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Abstract

Organic solar cells (OSCs) have attracted much attention as energy source for future mobile
electronics because of their advantages such as low manufacturing cost, lightweight, flexibility, and
transparency, etc. The development of new organic materials and more efficient device structures has
enabled rapid progress of OSCs in recent years. The power conversion efficiency (PCE) of OSCs is
now exceeded over 17%. Although the low PCE which was one of the serious problem has been
overcome, and considered to be one-step loser to commercialization, further improvement in
performance is still needed to compete with other solar cells based on inorganic semiconductor which
was already commercialized. The charges generated by incident light from the photoactive layer should
pass through the interface after separation and transfer to reach the electrode. However, even a few tens
meV of the energy barrier formed at the interface between the photoactive layer and charge transport
layer can cause significant charge accumulation, thereby leading to a decrease in photovoltaic
characteristics. Therefore, an appropriate interface engineering is essentially required to achieve
effective charge transport by preventing charge recombination at the interface. In this study, the various
interface engineering methods were introduced to maximize the performance of OSCs and analyzed

their effects on real devices.

In the first work, the interface problem between PEDOT:PSS and photoactive layer was investigated.
Since the PEDOT:PSS hole transport layer has a metallic property intrinsically, it can form an energy
barrier by means of metal-semiconductor contact at its interface with the photoactive layer. In this study,
hydroquinone (HQ) was applied on PEDOT:PSS surface to remove this contact barrier at the interface
between metallic PEDOT:PSS HTL and semiconducting photoactive layer. HQ treatment of the
PEDOT:PSS surface lowered the hole transport barrier and reduced sheet resistance of PEDOT:PSS via
the secondary doping effect of HQ. Thus, the device fabricated with the HQ-modified PEDOT:PSS

showed a 28% increase in PCE compared to the device without HQ treatment.

In the second work, the interface problem of tunnel-junction intermediate connection layer (ICL) was
investigated. In tunnel-junction type tandem solar cells, the ICL generally consists of a hole conducting
layer and a polyethyleneimine (PEI) polyelectrolyte layer. However, because pristine PEI is intrinsically
an insulator, the photocurrent is limited even if it is slightly thick in the intermediate connection layer.
In this study, high-efficiency homo-tandem solar cells are demonstrated with enhanced efficiency by
introducing carbon quantum dot (CQD)-doped PEI on tunnel-junction ICL. The tandem solar cells with

CQD-doped PEI layer in ICL leads to a better series connection in tandem solar cells and it yields a



maximum PCE of 12.13%, representing a 15% increase compared with tandem solar cells with a pristine

PEI layer.

In the third work, the effect of interface engineering on the charge dynamics of the photoactive layer
was explored. The exciton dissociation probability is also affected by the internal field generated by the
work function difference between cathode and anode. In this study, The CQD having NH> ligands added
to the PEI work-function modifying layer to improve both work-function modification effect and charge
transport property. A CQD-doped PEI layer induced a lower work-function of ITO than that of ITO with
a pristine PEI, which induced a stronger internal field. This strengthened internal field induced better

exciton dissociation efficiency, thereby improving performance of OSCs.

In the last work, the interface problem between PEDOT:PSS and ITO electrode was investigated.
The low-conductivity PEDOT:PSS such as AI4083 is mainly utilized in current OSCs. Thus, the contact
between PEDOT:PSS and ITO are not ohmic. Despite the high possibility that there are serious interface
problems, little attention has been paid to the interface between PEDOT:PSS and ITO. In this study, a
conjugated polyelectrolyte WPFSCz- employed between ITO and low-conductivity PEDOT:PSS to
overcome complicate organic-inorganic interfacial problems. The inserted WPFSCz- layer modifies the
work-function of the ITO, thereby forming effective cascading energy alignment, which is favorable
for good hole transport. Also, the introduction of WPFSCz- layer reduces recombination losses at the
interface by eliminating the interfacial trap sites, resulting in an improvement in fill factor. These effects

result in a significant increase in the PCE from 15.86 to 17.34%.

Through these researches, the interface problems caused by contact between different types of
materials can be overcome by introducing various interfacial engineering methods in OSCs. These
methods enhanced PCE by improving charge transfer characteristics and charge extraction

characteristics, thereby achieving high-performance OSCs successfully.
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Chapter 1. Introduction

1.10rganic Solar Cells (OSCs)
1.1.1 History of OSCs

The first example of a conducting polymer Polyacetylene was developed by Hideki Shirakawa, Alan
MacDiarmid and Alan Heeger in 1977.! They tried to improve the conductance and study the polymer
system and were able to reach conductivities as high as many metals. Though polyacetylene itself
proved to be too difficult to work with and unstable to be used commercially, their discovery lead to an
entire field of conducting polymers, including poly(p-phenylene vinylene) (PPV) used in some organic
light emitting diode displays and the polythiophene based materials used in OSCs. This work led to
them being awarded the 2000 Nobel Prize in Chemistry. A breakthrough occurred in 1986, when Tang
showed that much higher efficiencies are attainable by producing a double-layered cell using two
different dyes, which had a large photocurrent density, of the order of mA/cm?, and an efficiency of
1%.? This result had a big impact on the field of organic solar cells. A blended junction for small
molecule cells was proposed in 1991 by Hiramoto.>* In 1992, Sariciftci reported a polymer
heterojunction cell composed of Ce¢o and MEH-PPV (poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene]).’ Followed in 1995, a polymer bulk-heterojunction (BHJ) cell reported by Yu.°
After 2000, based on these fundamental studies, the efficiency rose from 1% and started to increase

rapidly and reached 17.5% as shown 1.1.7 In recent years, Due to the continuous development of active

8-12 13-16

materials®'* and device structure engineering, such as tandem, ternary device'’'°,and interfacial
engineering!”?!, Power conversion efficiency (PCE) of OSCs has exceeded 17% by choosing matched

donor and acceptor materials in photoactive layer.?
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Figure 1.1. Current best research-cell efficiencies in OSCs.
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1.1.2 Principle of OSCs

The OSC is a type of solar cell where the absorbing layer is based on organic semiconductors,
typically either polymers or small molecules. For organic materials to become conducting or
semiconducting, a high level of conjugation is required. The electrons associated with the double bonds
become delocalized across the entire length of conjugation due to the conjugation of the organic
molecule. These electrons have higher energies than other electrons in the molecule and are equivalent

to valence electrons in inorganic semiconductor materials.

However, in organic materials, these electrons do not occupy a valence band but are part of what is
called the ‘highest occupied molecular orbital’ (HOMO). Also, there are unoccupied energy levels at
higher energies just like inorganic semiconductors, it is called the ‘lowest unoccupied molecular orbital’
(LUMO). Between the HOMO and LUMO of the organic semiconductors is an energy gap. With
increased conjugation, the band gap will become small enough for visible light to excite an electron
from HOMO to LUMO. When the energy of light is equal to or greater than the band gap, leading to
absorption and excitation of an electron from the HOMO to the LUMO. The excited electron will leave
behind a positively charged space known as a hole. Due to the opposite charges of the hole and electron,
they become attracted and form an electron-hole pair, also known as an exciton. The OSCs have low
dielectric constants, giving large exciton binding energy values in the range of 0.3-0.7 eV.? Because
the exciton cannot be dissociated by thermal energy alone, at least two different organic semiconductors
are needed. The energy levels between the two different organic semiconductors are offset, with the
difference being greater than exciton binding energy, allowing exciton dissociation to occur at the
interface between them. Depending on electron has been donated by a material, or accepted by a

material, the organic semiconductors are classified as either a donor or acceptor.



The working principle of OSCs can be summarized four steps which required for generation of

electrical power via the absorption of incident light:

i) Absorption of photons and formation of photo-induced excitons in donor and acceptor,

respectively.
i) The excitons diffusion and dissociation at the donor and acceptor interface.

iii) Charge-transfer (CT) states generation and then dissociation into free charge carriers

(electrons and holes) with an ultrafast quasi-adiabatic charge transfer process.

iv) Charge carriers that are transported through either donor and acceptor and then being

collected by the respective electrodes transfer process.
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Figure 1.2. The operational principle of BHJ OSCs.

The separated charge carriers may recombine with each other (geminate recombination) before
dissociation. Moreover, the separated charge carriers may also be recombined (bimolecular
recombination or non-geminate recombination) before collected by the respective electrodes. The

germinate and non-germinate recombination have a great effect on the low PCEs in BHJ OSCs.



1.1.3 Structures of OSCs
1.1.3.1 Bilayer & BHJ OSCs

C. W. Tang introduced the world's first two-layer thin-film solar cell with an efficiency of 1% in
1986.! In the bilayer structure, a transparent electrode ITO is used as an anode, and a metal having a
low work-function is used as a cathode, and a donor material and an acceptor material are stacked as a
photoactive layer between them as shown in Figure 1.3a. However, since it only takes about 100 ps for
the holes and electrons of excitons to recombine, the exciton diffusion length is only about 10 nm. There
is a limit to the contact area between them, revealing a limit to the formation of free holes and electrons.
To overcome this limitation, a BHJ structure which a donor material and an acceptor material are
properly mixed has been developed. As shown in Figure 1.3b, it has the advantage of improving
photovoltaic conversion efficiency because the interface between the photoactive layer is wide. If the
donor and acceptor form a heterojunction structure in the nanometer region within the photoactive layer,
excitons excited by light absorbed by the photoactive layer will be separated into free electrons and
holes in the adjacent p-n junction region. For excitons to be separated into free electron-holes at the p-
n junction interface, the difference between the LUMO or HOMO energy levels of the two materials
must be greater than the exciton binding energy. The electrons and holes separated at the many p-n
junction interfaces distributed throughout the photoactive layer diffuse and flow to both electrodes along
the donor and acceptor respectively to form photocurrents. Therefore, it is important that the donor and
acceptor have proper phase separation in the nanometer region in order to separate electrons and holes
and transfer to both electrodes. In 1995, A. J. Heeger group announced that BHJ structure solar cell
greatly helps to improve efficiency as a solution process that has a much lower process cost compared
to vacuum deposition.?* Currently, OSCs with an efficiency approaching 18% are fabricated by a simple

spin-coating method, and the BHJ structure is widely used in OSC research.

(a) Cathode (b) Cathode

Acceptor layer

&

Donor layer mm Donor
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Anode Anode
Bilayer structure Bulk-heterojunction (BHJ) structure

Figure 1.3. The binary device structure of bilayer and BHJ.
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1.1.3.2 Ternary OSCs

Despite significant advances in binary BHJ cells, the PCE of OSCs needs to be further boosted to
realize practical applications and commercialization. However, their performance is restricted by the
insufficient coverage of the solar spectrum of binary blends because of the intrinsic narrow absorption
bands of organic semiconductors. On the other hand, as organic molecules typically present low charge
carrier mobility, BHJ films usually retain very thin (as low as 100 nm) to gain efficient charge collection,
unfortunately, which cannot fully capture all incident sunlight in their absorption ranges.?® Recently, a
ternary OSCs incorporating a simple process of a single-junction OSCs has been in the limelight having
the advantage of minimizing the thermalization loss and a wide absorption area of the tandem OSCs.
The ternary OSCs consisting of three light absorbing materials (a donor, an acceptor, and an additional
third component donor or acceptor) in one photoactive layer. And the third component plays a crucial
role in improving the film morphology, facilitating exciton dissociation, and enhancing charge transport
of binary BHJ cells. Accordingly, ternary OSCs have been investigated to further increase the PCE of
OSCs. According to the functionality of the third component, it can be classified into four categories:
charge transfer, energy transfer, parallel-like, and alloy model as shown in Figure 1.4. The third
component is limited to the donor material in Figure 1.4. Even if the acceptor material becomes the

third component, the charge transport mechanism is the same.?

In case of charge transfer mechanism as shown in the Figure 1.4a, the third component locates at the
interface of the main donor and acceptor that transfers the charge to the electrode with forming cascade
energy levels alignment. That is, holes generated at the donor 1 and acceptor interface are directly
extracted to the anode, and electrons are extracted to the cathode through donor 2 and acceptor. On the
other hand, holes generated at the donor 2 and acceptor interface pass through donor 1 to the anode, and
electrons are collected directly to the cathode. Thus, the observed Voc of such systems is basically fixed
to the smaller Voc of the original binary systems. In the energy transfer mechanism as shown in the
Figure 1.4b, the big difference from other mechanism is that the emission spectrum of the third
component needs to substantially overlaps with the absorption spectrum of the primary donor or
acceptor. In other words, there is an energy donor that transfers energy without generating a charge
carrier and an energy acceptor that not only absorbs light by itself, but also absorbs the light emitted by
the energy donor to generate charge carrier. The location of the energy donor within the photoactive
layer should be near the energy acceptor due to the limited energy transport distance. If the energy
transfer mechanism of the donor 1, donor 2 and acceptor-based ternary OSC is applied, the exciton
energy of donor 1 is transferred to donor 2 through Forster or Dexter energy transport, and the excitons
generated in donor 2 are separated at the donor 2 and acceptor interface and creates charge carrier. The
generated electrons are collected along acceptor to the cathode, and holes are extracted to the anode
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through donor 1 or directly to the anode according to the relative HOMO energy level position of donor
1. Therefore, similar to the charge transport mechanism, the change in the Voc is insignificant. The
following parallel-like mechanism or alloy model, two binaries operate independently as one
photoactive layer without requirements such as morphology, energy level, and band gap of the ternary
photoactive layer. In other words, in a donor 1, donor 2 and acceptor-based ternary organic solar cell,
when a parallel-like or alloy model is applied, holes and electrons generated at the donor 1 and acceptor
interface are directly collected to the anode and cathode along each pathway. In addition, holes and
electrons generated at the donor 2 and acceptor interface are also independently extracted directly to
each anode and cathode. Therefore, in parallel-like or alloy model, the Voc of the ternary OSC is
determined by the ratio of the ternary photoactive material. In the parallel-like mechanism, When the
donor 2 absorbs light, splits excitons and transports holes, that is, the third component forms its own
independent hole-transport network. In this case, the Voc values of ternary OSCs lie between the
measured values of the two individual binary cells and it depends on the composition of the ternary
mixture, rather than being fixed by the LUMO energy levels of the acceptors or the HOMO energy
levels of the donors (Figure 1.4c). Unlike the parallel-like mechanism, the Alloy Model, on the other
hand, is electronically coupled between two photoactive materials to form a new charge-transfer (CT)
state energy which would require a good miscibility and compatibility of the donor materials as shown
Figure 1.4d. The CT state energy in such a system was shown to be a function of the ternary blend

composition and followed the shift in Voc.?’
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Figure 1.4. Schematic of the working mechanisms in ternary organic solar cells. (a) The charge transfer

mechanism. (b) The energy transfer mechanism. (c¢) The parallel-like mechanism. (d) The alloy model.

6



1.1.3.3 Tandem OSCs

The single-junction BHJ OSCs have achieved a significant improvement of over 17% power
conversion efficiency through the synthesis of highly effective polymer or small molecule materials and
device development, but due to a narrow absorption area (~120nm), low exciton diffusion length with
low charge carrier mobility (~10° c¢cm? /Vs) and thermalization loss, it is difficult to expect further
efficiency improvement for single-junction OSCs. The research on a tandem OSCs has been studied to
realizing high performance organic solar cells by overcome this problem. The working principle of the
tandem cell is as follows. First, excitons are formed by absorption of light in the top and bottom cells.
Second, after excitons are separated from each cell, holes in the bottom cell collect electrons in the top
cell and recombine near the intermediate layer. Although the described working principle is based on
an inverted tandem OSCs, the principle is the same only the direction of the charge carrier is opposed

in the conventional structure.?®?°

In tandem OSCs, as shown in Figure 1.5a, independent single-junction organic solar cells are
physically separated by an intermediate layer and can be connected either in series or in parallel
depending on the nature of the intermediate layer and on the way the intermediate layer and the two
electrodes are connected. Normally, the series connection is widely used. The tandem OSCs can be
roughly divided into hetero-tandem OSCs and HOMO-tandem OSCs. The hetero-tandem OSCs is a
wide-bandgap material for the bottom cell in combination with a narrow-bandgap material for the top
cell with complementary absorption spectra and minimal absorption overlap and The HOMO-tandem
OSCs is a same donor material for both sub-cells that comprise high internal quantum efficiency (IQE)
in single cells with high PCEs. In the overall tandem OSCs, the thickness of the photoactive layer of
each sub-cell is optimized by the light absorption coefficient, band gap, and charge mobility of the
photoactive layer. In general, the thickness of the photoactive layer in the bottom cell is thinner than

that of the top cell.

The energetic diagram of the device can be represented as in Figure 1.5b. In tandem OSCs,
intermediate connection layers (ICLs) plays an important role in the overall device characteristics. The
ICLs generally consist of a p-type hole transporting layer (HTL) and an n-type electron transporting
layer (ETL) and should allow the recombination of holes coming from one sub-cell with electrons
coming from the other. In the ICLs, the vacuum level which driven by the alignment of fermi levels of
the HTL and ETL is simultaneously shifted. To satisfied ideal ICLs, it should be highly transparent and
robust enough to protect underlying layers, and they should form ohmic contact with sub-cell
photoactive layers to ensure efficient charge extraction. Therefore, The ICLs optically and electrically

connects the sub-cell and also, the formation of HTL and ETL of ICLs is very important because



improves optical field distribution and charge transfer collection to top cell are different depending on
which HTL and ETL are used for ICL. Since the tandem OSC is connected in series of bottom cell and
top cell, the Voc of the tandem OSC is equal to the sum of the Voc of the two sub-cells. However, Jsc
appears smaller than each cell. This is because the current value in the tandem OSCs has the current of
the sub-cell having a small current, where the light absorption of the top cell absorbs light that has not
been absorbed by the bottom cell, the top cell generally generates a relatively low current value because
it absorbs light with a lower intensity. Even though the fabrication method is more complicated than the
other structure such as binary and ternary structures, and there is a disadvantage that the material for
ICLs can be limited by annealing process, still has a high possibility that high efficiency tandem OSCs
can be achieved by more efficient new materials, functional intermediate layers and better matching of

the materials with complimentary absorption spectra.*
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Figure 1.5. (a) Device structure of tandem solar cells, (b) Simplified band diagram of a tandem cell
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1.2 Characterization of OSCs

1.2.1 Device Characterization

The fundamental electrical characterization of a photovoltaic diode is carried out by obtaining curves
of electric current density vs. an external voltage (bias), the so-called J-V curves. The J-V curve is one
of the most common methods of determining how an electrical device functions in a circuit. A typical
J-V curve for a solar cell is shown in Figure 1.3, in the dark and under illumination. The photocurrent
density J, is a subtraction between the two J-JV curves (illuminated and dark), which are described by
the Equations (1) and (2), where J, is the reverse dark current, V'is the bias voltage, n is the diode quality

factor, k is the Boltzmann constant and T is the temperature.

J) =], [(:%) - 1] (Shockley's equation) Equation (1)

JV) =], [(:—:T) - 1] + Jon (under illumination) Equation (2)

The parameters that characterize solar cells in general are shown in Figure 1.3, the short-circuit
current density (Js.), the open-circuit voltage (Vo.) and the maximum operating power (Pmax), which

determine the fill factor (FF).’!

The short circuit current density (Js) is the current that flows when there is no external field applied;
the charges are drifting because of the internal field. J. is determined by the number of photons
absorbed (the number of photoexcitations), the quantum efficiency for charge separation, and the
transport of the charge carriers through the material. A broad absorption spectrum is advantageous, for

one wants to harvest as large a fraction as possible of the photons from the broad spectrum of the sun.

The open circuit voltage (V,.) is defined as the maximum voltage that is obtained when no current is
generated by the solar cell. Voc is determined by the difference in the quasi-Fermi levels of the phase.

The open circuit voltage is given by Equation (3).
Voc ~ Eacceptor(LUMO) + Edonor(HOMO) + kB/e{ln (nenh/ch)} Equation (3)

where n e and n h are the electron and hole densities, respectively and N. is the corresponding density
of states near the acceptor lowest unoccupied molecular orbital (LUMO) and the donor highest occupied
molecular orbital (HOMO), assumed to be equal. However, the excellent correlation required the
addition of an additional 0.3 eV of unknown origin and it directly from the third term in Equation 1. In
principle, V,. can be increased by the difference in work functions of the anode and cathode. However,
the use of interlayers (electron transport/hole blocking and hole transport/electron blocking) tends to

decouple the V,. from the difference in the anode and cathode work functions.>?
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The fill factor (FF) is determined by the competition between sweep-out of the photogenerated
carriers and the recombination of carriers to the ground state. Normally, The FF is defined as the ratio

of the maximum operating power (Pmax) to the maximum extractable power from an ideal solar cell,

which would be the product of the device area A, V., and Js..
Thus, the power conversion efficiency is the ratio of the maximum operating power Pmax to the input

power of the incident light on the solar cell. Therefore, under an incident light intensity /;,, the FF and

the power conversion efficiency (1) are given by Equations (4) and (5).

Equation (4)

_ Pmax

FF =
AJscVoc

Equation (5)
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Figure 1.3. The current-voltage characteristics of a solar cell and the photovoltaic parameters.
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The quantum efficiency (QE) measurement is critical for material research and device analyzation to
understand the conversion efficiency as a function of the wavelength of light. The QE of a solar cell
which referred to as incident photon to charge carrier efficiency (IPCE) indicates the ratio of the number
of photons incident on device to the number of generated charge carriers. In other word, the QE is
defined as the ratio of the number of electrons in the external circuit produced by an incident photon of
a given wavelength. The two types of QEs are often considered: external quantum efficiency (EQE) and
internal quantum efficiency (IQE). They differ in the treatment of photons reflected from the device.
All photons effect on the device surface are considered in the value of the EQE but only photons that

are not reflected are considered in the value of IQE.

The external quantum efficiency (EQE) defined as the number of electrons generated by light in the
external circuit divided by the number of incident photons as a function of excitation wavelength. Thus,
EQE is often useful tool for look at the quantum efficiency of the light left after the transmitted and
reflected light has been lost. The EQE is given by Equation (6). Also, because Jsc can be calculated by
integrating the EQE curve of overall wavelength using Equation (8), the Jsc obtained through the EQE

measurement can be confirmed whether Js¢c obtained from the illuminated 7V curve is the correct value.

The internal Quantum Efficiency (IQE) refers to the efficiency with which photons that are not
reflected or transmitted out of the device can generate collectable carriers. The IQE curve can be

corrected to obtain the EQE curve by measuring the transmission and reflection of device. The IQE is

given by Equation (7).
__electrons/sec _ (current)/(charge of one electron) .
EQE - photons/sec - (total power of photons)/(energy of one photon) Equatlon (6)
_ electrons/sec _ EQE .
IQE " absorbed photons/sec - 1—-Refelction Equatlon (7)
Jse = q [ ®)EQE()dA Equation (8)

The QE depends on the absorption of light and the collection of charges, thereby, charge
recombination leads to a decrease in the QE. Therefore, the recombination at the interface should be

minimized to obtain improved QE.
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1.2.2 Data Characterization Techniques
1.2.2.1 Light intensity Dependence J;. & V.

The recombination in the device causes loss of photogenerated charge carriers, which is one of the
factors that reduce the Jsc and FF of the device. Shockley and Queisser showed that Voc of OSC is at
its maximum when the photogenerated charges recombine only radiatively. However, the recombination
mechanism in BHJ OSCs is mostly non-radiative which mainly affects OSCs includes monomolecular
and bimolecular recombination. So, it is important to understand these recombination mechanisms to
improve the performance of OSCs. The monomolecular recombination historically refers to either
Shockley-Read-Hall (SRH) recombination or geminate recombination. SRH recombination is a first
order recombination process in which one electron and one hole recombine through a trap state or
recombination center.* The impurities in the donor and acceptor materials and incomplete phase
separation which interfacial defects that act as traps are contributed to a trap-assisted recombination.

That is, if the electrons are trapped in a short time, they provide a fixed place for the holes to recombine.

The light intensity dependence measurement performed by simply changing the incident light
intensity using various neutral density filter. The J-V characteristics were collected while illuminating
the solar cells over a range of intensities from 1.4 mW/cm? to 100 mW/cm?. As the incident light
intensity decreases, the generated photocurrent also decreases. And at low light intensity, trap sites
which present inside the device can more influence on the photocurrent. By fitting Jsc vs. light intensity

and Voc vs. light intensity, the information of bimolecular recombination and monomolecular (trap-

assisted) recombination can be obtained. Jsc is proportional to light intensity(I), Jsc o [”. With log-log

scale a plot of Jsc vs. light intensity which fit to a power law, if fitting line nearly linear dependence as
o=1, it means this system is not dominant to bimolecular recombination. On the other hand, it means
that carrier losses which originated from bimolecular recombination is existed. Voc is expressed by
oVoc=(ksT/e) In(l), where kg is the Boltzmann constant, 7 is the absolute temperature and e is the
electron charge. The slope of dVoc vs. In(/) demonstrates that bimolecular recombination dominates for
applied voltages near Voc to light intensity. That is, slope S of Voc versus the logarithm of light intensity
being equal to kT/q. If slope of fitting line of Voc vs. light intensity is higher than k7, it means that

additional trap-assisted recombination is existed.>*
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1.2.2.2 Trap Density

The electrical characterization techniques are necessary to understand the factors limiting charge
transport in these systems, which is usually limited by the low mobility of charge carriers and by
trapping effect of defects. Among the technique, admittance spectroscopy technique has been used for
investigation for the density of defect states within the OSCs. Admittance spectroscopy is measuring
the contribution of the traps by passing from the low frequency to high frequency. With combine
admittance spectroscopy to capacitance voltage measurement, the main electrical characterizations
which have been performed on these samples were, C-J at room temperature and admittance
spectroscopy (C-f). The capacitance voltage and admittance spectroscopy measurements were carried

out using impedance analyzer (IVIUM Tech., IviumStat) in the frequency range 10°-10° Hz.

In the measurement, the junction capacitance will show a dependence on the measurement frequency.

In this case, the measured capacitance frequency dependence C(w) is given by Equation (9).
C(w)=Cyq+Ci(w) Equation (9)

The Cyis the frequency independent depletion capacitance and C{w) is the frequency dependent

contribution of trap level.

The contribution of one single defect level to the capacitance can be given by Equation (10).

C(w) = Cpy +—55(Ciy — Cnyp) Equation (10)

1+ w272

The Cjyis high frequency capacitance which is the depletion capacitance C; and Cyris the combined
contribution of the deep defect and the depletion capacitance. And the contribution of trap C; is thus

given by Cir- Cy, and the dynamics of trap are described by the time constant T in Equation (11).
T = 2wy) texp (—) Equation (11)
kgT

where E is the depth of the state above E, or below E. and wyis an attempt-to-escape frequency.

The condition wt=1 determines the trap level £, with respect to the valence band maximum is given by

Equation (12).

E, = kTIn(? Equation (12)

w
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To determine the energetic distribution of traps N(E,,) from the measured capacitance frequency data
C(w,T). The trap density of states at energy E,, is related to the derivative of the capacitance with respect

to the frequency as given by Equation (13).

Vpi dC .
N.(E,) = —q—lz%% Equation (13)

The V4 is the built-in voltage and L is the thickness of photoactive layer.*’

The traps are generally classified as shallow traps, and deep traps for both electron and hole. If traps
are very close to the conduction band (LUMO) within energy bandgap, then traps are classified as
shallow traps for electrons. Similarly, if traps located around valence band (HOMO) within energy
bandgap, then traps are identified as shallow traps for holes. On the other hand, deep traps of electron
and holes are existing far away from LUMO and HOMO level, respectively. The trap density according
to energy can be calculated from the following equations measured by admittance spectroscopy (C-V
and C-f). By varying the trap energy for frequency-domain analysis of admittance spectroscopy, it is

possible to differential between shallow and deep traps for OSCs.
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1.2.2.3 Photocurrent Density vs Effective Voltage

From J-V characteristics in a wide reverse bias range under 1 sun illumination, by plotted the results
using the net photocurrent (J,1) and the dependence on the effective applied voltage (Vey), it gives further
understand of the charge extraction process. The exciton generation rate (Gmax) and exciton dissociation
probability (P(E, T)) also can obtain from plotted J,-Vey results. J,; can expressed by J,» = J; —Jp and
Jr and Jp are the current density under illumination and in the dark, respectively. V. also expressed by

Ver=Vo-V and V is the applied voltage and Vy is the voltage at which Jyn= 0.

If J,» saturated at a large reverse voltage (Vo> 1.5 V), it suggests that all the photogenerated excitons
are dissociated into free carriers and all of the carriers are collected at the electrodes without any
bimolecular recombination. In this case, saturation current density (Jyu), is only limited by the absorbed
incident photo flux, Nphoton. This means that the maximum obtainable Gmax are essentially the same in
devices under 1 sun illumination. Gmax can calculated by Jiu=eGmaxL where L is the thickness of the
photoactive layer. Using Jyu;, P(E, T) can obtain to the ratio of J,»/Js:. This ratio is essentially the product
of the exciton dissociation efficiency and the charge collection efficiency, a decreased J,i/Js. Suggests
either a reduced exciton dissociation efficiency or a reduced charge collection efficiency. A reduced
charge collection efficiency would suggest that bimolecular recombination begins to dominate. This

usually leads to lower FF.3
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1.3 Interface Engineering

The power conversion efficiency of OSCs is as a result of four processes that occur with the device:
generation of excitons, diffusion of excitons to an donor and acceptor interface, generation of holes as
a result of charge separation and transport and collection of charge carriers. Apart from these four
processes, the quality of the interface materials is another crucial factor to be considered because they
are responsible for facilitating good contact. A typical OSC has a light absorbing BHJ between two
electrodes. Interface materials are placed between the photoactive layer, donor and acceptor materials,
and the electrode materials as shown in Figure 1.6. Interfaces play an important role in the maintenance
of proper contact between photoactive layers in an organic solar cell. The interfacial layer placed
between donor and acceptor materials and the electrode and from interfacial engineering, used to
achieve ohmic contact at the organic and metal interface. Also the interfacial layer form a selective
contact preventing the oppose charge carriers and excitons from recombining at the electrodes thereby
enhancing charge extraction property. In addition, the interface materials act as protective layers which

prevent the penetration of substance causing problems in OSC stability.

The electrons and holes separated at the BHJ interface where organic semiconductor donors and
acceptor materials are irregularly mixed must reach each electrode efficiently to form an external circuit.
To this end, the contact of the organic semiconductor/electrode becomes an important factor that
determines the performance of the OSC. The electrical barrier of a few tens of meV of organic
semiconductors and metals unfavorable affects OSC characteristics due to significant charge
accumulation at the interface and reduction in built-in electric field. Therefore, ohmic contact between
each electrode and the organic photoactive layer and selective and efficient charge collection at each
electrode are essential. Such methods include the conducting polymers, polymer/polyelectrolytes,

fullerene derivatives, or metal oxides.

Another important role of the interfacial layer is to reduce unnecessary energy loss in the OSC
structure by matching the energy levels between layers, and to efficiently move charges by increasing
the built-in electric field within the device. And to extract. In addition, it is possible to prevent charge
recombination occurring at the interface by improving the selective charge collection ability in each
electrode, and to form an appropriate morphology of the upper organic photoactive layer by controlling
the surface energy of the lower layer. On the other hand, the interfacial layer inserted between the
organic photoactive layer/electrode acts as an optical spacer and induces a plasmonic effect to improve
exciton generation and charge transport by controlling the optical properties of the organic photoactive

layer.
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By controlling the energy difference, the Voc is increased, or the collection efficiency of electrons is
increased to improve the current density Jsc and the FF. There are essential requirements that the
interfacial layer must have in an OSC based on a solution process. First, when applying the organic
photoactive layer solution, the bottom interfacial layer should not have solubility in the organic solvent.
Second, it is necessary to efficiently high light transmittance to the organic photoactive layer. last, the
energy level of materials must be considered to enhance the charge transfer capability and charge

mobility.3!7

Cathode
Anode

Figure 1.6. Schematic illustration of an OSCs with interfacial layer.
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1.3.1 Metal Oxides

First, ZnO is an inorganic n-type semiconductor, it is commonly used in metal oxide cathode interface
materials (CIMs) due to it has a property such as low cost, easy synthesis, non-toxicity, high stability,
and unique optical/electronic properties. Generally, ZnO materials have a low WF around 4.3 eV, which
offers a proper energy level to reduce WF of ITO or metal electrodes, and to match with LUMO levels
of various acceptors such as fullerene-based acceptor and non-fullerene acceptor.®®* When
synthesizing not only ZnO films but also other cathode interface materials, oxygen vacancy may occur
depending on the film fabrication condition. By reducing oxygen vacancy through various interface
treatments, charge traps can be reduced, and electrical properties can be improved. Therefore, property
control of ZnO CIMs to balance their transmittance, electron mobility and interfacial properties, is

critical for high performance OSCs.

Zhang et al. applied a bilayer ZnO/CQD as electron extraction layer and it shown that bilayer
ZnO/CQD leading to enhanced exciton dissociation, reduced charge recombination and more efficient
charge extraction probability, and thereby achieving significant improvement in power conversion
efficiency (PCE) of 9.64%.*° By using a dye to modify inorganic ZnO, Nian et al. reported a highly
photoconductive CIM for inverted OSCs. This hybrid CIM was achieved by doping a small amount of
light absorber such as PBI-H into a sol-gel-derived ZnO, where the PBI-H molecules could form a
N-Zn bond with ZnO during the thermal treatment. As a result, the inverteGod devices based on
ZnO:PBIH increased from 8.45% to 10.59% for the PTB7-Th:PC7BM system.*! Moreover, Yu et al.
reported that as an ion-liquid of 1-butyl-3-methylimidazolium tetrafluoroborate ((BMIM]|BF4) was
used to modify ZnO, the [BMIM]BF4-modified ZnO device showed increased Jsc and FF as a result of
the reduction in the WF of the cathode because the modified ZnO can form spontaneous dipolar
polarization at the interface. The PCE of the device using the [BMIM]BF4-modified ZnO CIM was
increased to 10.15% in comparison with a PCE of 8.94% for the reference device based on the regular
ZnO CIM. #* By doping the ZnO ripple layer with various metal-carbonate materials, Nho et al. reported
the improvement of the performance of the inverted structure organic solar cell. Doping of various metal
carbonates in the ZnO ripple layer is formed as a vertical gradient, the work function of the ZnO layer
and the LUMO level of PC7iBM are properly match. So, it induces improvement in device performance,
by preventing electron-hole recombination at the interface.** Moreover, Wen et al. reported that
introduction of four hydroxy (HO) groups into the two perylene bisimide (PBI) bay areas, new HO-PBI
ligands were obtained which upon deprotonation can complex Zn?>* ions and photosensitize
semiconductive zinc oxide thin films. Supported by the photoconductive effect of the ZnO:HO-PBI
hybrid interlayers, improved electron collection and transport properties are achieved, leading to
remarkable power conversion efficiencies of up to 15.95 %.%
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Titanium oxide (TiOy) is another n-type metal oxide CIM because it has good optical transparency,
relatively high electron mobility, and environmental stability. By solution processing from a sol-gel or
spin-coating of TiOx NPs, TiOy films were fabricated as effective CIMs for both conventional and
inverted OSCs. **¢ Wang et al. achieved efficient electron transport in OSCs, a transferable GO layer
with a WF of 4.3 eV was fabricated by graphene stamping and subsequent oxidation with HNOs. This
GO/TiOx CIM can reduce the series resistance and improve the Jsc because of the efficient electron
extraction and transport from the photoactive layer to the Al cathode. As a result, the GO/TiOx CIL-
based OSC achieved a PCE of 7.50%.%” And by hybridizing poly(ethylene glycol) (PEG) with sol-gel
TiOy, Yin et al. reported a universal electron transport CIM designed for OSCs based on different
polymer blends, where the corresponding device structure, components and energy levels. The hybrid
PEG-TiOx CIM offered advantages of facile solution processability, low annealing temperature
(150 °C), low-cost and safety with cheap and environment-friendly raw materials, good interfacial
properties. The hybrid PEG-TiOx CIM can facilitate electron injection and transport by reducing energy
barriers between the BHJ layer and ITO, which can be used as a novel class of CIMs for improving
electron-collection and reducing interface energy barriers in various BHJ systems. Device performance

based on this PEG-TiOx CIM was greatly improved PCEs up to 9.05%.

In case of M0oO3, A MoOs is an important material as an anode interface material (AIM) owing to its
good transparency, high work-function and much better environmental stability compared to
PEDOT:PSS.* Qin et al. reported that by oxidized MoS; into a MoS>/Mo00Os double-layered film as an
AIM, efficient conventional OSCs based on P3HT:PCBM were fabricated with a PCE of 4.15%.%° Also
by using solution-processed MoOy as the AIM, Tan et al. reported that conventional OSCs based on
P3HT:IC70BA showed better photovoltaic properties with a PCE of 6.57% and longer lifetime compared
to the OSCs with a PEDOT:PSS AIM. It was revealed that the oxygen vacancy of the transition metal
oxide played an important role in the electronic property, and the oxygen level could be controlled to

improve the device performance.®!

1.3.2 Conjugated Polyelectrolytes (CPEs)

These materials can efficiently adjust the WF of cathodes by forming an interfacial dipole between
the cathode and the active layer, benefiting the charge transport. Due to their ambient solution
processibility, a lot of water/alcohol soluble conjugated polymers were designed as CIMs or AIMs for
efficient electron or hole injection/transport in OSCs. By introducing thin poly[(9,9-bis(3’-(N,N-
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-dioctylfluorene) ] (PFN) as CIM, He et al. reported

simultaneously enhance Voc, Jsc, and FF in conventional OSCs, leading to an increase in PCE from 5.0%
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to 8.37%. The improved performance upon the use of PFN were ascribed to multiple functionalities of
the CIM, including enhanced built in potential across the device due to the existed interface dipole
improved electron transporting properties.’> Li et al. reported that fullerene derivatives such as
fulleropyrrolidinium iodide (FPI), were blended with ethoxylated polyethyleneimine (PEIE) can
improve their conductivity and WF tunability of the hybrid FPI-PEIE CIMs. Using solution-processed
FPI-PEIE as CIMs, high PCEs up to 9.62% were achieved in inverted OSCs.*® Amine containing
polymer polyethyleneimine (PEI) has been used to produce electron-collecting interface in fullerene
solar cells. But high-performance non-fullerene acceptors tend to react with PEI. The reaction destroys
their chemical and electronic structure of the acceptor and results in poor performance. By using a
robust low-work function interlayer of Zinc ion (Zn?**) chelated PEI (PEI-Zn), Zhou et al. reported for
efficient non-fullerene OSCs. Simultaneously, the chelation of Zn?* with the PEI reduces the chemical
reactivity of PEI, and therefore the reaction between the PEI and the non-fullerene active layer is
suppressed. The PEI-Zn can work efficiently as the interlayer of electron injection layer with PCE of
13.3%.%* A series of PFS derivatives with n-conjugated 5-(9H-fluoren-2-yl)-2,2'-bithiophene(fluorene-
alt-bithiophene) backbones, namely PFS-4C containing alkyl sulfonate pendants of alkyl side chains
reported by Zhang et al. Based on the PBDB-T:ITIC active layer, devices were fabricated using PFS-
4C as AIMs. PFS-4C has a proper HOMO level of 5.15 eV, which is beneficial to reduce the hole
collection energy barrier of the anode, and the superior performance with a PCE of 10.54% was

achieved.”

1.3.3 Conducting Polymer
Poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS) is the most widely used

anode interface material in organic solar cells because it has excellent electrical properties and is soluble
in water, so the process is simple. Many studies have been reported to improve the efficiency of solar
cells by improving this PEDOT:PSS. The proper WF of PEDOT:PSS (~5.1 eV) matches well with many
polymer donors to form good ohmic contact at the anode and photoactive layer interface.’**® So far
extensive studies have been carried out to improve the performance of PEDOT:PSS AlMs. By
embedding core-shell Au@Ag nanocomposites in PEDOT:PSS as an AIM, Zheng et al. showed
improved the efficiency of solar cells using scattering light through localized surface plasmon resonance.
Using this point, metal nanoparticles are mixed with PEDOT:PSS to achieve an efficiency of 8.31% to
9.19%.%° Also an Ag nanowires (Ag NWs)/PEDOT:PSS composite was prepared by a facile solution-
processing method and employed as AIM reported by Peng et al., which showed PCE up to 13.53%.
The Ag NWs/PEDOT:PSS Simultaneous enhanced short-circuit current and fill factor, in comparison
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to the case of the pristine PEDOT:PSS. Due to the improved electrical conductivity of Ag
NWs/PEDOT:PSS composites accompanied by the increased work function for a better matching with
the ITO electrode, charge transfer facilitated increased and charge recombination reduced at the anode
and photoactive interface.®” By incorporating a photo-crosslinking agent into a PEDOT:PSS film, Ha et
al. demonstrated a water resistant PEDOT:PSS HTL, which combination of the crosslinking system and
methanol surface treatment simultaneously improved the device efficiency and stability of OSCs. The
crosslinking system inside PEDOT:PSS changed its intrinsic water-soluble characteristic into a water-
resistant property, thus preventing water penetration into the PEDOT:PSS film. In addition, methanol
treatment improved the surface conductivity and reduced the surface roughness of the PEDOT:PSS film
by removing surface residues of PDAs and insulating PSS parts.® Wang et al. reported 2D a-InSe;
nanosheets with high conductivity and suitable work function synthesized by liquid-phase exfoliation
method. a-In2Se3 nanosheets are directly added into PEDOT:PSS to obtain the PEDOT:PSS:a-In,Se;
composite film. The PEDOT:PSS:a-In>Se; composite film exhibits excellent optical transmittance,
suitable work function, and enhanced conductivity. The devices with the PEDOT:PSS: a-In,Se; CIM
showed enhanced PCEs of 11.22%, mainly attributed to the high Jsc and FE.** By adding graphitic
carbon nitride (g-C3N,4) into the PEDOT:PSS, Li et al. reported the g-CsN4 as a Bronsted base can be
protonated, weakening the shield effect of insulating PSS on conductive PEDOT, which enables
exposures of more PEDOT chains on the surface of PEDOT:PSS core-shell structure, and thus
increasing the conductivity. Therefore, at the interface between g-C3N4 doped HTL and PBDB-T-2F:Y6
layer, the charge transport is improved, and the charge recombination is suppressed, leading to boosting
the PCE from 15.29% to 16.38%.% And also by doping of PEDOT:PSS with dopamine hydrochloride
(DA-HCI) which reacts with the redundant sulfonic acid of PSS (PEDOT:PSS-DA), Cao et al. reported
that the PEDOT:PSS-DA film exhibits enhanced work function and conductivity compared to prisitne
of PEDOT:PSS. PEDOT:PSS-DA-based devices showed a PCE of 16.55% which provides an efficient
modification strategy via doping the compounds with amino derivatives into PEDOT:PSS to enhance

the performance of PEDOT:PSS in OSCs.%

The various methods were applied to CIM and AIM to realizing a highly efficient OSCs. The

contents of each category are summarized in Table 1.1 for each device structure and device parameters.
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Table 1.1. Device characteristics of some representative OSCs with different CIMs and AIMs.

OSC Cathode ) Anode Voc Isc FF PCE
) Active layer )
type configuration configuration vl [mA/cm?] [%] [%]
Inv. ITO/ZnO/CQD PTB7:PC71BM MoOs/Ag 0.75 19.60 66.4 | 9.64
ITO/ZnO:PBI-H PTB7-Th:PC71BM MoOs/Ag 0.82 17.69 729 | 10.59
ITO/ZnO/[BMIM]BF4 PTB7-Th:PC71BM MoOs/Ag 0.78 17.70 73.5 | 10.15
ITO/ZnO/Li2CO3 PTB7:PC71BM MoOs/Ag 0.73 18.93 73.0 | 10.08
ITO/ZnO:HO-PBI PBDB-T-2F:Y6 MoOs/Ag 0.83 25.34 748 | 15.73
GO/TiOx/Al PCDTBT:PC71BM ITO/PEDOT:PSS 0.88 12.40 68.0 | 7.50
ITO/PEG-TiOx PTB7-Th:PC71BM MoOs/Ag 0.79 17.40 65.6 | 9.05
ITO/PFN PTB7-Th:PC71BM MoOs/Al 0.83 17.43 73.8 | 10.61
ITO/FPI-PEIE PBDTT-TT:PC71BM MoOs/Ag 0.80 16.15 72.0 | 9.62
ITO/PEI-Zn PBDB-T-2F:IT-4F MoOs/Ag 0.84 20.80 76.0 | 13.30
Con. PFN-Br/Ca/Al PBDB-T:ITIC ITO/PFS-4C 0.93 16.74 67.8 | 10.52
Al P3HT:PCBM FTO/MoS2/Mo0O3 0.63 9.90 67.1 4.15
Ca/Al P3HT:IC70BA ITO/s-MoO3 0.84 11.09 70.5 6.57
ITO/PEDOT:PSS+
TiOx/Al PTB7:PC71BM 0.75 17.50 70.0 | 9.19
Ag@Au
ITO/PEDOT:PSS+
Al PTB7-Th:PC71BM 0.72 17.40 59.0 | 7.71
PDA(MeOH)
ITO/Ag Nws
PDINO/Al PBDB-T-2CLIT-4F 0.87 20.76 75.0 | 13.53
/PEDOT:PSS
PEDOT:PSS:o-
PFN-Br/Al PBDB-T:ITIC 0.91 17.31 71.1 | 11.22
In2Ses
ITO/PEDOT:PSS:g-
PFN-Br/Ag PBDB-T-2F:Y6 0.84 26.71 73.0 | 16.38
C3N4
ITO/PEDOT:PSS-
PNDIT-F3N/Ag PBDB-T-2F:Y6 DA 0.85 25.66 72.1 | 15.62
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Chapter 2. Treating the Poly(3,4-ethylenedioxythiophene):Poly(styrene-
sulfonate) Surface with Hydroquinone Enhances the Performance of

Polymer Solar Cells

This chapter is reproduced in part with permission of “ACS Applied Materials & Interfaces, Vol. 10,
pages 41578-41585". Copyright 2018, American Chemical Society.

2.1 Research Background

Polymer BHIJ solar cells have attracted much attention for their potential applications in large-area
flexible devices because they are lightweight, low cost, and simple to fabricate.®>*° Since the first report
on polymer BHJ solar cells in 1995,° substantial progress has been made, raising device efficiencies by
more than 13% through improvements in the design and synthesis of active materials,”*" the

7476 and interface engineering.*7% Of course, the most

optimization of nanoscale morphology,
important component in high efficiency solar cells is high performing active materials, but developing
new and better active materials requires a lot of time and effort. Therefore, a cost-effective approach to
improving the performance of existing materials is maximizing charge collection efficiency through

interface engineering.

The insertion of an electron or hole transport layer is part of interface engineering in a broad sense.
Numerous organic and inorganic materials that could function as hole and electron extraction layers
have been developed and studied to enhance the performance of BHJ solar cells.?!"** The most widely
used inorganic buffer layer materials are probably metal oxides. A variety of transition metal oxides,
such as ZnO, TiO,, NiO and MoOs have been developed as either hole or electron transport materials
for fabricating high performance and cost-effective BHJ solar cells due to their advantages of
environmental stability, high transparency and high carrier mobility.**-*® Organic-based buffer materials

are much more diverse. Dozens of novel synthetic materials which can be classified in conjugated

89,90 91,92 93,94

polyelectrolyte,*””’ small molecule transport materials,”'”* polymer buffer materials,””* etc., have been
developed and successfully applied as a buffer layer in BHJ solar cells. Among the organic-based hole
transport materials, however, poly(3,4-ethylenedioxy-thiophene):poly(styrenesulfonate) (PEDOT:PSS)
remains the most widely used material even though it is the oldest. In early studies of organic BHJ solar
cells, PEDOT:PSS offered superior performance in many ways. First, PEDOT:PSS showed excellent
hole extraction because of a well-matched work function (~5.1 eV) for the highest occupied molecular

orbital (HOMO) level of the donor polymer.”>*” Second, PEDOT:PSS delivered better adhesion
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between the inorganic ITO electrode and the organic active layer.”* In addition, PEDOT:PSS induced
uniform deposition of the active layer by smoothing the ITO surface.!® Now, various hole transport
materials have been newly developed and used to replace PEDOT:PSS in BHJ solar cells. Nonetheless,
PEDOT:PSS is still the best hole transport material in terms of process simplicity and performance
consistency. In fact, PEDOT:PSS is the standard hole transport material; the performance of each newly

developed hole transport material is judged by whether it is better or worse than PEDOT:PSS.

Until now, interface engineering for organic BHJ solar cells has focused mainly on problems that
occur at the interface between the organic active layer and the charge transport layer, which uses a
metal-oxide such as ZnO, TiO», or MoO:s. In solar cells with a metal-oxide charge transport layer, many

103-106

surface treatment methods, such as polar solvent treatment,'°"1%? surface doping, or the insertion

of a thin conjugated polyelectrolyte layer,'*”-1%®

are applied to improve the interfacial properties between
the inorganic metal-oxide layer and the organic BHJ layer. However, the literature contains only a few
reports of surface treatments for the PEDOT:PSS hole transport layer. Recently, surface modifications
t109

of PEDOT:PSS were reported by adding a p-type dopant'™ or treating it with either an alcoholic polar

!0 or a high boiling point solvent.''> However, those studies focused on increasing the

solven
conductivity of PEDOT:PSS. Furthermore, most studies about modifying the PEDOT:PSS surface have
considered only inverted planar perovskite solar cells, which have interfacial problems between the
inorganic metal-oxide transport layer and organic active layer similar to those in organic BHJ solar cells.
Although several investigations have considered the interfacial problem between PEDOT:PSS and the
active layer in organic BHJ solar cells,!!*!"% it is true that the interfacial problem between PEDOT:PSS
and the active layer was much less considered compared to the interfacial problem between metal oxides

and the active layer, probably, because PEDOT:PSS was itself understood to be a modifying material
for the ITO surface.

Conventionally, single-layer BHJ cells, which have a cathode/active/anode structure, were treated as
metal-insulator-metal diodes. However, a careful investigation of dark current found that the
fundamental unit is a semiconductor-metal Schottky junction.''®!'8 Because PEDOT:PSS also has a

metallic property (though with relatively low conductivity),'!*12°

it still carries the possibility of forming
a Schottky-type contact barrier at the interface. Therefore, in this work, we have modified the
PEDOT:PSS surface with hydroquinone (HQ) by spin-coating to reduce the Schottky-type contact
barrier that can interfere with hole transport. The conjugated polymer is an electron-rich system, and
ultraviolet photoelectron spectroscopy (UPS) measurements showed that PEDOT:PSS and the
conjugated polymer form an n-type Schottky contact. Surface treatment of PEDOT:PSS with HQ

changed the energy level bending properties in a direction more favorable to hole extraction. In addition,
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HQ treatment significantly reduced surface resistivity. Those HQ-derived surface property
improvements nearly doubled the density of the extracted holes. Consequently, a PCE of up to 10.18%
was achieved from a conventionally structured BHJ solar cell using poly[[4,8-bis[5-(2ethy-
lhexyl)thiophen-2-yl]benzo[1,2-b:4,5-b0]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)carbo-

nyl]thieno[3,4-b]thiophenediyl]] (PTB7-Th) and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM)

as the active layer, a ~28% increase in efficiency compared to solar cells without HQ treatment.

2.2 Experimental

Device fabrication: ITO substrates were cleaned with detergent and ultrasonicated in acetone and IPA
for 15 min each. A hole transport layer of PEDOT:PSS (Clevios PH) was spin-coated at 4000 rpm for
40 s after UV-ozone surface treatment and annealed at 150 °C for 10 min. The thickness of the
PEDOT:PSS was 40-50 nm. Solutions with between 0.2 wt% and 2 wt% of HQ in IPA were spin-
coated on top of the PEDOT:PSS layer at 5000 rpm for 40 s and annealed at 100 °C for 10 min. The
substrates were then transferred to a N»-filled glovebox. The active layer solution was made with a 1:1.5
ratio of PTB7-Th and PC»BM in chlorobenzene with 3% DIO as a processing additive to get a better
phase-separated morphology. The prepared solution was stirred overnight. The active layer was
deposited on top of the PEDOT:PSS layer by spin-coating at 1000 rpm for 60 s and then annealed at
80 °C for 10 min. A ZnO nanoparticle solution (2.5 wt% in IPA) diluted to an IPA ratio of 1:10 was
spin-coated at 3000 rpm for 30 s on top of the PTB7-Th:PC-1:BM layer as an electron transport layer,
and it was then annealed at 80 °C for 10 min. Finally, 100 nm of aluminum was deposited by thermal

evaporation at a vacuum condition of 2x10 Torr. The device area is 0.13 cm?2.

Device characterization: The power conversion efficiencies of the organic solar cells were measured
by J-V curves using a Keithley 2401 source measurement unit under AM 1.5G 100 mW/cm? spectra
from a solar simulator (Newport Co., Oriel). To calibrate the intensity of the solar simulator, a standard
Si-photodiode detector with a KG-3 filter (Newport Co., Oriel) was used. The EQE was measured using
a quantum efficiency measurement system solar cell spectral response/QE/IPCE (Newport Co., Oriel
IQE-200B). The light intensity at each wavelength was calibrated using a standard, single-crystal Si
photovoltaic cell. The absorption spectra of the device films were measured by a UV/Vis

spectrophotometer (Varian, Cary5000).

The surface properties and morphologies of pristine PEDOT:PSS, HQ-modified PEDOT:PSS, and
PTB7-Th:PC7:BM films were characterized by AFM (NanoNavi Il, SII Nano Technology Inc.) in the
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tapping mode. The current levels of the pristine PEDOT:PSS and HQ-modified PEDOT:PSS were
measured using a C-AFM system (HITACHI NanoNavi E-Sweep) with +3V applied on the ITO bottom
electrode under dark conditions. The pristine PEDOT:PSS film was fabricated by spin-coating
PEDOT:PSS at 4000 rpm for 40 s on an ITO substrate, and the HQ-modified PEDOT:PSS film was
further coated with 1 wt% HQ solution. IS measurements were taken using an impedance analyzer
(IVIUM Tech., IviumStat) under dark conditions at an open circuit voltage in the frequency range
between 0.1 Hz and 1.0 MHz. CE was conducted using the CE analyzer function of an organic
semiconductor parameter test system (McScience T4000) under 1.0 sun at Vo conditions. To determine
the valence band and work function of pristine PEDOT:PSS and HQ-modified PEDOT:PSS, UPS
measurements were carried out with an ESCALAB 250-XI surface analysis system equipped with a
He-discharge lamp providing He-1 photons of 21.22 eV. The XPS investigation used a monochromatic
Al-Ka X-ray gun with a photon energy of 1486.6 eV. The base vacuum pressure of the analysis system
was =107 Torr. The Fermi edge was calibrated using a clean Au film, and all spectra presented were
plotted with respect to the determined Fermi level. All XPS measurements were calibrated with
reference to the Au 4f7/2 core level (83.98 eV) of a freshly deposited Au film. The measured samples
were prepared by spin coating a PTB7-Th solution of 0.003 to 0.3 wt% on both pristine PEDOT:PSS
and HQ-modified PEDOT:PSS films. The surface conductivity of pristine PEDOT:PSS and HQ-
modified PEDOT:PSS was determined using a hall effect measurement system (Ecopia model No.
HMS-5000). The thickness of the film was measured using a Dektak XT surface profiler. These samples
were fabricated in the same way as the AFM samples. Mid-IR absorption spectra from pristine
PEDOT:PSS and HQ-modified PEDOT:PSS were measured using an FTIR spectrometer (Varian,
Varian 670). These samples were fabricated in the same way as the AFM samples, except ZnSe was

used as the substrate.
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2.3 Results and Discussion

Figure 2.1a shows a schematic of the conventional BHJ solar cell architecture and the chemical
structures of the materials used in this study (PTB7-Th, PC7:BM, PEDOT:PSS, and HQ). HQ treatment
was simply done by spin-coating HQ solution diluted with isopropyl alcohol (IPA) on the PEDOT:PSS
layer. HQ is weak polar solvent with a dipole moment of 1.4 Debye. Its effects are similar to those of
alcoholic solvents such as methanol and ethanol, which are often used for surface treatment, 110111121
because they all have two hydroxyl groups (-OH). Because HQ has a high boiling point (287 °C), it
combines the effects of an alcoholic polar solvent and a high boiling point solvent. Furthermore, HQ
can lose an H* from one of the hydroxyls to form a monophenolate ion or lose an H+ from both to form
a diphenolate ion. Therefore, we expected HQ to provide additional protonation doping on the
PEDOT:PSS surface. Figure 2.1b shows the energy level diagrams of each material used in our PTB7-
Th:PC71BM solar cells. The work-function of the HQ-treated PEDOT:PSS was determined by UPS
measurement as shown Figure 2.2. Other energy level values, such as the HOMO/LUMO level of active
materials and conduction band minimum level of the ZnO nanoparticles, were obtained from the

literature.

PTB7-Th 4.2

E (eV)

Al

ITO

HQ modified
PEDOT:PSS

PC71BM ZnoO
NPs

Figure 2.1. (a) Schematic illustration of the device structure and chemical structure of the ph
otoactive materials (donor: PTB7-Th, acceptor: PC71BM) and hydroquinone (HQ) surface modi
fier for PEDOT:PSS, (b) Energy level diagram of a BHJ solar cell based on a PTB7-Th:PCy
BM blend.
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Figure 2.2. UPS spectra of pristine PEDOT:PSS and modified PEDOT:PSS on ITO.

Figure 2.3a shows the current density (J)-voltage (V) characteristic curves of conventionally
structured PTB7-Th:PC7BM solar cells. Details of the performance of these solar cells are listed in
Table 2.1. To find the proper dilution ratio for the HQ solution, we varied the ratio of HQ to IPA from
0.2 wt% to 2.0 wt%. Solar cells with a pristine PEDOT:PSS layer (without HQ treatment) yielded a
PCE of 7.98% with a J, of 15.6 mA/cm? a V,. of 0.782 V, and a fill factor (FF) of 0.654. The
performance of solar cells with an HQ-modified PEDOT:PSS layer gradually increased along with the
HQ concentration up to 1.0 wt%. The most efficient solar cell had a PCE of 10.2%, with a J,. of 18.9
mA/cm?, a V,. 0of 0.793 V, and an FF of 0.680. However, when the HQ concentration exceeded 1.0 wt%,
cell efficiency decreased rapidly. Since we have used HQ solution diluted with alcohol solvent such as
methanol or ethanol, it has possibility that this performance enhancement may originated by alcohol
solvent because alcohol solvent also can modify the PEDOT:PSS surface a little. However, the
performance increase was not observed when the PEDOT:PSS surface was treated with a simple alcohol
solvent. Thus, the performance enhancement was obviously an effect of the HQ. In addition, the
performance enhancements from the HQ treatment were universal (clearly observable in other polymer

BHIJ systems).

28



(a) : —a— Pristine (b) “
0 ——HQ0.2wi% 19 ] []
& 4 HQ 0.4wt% — i I
e [ ——HQ 0.6wt% £ 18
O I HQ 0.8wt% o 11-
2 i ——HQ 1.0wt% E 17 [
£ .10 HQ 1.5wt%
- el —+—HQ 2.0wt% é 16-{
Q_ Q
~°1 ~" 15}
-20F”‘”—
0.2 00 02 04 06 08 1.0 14 None 0.2 04 06 08 1 15 2
Voltage (V)
0.85 T T T T T 10.5 T T T T T T
© (d) o3
0.80} {1 T 95 E {

) [ ] i & E i f < o0l [] i
< > gs5f { ]
2 0.75 ] ©°% }

4 S sof {
Q
aN° S -y ]
0.70 £ 7.0}
W g5t
(1] PR 1] S T E———
None 0.2 04 06 08 1 15 2 None 0.2 04 06 08 1 15 2

Figure 2.3. (a) J-V characteristics of PTB7-Th:PC7,:.BM solar cells with pristine PEDOT:PSS and
PEDOT:PSS modified with various ratios of HQ. (b) Js, (C) Voc, and (d) PCE distributions for the solar
cells with pristine PEDOT:PSS and PEDOT:PSS modified with various ratios of HQ. The data were

obtained from 20 devices for each case.

Table 2.1. Summarized device performance characteristics of PTB7-Th:PC71:BM solar cells with
pristine PEDOT:PSS and PEDOT:PSS modified with various amounts of HQ.

concentration Voc Jsc Jsc-EQE® FE n Have* Rs Rsh
(V) (mA/cm?) (mA/cm?) (%) (%) (Q/em?)  (Q/em?)

Pristine 0.782 15.6 15.4 0.654 7.98 7.87 4.03 509
HQ 0.2wt% 0.798 16.8 15.7 0.658 8.82 8.63 4.33 372
HQ 0.4wt% 0.795 17.6 16.2 0.657 9.19 9.06 3.95 339
HQ 0.6wt% 0.792 18.1 16.3 0.649 9.30 9.23 3.81 347
HQ 0.8wt% 0.796 18.6 17.1 0.681 10.1 9.95 4.01 477
HQ 1.0wt% 0.793 18.9 17.4 0.680 10.2 10.1 3.81 518
HQ 1.5wt% 0.779 185 17.1 0.639 9.21 9.16 3.31 382
HQ 2.0wt% 0.781 17.9 16.4 0.611 8.54 8.48 3.84 251

*Average PCE values were obtained from 20 devices.
§ Jsc values calculated from EQE measurements.
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Figure 2.4 show the J-V characteristic results from poly(3-hexylthiophene) (P3HT) and [6,6]-phenyl-
C61-butyric acid methyl ester (PCaBM), poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-
b’]dithiophene-2,6-diyl][3-fluoro-2-[(2-ethylhexyl)-carbonyl]-thieno-[3,4-b]thiophenediyl]] (PTB7)
and PC;1:BM respectively. Note that the optimal HQ concentration varied a bit depending on the BHJ
active material. The device with the PTB7:PC71BM mixture showed the highest efficiency at the same
optimal dilution ratio of HQ and IPA as the PTB7-Th:PC-1BM device, whereas the P3HT:PC¢BM
device showed the best efficiency at 0.8 wt%. Details of the performance of these solar cells are listed
in Table 2.2 and 2.3.

—a— Pristine ff_
—o—HQ 0.2Wt% J
—a— HQ 0.4wt% B

HQ 0.6Wt% i
——HQ 0.8Wt% i
HQ 1wt% J
HQ 1.5wt% o
—a—HQ 2wt% /

02 00 02 04 06 08 02 00 02 04 06 08
Voltage (V) Voltage (V)

Figure 2.4. J-V characteristics of (a) P3HT:PCBM and (b) PTB7:PC7BM solar cells with pristine
PEDOT:PSS and HQ modified PEDOT:PSS with various HQ ratios
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Table 2.2. Summarized device performance characteristics of P3HT:PCBM solar cells with
pristine PEDOT:PSS and HQ modified PEDOT:PSS with various ratios.

Voc (V) Jsc (mA/cm?) FF n (%)

Pristine PEDOT:PSS 0.576 104 0.553 3.31
HQ 0.2wt% 0.579 10.7 0.558 3.46

HQ 0.4wt% 0.577 11.5 0.556 3.69

HQ 0.6wt% 0.576 12.6 0.559 4.06

HQ 0.8wt% 0.580 12.8 0.568 4.22

HQ 1wt% 0.581 12.9 0.561 4.20

HQ 1.5wt% 0.572 11.9 0.543 3.70
HQ 2wt% 0.566 11.0 0.464 2.89

Table 2.3. Summarized device performance characteristics of PTB7:PC7BM solar cells with pristine

PEDOT:PSS and HQ modified PEDOT:PSS with various ratios.

Voc (V) Jsc (mA/cm?) FF 7 (%)

Pristine PEDOT:PSS 0.706 154 0.648 7.04
HQ 0.2wt% 0.710 15.7 0.652 7.27

HQ 0.4wt% 0.702 16.3 0.646 7.39

HQ 0.6wt% 0.701 17.1 0.645 7.73

HQ 0.8wt% 0.701 18.1 0.660 8.37

HQ 1wt% 0.708 18.8 0.665 8.85

HQ 1.5wt% 0.702 18.5 0.624 8.10
HQ 2wt% 0.671 15.3 0.533 5.47
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As clearly shown in the J-V results, the PCE enhancement in devices with HQ treatment stemmed
from improvements in Js. In an organic BHJ solar cell, factors that significantly influence Js; are
improvements in the charge extraction efficiency through energy level changes or morphology changes
at the interface. First, to investigate the influence of HQ treatment on energy level changes in both the
PEDOT:PSS and PTB7-Th donor polymer, we performed UPS measurements, as shown in Figure 2.5a.
To observe the band bending degree of the PTB7-Th polymer caused by the change in the PEDOT:PSS
surface properties, we measured the UPS with various thicknesses of PTB7-Th polymer, which we
controlled by changing the solution concentration from 0.003 wt% to 0.3 wi%. When PTB7-Th was
deposited on pristine PEDOT:PSS, the secondary edges shifted toward higher binding energies as the
concentration of the PTB7-Th solution increased. The total vacuum level (VL) shift at the saturated
coverage was 0.25 eV for PTB7-Th deposited on pristine PEDOT:PSS and 0.35 eV for PTB7-Th
deposited on HQ-treated PEDOT:PSS. The right side of the figure shows the evolution of the HOMO
onsets for PTB7-Th. Figures 2.5¢c and 2.5d show the C 1s and S 2p emission lines from the PTB7-Th
layers on PEDOT:PSS. These XPS analyses show the energies of the core levels, allowing us to probe
the band bending. As the concentration of PTB7-Th solution increased to 0.3 wt%, the S 2p emissions
increased in intensity, and the PSS emissions became attenuated because of the thicker PTB7-Th layer.
Using that S 2p and C 1s peak shift between the thin and thick PTB7-Th layers, we determined the band
bending energies: 0.28 eV for PTB7-Th on pristine PEDOT:PSS and 0.32 eV for the PTB7-Th on
PEDOT:PSS with HQ treatment. Figures 2.5e and 2.5f show energy level diagrams obtained by
summarizing the UPS and XPS results. The hole injection barrier (¢n) was estimated using the energy
difference between the Er and HOMO levels extracted from the UPS results. Although the band bending
degree of PTB7-Th on the HQ-treated PEDOT:PSS was slightly larger than that of PTB7-Th on pristine
PEDOT:PSS, the ¢n of the PTB7-Th on the HQ-treated PEDOT:PSS was smaller than on pristine
PEDOT:PSS. Thus, in terms of hole transport, HQ treatment improved the interfacial contact barrier

and facilitated hole transfer.
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Figure 2.5. Secondary electron cut-off and HOMO onset UPS spectra of (a) pristine PEDOT:PSS and
(b) HQ-modified PEDOT:PSS with increasing concentrations of PTB7-Th. The XPS spectra for S 2p
and C 1s of (c¢) pristine PEDOT:PSS and (d) HQ-modified PEDOT:PSS with increasing concentrations
of PTB7-Th. Schematic energy-level diagrams of PTB7-Th on () pristine PEDOT and (f) HQ-modified
PEDOT:PSS. The energy unit is eV. (Er: Fermi energy level, Evac: Vacuum level, A: Interfacial dipole,

IP: Ionization potential, Vy: Energy level relaxation, @.: Electron injection barrier, @n: Hole injection

barrier).
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The effect of the energy level change from HQ treatment was consistently confirmed in several
experiments, as shown in Figure 2.6. After HQ treatment, although the hole extraction barrier was
reduced, the electron injection barrier became larger. Normally, electrons injected from the anode
electrode generate undesirable leakage current. Within the operation range between 0 V and V., the
flow of leakage current is opposite to the photocurrent, thereby reducing the device efficiency. Therefore,
we expected that the enlarged electron injection barrier created by the HQ treatment would reduce the
leakage current, and indeed we found significantly reduced leakage current in the device with HQ-
modified PEDOT:PSS, as shown in the J-V characteristics measured under dark conditions (Figure
2.6a). The effect of reducing the interfacial contact barrier by HQ treatment was confirmed by
impedance spectroscopy (IS), which is a useful method for analyzing the interfacial transport and
recombination properties of solar cells. Figure 2.6b shows the Nyquist plots of the IS results measured
under illumination at V... Devices both with and without HQ treatment appear on one semicircle without
a transmission line (TL). The absence of the TL indicates that solar cells with and without HQ treatment
can be interpreted using the Gerischer impedance model.!?>!23 Because neither transport resistance nor
recombination resistance can be unambiguously determined in the Gerischer impedance model, only
relative comparisons are possible, and the combined effective resistance is called Gerischer resistance.
Because all device fabrication parameters were identical for both solar cells (except for the HQ
treatment of the PEDOT:PSS surface), the difference in the IS spectra likely originated from that
interface modification. The real impedance decreased significantly in the device with the HQ-modified
PEDOT:PSS, which indicates that the surface modification improved the interfacial contact. The
enhanced charge extraction (CE) property from the HQ treatment was confirmed by measurement, as
shown in Figure 2.6¢. Using the CE measurement, we calculated the charge extraction density directly,
as shown in Figure 2.6d. Direct comparison between the devices with and without HQ treatment
indicated that the device with HQ treatment had almost double the charge extraction density of the

untreated device.
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Figure 2.6. (a) Dark J-V characteristics of PTB7-Th:PC7:BM solar cells with pristine PEDOT:PSS and
HQ-modified PEDOT:PSS. (b) Nyquist plot of impedance spectroscopy measurements at Voc under
light irradiation and the corresponding equivalent circuit model. (c) CE current transient under 1 sun

Voc conditions. (d) Calculated charge extraction density from the CE measurements.

One more thing to note in the energy diagrams obtained through UPS measurements (Figures 2.5e
and 2.5f) is the VL shift. When an organic layer contacts a metallic layer, the organic layer can be
affected by the potential of the surface dipole. In general, VL shifts can yield the magnitude and
direction of the interfacial dipole that originates from the polarization of the charge carrier density at
the metallic surface. Therefore, the larger VL shift indicates that the PEDOT:PSS with HQ treatment
has more free charge carriers than the pristine PEDOT:PSS, which indicates the possibility that the HQ
allows secondary doping of the PEDOT:PSS surface. The conjugated PEDOT is positively doped by
the sulfonate anionic groups of the PSS.*?* Because the PEDOT:PSS is not fully doped, it can be doped
to a higher level by an additional protonating source. In fact, many papers have reported on secondary
doping of PEDOT:PSS.1%1%" Tq investigate the possibility that the HQ treatment was responsible for

secondary doping, we measured the conductivity sheet resistance of the PEDOT surface (Table 2.4).
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Pristine PEDOT:PSS had a conductivity of 0.18 (+6.35x10°) Q'cm? and sheet resistance of
1,340+9.87 k€/o. The PEDOT:PSS with HQ treatment, however, showed a significantly reduced sheet
resistance of 59.1+0.92 kQ/o, almost two orders of magnitude lower. Such reduction of surface
resistance also can be originated by the reduction of PSS.1?8 However, in our case, no PSS reduction
was observed in XPS study. Furthermore, if there was a reduction of PSS by HQ treatment, there would
have been a significant morphology change. However, we couldn’t get any significant change of surface
morphology of PEDOT:PSS by HQ treatment. Based on these facts, we concluded that additional
doping by hydroxyl group of HQ would be main mechanism rather than PSS reduction.

Table 2.4. Conductivity and sheet resistance of pristine PEDOT:PSS and HQ-modified PEDOT:PSS.

Thickness Conductivity Sheet Resistance
(nm) (Q1lcm?) (kQ/o)
Pristine PEDOT:PSS 52.5 0.18 1,340
(£1.35x109) (£9.87)
HQ-modified PEDOT:PSS 51.7 3.38 59.1
(#£5.17x109) (£0.92)
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Figure 2.7. (a) FTIR absorption spectra of IRAV modes in mid-IR region in pristine PEDOT:PSS and
HQ-modified PEDOT:PSS. AFM topo images of (b) pristine PEDOT:PSS and (c) HQ-modified
PEDOT:PSS. C-AFM images of (d) pristine PEDOT:PSS and (e) HQ-modified PEDOT:PSS onan ITO
substrate in the dark at +3V.
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We also found evidence of secondary doping in our Fourier-transform infrared spectroscopy (FTIR)
measurements. Figure 2.7a shows the mid-IR absorption spectra obtained from the pristine
PEDOT:PSS and HQ-modified PEDOT:PSS. Because the PEDOT:PSS was dispersed in water, we used
ZnSe as a substrate instead of KBr, which has a weak resistance in water. Direct comparison between
the absorption peaks of pristine PEDOT:PSS and HQ-modified PEDOT:PSS indicates that the intensity
of all the absorption peaks in the HQ-modified PEDOT:PSS increased slightly. A conducting polymer
in a doped state exhibits very strong doping-induced infrared bands, so called infrared active vibration
(IRAV) modes, in the mid-IR region (typically between 400 cm™ and 1500 cm!, the fingerprint region).
All the peaks observed between 500 cm™ and 1500 cm™ in both the pristine PEDOT:PSS and HQ-
modified PEDOT:PSS are IRAV modes. Normally, the intensity of the IRAV modes increases slightly
with the doping level.!* Therefore, slightly increased IRAV modes in the HQ-modified PEDOT:PSS
clearly indicate that the PEDOT:PSS was secondarily doped by the HQ.

Lastly, to confirm whether the improvement of solar cell performance was caused by the morphology
change at the interface, we took atomic force microscopy (AFM) measurements for the PEDOT:PSS
layers with and without HQ treatment. Figure 2.7b shows the AFM image of the pristine PEDOT:PSS,
which had a root mean square (RMS) roughness value of ~2.1 nm. Figure 2.7¢ shows the AFM image
of the HQ-modified PEDOT:PSS, and it had a RMS roughness value of ~1.8 nm. Although the RMS
roughness of the HQ-modified PEDOT:PSS layer was slightly lower than that of the pristine
PEDOT:PSS, the surface morphology did not change significantly. Therefore, we conclude that the
improvement in the performance of the solar cell with the HQ-modified PEDOT:PSS was not due to a
morphology change at the interface between the PEDOT:PSS and the active layer. In conducting AFM
(C-AFM) measurements, which can probe local current levels, we found that the overall current level
improved significantly in the HQ-modified PEDOT:PSS, as shown in Figures 2.7d and 2.7e. This C-
AFM result is consistent with our previous results and confirms that the performance improvement in
the solar cell with HQ-modified PEDOT:PSS resulted from enhancements to the charge transfer

property between the PEDOT:PSS and the active layer.
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2.4 Conclusion

In summary, we have enhanced the PCE of PTB7-Th:PC7BM BHIJ solar cells by modifying the
PEDOT:PSS surface with HQ. Although the band bending degree of PTB7-Th on the HQ-modified
PEDOT:PSS was slightly larger than on pristine PEDOT:PSS, the HQ treatment lowered the hole
transport barrier at the interface between the PEDOT:PSS and the active layer. In addition, because the
HQ had a secondary doping effect, the sheet resistance of the PEDOT:PSS surface decreased by almost
two orders of magnitude. IS studies clearly show reduced interfacial resistance after HQ treatment of
the PEDOT:PSS surface. By lowering the hole transport barrier and reducing interfacial resistance, the
HQ treatment nearly doubled the hole extraction density calculated from the CE measurement. An
increase in the current level of the HQ-modified PEDOT surface was also clearly seen in our C-AFM
results. Thus, the device fabricated with HQ-modified PEDOT:PSS showed a 28% increase in efficiency
compared to the device without HQ treatment. The best solar cell with HQ-modified PEDOT:PSS
exhibited a maximum PCE of 10.18%. Modifying the PEDOT:PSS surface using an HQ solution is thus

an easy way to effectively boost the performance of polymer solar cells.
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Chapter 3. High-Efficiency Polymer Homo-Tandem Solar Cells with Carbon

Quantum-Dot-Doped Tunnel Junction Intermediate Layer

This chapter is reproduced in part with permission of “Advanced Energy Materials, Vol. 8, page
1702165”. Copyright 2018, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

3.1 Research Background

BHJ plastic solar cells (PSCs) based on composites of semiconducting polymers and soluble fullerene
derivatives have received much attention in the field of renewable energy sources due to the advantages
of light weight, low cost, flexibility, and simple fabrication process.'**'3? Over the last decade,
substantial progress in the field of BHJ solar cells has increased single-cell efficiency to near 13%.'33:134
Despite this improvement, the commercialization of PSCs still lags behind due to the insufficient PCE
caused by sub-bandgap transmission and narrow absorption region which leads to a low short-circuit
current (Ji.), and weak symmetry breaking which leads to a low open circuit voltage (V,.)."*>!*¢ To
overcome this PCE limitation of single-junction organic solar cells, tandem structure, which connects
two single cells in series through intermediate connection layer (ICL), was introduced to improve both
spectral response and Voc.'?”!*8 There are two approaches to construct a tandem structure depending on
the combination of donor materials utilized in the two sub-cells. First, in a general tandem solar cell, a
tandem structure was constructed with two different donor materials with complementary absorption
spectra and minimal absorption overlap to obtain wide range light absorption.!*>!4* The other type
tandem solar cell is the so-called homo-tandem solar cell, which is fabricated using same donor material
for both front cell and back cell.!*!#!"14 The main concept of homo-tandem cell is split a thick
photoactive layer into two thin subunits in order to induce improvement both on light absorption by
doubling light pathway and on charge extraction property by shortening the travel distance of charge
carriers. In construction of tandem solar cells, ICL is the most critical component to achieve high
performance. In an early study on tandem solar cells, tandem structure was investigated with thin metal
ICL to make series stacking of two subcells.'**1%7 Although expected sum of the V.. of the two sub-cells
was achieved, J,. was significantly lower than that of either single cell because of weak metallic
properties of thin metal film. In addition, even though thin thickness near 5 nm was utilized, thin metal
ICL showed semitransparency, thereby some loss of passing lights from front cell to back cell was
inevitable. In 2007, Kim et al. have demonstrated the first successfully accomplished tandem solar cells
with a PCE over 6% using p-n junction ICL layer consisting of a poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT:PSS) hole transporting layer (HTL) and a TiOx electron transporting
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layer (ETL).!** The p-n junction layer inserted between two sub-cells functions as the charge
recombination layer, and it simultaneously induces the shift of vacuum levels driven by the alignment
of Fermi levels of the HTL and ETL. Recently, new conceptual intermediate ICL layer has demonstrated
by Zhou et al.'*® Their new ICL, named tunnel junction ICL, consisted of PEDOT:PSS HTL and a
polyethyleneimine (PEI) interfacial polyelectrolyte. The PEI is ionically self-assembled on
PEDOT:PSS surface and then induce favorable interfacial dipoles on the PEDOT:PSS surfaces by
forming a strong electrostatic force. As a result, the ultrathin PEI layer reduces the surface work-
function (WF) up to 3.9 eV, thereby facilitates electron extraction.!*!4-151 However, based on the
mechanisms known so far, such dipole-mediated WF modification is thought to occur only near
interface.!*152153 Furthermore, since the intrinsic feature of PEI is nonconducting insulator. Even if a
little thicker PEI layer is introduced, the series connection of the tandem cell will be cut off. Thus, only
ultrathin PEI layer less than 2 nm can work properly as an ideal ICL component.!*!%15! However,
fabrication of uniform ultrathin PEI layer by spin coating is not that easy, thereby reducing
reproducibility of tandem devices. To overcome this problem, in this work, we have introduced a doped
PEI layer as a component of tunnel junction ICL. As a dopant, a few nanometer-sized zwitterionic
carbon quantum dots (CQDs) were incorporated in PEI intermediate layer. There were a few reports
that carbon-dot itself has been utilized as an electronic transporting layer or electron donor in organic
photovoltaics.**!57 Although CQDs showed promising potential as an electron transporting material,
the use of CQDs alone has not yet been shown sufficient performance required in BHJ solar cells.
However, the inclusion of CQDs as a dopant in PEI layer led to improved electron extraction property
in single-junction solar cells and better series connection in tandem solar cells. The highest performing
tandem solar cell fabricated with CQD-doped PEI layer in ICL yields a PCE of 12.13%; this value

represents an ~15% increase in the efficiency compared with tandem solar cells with pristine PEI layer.

3.2 Experimental

Preparation of CQD: CQDs were synthesized by a commercial microwave (700 W). First, 1.0 g (5.2
mmol) of citric acid (Sigma Aldrich) was diluted with 10 mL of distilled water and mixed with different
amount (2.6, 5.2, 10.4, 15.6, and 20.8 mmol) of B-Ala (Sigma Aldrich). Then, the transparent solution
was placed into a microwave oven and heated for 3 min to proceed carbonization and surface
passivation. After cooling down to room temperature, the obtained yellowish-brown solid was dissolved

into distilled water and filtered with a syringe filter (0.45 pum) to remove salt and unreacted residues.
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Finally, the solution was filtered against distilled water through a polyacrylamide desalting columns
(MWCO: 1800 Da) (Thermo Fisher Scientific, Inc., PA, USA), collecting the same volume of solution
that emerged from the column. To observe the quantum yield (QY, %) according to the ratio between
citric acid and B-Ala, quinine sulfate in 0.1 N sulfuric acid solution was used as a reference at excitation

wavelength of 360 nm.

TEM of CQD: HRTEM (JEM-2100F, JEOL) analysis was performed to investigate the size and
morphology of the CQDs. The accelerating electron voltage was 200 kV.

Cross-Sectional TEM of Tandem Solar Cell: The cross-sectional TEM samples were prepared
through a conventional mechanical polishing process including cutting, grinding, polishing, and a final
ion-milling thinning step by means of focused ion beam (AURIGA dual-beam FIB, Carl Zeiss) milling.
Ion beam (Ga ion) acceleration voltage was 5 kV. The cross-sectional structure of tandem solar cells
was investigated by TEM (JEM-ARMZ200F, JEOL) operated at 200 keV with scanning transmission

electron microscopy (STEM) mode. The thickness of each layer was measured using scale bar in TEM.

Single-Junction Device: The ITO substrates were cleaned with detergent, ultrasonicated in acetone and
isopropyl alcohol (IPA) for 15 min each. The PEI was dissolved in distilled water (0.1 mg mL™") with
various doping amounts of CQD solution. The weight ratios of CQD and PEI were 0, 0.1, 0.3, 0.5, 0.7,
and 1 wt%. The blended PEI solutions were ultrasonicated for 30 min. Prepared blended PEI solutions
were spin-coated at 5000 rpm for 30 s on top of the ITO in air after oxygen plasma treatment, and
annealed at 100 °C for 10 min. The PEI-coated ITO substrates were then transferred into a N»-filled
glove box. The PTB7-Th:PC7BM solution was made by 1:1.5 weight ratios in chlorobenzene with 3
vol% of 1,8-diiodooctane (DIO) at room temperature and spin coated at 1000 rpm for 60 s on top of the
PEI layer and dried for 1 h. Finally, a 5 nm MoOs layer and 100 nm Ag layer were deposited by thermal
evaporation method as top electrode at the vacuum condition of 2 x 107 torr. The device area was 0.13

cm?.

Tandem Device Fabrication: The ITO substrates were cleaned with detergent, ultrasonicated in
acetone and isopropyl alcohol for 15 min each. The CQD 0.5 wt% of PEI solution was spin coated at
5000 rpm for 30 s on top of the ITO in air after oxygen plasma treatment and annealed at 100 °C for 10
min. The substrates were then transferred into an N»-filled glove box. The bottom layer of PTB7-
Th:PC7BM (1:1.5 weight ratios in chlorobenzene with 3 vol% of DIO) was prepared by spin coating
at 1300 rpm for 45 s and annealed at 80 °C for 10 min. Then the intermediate layers m-PEDOT:PSS
and PEI were coated. The m-PEDOT:PSS with Triton X-100 (0.1 wt%) was coated on top of the PTB7-
Th:PC7BM active layer at 2000 rpm for 60 s and dried for 1 h. Then a thin layer of PEI film was spin-

coated at 5000 rpm for 30 s, followed by thermal annealing at 80 °C for 10 min. The top active layer of
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PTB7-Th:PC71BM (1:1.5 weight ratios in chlorobenzene with 3 vol% of DIO) was prepared by spin
coating at 1000 rpm for 45 s and annealed at 80 °C for 10 min. Finally, a 5 nm MoOj3 layer and 100 nm
Ag layer were deposited by thermal evaporation method as top electrode at the vacuum condition of 2

x 107 torr. The device area was 0.13 cm?>.

Device Characterizations: The J-J curves of the solar cell devices were obtained using a Keithley
2401 source measurement unit under AMI1.5G simulated illumination (100 mW cm?). All
measurements were performed inside glove box filled with N». The intensity of the simulated sunlight
was measured using a standard Si-photodiode detector with a KG-3 filter (Newport Co., Oriel). An
aperture mask was used while measuring the devices. EQE and IQE spectra of each solar cell device
were obtained using a solar cell spectral response/QE/IPCE measurement system (Newport Co., Oriel
IQE-200B). The light intensity at each wavelength was calibrated using a standard single crystal Si

photovoltaic cell. The absorption spectra were measured by a UV-vis spectrometer (Varian, Cary5000).

AFM Measurements: The surface morphologies of the pristine PEI and CQD-doped PEI films were
characterized by AFM. The AFM images (scan area: 5.0 ym x 5.0 ym and 1.0 um x 1.0 pm) were

obtained using a Seiko E-Sweep atomic force microscope in tapping mode.

IS Measurements: Nonmodulated impedance spectroscopy and IMVS were performed using an
impedance analyzer function of organic semiconductor parameter test system (McScience T4000) at
various forward biases. A 30 mV voltage perturbation was applied over a constant forward applied bias
between 0 and 1.55 V in the frequency range between 0.1 Hz and 1.0 MHz with a red light emitting
diode (LED) light source. The LED (A = 635 nm) provided both the DC and AC components of the
illumination, where the modulation depth of the AC component superimposed on the DC light was 10%.
The light intensity was 0.85 mW cm™, which was measured silicon photodiode. In order to maintain
pseudolinearity, only small intensity amplitudes were applied. In addition, the cell was illuminated prior

to each experiment and its open-circuit potential was measured until it was constant.

UPS Measurements: Photoelectron spectroscopies were carried out with an ESCALAB 250-XI surface
analysis system equipped with a He-discharge lamp providing He-I photons of 21.22 eV for UPS
analysis; and a monochromatic Al-Ka X-ray gun with photons energies of 1486.6 eV for X-ray
photoelectron spectroscopy (XPS) investigation. The base vacuum pressure of the analysis system was
~107 torr. The Fermi edge was calibrated using a clean ITO film, and all spectra presented were plotted
with respect to the determined Fermi level. All XPS measurements were calibrated with reference to

the In 3ds/, core level (443.9 eV) of a freshly ITO film.
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3.3 Results and Discussion

Figure 3.1a shows the schematic illustration of the synthesis procedure of CQDs used in this study.
The CQDs were prepared according to a well-established one-pot microwave pyrolysis reported in
previous literatures using citric acid (CA) as a carbon source and amino acid derivative (f-alanine) as
a zwitterionic passivation agent.!*®!% Details regarding the fabrication of CQDs are described in the
Experimental Section. A high-resolution transmission electron microscopy (HRTEM) image of the C-
dots is presented in Figure 3.1b-d. The TEM image clearly shows their monodispersity and narrow size
variation. The typical mean size of the CQDs was 3.1 + 0.5 nm. In addition, a crystalline hexagonal unit
structure with an interlayer spacing of 0.24 nm, which corresponds to (111) lattice spacing of the
graphite hexagons, '*!%! was clearly observed by aberration-corrected HRTEM (Figure 3.1d). Note that
only one size CQD was utilized in current study. The size of CQD may not the optimal size. There might
be a possibility to show better performance when using different sized CQDs. First, the effects of CQD

doping on PEI layer were investigated with single-junction solar cells.
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Figure 3.1. (a) Schematic scheme of CQD synthesis. (b, c) TEM images of CQDs. The typical mean
size of the CQDs was 3.1 + 0.5 nm. (d) HRTEM image showed the arrangement of carbon atoms in
CQDs with a lattice spacing of 0.24 nm.
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Figure 3.2a shows schematic illustration of single-junction solar cell structure. Instead of general
ETL based on metal oxide such as ZnO and TiO,,"3132164 PE] WF modify layer was introduced in
between photoactive layer and indium tin oxide (ITO) electrode.®*!%! Figure 3.2b shows the current
density (J)-voltage (V) characteristics of inverted BHJ solar cells based on poly[4,8-bis(5-(2-
ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene-alt-3-fluoro-thieno[ 3,4-b]-thiophene-2-
carboxylate] (PTB7-Th, also called PCE-10) and [6,6]-phenyl-C71-butyric acid methyl ester (PC71BM).
Details related to the performance of these solar cells are listed in Table 3.1. The single-junction solar
cell with pristine PEI layer yielded a PCE of 8.56% with a J,. of 16.430 mA cm?, a V,. of 0.774 V, and
a fill factor (FF) 0of 0.673. The performance of solar cells with CQD-doped PEI layer gradually enhanced
with increasing the doping ratio up to 0.5%. The best efficiency solar cell showed the PCE of 9.49%
with a J;. 0f 17.242 mA cm™?, a V,. 0of 0.772 V, and an FF of 0.713. However, when the doping ratio was
exceeded over 5%, rather the cell efficiency was reduced. These performance enhancements by
introducing CQD-doped PEI layer were universal. It was clearly observed from other polymer BHJ

systems.
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Figure 3.2. (a) Schematic illustration of the single-junction solar cell structure. (b) J-V characteristics
of PTB7-Th:PC7BM single-junction solar cells with pristine PEI and CQD-doped PEI with various
doping ratio. Note that the PEI layer in single-junction solar cells was acted as a WF modify layer. (c)
EQE spectra of PTB7-Th:PC71BM single-junction solar cells with pristine PEI and CQD-doped PEI

with various doping ratio.

Table 3.1. Summarized photovoltaic performance characteristics of single-junction solar cells with

pristine PEI layer and CQD-doped PEI layer with various doping ratios.

Voc Jsc FF n Havg

V) (mA/em?) (%) (%)
Pristine PEI 0.774 16.430 0.673 8.56 8.40
CQD 0.1% 0.774 16.422 0.679 8.63 8.46
CQD 0.2% 0.771 16.598 0.692 8.87 8.64
CQD 0.3% 0.770 16.737 0.703 9.06 8.86
CQD 0.4% 0.769 17.131 0.705 9.29 9.01
CQD 0.5% 0.772 17.242 0.713 9.49 9.30
CQD 0.6% 0.777 17.551 0.654 8.92 8.89
CQD 0.7% 0.779 17.740 0.619 8.55 8.39
CQD 0.8% 0.785 16.285 0.629 8.04 7.80
CQD 0.9% 0.770 16.621 0.579 7.41 7.31
CQD 1.0% 0.761 16.081 0.574 7.03 6.89
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Figure 3.3a and 3.3b showed the J-J characteristic results obtained from poly(3-hexylthiophene)
(P3HT) and [6,6]-phenyl-C61-butyric acid methyl ester (PCsiBM), poly[[4,8-bis[(2-
ethylhexyl)oxy]benzo[1,2-b:4,5-b"]dithiophene-2,6-diyl][3-fluoro-2-[ (2-ethylhexyl)-carbonyl]-thieno-
[3,4-b]thiophenediyl]] (PTB7), and PC7:BM, respectively. Details of the performance of these solar
cells are listed in Table 3.2 and 3.3. In all cases, the optimal CQD doping ratio was found to be 0.5%.
Using the optimized CQD doping condition obtained from single-junction solar cells, a tunnel junction
ICL layer was constructed for homo-tandem solar cells. The tunnel junction ICL layer consisted of m-
PEDOT:PSS and CQD-doped PEI layer as shown in Figure 3.4a. The m-PEDOT:PSS was prepared by
mixing of 100 ml PEDOT:PSS (AI4083) and 100 pL 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene
glycol solution (Triton X-100) based on the information in the literatures.'#*16316* Ag in the case of the
single cell, the photoactive materials of both front cell and back cell was composed of PTB7-Th and
PC7:BM. The cross-sectional TEM image in Figure 3.4b showed physically well-constructed tandem
structure. Although it is a bit difficult to distinguish the CQD-doped PEI layer as a finite distinct layer
because of relatively thin thickness, the CQD doped PEI layer can be confirmed by the difference in
contrast due to higher electron density compared with m-PEDOT:PSS. The thickness of the front cell
was 75 nm and the thickness of the back cell was 96 nm. In addition, average thickness of our PEI layers

was definitely thicker than the thickness proposed by previous study.!43148.149

Figure 3.4c shows J-V characteristics of tandem solar cells with CQD-doped PEI ICL and pristine
PEI ICL. The results obtained from single-junction solar cells were presented together for comparison.
Overall feature of J-V characteristics was a typical photovoltaic response of tandem solar cells; reduced
Jse compared with that of single solar cells and doubling on V.. The tandem solar cell with pristine PEI
yielded a PCE of 10.54% with a J,. of 10.67 mA cm™, a V,. of 1.581 V, and an FF of 0.625. The tandem
solar cells with CQD-doped PEI ICL exhibited significantly enhanced performance. The PCE of the
best performing tandem solar cell reached 12.13% with simultaneous enhancements in a Jy. of 11.485
mA cm?, a V,. of 1.581 V, and an FF of 0.668. Performance parameters of tandem solar cells are
summarized in Table 3.4 together with the results obtained from the best-performing single-junction

solar cells.
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Figure 3.3. (a) J-V characteristics of P3HT:PCBM single-junction solar cells with pristine PEI and
CQD-doped PEI with various doping ratio. (b) J-V characteristics of PTB7:PC71BM single-junction
solar cells with pristine PEI and CQD-doped PEI with various doping ratio. In both cases, the optimized

CQD doping concentration was 0.5%.

Table 3.2. Summarized photovoltaic performance characteristics of single junction solar cells fabricated

with P3HT and PCs;BM as a photoactive layer.

Voc (V) Jsc (mA/cm?) FF 7 (%)
Pristine PEI 0.603 7.800 0.618 2.904
CQD 0.1% 0.594 8.279 0.604 2.970
CQD 0.3% 0.593 8.404 0.620 3.090
CQD 0.5% 0.604 8.760 0.624 3.297
CQD 0.7% 0.576 9.247 0.547 2.917
CQD 1.0% 0.533 7.651 0.501 2.043

Table 3.3 Summarized photovoltaic performance characteristics of single junction solar cells fabricated

with PTB7 and PC7BM as a photoactive layer.

Voc (V) Jsc (mA/cm?) FF 7 (%)
Pristine PEI 0.723 15.297 0.619 6.845
CQD 0.1% 0.724 15.291 0.633 7.011
CQD 0.3% 0.723 15.469 0.636 7.122
CQD 0.5% 0.715 16.395 0.706 8.271
CQD 0.7% 0.703 16.425 0.623 7.192
CQD 1.0% 0.667 14.378 0.601 5.762
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Figure 3.4d shows the EQE spectra of tandem solar cells with and without CQD doping on PEI layer.
In comparison, EQE spectra obtained single-junction solar cells were presented together. These
presented total EQE spectra were estimated value deduced from total absorption of device and internal
quantum efficiency (IQE) of sub-cells.!3%!651 The estimate IQE of tandem solar cells calculated by
dividing the two times of the measured tandem EQE by the total absorption of tandem cells was
similar with IQE of single cells. From Figure 3.4d, the calculated total EQE of tandem solar cell with
CQD-doped PEI ICL exhibits a slightly increase, on average by 20%, compared to that of tandem solar
cell with pristine PEI ICL. This result indicates that m-PEDOT:PSS and CQD-doped PEI were better
functioning as an interconnection layer, result in well matching of photocurrents between the two

1dentical sub-cells.
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Figure 3.4. (a) Schematic illustration of the homo-tandem solar cell structure. (b) Cross-sectional TEM
images of tandem solar cell with CQD-doped PEI. (c) J-V characteristics of tunnel junction tandem
solar cell with and without CQD doping on PEI. J-V characteristics of single-junction solar cells were
presented together for comparison. (d) Estimated EQE spectra deduced from total absorption of device

and IQE of sub-cells. EQE spectra of single-junction solar cells were presented together for comparison.

Table 3.4. Summarized photovoltaic performance characteristics of single-junction solar cells and

tandem solar cells with pristine PEI layer and CQD-doped PEI layer.

Voc Jsc FF n avg

V) (mA/cm?) (%) (%)

Single J/Prisine PEI 0.774 16.430 0.673 8.56 7.78
Single J/CQD-doped PEI 0.772 17.242 0.713 9.49 8.66
Tandem/Prisine PEI 1.581 10.669 0.625 10.54 9.79
Tandem/CQD-doped PEI 1.581 11.485 0.668 12.13 11.57
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Figure 3.5 shows the statistical distribution of the efficiency of single-junction cells and tandem solar
cells efficiency. The results of 50 devices were used for each condition. In both single-junction cell and
tandem cell, a clear increase tendency was observed by CQD doping on PEI layer. Interestingly, the
distribution range of tandem solar cell was definitely narrow compared with single-junction solar cells,
which means reproducibility of our tandem solar cell was also fairly good. In order to investigate the
morphology changes in the PEI layer by adding the CQD, atomic force microscopy (AFM)

measurements were performed.
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Figure 3.5. (a) Statistical distribution of the efficiency of single-junction cells with pristine PEI layer.
(b) Statistical distribution of the efficiency of single junction cells with CQD-doped PEI layer. (c)
Statistical distribution of the efficiency of tunnel junction tandem solar cells with pristine PEI layer. (d)

Statistical distribution of the efficiency of tunnel junction tandem solar cells with CQD-doped PEI layer.
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Figure 3.6 shows AFM images of PEI layers with various concentration of CQD dopant. From these
AFM topography images, no distinct morphological changes were observed. Even in enlarged scale
AFM images, no meaningful morphological changes were observed. Therefore, we can exclude the
possibility of increasing performance due to morphology change. The enhancement on performance of
both single-junction cells and tunnel junction tandem cells with CQD doping was attributed to

improvement on overall impedance (resistance) of device.

Figure 3.6. AFM height image (5.0 pm x 5.0 um) of pristine PEI layer and CQD-doped PEI layer with
various doping ratio.
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Figure 3.7a shows the Nyquist plots of impedance spectra for single-junction solar cells with various
CQD doping ratio. Note that overall features of impedance spectroscopy (IS) spectra of both single-
junction solar cells and tandem solar cells are typical of Gericher impedance. In which case, transport
resistance and recombination resistance cannot be unambiguously determined.'®”1® Thus, only relative
comparison is possible with combined effective resistance named Gericher resistance. The real part of
impedance was gradually decreased with increasing the doping ratio up to 0.5%. However, with over
0.5% CQD doping, the real part impedance value was larger than the value of solar cell with pristine
PEI. These results are in good agreement with J-J characteristics, which indicate that better diode

characteristics were formed with small amount CQD incorporation at PEI WF modify layer.!?>!8

Figure 3.7b shows the results of IS for tandem solar cells with and without CQD doping on PEIL. In
tandem solar cells for IS measurements, WF modification of ITO was performed with pristine PEI to
extract the effect of PEI doing on ICL only. As similar to the single-junction cells, the real part of
impedance was significantly decreased with CQD doping, which indicates that better series connection
with reduced series resistance was built up at ICL by incorporation of CQD-doped PEI. It is worthy to
note that these decreases in impedance did not seem to be due to energy level changes by CQD doping
because no WF changes were detected in ultraviolet photoelectron spectroscopy (UPS) measurements
as shown in Figure 3.8. For further analysis, intensity modulated photovoltage spectroscopy (IMVS)
was carried out successively as shown in Figure 3.7c. IMVS measures the photovoltage response,
which is periodically modulated by the difference in the Fermi level in the dark and the quasi Fermi
level under illumination, of the cell to a small sinusoidal perturbation of light intensity superimposed
on a largely steady background level. IMVS is performed under open-circuit conditions. In open-circuit
condition, the solar cell reaches steady-state at the open-circuit potential, which means the rate of charge
injection is equal to the charge recombination rate. Thus, IMVS provides information about the carrier
lifetime and electron-hole recombination dynamics under open-circuit conditions.!?%!1%8-170 The
semicircle radius of IMVS spectrum was significantly decreased in tandem solar cell with CQD-doped
PEI layer. Thus, the frequency corresponding to the minimum in the complex plane was increased,
which indicated that the carrier lifetime was decreased. Therefore, it means that the carrier
recombination was more pronounced at tandem solar cell with CQD-doped PEI layer. Since we used
same configuration for both devices expect CQD doping, this difference was likely to be induced by
CQD doping at PEI ICL. Thus, we attributed the enhancement of performance of tandem solar cell with
CQD doped PEI to more effective recombination of electrons produced in back cell and holes produced

in front cell in the ICL.
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Figure 3.7. (a) Nyquist plots of impedance spectra for single-junction solar cells with various CQD

doping ratio. (b) Nyquist plots of impedance spectra for tandem solar cells with and without CQD

doping on PEI. (c) Intensity modulated photovoltage spectroscopy (IMVS) of tandem solar cells with
and without CQD doping on PEI.
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Figure 3.8. UPS spectra of (a) CQD doped PEI on PEDOT:PSS, (b) CQD doped PEI on ITO. (¢) Work-
function values deduced from UPS spectra. The work-function of PEODT:PSS was significantly

reduced with PEI covering. However, CQD doping did not change the modified work-function of

PEDOT:PSS.
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3.4 Conclusion

In conclusion, we have demonstrated high-efficiency homo-tandem solar cells with enhanced PCE
by introducing a CQD-doped PEI on a tunnel junction ICL. The CQD-doped PEI layer provided
substantial dynamic advantages in the operation of both single-junction solar cells using the PEI as an
ITO WF modifying layer and homo-tandem solar cells based on the tunnel junction ICL. The inclusion
of CQDs in PEI layers leads to improved electron extraction property in single-junction solar cells and
better series connection in tandem solar cells. The highest efficient solar cell with CQD-doped PEI layer
in between ITO and photoactive layer exhibited a maximum PCE of 9.49%, which represents a value
nearly 10% higher than those of solar cells with pristine PEI layer. In case of tandem solar cells, the
highest performing tandem solar cell fabricated with CQD-doped PEI layer in ICL yields a PCE of
12.13%; this value represents an =15% increase in the efficiency compared with tandem solar cells with
pristine PEI layer. IS studies clearly showed enhanced recombination process in ICL layer with CQD-
doped PEI layer. Therefore, we concluded that the enhanced PCE in the tandem solar cells with a CQD-
doped PEI layer was attributable to effective recombination of electrons produced in back cell and holes

produced in front cell in the ICL together with better series connection by reducing series resistance.
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Chapter 4. Improved exciton dissociation efficiency by a carbon-quantum-

dot doped workfunction modifying layer in polymer solar cells

This chapter is reproduced in part with permission of “Current Applied Physics, Vol. 21, page 140-
146”. Copyright 2020, Korean Physical Society.

4.1 Research Background

Polymer solar cells (PSCs) based on bulk-heterojunction (BHJ) blends of semiconducting polymers
and soluble fullerene derivatives have received much attention due to their potential in the production
of cost-effective renewable energy sources for portable electronic devices and building integrated
photovoltaics.!”'"* The low-cost simple fabrication based on a solution process is one of the greatest
advantages of BHJ PSCs.!”>!"7 In order to maximize this advantage, there are a number of ongoing
studies aimed at simplifying the process. The easiest approach for simplification of the fabrication
process is omitting the functional layers that are considered to be necessary. Since the photoactive layer

is not able to be removed, the charge transport layers often became the target of removal.

In inverted solar cells, the electron transport layer connecting the indium tin oxide (ITO) electrode
and the photoactive layer has two functions. One is to transfer electrons from the photoactive layer to
the ITO electrode. The other is the role of symmetry breaking.!3¢!”® Since the organic BHJ system has
no prior symmetry breaking to induce an electromotive force for photocurrents, a symmetry breaking
condition must be formed artificially to achieve an efficient drift of photo carriers. In conventional
structure solar cells using ITO (work-function (WF) 4.7 eV) as the anode electrode and Al (WF 4.0-4.3
eV) as the cathode electrode, symmetry breaking is simply created by the WF difference between these
two electrodes.!”'® However, in inverted solar cells using ITO as the cathode and Ag as the anode,
symmetry breaking is not spontaneously formed because evaporated Ag has a similar WF as ITO (WF
4.6-4.7 eV). 36178184186 Of course, by combining ITO and a high WF Au electrode, symmetry breaking
can be formed spontaneously. However, Au is quite expensive metal, which detracts from the great
advantage of PSCs as a cost-effective energy source. Thus, generally in the case of inverted solar cells
using ITO and Ag electrodes, the electron transport layer and the hole transport layer are actually in

charge of generating the internal potential.

In2012,Y. Zhou and coworkers reported an interesting method to develop better symmetry breaking,
even without the electron transport layer.* They substantially reduced the WF of ITO and PEDOT:PSS

by modifying the surface using polymers containing simple aliphatic amine groups such as
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polyethyleneimine ethoxylated (PEIE) or polyethyleneimine (PEI). Their WF modification using PEI
or PEIE was a universal method that was able to allow the fabrication at very low cost and from
environmentally friendly solvents. However, many solar cell studies have not yet abandoned the use of
electron transport layers. Thus, currently, the PEI method has been mainly used as a technique to create
a tunnel-junction intermediate connection layer by modulating the work function of PEDOT:PSS in a
tandem cell.'*!87188 [n single-junction PSCs, PEI was generally used as the modifier for the surface of
the ZnO electron transport layer to improve the energy level alignment.**!3 Studies using ITO

electrodes directly without an electron transport layer were rare.

It is presumed that the reluctance to use PEI alone without an electron transport layer was because
of the non-conducting property of the PEI modifier. Since the WF modifying effect of PEI only occurred
near the interface, there was a possibility of impairing the electron transport property when a thick PEI
layer was applied. In order to maintain the electron transport property of the PEI layer as much as
possible, an ultrathin PEI layer (approximately 2-3 nm) should be used. However, considering that the
roughness of common commercial ITO was around 2 nm, it was not easy to make a uniform 2-3 nm
thin film by spin coating on the ITO surface. To overcome such problems in our previous study, we
incorporated several-nm-sized zwitterionic carbon quantum dots (CQDs) into the PEI layer.'®® The
incorporation of CQDs in the PEI layer led to improved electron extraction properties in single-junction
solar cells even with a somewhat-thick PEI layer (approximately 7-15 nm). However, because of limited
functionality of the CQD ligands focused on solubility, only improvements in charge transport

properties were obtained.

In this work, we have incorporated novel CQD having NH; ligands into the PEI layer to improve the
work-function modification effect as well as charge transport property. The CQD-doped PEI layer
reduced the charge recombination and the series resistance at the interface between the active layer and
PEI layer. Because of these enhanced electron transport properties of CQD-doped PEI layer, the overall
photovoltaic performance of solar cells with a CQD-doped PEI layer improved significantly. In addition,
a study of net photocurrent density as a function of effective voltage showed that devices with a CQD-
doped PEI layer had a much higher charge separation probability compared to a device with a pristine
PEI layer. This dramatic improvement in charge separation probability was attributed to enhanced
exciton dissociation probability due to NH» ligands of CQD dopants. Kelvin-probe force microscopy
study demonstrated that the CQD-doped PEI layer induced a lower work-function of ITO than that of
ITO with a pristine PEI. As a result, the solar cell with CQD-doped PEI layer had a stronger internal
field, and this strengthened internal field induced better exciton dissociation efficiency, thereby

improving solar cell performance.
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4.2 Experimental

Synthesis of NR-CQDs: CQDs were synthesized by following the microwave-assisted hydrothermal
method. In a typical experiment, 0.005 g neutral red powder was dissolved in 40 mL of ethyl alcohol
and 114 pL of ethylenediamine. The solution was heated in a microwave oven (700W) for 2 min. During
this time, the pale orange solution changed to dark-orange by carbonization. After cooling to room
temperature naturally, the solution was purified by column chromatography using silica gel (70-230

mesh). These purified carbon quantum dots were used for the experiment.

Active materials: Poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b;4,5-b’]dithiophene-2,6-
diyl-alt-(4-(2-ethylhexyl)-3-fluorothieno[3,4-b]thiophene-)-2-carboxylate-2-6-diyl)] (PTB7-Th, also
called as PCE10) was purchased from 1-material, [6,6]-phenyl C71-butyric acid methyl ester (PC7:BM)
was purchased from 1-material. PEDOT:PSS (AI4083) was purchased from Heraeus Clevios.
Polyethylenimine (PEI) and all solvents used in device fabrication process were purchased from Sigma
Aldrich.

Solar cell fabrication: The ITO substrates were cleaned with detergent and ultra-sonicated in acetone
and IPA for 15 min each. The PEI was dissolved in 2-methoxyethannol with weight concentration of
0.1wt%. CQD was added to PEI solutions to make blended PEI solutions with 0, 1%, 2%, 5% and 10%
CQD. The blended PEI solutions were ultra-sonicated for 30 min. Prepared blended PEI solutions were
spin-coated at 5,000 rpm for 30 s on top of the ITO in air after UV-Ozone treatment, and then annealed
at 100° C for 10 min. The PTB7-Th:PC7BM solution was made by 1:1.5 weight ratios in chlorobenzene
with 3 vol% of DIO at RT and spin-coated at 1,000 rpm for 60 s on top of the PEI layer and dried for 1
h in N»-filled glovebox. Finally, a 5 nm MoOs3 hole transport layer and 100 nm Ag top electrode were
deposited by thermal evaporation under a vacuum pressure of 2 x 107 torr. The device area was 0.13

cm?.

Solar cell characterization: The current density-voltage (J-V) characteristic curves of the solar cells
were obtained using a Keithley 2401 source measurement unit under AM1.5G simulated illumination
with standard power of 100 mW/cm?. The intensity of the simulated sunlight was calibrated using a
standard Si-photodiode detector with a KG-3 filter (Newport Co., Oriel). EQE spectra of each solar cell
device were obtained using a solar cell spectral response/QE/IPCE measurement system (Newport Co.,
Oriel IQE-200B). The light intensity at each wavelength was calibrated using a standard, single-crystal
Si-photovoltaic cell. The absorption spectra was measured by a UV/Vis spectrometer (Varian,
Cary5000). Charge extraction (CE) was conducted using the CE analyzer function of an organic
semiconductor parameter test system (McScience T4000) under 1.0 sun at V,. conditions. The surface

properties and morphologies of the pristine PEI and CQD doped PEI films were characterized by
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NanoNavi II AFM system (SII Nano Technology Inc.) in tapping mode. The WF of ITO, pristine PEI
and CQD doped PEI were measured by KPFM (KP 6500 Digital Kelvin probe, McAllister Technical
Services. Co. Ltd). The AFM and KPFM samples were fabricated by spin-coating pristine PEI and CQD
doped PEI on same ITO substrates which was used for solar cells fabrications. Non-modulated
impedance spectroscopy was performed using an impedance analyzer (IVIUM Tech., [viumStat) under

illumination conditions at an open circuit voltage in the frequency range between 0.1 Hz and 1.0 MHz.

4.3 Results and Discussion

Figure 4.1a show a schematic structural diagram of the carbon dot used in this study. CQDs were
synthesized by a microwave-assisted hydrothermal method using neutral red (3-amino-7-
dimethylamino-2-methylphenazine hydrochloride) and ethylenediamine. A detailed description of the
fabrication of CQD is given in the experimental section. A high-resolution transmission electron
microscopy (HR-TEM) image of the CQD is presented in Figure 4.1b and 4.1¢. The TEM image shows
homogeneously dispersed CQDs without any aggregation feature. The typical mean size of CQD was
measured to be 3.6 + 1.2 nm. The extend TEM image (inset of Figure 4.1¢c) shows a well-defined
crystalline structure with an interlayer spacing of 0.21 nm, which corresponds to (100) lattice plane of

graphite. 1192
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Figure 4.1. (a) Schematic diagram of CQD synthesis. (b) TEM images of CQDs. The typical mean
size of the CQDs was 3.6 = 1.2 nm. (¢) HRTEM image showed the arrangement of carbon atoms in

CQDs with a lattice spacing of 0.21 nm.
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Initially, the effects of CQD doping on the PEI layer were investigated with single junction solar cells
based on poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-b’]dithiophene-alt-3-fluoro-
thieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th, also called PCE-10) and [6,6]-phenyl-C71-butyric
acid methyl ester (PC71BM). The CQD doped PEI layers were placed between the photo-active layer
and the indium tin oxide (ITO) transparent electrode instead of the electron transport layer, as shown in
schematic diagram of device structure (Figure 4.2a). Figure 4.2b shows the current density (J) - voltage
(V) characteristics of PTB7-Th:PC71BM solar cells with pristine PEI layer or CQD doped PEI layer. To
find the proper doping ratio, we varied the ratio of CQD from 0% to 10% by weight. Details related to
the performance of these solar cells are listed in Table 4.1 and EQE spectra are presented in Figure 4.2c.
The solar cell with pristine PEI layer yielded a PCE of 8.549% with a Jsc of 16.824 mA/cm?, a Voc of
0.783 V, and a fill factor (FF) of 0.649. The highest efficiency was obtained with PEI layer doped with
2% CQD. The best efficiency solar cell showed the PCE of 9.468% with a Jsc of 17.751 mA/cm?, a Voc
0f 0.781 V, and a FF of 0.683. A comparison of PV parameters between the device with the pristine PEI
layer and the device with the CQD-doped PEI layer indicated that the performance enhancement in the
solar cell with the CQD-doped PEI layer originated from Jsc and FF improvements.
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Figure 4.2. (a) Schematic illustration of device structure used in this study. (b) The J-V characteristics
of PTB7-Th:PC7:BM solar cells with pristine PEI and CQD-doped PEI with various doping ratios, (c)

EQE curves of PTB7-Th:PC7:BM solar cells with pristine PEI and CQD-doped PEI with various

doping ratios.

Table 4.1. Summarized photovoltaic performance characteristics of PTB7-Th:PC7BM solar cells with

pristine PEI layer and CQD doped PEI layer with various doping ratios.

Voc Jsc EQE Jsc FF n Navg Rs
[V] [mA/em?]  [mA/em?] [%] [%] [Qcm?]
Pristine PEI 0.783 16.824 16.26 0.649 8.549 8.405 (+0.132) 5.68
CQD 1% 0.783 17.475 16.50 0.654 8.949 8.839 (+0.098) 4.83
CQD 2% 0.781 17.751 16.97 0.683 9.468 9.371 (£0.080) 3.61
CQD 5% 0.780 17.723 16.74 0.681 9.398 9.231 (£0.128) 3.74
CQD 10% 0.775 17.731 16.68 0.679 9.327 9.082 (+0.182) 3.87
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In organic solar cells, performance improvement through interface engineering is primarily based on
improving the charge transport characteristics. Additionally, improving the charge transport properties
also entails a decrease in the rate of charge recombination due to less accumulation at the interface.'**
195 The PTB7-Th:PC7:BM solar cells with CQD-doped PEI layer showed all general effects of interface
engineering. Figure 4.3a shows Nyquist plots of the non-modulated impedance spectroscopy measured
under dark conditions for PTB7-Th:PC7;BM solar cells with a 2% CQD-doped PEI layer and pristine
PEI layer. The solar cell with CQD-doped PEI layer exhibited significantly reduced series resistance.
Because device fabrication parameters were identical for the two solar cells (with the exception of the
CQD doping), the difference in the series resistance likely originated only from the modification of
charge transport characteristics that was induced by doping. This reduction of series resistance resulted
in an improvement of charge extraction property, as shown in Figure 4.3b. A direct comparison of
charge extraction density calculated from charge extraction (CE) measurements between the devices
with and without CQD-doping indicated that the device with CQD-doped PEI layer had enhanced

charge extraction density.
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Figure 4.3. (a) Non-modulated impedance spectroscopy of PTB7-Th:PC7BM solar cells with pristine
PEI layer and CQD-doped PEI layer, (b) Charge extraction density of PTB7-Th:PC7BM solar cells
with pristine PEI layer and CQD-doped PEI layer, (c) Ji versus light intensity for PTB7-Th:PC7BM
solar cells with pristine PEI layer and CQD-doped PEI layer, (d) V,. versus light intensity for PTB7-
Th:PC7BM solar cells with pristine PEI layer and CQD-doped PEI layer.
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To investigate the effect of the insertion of a CQD-doped PEI layer on recombination dynamics in

solar cells, Jsc and Voc vs. light intensity (/) were explored. Since Jsc and I have a power law relationship,

Jsco< I, bimolecular recombination becomes negligible under short-circuit conditions as a approaches

1.1 As shown in Figure 4.3c¢, the fitted o values were 1.032 for the solar cell with pristine PEI layer
and 1.010 for the solar cell with CQD-doped PEI layer, both close to 1, indicating that both the solar
cell with pristine PEI layer and the solar cell with CQD-doped PEI layer were nearly free from
bimolecular recombination loss. For the Voc vs. light intensity, the slope of the line of best fit should be
197

equal to 1.0(kT/q) in the absence of trap assisted recombination.

1.54(kT/q) for the solar cell with pristine PEI layer. In the case of the solar cell with CQD-doped PEI

The extracted slope value was

layer, a much smaller slope value of 1.16(kT/q) was observed, indicating that trap-assisted
recombination was significantly suppressed in the solar cell with CQD-doped PEI layer. Therefore, the

enhanced FF was attributed to this reduced trap-assisted recombination property.

In order to confirm whether the enhancement of Js¢ originated from the improved charge transport
property alone, J-V curves were converted to net photocurrent density (J,») versus effective voltage (Vey)
as shown in Figure 4.4a. Dark current density (Jp) used to extract the J,, (=J;-Jp, where J; is the current
density measured under illumination) is plotted in Figure 4.4b. In general, saturation current density
(Jsar) 1s governed by the incident photon flux only because saturation of J,; means that all generated
excitons are dissociated and collected without any bimolecular recombination. In this condition, the
exciton generation rate (Gmax) s given by Juu: = q-L-Gmax, Where q and L are the elementary charge and
the thickness of the active layer, respectively. '°® In addition, the charge separation probability (P(E,T))
can be extracted using the ratio Jyu/Jsr.'”” Extracted Gmax and P(E,T) values are listed in Table 4.2. A
comparison between the solar cell with pristine PEI layer and the solar cell with CQD-doped PEI layer
indicated that both solar cells exhibited almost identical Gmax. Interestingly, there was a huge increase
in P(E,T) from 86.7% for the solar cell with pristine PEI layer to 93.6% for the solar cell with CQD-
doped PEI layer. Since the same photoactive layer was used, the same Gmax value is predictable result.
For the P(E,T), since the charge transport characteristics and recombination characteristics have been
improved in the solar cell with CQD-doped PEI layer, a slight increase in P(E,T) can be expected to

some extent, but the measured value was larger than expected.

P(E,T) is basically influenced by charge collection efficiency and exciton dissociation efficiency.
Although charge collection efficiency was enhanced slightly because of reduced trap-assisted
recombination by CQD-doping, the increase in extraction charge density derived from CE
measurements was somewhat insignificant. In addition, the increase in FF also was not quite noticeable,

either. Therefore, the increase in P(E,T) could not be attributed solely to transport enhancement. Since
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the exciton generation rate was calculated to be the same in both solar cells, eventually, it is considered
that the increase in Jsc was influenced by the increase in exciton dissociation efficiency. In general,
factors that can affect exciton dissociation in a fixed donor-acceptor configuration ratio are BHJ active
layer morphology and internal potential created by WF difference of electrodes. For the BHJ
morphology, however, there are no significant factors affecting the active layer morphology in our study.
In fact, there was no difference between the morphology of the pristine PEI surface and the CQD-doped
PEI surface observed by AFM, and the morphologies of the active layers deposited thereon were almost
identical, as shown in Figure 4.5. Therefore, the increase in exciton dissociation efficiency was not due

to the BHJ morphological change.
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Figure 4.4. (a) Photocurrent density (Jon) versus effective voltage (Ver). (b) J-V measured under dark

conditions.

Table 4.2. Exciton generation rate (Gmax) and charge separation probabilities (P(E,T)) of PTB7-
Th:PC7:BM solar cells with pristine PEI layer and CQD-doped PEI layer.

Exciton generation rate Exciton dissociation probability
Gax (m3s7) P(E,T) (%)
Pristine PEI 1.04 x10%7 86.7
CQD doped PEI 1.05 x10% 93.6
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Figure 4.5. AFM images of the PTB7-Th:PC-1:BM active layer deposited on pristine PEI layer (left)
and CQD-doped PEI layer (right).

The remaining possibility that can increase exciton dissociation efficiency is an increase in internal
potential due to the WF change. In terms of momentum space, the driving force for exciton dissociation
depends on the energy difference between the lowest excited state in the donor and charge transfer

state.?%0

If this explanation is rewritten in terms of real space, the photo-generated excitons initially
diffuse toward the donor-acceptor interface, and then electrons and holes can escape into their respective
material phases. For each direction of escape, the exciton dissociation is supported by an effective
internal electric field.?*!* In short circuit condition (at 0 applied bias), an internal electric field is

created by the WF difference between the cathode and anode.

In order to check the WF change by CQD-doping, we performed Kelvin-probe force microscopy
(KPFM) measurements for the bare ITO, ITO with pristine PEI layer, and ITO with CQD-doped PEI
layer. The measurement results are shown in the energy band diagram in Figure 4.6a. The WF of bare
ITO was measured to be 4.7 eV, which was a typical value for commercial ITO. The PEI-coated ITO
showed a significantly lower value of 4.28 €V, as reported in the previous literature.’*1382% For the ITO
with CQD-doped PEI, there was a greater decrease of 4.13 eV in the WF values. This lower WF value
is attributed to the NH, ligand used to stabilize CQD. In general, the PEI polymer is composed of amine
groups in their backbone and side chains, and can therefore cause strong molecular dipoles between the
PEI molecule and ITO surface.!3>?* These strong dipoles can shift the vacuum level, thereby reducing
the WF of ITO. In our work, it was likely that there were many NH> ligands on the CQD surface function

similar to amine groups in PEI, thereby strengthening their ability to reduce WF.

A summary of the concept is depicted in Figure 4.6b. Generally, internal built-in potential (V)
originates from the Fermi level (Er) or work function difference between two electrodes in a metal-

semiconductor-metal (MSM) type device architecture.?*>2% This Vi can support the dissociation of
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excitons generated by absorbed light.2’":?2 Under short-circuit conditions, the Er values of the two
electrodes are forced to align and develop a uniform Vy,; across the active layer. The commonly used
electrodes in polymer solar cells, typically ITO and Al for the conventional structure or ITO and Ag for
the inverted structure, relatively weak Vy,; is developed. In the device with pristine PEI layer, relatively
weak Vy,; is developed. However, the solar cell with CQD-doped PEI layer has a stronger internal field
due to a greater decrease in WF of ITO induced by amine ligands in CQD surface. This strengthened

internal field induced better exciton dissociation efficiency, thereby improving solar cell performance.
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Figure 4.6. (a) Energy level diagram of PTB7-Th:PC»BM solar cells. The work-functions of ITO, ITO
with PEI, and ITO with CQD-doped PEI were measured by Kelvin-probe force microscopy. (b)
Diagram of summarized concept; CQD-doped PEI induced stronger internal field due to the lower

work-function. This strengthened internal field induced better exciton dissociation efficiency.
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4.4 Conclusion

We have demonstrated enhanced photovoltaic performance of polymer solar cells based on PTB7-
Th and PC7BM by incorporation of CQD having NH> ligands into the PEI work-function modifying
layer. A CQD-doped PEI layer provided substantial dynamic advantages in the operation of BHJ solar
cells using the PEI layer as an ITO WF modifier. The solar cell with a CQD-doped PEI layer exhibited
an average PCE of 9.37%, which represents a value nearly 11.3% higher than that of a solar cell with
pristine PEI layer. This PCE improvement was primarily due to improvement of the electron extraction
properties derived from CQD-doped PEI. Impedance spectroscopy clearly showed a significantly
reduced series resistance in the solar cell with CQD-doped PEI layer. A study of net photocurrent density
as a function of effective voltage showed that devices with CQD-doped PEI layer has a much higher
charge separation probability compared to the device with pristine PEI layer. A Kelvin-probe force
microscopy study demonstrated that a CQD-doped PEI layer induced lower work-function of ITO than
that of ITO with pristine PEI, which induced a stronger internal field. This strengthened internal field
induced better exciton dissociation efficiency. Consequently, it was concluded that the enhancement of
solar cell efficiency could be attributed to the improved electron transport properties as a result of CQD

doping and the increase in the exciton dissociation probability due to the strengthened internal field.
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Chapter 5. Importance of interface engineering between the hole transport

layer and the indium-tin-oxide electrode for high-efficient polymer solar cells

5.1 Research Background

Interface engineering is an essential technology for high performing bulk heterojunction (BHJ)
organic photovoltaic (OPV) cells.??* Since the initial studies of organic solar cells, the introduction
of two important structure related technologies, the BHJ active layer and the charge transport layer,
have induced significant improvement of OPVs in addition to the development of new donor and
acceptor materials.®’%2!! Many organic and inorganic materials that could function as hole and electron
transport layers have been developed and studied to enhance the performance of OPVs. Among them,
poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) is the most widely used
charge transfer layer even though it was the first used.””?!! Initially, the purpose of the introduction of
PEDOT:PSS was to improve the surface morphology of the indium tin oxide (ITO) electrode.'® After
the discovery that the introduction of PEDOT:PSS improved efficiency more than expected, many
studies have been conducted to clarify the exact role of PEDOT:PSS. As a result, it has been found that
the role of PEDOT:PSS is to improve not only interface morphology but also charge transfer

characteristics, due to its high work function (WF) and relatively high electrical conductivity.?'**!3

Why PEDOT:PSS was chosen, of all potential materials? Firstly, PEDOT:PSS was a ‘conducting’
organic material. Although PEDOT:PSS was a relatively poor conductor, as an organic conducting
polymer it was an ideal material to serve as a buffer between the semiconducting organic active layer
and the conducting inorganic electrode.?* Moreover, PEDOT:PSS had no absorption in the visible
region, and it was solution processable, unlike other conductive polymers that were electrochemically
synthesized.?!> Because of this background, the initial studies on the PEDOT:PSS layer mainly focused
on increasing its electrical conductivity. It was simply expected that if the electrical conductivity was
improved, the hole transport properties would also be improved. However, research found that the
improvement in solar cell performance was always limited even when the conductivity of PEDOT:PSS
was significantly enhanced. Instead, when a charge transport layer with high electrical conductivity was
introduced, extra currents were induced by lateral transport from an area other than under the electrode,
resulting in an over-estimate of cell efficiency. Since then, PEDOT:PSS with low-conductivity (known
as AI4083, electrical conductivity: 103-102 S/cm) was developed, and this low-conductivity

PEDOT:PSS is now used in most devices.?!*2'¥
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When using a high conductivity PEDOT:PSS (e.g., that of Baytron PH or Clevios P, with a
conductivity of 10-10*> S/cm), it was assumed that the interface between ITO and PEDOT:PSS was an
ohmic contact. Therefore, it was thought that interface problems related to PEDOT:PSS were mostly
caused by the interface between the active layer and PEDOT:PSS. As a result, all the studies reported
so far have been conducted in the direction of improving the hole transfer characteristics by increasing
the electrical conductivity or further increasing the WF of the PEDOT:PSS surface contacting the active
layer.2'22! This research strategy did not change significantly even after low-conductivity PEDOT:PSS
began to be used predominantly. However, the interface between low-conductivity PEDOT:PSS and
ITO is no longer considered to be an ohmic contact. Instead, the interface between low-conductivity
PEDOT:PSS and ITO is understood to be similar to the heterogeneous junction of organic polymers and
inorganic conductors, so it is highly likely that the interface problem of the initial metal-insulator-metal
solar cell was recreated. Of course, due to the high WF value of PEDOT:PSS, it has much better contact
properties than direct contact between an active layer and ITO, but the interface problem between low-

conductivity PEDOT:PSS and ITO is clearly a point that has been overlooked up to now. 16118120

In this work, we introduced the use of a conjugated polyelectrolyte between the PEDOT:PSS hole
transport layer (HTL) and the ITO bottom electrode to overcome the complicated organic-inorganic
interface problem. To confirm the difference between low-conductivity PEDOT:PSS and high-
conductivity PEDOT:PSS, three different types of commercial, PEDOT:PSS (AI4083, Clevios P, and
PH1000) as well as a higher-conductivity PEDOT:PSS sample prepared by adding dimethyl sulfoxide
(DMSO) were used in the experiment. The configuration of active materials did not have much
influence on the interfacial problem between the HTL and the ITO electrode, but various donor-acceptor
configurations, including both fullerene-based and non-fullerene-based BHJ mixtures, were utilized to
confirm the unknown effect of the active layer. The conjugated polyelectrolyte used was potassium
poly[9,9-bis(3'-sulfonatopropyl)fluorene-alt-(9-(2,7-diethylheptyl)-carboazole)] (WPFSCz-), which
has good hole transport properties. In addition, to confirm whether the proposed idea was applicable
not only to PEDOT:PSS but also to oxide-based charge transport layers, it was also applied to a solar

cell using MoOx and an inverted solar cell with ZnO.

5.2 Experimental

WPFSCz- Synthesis: All reagents and solvents were purchased from Aldrich, TCI Chemical Co., and
Strem Chemicals Inc., and were used without further purification. 9-(2,7-Diethylheptyl)-2,7-
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bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-9H-carbazole, 2,7-dibromo-9,9-bis(4-sulfonatobutyl)
fluorene  dipotassium, and potassium  poly[9,9-bis(3'-sulfonatopropyl)fluorene-alt-(9-(2,7-
diethylheptyl)-carboazole)] (WPFSCz-) were prepared according to procedures described in the

literature.?>3-2%

Device Fabrication: ITO substrates were cleaned with detergent and ultrasonicated in acetone and
isopropyl alcohol (IPA) for 15 min each. After a UV-ozone surface treatment, solutions with 0.01 wt%
of WPFSCz- in distilled water and methanol (4:1) were spin-coated on ITO at 5000 rpm for 40 s and
annealed at 100 °C for 10 min. An HTL of PEDOT:PSS (AI4083, Clevios P, PH1000, or PH1000 + 5%
DMSO) was spin-coated at 5000 rpm for 40 s and annealed at 150 °C for 10 min. The thickness of the
PEDOT:PSS layer was 40-50 nm. The substrates were then transferred to an N»-filled glovebox. The
active layer solution was made with a 1:1.2 ratio of PBDB-T-2F and Y6 in chloroform with 0.5% 1-
chloronaphthalene as a processing additive to achieve a better phase-separated morphology. The active
layer was deposited on top of the PEDOT:PSS layer by spin-coating at 5000 rpm for 40 s. A Phen-
NaDPO solution (0.5 mg/ml in [PA) was spin-coated at 5000 rpm for 30 s on top of the PBDB-T-2F:Y6
layer as an electron transport layer. Finally, 100 nm of aluminum was deposited by thermal evaporation

at a vacuum condition of 2 % 107 Torr. The device area was 0.13 cm?.

Device Characterization: The power conversion efficiencies of the organic solar cells were measured
by J-V curves using a Keithley 2401 source measurement unit under an AM 1.5G 100 mW/cm? spectra
from a solar simulator (Newport Co., Oriel). To calibrate the intensity of the solar simulator, a standard
Si-photodiode detector with a KG-3 filter (Newport Co., Oriel) was used. The external quantum
efficiency (EQE) was measured using a quantum efficiency measurement system solar cell spectral
response/QE/IPCE (Newport Co., Oriel IQE-200B). The light intensity at each wavelength was

calibrated using a standard, single-crystal Si photovoltaic cell.

Conductivity measurements: The surface conductivities of PEDOT:PSS (AI4083, Clevios P, PH1000,
and PH1000 + 5% DMSO) were determined using a Hall effect measurement system (Ecopia model
No. HMS-5000). The thicknesses of the films were measured using a Dektak XT surface profiler. These
samples were fabricated by spin-coating WPFSCz- and PEDOT:PSS on the same ITO substrates that

were used for solar cell fabrication.

Kelvin probe force microscope (KPFM) measurements: The surface properties of the ITO, ITO with
WPFSCz-, PEDOT:PSS, and PEDOT:PSS with WPFSCz- were characterized with a NanoNavi Il AFM
system (SII Nano Technology Inc.) in tapping mode. The WF of ITO, pristine PEI, and colloidal-
quantum-dot-doped PEI were measured with a KPFM (KP 6500 Digital Kelvin probe, McAllister

Technical Services. Co. Ltd). The samples for the KPFM measurements were fabricated in the same
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way as the samples for the conductivity measurements.

Impedance Spectroscopy (IS) Measurements: Non-modulated IS, IMVS, and IMPS were performed
using an impedance analyzer (IVIUM Tech., [viumStat) at an Voc over a frequency range of 0.1 Hz to

1.0 MHz under illumination conditions with a red light emitting diode light source (A = 635 nm).

Transient Photovoltage and Photocurrent Measurements: TPC and TPV measurements were
conducted using the analyzer function of an organic semiconductor parameter test system (McScience

T4000) at Voc conditions under 1 sun illumination.

Ultraviolets Photoelectron Spectroscopy (UPS) Measurements: Photoelectron spectroscopies were
carried out with an ESCALAB 250-XI surface analysis system equipped with a He discharge lamp
providing He-I photons of 21.22 eV for UPS analysis and a monochromatic Al-Ka X-ray gun with
photons energies of 1486.6 eV for X-ray photoelectron spectroscopy (XPS) characterization. The base
vacuum pressure of the analysis system was ~107 torr. The Fermi edge was calibrated using a clean
ITO film, and all spectra presented were plotted with respect to the determined Fermi level. All XPS
measurements were calibrated with reference to the In 3ds, core level (443.9 eV) of a freshly prepared

ITO film.

5.3 Results and Discussion

Figure 5.1 shows the chemical structure of the conjugated WPFSCz- polyelectrolyte and a schematic
illustration of the solar cell structure used in this study. WPFSCz- has a similar backbone structure to
PFN-based conjugated polyelectrolytes that are already widely used for surface modification of
inorganic metal oxides such as ZnO and MoQ3.**??® Thus, we expected that it can be well combined
with ITO, which is a similar oxide material. In addition, because WPFSCz- has a conjugated backbone,
there would be no significant physical contact problems with the PEDOT:PSS surface. Details regarding
the synthesis of WPFSCz- are provided in the Experimental Section. The prepared WPFSCz- was spin-
coated onto the pre-cleaned ITO surface, and then an HTL layer was deposited by spin-coating. For the
photoactive layer materials, we used PBDB-T-2F (also called PM6) donor and Y6 non-fullerene
acceptor, which currently receive the most attention in OPV research. In addition, solar cells with a
fullerene-based BHJ blend of PTB7-Th:PC71BM and with a non-fullerene-based BHJ blend of PTB7-
Th:IEICO-4F were also tested.
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Figure 5.1. Schematic illustration of the device structure and chemical structure of the photoactive

materials (donor: PBDB-T-2F (also called PM6), acceptor: Y6) and WPFSCz-.

Figure 5.2 shows the effect of the inserted WPFSCz- on current density (J)-applied voltage (V)
characteristics according to the type of PEDOT:PSS. The conductivity values measured by the van der
Pauw method were 0.005, 0.026, 6.849, and ~10° S/cm for the Al4083, Clevios P, PH1000, and PH1000
with 5% DMSO, respectively. In all cases, the solar cells with a WPFSCz- layer showed improved
performance compared to the solar cells without a WPFSCz- layer. The difference in performance
according to the presence or absence of WPFSCz- was greater when the conductivity of PEDOT:PSS
was lower. For the Al4083, which showed the biggest difference, the PBDB-T-2F:Y6 solar cell without
the WPFSCz- layer had a power conversion efficiency (PCE) of 15.86% with a short-circuit current
density (Jsc) of 25.643 mA/cm?, an open-circuit voltage (Voc) of 0.864 V, and a fill factor (FF) of 71.58%,
while the solar cell with the WPFSCz- layer had a PCE of 17.34% with a Jsc of 26.824 mA/cm?, a Vo
of 0.864 V, and a FF of 74.83%. The details related to the performance of these solar cells are listed in
Table 5.1. This performance difference almost disappeared as the conductivity was increased. The
diminishing performance difference occurred because, as mentioned above, the contact problem
between PEDOT:PSS and ITO became negligible as the conductivity of PEDOT:PSS increased. Instead,
the problem seemed to have moved from the interface between PEDOT:PSS and ITO to the interface
between PEDOT:PSS and the active layer. This was confirmed by the significantly improved
performance caused by treatment of the interface between PEDOT:PSS and the active layer with
hydroquinone (HQ) in a device using PH1000.2%
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Figure 5.2. J-V characteristics of PBDB-T-2F:Y 6 solar cells made with and without a WPFSCz- layer,
based on different types of PEDOT:PSS: (a) AI4083, (b) Clevios P, (¢) PH1000, and (d) PH1000 + 5%

DMSO.

Table 5.1. Summarized photovoltaic performance characteristics of PBDB-T-2F:Y 6 solar cells with and

without a WPFSCz- layer based on various types of PEDOT:PSS. Average PCE values were obtained

from 30 devices. EQE Ji. values were calculated from EQE measurements.

Voc Jsc EQE Jsc FF n Navg Rs
[v] [mA/cm?] [mA/cm?] [%] [%] [Qcm?]
15.61
ITO/Al4 864

O/A14083 0.86: 25.643 25.24 71.58 15.86 (+0.23) 43.2
ITO/ WPFSCz-/A14083 0.864 26.824 26.12 74.83 17.34 (_}_’(7) 1221) 24.6
ITO/Clevios P 0.857 26.118 25.73 70.47 15.75 1545 41.1

. ) ) . . (£029) )
ITO/ WPFSCz-/Clevios P 0.853 26.956 26.02 71.92 16.53 (_}_%2265) 40.4
ITO/PH1000 0.832 27.769 26.03 64.96 15.02 14.68 45.7

' ’ ' ' ’ (£0.32) ’
ITO/ WPFSCz-/PH1000 0.832 27.850 26.21 67.85 15.72 (_:_?)391) 43.6
ITO/PH1000+5%DMSO 0.799 28.567 25.58 58.01 13.21 (_}_%Z’;) 37.8
ITO/WPFSCz-/PH1000+5%DMSO 0.800 28.588 25.84 61.07 13.96 (_}_?)221) 37.7
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To explore the influence of the inserted WPFSCz- layer between ITO and PEDOT:PSS upon Js in
detail, J-V curves were replotted with net photocurrent density (Jyn) vs. effective voltage (Vesr) using
dark current density, as shown in Figure 5.3. A detailed theoretical background for Jpn-Vess analysis is
provided in previous work.*%2! From the Jon-Verr analysis, the exciton generation rate (Gmax) and the
charge separation probability (P(E,T)) can be extracted using the relation Jsa = -L -Gmax and the ratio
Jon/Jsar, Where Jsat IS saturation current density, and g and L are the elementary charge and the thickness
of the active layer, respectively.?®? The extracted Gmax and P(E,T) values are listed in Table 5.2. In the
case of Gmay, the inserted WPFSCz- layer had no effect. However, P(E, T) showed a markedly enhanced
value in the device with the WPFSCz- layer. The degree of increase in P(E,T) decreased as the
conductivity of PEDOT:PSS increased. P(E,T) is basically influenced by either the exciton dissociation
efficiency or charge collection efficiency.’®*?* Because we used the same active layer, exciton
dissociation efficiency would be the same for each device. Therefore, it can be said that the increase in

P(E, T) mostly came from improvement of charge collection efficiency.
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Figure 5.3. J-V measurements of PBDB-T-2F:Y6 solar cells based on PEDOT:PSS Al4083, Clevios P,
PH1000, and PH1000 + 5% DMSO, both with and without a WPFSCz- layer. (a) Dark current density
(Jsc). (b) Photocurrent density (Jon) versus effective voltage (Ve = Vo — V).

Table 5.2. Summary of exciton generation rate (Gna) and charge separation probabilities (P(E,T)) of
PBDB-T-2F:Y6 solar cells with and without a WPFSCz- layer using different types of PEDOT:PSS.

Exciton generation rate Exciton dissociation probability
Gax (m3sh) P(E,T) (%)

AT4083 1.70 x10% 93.9
WPFSCz-/A14083 1.73 x10% 97.3
Clevios P 1.67 10?8 93.6
WPFSCz-/Clevios P 1.71 x10% 94.7
PH1000 1.80 x10%® 89.0
WPFSCz-/PH1000 1.82 x10% 90.6
PH1000+5%DMSO 1.85 x10%® 85.4
WPFSCz-/PH1000+5%DMSO 1.86 x10% 87.2
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The main factors affecting charge collection efficiency are charge recombination and charge
extraction. First, by measuring the change of Jsc or Vo depending on the intensity of the incident light,
the change in charge recombination according to the insertion of a WPFSCz- layer was analyzed. In the
Jsc vs. light intensity plots (Figure 5.4a-d), all of the fitted o values approached 1.0, indicating that all
of the devices were nearly free from bimolecular recombination loss.?*#?3> However, in Vo vs. light
intensity plots (Figure 5.4e-h), a clear difference was observed between solar cells with and without a
WPFSCz- layer. In the case of solar cells using AI4083, the extracted slope value was 1.638 kT/q for
the solar cell without a WPFSCz- layer, while a much smaller slope value of 1.303 kT/q was observed
in the solar cell with a WPFSCz- layer. The reduced slope indicated that trap-assisted interfacial
recombination was indeed suppressed by the insertion of a WPFSCz- layer. Consistent with other
experimental results, this difference became smaller in the solar cell with higher conductivity

PEDOT:PSS.
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Figure 5.4. (a-d) Ji. versus light intensity for PBDB-T-2F:Y6 solar cells with and without WPFSCz-
layer. (e-h) V.. versus light intensity for PBDB-T-2F:Y6 solar cells with and without WPFSCz- layer.
The device based on (a, ) AI4083, (b, ) clevios P, (c, g) PH1000, (d, h) PH1000+5% DMSO.
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The improvement of the charge extraction ability by the reduction of trap-assisted interfacial
recombination was also evident in many other characterization experiments. Transient photovoltage
(TPV) and transient photocurrent (TPC) measurements were carried out to probe the difference of
charge carrier dynamics between the solar cells with and without a WPFSCz- layer. The TPV
measurements conducted under an open-circuit condition (Figure 5.5a) showed that the solar cell with
a WPFSCz- layer beneath the PEDOT:PSS had a much longer decay time. In general, it is known that
a voltage decrease in a TPV measurement is caused by the recombination of electrons and holes at
defect sites.?**?” Therefore, this longer decay time indicated that the recombination that occurred
between ITO and AI4083 was effectively controlled by the insertion of a WPFSCz- layer. This also
meant that the interfacial defect site that existed between ITO and AI4083 as a recombination location
had been effectively removed by the WPFSCz- layer. Recalling that the performance improvement in
the solar cell with a WPFSCz- layer was achieved by FF improvement, the TPV result showing a
reduction in interfacial recombination was consistent with the J-J results. Figure 5.5b shows the
photocurrent decay profile under a short circuit condition. The solar cell with a WPFSCz- layer

exhibited a shorter decay time compared to the devices without a WPFSCz- layer.

The improved charge extraction capability due to the reduction of trap-assisted interfacial
recombination by the insertion of a WPFSCz- layer can also be confirmed with impedance spectroscopy
(IS) analysis.'® Basically, non-modulated impedance spectroscopy (Figure 5.5¢) showed clearly
reduced series resistance in solar cell with WPFS-layer. In addition, intensity-modulated photocurrent
spectroscopy (IMPS, Figure 5.5d) and intensity-modulated photovoltage spectroscopy (IMVS, Figure
5.5¢) also showed reduced transit time (Tun) and significantly increased recombination time (Trec) in the
solar cell with WPFS-layer (see Table 5.3). Charge collection efficiencies (1) obtained via the relation
Ne=1-(Turan/Trec), Were 96.5 and 92.9% for solar cells with and without a WPFSCz- layer, respectively.?®
240 These results were consistent with the results obtained from Jon-Vetr analyses and internal quantum
efficiency (IQE) measurements. To investigate directly the trap density change caused by the insertion
of a WPFSCz- layer, the frequency-dependent capacitance was measured, and then the trap density was
extracted from the derivative of the capacitance.?*! A comparison of the distributions of trap density
extracted from the low frequency regions of the frequency-dependent capacitance (Figure 5.5f) showed
that the trap density of the solar cell with a WPFSCz- layer was clearly lower than that of the solar cell
without a WPFSCz- layer.
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Figure 5.5. Photovoltage, photocurrent, and impedance spectroscopy measurements of PBDB-T-
2F:Y6 solar cells with and without a WPFSCz- layer. (a) Transient photovoltage. (b) Transient
photocurrent. (c) Non-modulated impedance spectroscopy. (d) Intensity-modulated photocurrent

spectroscopy. (e) Intensity-modulated photovoltage spectroscopy. (f) Trap density vs. trap energy level.

Table 5.3. Summarized transit time (Teuap), recombination time (Trc), and charge collection efficiency of

PBDB-T-2F:Y6 solar cells made with and without a WPFSCz- layer.

Tiran (US) Trec (11S) Charge collection efficiency (%)
PEDOT:PSS 2.52 31.8 92.9
WPFSCz-/PEDOT:PSS 2.00 56.4 96.5
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To further investigate what kind of traps were eliminated by the insertion of a WPFSCz- layer, we
conducted X-ray photoelectron spectroscopy (XPS). Figure 5.6a shows the O 1s spectra of ITO with
and without a WPFSCz- layer. Because the thickness of the WPFSCz- layer deposited on the ITO was
much thinner than the XPS skin-depth, most of the XPS peaks appeared to be due to the ITO layer, as
evidenced by the In 3d and Sn 3d peaks, which were not from WPFSCz-. The O 1s spectrum in ITO is
generally deconvoluted into three symmetric components.?#*2* The highest binding energy component
at 532.8 eV (£0.01 eV) is associated with the oxygen interacting with carbon (O-C) which is routinely
observed even on clean ITO surfaces that have been exposed to air. The lowest binding energy
component at 530.4 eV is assigned to the O-metal in lattice. The medium binding energy component at
531.7 eV (£0.01 eV) corresponds to oxygen deficient regions, which are called oxygen vacancies
(normally, O-H) acting as a defect/trap. The intensity of this oxygen vacancy peak clearly decreased
with WPFSCz- layer deposition, meaning that the relative amounts of defects were decreased with
WPFSCz- deposition.?*> Although the difference was reduced, the reason that trap-assisted
recombination was reduced in all of the PEDOT:PSS in the V. vs. light-intensity experiment (Figure
5.4) was attributed to this reduction of trap sites.

In addition to removing defect sites, the deposition of the WPFSCz- layer modified the energy level
and formed a cascading energy alignment, which was favorable for charge transport. The WF of pristine
ITO was measured to be 4.65 eV. The WF of ITO covered with a WPFSCz- layer increased to 4.98 eV.
The WF of AI4083 was measured to be 5.18 eV regardless of whether it was deposited directly on the
ITO or a WPFSCz- layer was deposited on the ITO prior to the AI4083 being deposited. Furthermore,
the surface potential difference also observed in the Kelvin probe force microscope (KPFM)
measurement was caused by self-aligned surface electric dipoles.?*¢2*® The contact potential differences
were measured with a cantilever tip coated with rhodium (WF = 4.72 eV) under a -600 mV bias as
shown Figure 5.7. All KPFM images showed a uniform potential difference. The contact potential
difference value of ITO had a positive value, which indicated that the Fermi level of ITO was lower
than that of the biased tip, while the negative contact potential value indicated a higher Fermi level
compared to the biased tip. When WPFSCz- was coated on the ITO surface, the contact potential
difference value dramatically changed. A direct comparison between ITO/AI4083 and ITO/WPFSCz-
/A14083 indicated that insertion of WPFSCz- induced a higher contact potential difference.
Consequently, benefiting from these cascade energy alignment and surface potential modification of
ITO/WPFSCz-/Al4083 together with the defect elimination effect, the WPFSCz- layer improved the
charge carrier extraction ability and the reduction of the extraction time as shown in the TPV, TPC, and

IS measurements (Figure 5.5a-c).
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Figure 5.6. (a) X-ray photoelectron spectra of O 1s peaks obtained from ITO with and without a layer
of WPFSCz-. (b) High binding region of ultraviolet photoelectron spectra of ITO with and without a
WPFSCz-. (c¢) The corresponding energy level diagrams. (d) The energy level diagram of the
components in the PBDB-T-2F:Y6 solar cells with a WPFSCz-layer.
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Figure 5.7. Surface potential images of (a) ITO, (b) ITO with WPFSCz-, (c) PEDOT:PSS on ITO, and
(d) PEDOT:PSS on ITO with WPFSCz-.

Such interface problems seem to exist somewhat between ITO and low-conductivity PEDOT:PSS,
as well as between a metal oxide-based charge transport layer and ITO. When we applied a WPFSCz-
layer between MoOy HTL and ITO, a similar improvement effect was observed (Figure 5.8). A solar
cell with an inverted structure using a ZnO electron transport layer also exhibited the same improvement
(Figure 5.9). In the case of ZnO, PFN-Br was utilized instead of WPFSCz- due to the energy level issue.
The light intensity dependent V. experiment (see Figure 5.4) showed that trap-assisted recombination
was reduced with the introduction of PFN-Br between ITO and ZnO. Therefore, it can be concluded
that it was due to the same effect as using WPFSCz- under PEDOT:PSS.
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Figure 5.8. (a) The J-V characteristics, (b) EQE curves of PBDB-T-2F:Y6 inverted devices without and
with WPFSCz- layer based on MoOy as HTL.

Table 5.4. Photovoltaic performance characteristics of PBDB-T-2F:Y6 solar cells without and with
WPFSCz- layer based on various PEDOT:PSS.

Voc Jsc n
V) (mA/em?) o (%)
ITO/MoOx 0.841 26.839 71.23 16.08
ITO/WPFSCz-/MoOx 0.848 27.661 73.25 17.18
(a) I (b) 100 (c) 0.9
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Figure 5.9. (a) The J-V characteristics, (b) EQE curves of PBDB-T-2F:Y6 inverted devices without and
with PFN-Br layer, (c) V5. versus light intensity for PBDB-T-2F:Y6 inverted devices without and with

PFN-Br layer.

Table 5.5. Photovoltaic performance characteristics of PBDB-T-2F:Y6 inverted devices without and
with PFN-Br layer.

Voc Jsc n
V) (mA/cm?) Fr (%)
ITO/ZnO 0.844 26.372 68.33 15.21
ITO/PFN-Br/ZnO 0.843 27.341 70.49 16.22
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5.4 Conclusion

We have employed a WPFSCz- conjugated polyelectrolyte layer to overcome the organic-inorganic
interface problem between low-conductivity PEDOT:PSS (Al4083) and high-conductivity, inorganic
ITO electrodes. The insertion of the WPFSCz- layer provided substantial advantages in the operation
of non-fullerene-based polymeric solar cells. First, the inserted WPFSCz- layer reduced recombination
losses at the interface by elimination of interfacial trap sites, resulting in an improvement in FF. Second,
the deposition of the WPFSCz- layer modified the WF of ITO. WPFSCz- coated ITO had a WF value
between the WF values of pure ITO and of PEDOT:PSS, thereby forming an effective cascading energy
alignment, which is favorable for hole transport. Benefiting from the cascading energy alignment and
the surface potential modification together with the defect elimination effect, the best PCE of a solar
cell based on PM6 and Y6 significantly increased from 15.86 to 17.34%. In addition, we found that the
problem of the interface in contact with ITO occurred not only in PEDOT:PSS but also in oxide-based
charge transport layers. It was confirmed that insertion of the conjugated polyelectrolyte layer between

a MoOs (or ZnO) charge transport layer and ITO showed the same results.
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Chapter 6. Summary

In this thesis, various interfacial engineering methods which can be easily and effectively applied to
charge transport layer for highly efficient organic solar cells are studied. The interface engineering
through appropriate materials facilitates charge transfer by matching the energy levels, thereby reducing

the interfacial resistance and carrier recombination probability.

In chapter 2, The introduction of poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) as a standard hole transport layer greatly increased the efficiency of early organic solar
cells. However, because PEDOT:PSS has a metallic property, it can still form a barrier by means of
metal-semiconductor contact at its interface with the photoactive layer. In this study, we modified the
PEDOT:PSS surface with hydroquinone (HQ) to remove that barrier. HQ treatment of the PEDOT:PSS
surface lowered the hole transport barrier at the interface between the PEDOT:PSS and the active layer.
In addition, because of the secondary doping effect of HQ, the sheet resistance of the PEDOT:PSS
surface decreased by almost two orders of magnitude. As a result, the device fabricated with the HQ-
modified PEDOT:PSS showed a 28% increase in efficiency compared to the device without HQ
treatment. Modifying the PEDOT:PSS surface with HQ solution is an easy way to effectively boost the

performance of polymer solar cells.

In chapter 3, The tunnel junction intermediate connection layer (ICL), which is the most critical
component for high-efficient tandem solar cell, generally consists of hole conducting layer and
polyethyleneimine (PEI) polyelectrolyte. However, because of the nonconducting feature of pristine
PEI, photocurrent is open-restricted in ICL even with a little thick PEI layer. Here, high-efficiency
homo-tandem solar cells are demonstrated with enhanced efficiency by introducing carbon quantum
dot (CQD)-doped PEI on tunnel junction ICL. The CQD-doped PEI provides substantial dynamic
advantages in the operation of both single-junction solar cells and homo-tandem solar cells. The
inclusion of CQDs in the PEI layer leads to improved electron extraction property in single-junction
solar cells and better series connection in tandem solar cells. The highest efficient solar cell with CQD-
doped PEI layer in between indium tin oxide (ITO) and photoactive layer exhibits a maximum power
conversion efficiency (PCE) of 9.49%, which represents a value nearly 10% higher than those of solar
cells with pristine PEI layer. In the case of tandem solar cells, the highest performing tandem solar cell
fabricated with C-dot-doped PEI layer in ICL yields a PCE of 12.13%; this value represents an ~15%

increase in the efficiency compared with tandem solar cells with a pristine PEI layer.

In chapter 4, In addition to the phase-separated morphology of donor and acceptor, the internal field
created by work-function difference between cathode and anode can also influence the exciton
dissociation probability. In this study, we have demonstrated enhanced photovoltaic performance by
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increasing exciton dissociation efficiency. To improve both work-function modification effect and
charge transport properties, we have incorporated novel carbon quantum dots (CQD) having NH,
ligands into the polyethyleneimine (PEI) work-function modifying layer as a dopant. A study of net
photocurrent density as a function of effective voltage showed that devices with a CQD-doped PEI layer
had a much higher charge separation probability compared to devices with a pristine PEI layer. A
Kelvin-probe force microscopy study demonstrated that a CQD-doped PEI layer induced lower work-
function of ITO than that of ITO with a pristine PEIL, which induced a stronger internal field. This
strengthened internal field induced better exciton dissociation efficiency, thereby improving solar cell

performance.

In chapter 5, In early studies on organic solar cells with high conductivity PEDOT:PSS, the contact
between ITO and PEDOT:PSS was considered ohmic. However, because low-conductivity
PEDOT:PSS (such as AI4083) is mainly utilized in contemporary solar cells, the contact between [TO
and PEDOT:PSS is not ohmic anymore. Despite the high possibility that there are serious interface
problems, little attention has been paid to the interface between PEDOT:PSS and ITO. Most of the
previous studies of interfaces in organic solar cells have focused on the interface between the active and
charge transport layers. In this work, we have employed a conjugated polyelectrolyte that uses
potassium poly[9,9-bis(3’-sulfonatopropyl)fluorene-alt-(9-(2,7-diethylheptyl)-carboazole)] (WPFSCz-)
between ITO and low-conductivity PEDOT:PSS to overcome complicated organic-inorganic interfacial
problems. Insertion of the WPFSCz- layer provides substantial advantages in the operation of the
polymer solar cells. First, the inserted WPFSCz- layer modifies the work-function of the ITO, thereby
forming effective cascading energy alignment, which is favorable for good hole transport. Second, the
introduction of the WPFSCz- layer eliminates interfacial trap sites. The reduction in traps reduces
recombination losses at the interface, resulting in an improvement in fill factor. These effects result in
a significant increase in the efficiency of non-fullerene solar cells based on PM6 and Y6, from 15.86 to
17.34%. In addition, we have found that the problem of the interface in contact with ITO occurs not
only in PEDOT:PSS, but also in oxide-based charge transport layers. We have confirmed that insertion
of the WPFSCz- layer between ITO and an MoOs (or ZnO) charge transport layer shows the same

positive results.
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