O3 and amorphous oxygen species including surface
OH groups.?212% |n the case of STO, the peaks at 531.3 eV decrease with the increase of peaks
at 529.9 eV which indicates severe hydrolysis of STO resulting insoluble TiO,. However, in
the case of PTO, the change of peak intensity is strongly suppressed, indicates enhanced

stability of PTO.
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Figure 4-3. The XPS spectra of O1sin STO and PTO. (a) O1s spectra of STO before
exposure to air, (b) after exposure to air. (c) O1s spectra of PTO before
exposure to air, (d) after exposure to air.
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(2) Properties of solid-state titanium sub-oxide

The chemical structure of synthesized PTO was verified with X-ray photoelectron
spectroscopy (XPS), Fourier-transform infrared spectroscopy (FTIR) and X-ray diffraction
(XRD) measurement. Figure 4-4 (a) presents the XPS spectra of N1s peaks for the synthesized
PTO and TiO,. The PTO exhibit N1s peaks that can’t be seen from TiO,, where shows the
existence of amine groups. The N1s peaks of XPS show a double peak, each corresponds to a
neutral amine (~399 eV) and positively charged N (=401 eV).*?® The existence of peak signal
at ~401 eV for PTO shows the cationization of nitrogen in amine group due to the formation
of ionic bonds with injected ions (i.e. formate ion), and which evidence the existence of salt
formation between formate ion and amine group in PTO. Figure 4-4 (b) shows the FTIR
spectra of PTO film. The peaks at 1900-2200 cm (corresponds to quaternary amine, RsN*)
and around 1500 cm* (-C=0 stretching from HCOO") indicate the presence of quaternary
amine salt (RsN*HCOO") on PTO.'?412" These results suggest that the addition of formic acid
to a solution containing STO readily forms quaternary amine salt and which leads to
precipitation of PTO with high purity. Figure 4-4 (c) shows the XRD spectra of PTO film. The
XRD indicates that PTO maintains the amorphous nature of STO, infers that no crystallization
takes place upon the precipitation. In addition, PTO appears to form a crystalline TiO; (anatase

crystal form) after thermal treatment for 2 hours at 500 ‘C, which confirms that newly formed

PTO is none other than titanium compounds.
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Figure 4-4. The chemical properties of PTO. (a) XPS N1s spectra (inset : N1s spectra
of TiO2), (b) FTIR, and (c) XRD of PTO film.

We investigated the film-forming ability of PTO using a methanolic solution of PTO
precursor via spin casting method. As shown in the UV-Vis spectra and scanning electron
microscope (SEM) image (Figure 4-5 (a) and (b)), the dense and transparent film is easily
formed on top of the glass substrate. This fulfills the requirement for an optical spacer which
redistributes the light intensity and enhances the light absorption of the solar cell. Figure 4-5

(c) shows the low contact angle (CA) of PTO (40.1°), indicates hydrophilicity of PTO film
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surface which could form better interfacial contact when it introduced as an interfacial layer
in the multi-layered device. Further, as could be seen from the Kelvin probe (KP)
measurement (Figure 4-5 (d)), the PTO shown to modify the effective work function at the
interface could induced by interfacial dipole as been reported from STO. The better interfacial
contact with enhanced built-in electric field/ Ohmic contact at the interface by modification
of effective work function could resulting better charge extraction accompanied with

enhanced fill factor (FF) and open-circuit voltage (Vo).
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Figure 4-5. Properties of PTO film. (a) Absorption spectra, (b) FE-SEM image, and (c)
contact angle of PTO film, (d) work function of aluminum with/without
PTO film on top.
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(3) Role of PTO interfacial layer on the photovoltaic performance

We fabricated PSCs using PTO interfacial layer with conventional device configuration,
consisting of ITO/PEDOT:PSS/PTB7-Th:IEICO-4F/interlayer/Al (interlayer = none or PTO).
The corresponding current density-voltage (J-V) characteristics (Figure 4-6 (b)) clearly shows
an enhancement of overall device performance by insertion of PTO layer. The device without
PTO gave a power conversion efficiency (PCE) of 9.11 % with V. at 0.71V, a short circuit
current density (Jsc) at 22.12 mA/cm?, and FF at 0.58. When the PTO layer inserted at the
interface, the PCE increased to 11.85 %, accompanied by remarkable enhancement in Js to
26.12 mA/cm? and FF to 0.63, while Vo shows slight increment to 0.72 V. Further, the PCE
versus storage time of a OSCs with/without PTO layer (Figure 4-6 (c)) shows drastic
enhancement of device lifetime by incorporation of PTO. This result indicates that the PTO

preserve the function as shielding and oxygen scavenging layer.
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Figure 4-6. Performance of OSCs with/without PTO layer. (a) J-V characteristics and (b)
normalized PCE as a function of storage time.
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To analyze the remarkable enhancement in the Js, incident photon to current efficiency
(IPCE) was investigated for the device with and without PTO layer. Figure 4-7 (a) shows an
enhancement in IPCE, and the trend of enhancement is well matching with the reflection
spectra shown in Figure 4-7 (b) which shows the enhancement of Js; partially originated from
the optical spacer effect. However the enhancement of overall performance factor including

fill factor cannot solely explained by incorporation of optical spacer.
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Figure 4-7. Role of PTO film as an optical spacer for OSCs. (a) IPCE and (b) Apsorption
spectra of OSCs with/without PTO in reflection geometry:.

The enhancement in performance could be originated from the improved charge extraction
due to modified energy level alignment at the interface, reduced surface trap and contact
resistance as it could be expected from KP, CA, SEM result in Figure 4-5. In order to verify
the role of the PTO layer on the carrier extraction/blocking at the interface, light intensity
dependence of Jsc and Vo, and dark J-V characteristics were performed. Figure 4-8 (a) shows
the dependence of Jsc on light intensity. In general, Jsc under illumination follows a power-law

dependence on light intensity (Js. o< P®), where the deviation of o from unity indicates the
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strength of bimolecular recombination loss during charge transport process. The device with
PTO exhibited higher o value (0.962) than the pristine device (0.931) which indicates more

carriers are extracted prior to the bimolecular recombination with PTO layer.

In addition, the ideality factor of the device is obtained with the Vo, dependence on light
intensity and dark J-V characteristics. The ideality factor is directly related to the generation-
recombination process, thus a deviation of the ideality factor from unity implies non-ideal
transport behavior due to recombination on the diode current through surface or interface
states. The ideality factor from the dependence of Vo on light intensity (light ideality factor,
n;) and from dark J-V characteristics (dark ideality factor, ng) was derived using following

equations.

n :l dVﬂc n :i&
'™ kT d In(P) 4= kTdIn(J,)

(4.1)

As shown in Figure 4-8 (b), (c) and (d), the resulting light and dark ideality factor from
the device with the PTO layer were reduced from 1.4 to 1.27 and from 1.85 to 1.65,
respectively. The deviation of ideality factor clearly indicates a reduction in recombination at
the contact by forming better charge selective contact at the interface. The dark ideality factor
achieved larger value than light ideality factor, matching with the previous study from Cowan
et al. The study explained that the different carrier density dependence recombination
mechanism imposes a crossover from trap-assisted recombination to bimolecular
recombination under illumination. Furthermore, the saturation current density (Js) decreased
by a factor of 4 (from 4.137 x 10 to 2.32 x 10-° mA/cm?) and shunt resistance (Rs) increased

20 folds (from 8.76 x 10% to 1.70 x 10* Qcm?) while the series resistance (Rs) show negligible
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difference (from 1.34 to 1.42 Qcm?). The n, Js, and R, are the factor reflects the recombination

in the device. Especially, the reduction of Js could imply the reduction of undesirable hole

extraction through cathode interface by forming charge selective contact that may explain

reduction of ideality factor.
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Figure 4-8. (a) Jsc and (b) Voc dependence upon incident light intensity, (c) dark J-V
characteristics of OSCs with/without PTO layer, and (d) calculated ideality
factor from dark J-V characteristics.
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For further analysis of interface dynamics, impedance spectroscopy (IS) has performed.
Figure 4-9 show Nyquist plots of impedance measurement of devices with and without PTO
layer. The data were fitted using an equivalent circuit model (ECM) in Figure 4-9 (c) and (d).
For the device with PTO layer, ECM with a double RC exhibited the best match with Nyquist
plot(Figure 4-9 (b)). However, the same model could not be applied for the pristine but
required additional RC component which corresponds to previous study from Huigiong et al
(Figure 4-9 (a)). The additional RC components from ECM indicates the existence of
significant surface trap for pristine device which may have disappeared upon incorporation of
PTO layer. In addition to passivation of the surface trap, surface resistance (Rsur) has
significantly reduced (from 487.08 to 24.33 Qcm?) indicates the charge transport at the
interface has significantly improved by incorporation of PTO layer while the Rs maintained
to be similar with incorporation of PTO layer which is in accord with the result from dark J-

V characteristics.
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Figure 4-9. Nyquist plots of OSCs with(a) and without PTO layer(b) and equivalent
circuit model without(c) and with additional interfacial trap.(d)
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In order to confirm the universal effect of PTO, we fabricated solar cells using PTO
interlayer with different active layers. Since the OSCs in our work is based on the non-
fullerene acceptor, we fabricated PCDTBT:PC7BM based OSC, and MAPbIs/PCBM based
perovskite solar cell (PeSC) to compare. The device structure, performance and IPCE results
are displayed in Figure 4-10. The incorporation of PTO interfacial layer increases the PCE of
OSC and PeSC from 4.81 to 5.87 % and 16.84 to 18.24 %, due to the enhancement of
performance factors including Jsc, Vo, and FF. These results clearly indicate that the role of

PTO could be widely applied.
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Figure 4-10. Performance of solar cells with/without PTO layer. (a) J-V
characteristics and (b) IPCE of OSCs with PCDTBT:PC7BM. (c) J-
V characteristics and (d) IPCE of MAPDbIs perovskite solar cells.
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4.1.3 Conclusion

We developed a novel solution-processable powder-like titanium sub-oxide (PTO)
precursor with the aim of improving the shelf-lifetime of sol-gel derived conventional titanium
sub-oxide (STO) precursor. The inclusion of the formic acid to STO precursor in isopropyl
alcohol (IPA) instantly precipitate the titanium sub-oxide trough the salt formation between
formate ions (HCOO-) and amine groups (-NH-) in STO. The resulting PTO shows excellent
stability in the ambient air compared to STO. By incorporation of the PTO layer as cathode
interfacial layer, a high-efficiency polymer solar cell (PTB7-Th:IEICO-4F) with PCE of
11.85 % was achieved. The role of PTO interfacial layer in the enhancement of device
efficiency is shown to result from the optical spacer effect and the formation of a charge
selective contact by modification of the effective work function of the cathode and passivation
of the surface traps. As a result of these effects, a significant improvement in PCE and device
lifetime were achieved compared to that of devices made without a PTO interlayer. The
advantages of PTO as a charge selective contact as well as high stability makes PTO a unique

candidate as an interlayer.
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4. 2 Incorporation of Novel Metal Oxide based
Functional Material in Perovskite Solar Cell

Organic-inorganic halide perovskite solar cells (PeSCs) have attracted significant attention
as promising alternative energy sources due to their advantages of solution processability and
high device performance originate from their superior physical/optical properties such as high

absorption coefficient, ambipolar transport property, and long exciton diffusion length.

The performance of PeSCs is directly affected by the state of the perovskite layer,
including crystallinity, film coverage, and grain size. The electrical properties of perovskite
are shown to be strongly affected by the size of grain, cause of the existence of deep trap at
the grain boundary. Therefore, grain boundary engineering is considered to be important in

the field of PeSCs.

There are two ways of approach in grain boundary engineering to reducing the impact of
grain boundary; (i) reducing the grain boundary by controlling the morphology, (ii) suppress
the impact of the defect at the grain boundary by passivation. However, the larger grain size
could accompany the undesirable wide vacancy at the grain boundary, thus it requires the

methodologies to fine tune the morphology.

In this work, we studied the methodology to control the morphology of in perovskite layer.
We developed a new method based on the impact of moisture and thermal annealing on the
growing process of perovskite crystalline grains. Further, we have shown the impact of

incorporating PTO on the crystalline growth, morphology, and passivation of defects.
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4.2.1 Impact of morphology on perovskite solar cells'?®

For high performing solar cells, high quality perovskite film with smooth, homogeneous,
and pin-hole free surface with the larger grain is desirable.®® The idea of MPT originated from
the concept of slow-growth and solvent annealing method from OSCs, the existence of solvent
vapor within the active layer could efficiently prolong the crystallization process, thus
resulting in better film quality with higher grain size and crystallinity.*?®130 Further, the
moisture known to initiate the spontaneous recrystallization process, could result in merged
grain boundaries, thus, better film coverage.3-133 Meanwhile, the low thermal conductivity
of perovskite and substrate could result in the temperature gradation between the top and
bottom surface,** which induces undesirable non-homogeneous conformation and a low
degree of coverage with smaller grain size. To solve this issue we replaced hot-plate with
convection oven for annealing. (HAAP) The temperature gradient could severely be

suppressed by simultaneously heating the top and the bottom with the convection oven.
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temperature

Figure 4-11. Concept of HAAP.
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To investigate the effect of each method, the sample prepared with each process and
compared to each other. The spin-casted film changes the color from yellow to greenish-brown
after the MPT, due to the hygroscopicity of methylammonium cation. In the MPT process, the
quantity of moisture in the perovskite precursor film is a critical parameter for determining
the moisture-induced recrystallization process, which is very sensitive to the exposure time as
well as the humidity level. It is clear that the size of grain increases with the exposure time,
indicating the recrystallization promoted by the MPT process and it is dependent on the
quantity of moisture the film absorbed. However, the coverage of films starts to be affected
over a certain quantity of moisture, thus we chose the 2 minutes for MPT which shown the

best morphology.*?®

The morphologies of the perovskite films prepared using the three different methods are
shown in Figure 4-12. The conventionally formed film exhibited a rough and non-uniform
film with low coverage. However, the morphology of the film with MPT process shows a
smoother film with greater coverage and larger grain size. It is clearly shown that the
remaining moisture due to the moisture pre-treatment could promote the better crystallization
process since the moisture partially solvates the methylammonium component and allows the
quicker formation of the perovskite phase. The highest quality perovskite film was obtained
using HAAP. The HAAP perovskite film exhibited a significantly higher uniformity and

greatest coverage with the largest grain size among the methods applied in this work.
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Figure 4-12. The top-view FE-SEM images of the perovskite films formed using the (a)
of the films.
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To verify the correlation between the morphology and trap density, we have calculated the
Urbach energy (Eu) for three perovskite films. The Urbach tail absorption is originated from
sub-band gap absorption due to the electronic disorder of semiconductor. According to a
previous study on perovskite crystalline structure, the defects of MAPbI; crystalline structure
would be detected as a broadening of the Urbach tail. Therefore, the variation in the Ey would
give a good estimation of the density of defects.31%¢ Figure 4-13 shows the absorption spectra
of the three films. The calculated Ey for the conventional, MPT and HAAP film was 28.8,
16.8, and 15.1 meV, respectively. Those values indicate that the lower level of energetic
disorder for HAAP and MPT film compared to the conventional, which corresponding to a
suppressed defect density. This clearly shows that the defect density is directly correlated to

the morphology of perovskite film, especially the coverage and the size of grains.
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Figure 4-13. Absorption spectra of perovskite films.
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4.2.2 Incorporation of metal oxide based functional material in

perovskite

(1) Role of PTO on the morphology of perovskite

In case of our the titanium oxide based functional material(PTO), it could control the
impact of moisture since it scavenges the water and oxygen while in undergoes hydrolysis
reaction,®?! and the lone-paired oxygen unit on the side chain of functional material could

form a Lewis adduct and expected to modulate the crystallization process.*4°

To investigate the role of PTO, we have prepared a solution of MALI, Pbl,, and DMSO with
a molar ratio of 1:1:1 dissolved in DMF and various amount of PTO has added into the
prepared solution. Figure 4-14 shows the morphology of perovskite film formed with various
quantity of PTO. Interestingly, the gaps between each grains became narrower and the surface
became smoother and more uniform while the grain size is almost unchanged. Since the
uniformity and the coverage of film affects to device characteristics, the device with PTO

expected to show higher performance due to suppressed recombination.

500nm|0.5mg 500nm| 1mg

Figure 4-14. Impact of incorporating PTO on morphology of perovskite

-81-



A 0.2 mg
i Prestine

20 30
2-theta (degree)

Normalized Intensity (a.u.)

i E P N
3 3
Q =)

=
o

Figure 4-15. XRD spectra of perovskite films with various quantity of
PTO incorporation.

Figure 4-15 presents the X-ray diffraction (XRD) patterns of the perovskite films prepared
with various quantity of PTO. All the perovskite films show the peaks at 14.12, 28.46, and
31.85 in the XRD spectra, which corresponds to the (110), (220), and (310) crystal planes of
perovskite. The XRD peaks are getting intensive and sharper as we increase the quantity of
PTO up to 1mg/ml, indicating the high crystallinity of the perovskite films. Further, the film
with Img/ml of PTO has highest peak ratio of (110) to (310), compared to the pristine film.
The ratios were calculated to 4.1, 4.2, 4.7, and 3.4 for the pristine, the film with 0.5, 1, and
2 mg/ml of PTO, respectively. A higher peak ratio of (110)/(310) indicates highly (110)-
oriented crystals with a long-range order parallel to the substrate, which beneficial for charge

transport.0.1%7

In order to verify the effect of the PTO incorporation, we fabricated PeSCs and
investigated its characteristics. Figure 4-16 (a) shows the J-V characteristics of the device
measured under the standard AM 1.5 G irradiation of 100 mW/cm?. The conventionally

fabricated device exhibited a reasonably high efficiency of 13.7 %, while the performance of
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the device with PTO exhibited better performance of 14.5 % mainly due to the enhancement
of Jsc from 18.6 mA/cm? to 19.9 mA/cm?. To investigate the origin of the enhancement in
performance light intensity dependence of Jsc and V. were performed. Figure 4-16 (b) shows
the dependence of Jsc on light intensity. According to the power-law dependence on the light

intensity, the device with PTO exhibited almost identical o. value (~1) while the pristine
device shows lower a value (~0.97) which indicates the bimolecular recombination has

significantly suppressed by incorporation of PTO,21:138-140

In addition, the ideality factor of the device is obtained with the Vo, dependence on light
intensity. The ideality factor is directly related to the generation-recombination process, thus
a deviation of the ideality factor from unity implies non-ideal transport behavior due to
monomolecular recombination on the diode current through surface or interface states. The
resulting light ideality factor from the device with the PTO layer was reduced from 1.8 to 1.3.
The deviation of the ideality factor clearly indicates a reduction in recombination at the trap,

due to the trap passivation by incorporation of PTO,109:119.138,139,141
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Figure 4-16. Impact of incorporating PTO in performance of perovskite solar cells.

(a) J-V characteristics of device, (b) light intensity versus Jsc, and (c) light
intensity versus Voc of the device with/without PTO.
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(2) Further work on the stability of perovskite

From the previous study on OSCs with PTO, we reported the stability of OSCs has
improved due to PTO’s role in protecting and oxygen/water scavenging layer. However,

according to contact angle measurement(Figure 4-17), STO (52°) became more hydrophilic
after forming PTO (40.8°) and therefore, there’s still a concern that the water molecule could

penetrate and disrupt the device stability if some pores exist within the film.

The aim of this work is to alter the nature of PTO to become hydrophobic, for better
moisture protection. By partially (PTO-FA:SA) or fully replace the formic acid with
hydrophobic stearic acid, we could successfully alter the nature of the resulting PTO (PTO-
SA). Figure 4-17 shows the contact angle of the STO and PTO derived with formic acid,
stearic acid, and the mixture of formic acid and stearic acid. The contact angle of the PTO has
significantly altered by increasing the ratio of stearic acid during a synthetic procedure. This
hydrophobic functional material is expected to enhance device stability, however, it still
requires further optimization since the addition of stearic acid also increases the resistance of

functional material.

PTO-FA:SA PTO-SA

Figure 4-17. Contact angle of various titanium oxide based functional materials
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In addition, PTO-SA has also incorporated into perovskite active layer to verify the impact
of hydrophobic PTO on the stability of perovskite. Figure 4-18 shows the water contact angle
of perovskite film with PTO, PTO-SA, and pristine perovskite film. The resulting contact
angle has slightly increased as expected, accords with the addition of hydrophobic PTO.
Interestingly the time-dependent contact angle shows a noticeable variation with PTO-SA, in
contrast, the other film exhibits only negligible changes upon a time. This might because of
the time lack between the disposition of the water and contact angle measurement. Since the
methylammonium component in the MAPbI; perovskite is immediately dissolved right after
the deposition of the water. However, the time-dependent contact angle of the perovskite with
PTO-SA indicates that the PTO-SA in the perovskite repels the water and prolong the

dissolution of the methylammonium component.
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Figure 4-18. Contact angle of Perovskite with/without titanium oxide based functional
materials
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Chapter 5 Conclusion

This thesis focuses on the development of high performing soluble semiconducting
functional materials and its application on organic polymer and halide perovskite based
optoelectronic devices. A soluble semiconducting functional material is highly desired in the
field of solution processed optoelectronic devices for the alteration of electronic properties
and morphology of the active layer. The impact of a functional material could be varied
depending on the position it is incorporated; from energy level alignment at the interface to
the morphology of the active layer. On this basis, we developed two categories of functional
materials, conjugated polymers as  3rd components of OSCs and a soluble metal oxide for

interfacial engineering.

In the first chapter, we developed crystalline conjugated polymer as a 3rd component of
ternary OSCs. The newly developed highly crystalline polymeric functional material was
successfully incorporated and thereafter modified the carrier mobility of OSCs. By
incorporating a small amount of crystalline polymeric functional material, the crystallinity of
the BHJ layer improved, thereby significantly improving the mobility of the charge carriers.
The OSCs with polymeric functional material exhibited enhanced IPCE owing to improved

charge extraction with balanced mobility.

In the second chapter, we developed novel solution-processable powder-like titanium sub-
oxide (PTO) precursor with the aim of improving the shelf-lifetime of sol-gel derived
conventional titanium sub-oxide (STO) precursor. The resulting PTO showed excellent

stability in the ambient air compared to STO. By incorporation of the PTO layer as a cathode
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interfacial layer, a high-efficiency polymer solar cell (PTB7-Th:IEICO-4F) with PCE of
11.85 % was achieved. The role of the PTO interfacial layer in the enhancement of device
efficiency was shown to result from the optical spacer effect and the formation of a charge
selective contact by modification of the effective work function of the cathode and passivation

of the surface traps.

In the last chapter, we studied the methodology required to control the morphology of
solution processed perovskite layer. We developed a new method based on the impact of
moisture and thermal annealing on the growing process of perovskite crystalline grains.
Further, we have shown the possibility that, by incorporating the proper quantity of PTO
functional material in the perovskite precursor solution, the crystalline growth could be
controlled, and in turn the properties of perovskite film including morphology and electrical

properties could be controlled.

In this work, | developed low-temperature solution processable functional materials and
have demonstrated the role of our novel functional materials in photovoltaic application. Our
newly developed soluble functional materials have shown great potential to hasten the
commercialization of solution processable photovoltaics by modulating the characteristics of

photovoltaics.
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