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Abstract

Now organic solar cells exhibited excellent device performance with power conversion efficiency
over 16%. Therefore, it has a great potential for various practical application such as large-area flexible
devices, indoor photovoltaic applications, colorful devices, and so on. Fundamental study is important
for further development of organic solar cells. Charge carrier recombination and transport properties
should be investigated which is related to the photocurrent and/or energy losses leading to poor device
performance. This thesis deals with a relationship between solvent additives, morphology and
bimolecular recombination by using diphenyl ether and diphenyl sulfide as universal and non-
halogenated solvent processing additives.(Chapter 2 and 3) Diphenyl ether acts like theta solvent to
photovoltaic polymers, helps to form ideal bulk-heterojunction film morphologies and suppress
bimolecular charge recombination regardless photovoltaic polymers. Diphenyl sulfide exhibited fast
and field-independent photocurrent saturation with negligible bimolecular recombination led to
efficient charge separation and collection, which resulted in the highest power conversion efficiency up
t0 9.08% in PTB7-Th:PC7:BM devices. Charge recombination and transport characteristics are different
with incident light intensities. In chapter 4, device properties are investigated under various light
intensities with three semi-crystalline polymers by modulating the intra- and intermolecular
noncovalent coulombic interactions. With the polymers which exhibited compact molecular packing
structures, high power conversion efficiency was achieved even in low light intensity. P2FDTBTgo
devices exhibited a low efficiency of 3.69% under standard light. However the efficiency was
dramatically enhanced by 2.3 times (8.33% PCE) under dim light, showing negligible decrease in open-
circuit voltage and remarkable increase in fill factor, which is due to the exceptionally high R, of over
1000 kQ cm? This work provides an important tips to further optimize organic solar cells for indoor
applications with low-power electronic devices such as Internet of Things (IoT) sensors, etc.
Conventional bulk-heterojunction (BHJ) organic solar cells (OSCs) generally guarantee high power
conversion efficiency, but poor reproducibility of active layer’s morphologies and complicated device
optimization processes limit further commercialization. In chapter 5, bilayer organic solar cells (OSCs)
are characterized with 5 different non-fullerene acceptors which are distinguished by Stokes shift.
Bilayer-heterojunction was formed using orthogonal solvent system for donor and acceptor, and it was
confirmed by various experimental techniques. ITIC-Th1, IDIC and its derivatives (Stokes shift 38~74
nm) exhibits 9-11% PCEs in bilayer-heterojunction OSCs with high fill factor ~0.70, whereas NIDCS-
HO (Stokes shift 133 nm) exhibits poor PCE around 2%. The high efficiencies were enabled by their
efficient self Foster energy transfer (FRET) with long exciton diffusion lengths (20-30 nm), and long-
range FRET from donor to acceptor (with significant spectral overlap between emission of donor and
absorption of acceptor). The bilayer devices have negligible bimolecular and monomolecular
recombination. This work suggest that small Stokes shift materials have a great potential for high-

performance bilayer OSCs with long exciton diffusion lengths.
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Chapter 1. Introduction

1.1 Organic Solar Cells (OSCs)

Sunlight, infinite energy resource, can be converted into electricity using solar cells. The solar power
generation system is sustainable, environmental-friendly and safe, so this energy conversion system has
been attracted a great attention over the past decades. Solar cells basically consist of semiconductors.
Representative inorganic photovoltaic semiconductors are Si, Ge and GaAs which provide ~20% of
power conversion efficiencies (PCEs) on average in solar panels. Organic semiconductors including
conjugated polymers and small molecules also can be utilized as photovoltaic materials, and this device
is called as organic solar cell (OSC). Organic semiconductors have many strengths compared to
inorganic semiconductors; 1) easily tunable band gap by designing molecule’s structures, 2) light weight,

3) solution processible (low production cost), 4) flexible, 5) semi-transparent, and so on.

In 1986, first successful organic solar cells were demonstrated by Tang. Active layer was bilayer
structure with CuPc and PV molecules deposited by vacuum evaporation, and PCE was 0.95% with
high fill factor (FF) of 0.65." Using Ce and its derivatives (phenyl-Cgi-butyric acid methyl ester
(PCBM)) as an acceptor material, PCEs were greatly improved in OSCs. In 1992-1993, ultrafast
photoinduced electron transfer in conducting polymer, MEH-PPYV, and fullerene (Cso) was demonstrated
by F. Wudl and A. J. Heeger groups.”> After 2 years later, bulk-heterojunction (BHJ) concept was
suggested to overcome limited exciton diffusion length problem of organic semiconductors.** In 2001,
2.5% PCE was demonstrated using MDMO-PPV and PCBM.® To further optimization of donor and
acceptor’s domain interfaces, small amount of solvent processing additives (such as 1,8-octanedithiol
and 1,8-diiodooctane) were introduced in solution of active layer leading to greatly improved short-

circuit current density (Jsc), fill factor (FF) and PCEs.”®

New device architectures also have been suggested to improve device performance such as
introduction of optical spacer, tandem solar cells, ternary blend solar cells, etc. In 2006, efficient
polymer solar cells (PSCs) was demonstrated by introducing solution based TiOy as optical spacer. With
TiOy, Jsc was greatly improved by ~50% (7.5 to 11.1 mA cm™) which contributed by optical interference
effect.” In 2007, J. Y. Kim et al. reported efficient tandem polymer solar cells (PSCs) with 6.2% of PCEs
by introducing ‘inverted tandem cell’ structures of low band-gap BHJ (PCPDTBT:PCBM) as front cell
and higher band-gap BHJ (P3HT:PCBM) as back cell with TiOy as intermediate layer.'® In addition,
ternary blend BHJ solar cells have been a great attention to achieve high PCEs with complementary

absorption by third components.'!!?

Recently, high-performance OSCs with >16% PCE were reported with non-fullerene acceptors.'*!4

These results suggest that OSCs still have more room and great potential to further optimization and



commercialization.

1.1.1 Working Principle of OSCs

OSCs basically consist of electrodes, hole and electron transport layers (HTL and ETL, respectively)
and active layer as shown in Figure 1. 1a and 1b. While all components are essential to achieve high
PCEs, active layer is most key part in OSCs. Two components of electron donor and acceptor are needed
to generate charge carriers efficiently. Generally, conjugated polymers and small molecules (fullerene
or non-fullerene) are used as donor and acceptor materials, and molecular structures of representative
materials are shown in Figure 1. 1¢. Device operation processes of OSCs consist of 4 steps; 1) exciton
generation, 2) exciton diffusion, 3) exciton dissociation into charge carriers and 4) charge carrier

collection, and these processes are summarized in Figure 1. 2.

(a) (b)

Al or Ag Ag or Au
ETL
Active Layer Active Layer

ETL

ITO ITO

Glass Glass
- Conventional Structure - - Inverted Structure -
(c)
Donor Acceptor
PCBM
OCH,

CeHiz, CeHis NG
0

q \\s p

Figure 1. 1. Device structures of OSCs - (a) Conventional structure and (b) inverted structure. (c)

Representative donor and acceptor materials.



When the light is incident into organic semiconductors, ‘exciton’ is created which is also expressed
as electron-hole pairs bound by electrostatic Coulomb force. Excitons can be created when the material

absorbs photons with higher energy than bandgap.

Then excitons diffuse in donor or acceptor phases. Since exciton diffusion length (Lp) of organic
semiconductors (typically conjugated polymers) is around 10 nm, bilayer-heterojunction OSCs have
limitations to achieve high PCEs. BHJ OSCs are one of excellent solutions to overcome such short Lp
problem. Due to randomly mixed states of donor and acceptor molecules in BHJs, generated excitons

efficiently diffuse to donor and acceptor interfaces before recombination.

Exciton binding energy of organic semiconductors is around 0.3~0.5 eV, because the materials
typically have low relative dielectric constants from 2 to 4."> This binding energy is not sufficient to
dissociate into charge carriers at room temperature, so appropriate electron accepting material is needed
which have energy difference of lowest unoccupied molecular orbital (LUMO) or highest occupied
molecular orbital (HOMO) levels. When excitons reach to the donor and acceptor interfaces, they are
dissociated into free charge carriers due to energy difference of LUMO levels of donor and acceptor.
(In case of excitons generated in A, they are dissociated into free charge carriers by energy difference

of HOMO levels of donor and acceptor.) Then, the charge carriers are collected to each electrode.

O Hole
3) @® Electron

Figure 1. 2. Device operation processes of OSCs. 1) Exciton generation, 2) Exciton diffusion, 3)

Exciton dissociation into free charge carriers and 4) charge carrier collection to the electrodes.



1.1.2 Characterization of OSCs

When the sunlight passes through the atmosphere of the earth, it is attenuated by scattering and
absorption; most active component of absorption of certain wavelength is water vapor which leads to a
wide variety of absorption band at many wavelengths. (Nitrogen, oxygen and carbon dioxide molecules
also contribute to this process.) Scattering atmosphere of sunlight plays a role in removing higher
frequencies from direct sunlight. As a result, the solar spectrum is strongly confined between far infrared
and near ultraviolet. Considering the attenuation of sunlight by scattering and absorption, concept of
‘air mass coefficient’ is suggested that defines the direct optical path length through the earth’s
atmosphere, expressed as a ratio relative to the path length at the zenith. To characterize solar cells,
solar spectrum of ‘AM1.5G’ is commonly used as standardized conditions with light intensity of 100

mW cm™. The solar irradiance spectrum of AM1.5G and AM1.0 are shown in Figure 1.3.
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Figure 1. 3. Solar irradiance spectrum.

Power conversion efficiency (PCE) of solar cell is determined by ratio of maximum power (Pmax)
divided by incident power (Pin) from measuring current density—voltage (J-V) under AM1.5G light
illumination. From the J-J/ measurements, three parameters can be obtained: short-circuit current
density (Jsc, current density at 0 V), open-circuit voltage (Voc, voltage at.J= 0 mA cm™) and fill factor
(FF). PCE can be expressed by equation (Eq.) 1-1, and typical J-V curve is shown in Figure 1.4a. Total
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Figure 1. 4. (a) Typical J-V characteristics measured under AM1.5G and (b) equivalent circuit of solar

cell.

Pmax=]SCVOCFF (1_1)

n Pin Pin

output current density (thus, J) is expressed by Jpn — Jb — Jsh, Where Jpn is photogenerated current density,
Jp is diode current density and Js, is shunt current density, and corresponding equivalent circuit of solar
cell is shown in Figure 1.4b. J-V relationship of solar cell can be expressed with modified Shockley

diode equation:

J =Js [exp (T0e2) - 1] + LA -, (1-2)

where J; is saturation current density of the diode, # is the ideality factor, £ is the Boltzmann constant,
A 1s the device area, R, 1s series resistance, R, 1s shunt resistance. Series and shunt resistance are related

to the internal resistance of the photovoltaic devices as shown in Figure 1.4b.

Intrinsic diode properties of OSCs can determine overall device performance. In dark J-V curve
(Figure 1.5), current flow shape can be divided by three regions; current flows dominantly through R
and R, and current injection (diode). To avoid leakage current, Ry, should be high. For efficient current
injection, R should be low. Therefore high rectification ratio with high Ry, and low Rs from dark J-V

curve generally provides high PCEs without leakage current and any resistance effect in forward bias,



respectively.
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Figure 1. 5. Typical dark J-V curve which is divided by three regions; current flows dominantly through

(D) shunt resistance (Rs) and (II) series resistance (Rs), and (I1I) current injection (diode).

External and internal quantum efficiency (EQE and IQE, respectively) are important Figure of merit
of the photovoltaic devices. EQE the ratio of the number of extracted charge carriers into electrodes to
the number of incident photons. IQE is the ratio of the number of the extracted charge carriers to the

number of absorbed incident photons in active layer. They can be expressed by Eq. (1-3);

electrons/sec electrons/sec
EQE = &= = 1-3
Q photons/sec ’ Q absorbed photons/sec ( )

For the ideal devices, IQE can reach to the 100% which means once a photon is absorbed, generated
exciton is efficiently separated into hole and electron, and collected to electrodes without any

recombination. IQE is always higher than EQE. These parameters can be measured with following

equations;



(current)/(charge of one electron) EQE

EQE = IQE = ———— (1-4)

" (total power of photons)/(energy of one photon —Reflectance
( l f ph )/( f h ) 1-Refl

Both EQE and IQE depend on the light absorption and charge collection. Total area of EQE spectrum
is proportional to Jsc which can be calculated by integral of multiplication of photon flux and EQE as
a function of wavelengths (which depend on material’s absorption spectrum). Detail of this relationship

is expressed by Eq. (1-4);

Jsc = q ;" ®(DEQEX)dA (1-5)

where ®(A) is the photon flux of solar spectrum. The calculated Jsc from EQE is usually used to verify

whether Jsc from J-V curve is measured correctly or not.

1.1.3 Various Strategies to Achieve High PCE in OSCs

Three parameters of Jsc, Voc and FF determine device performance of OSCs. In this section, various

strategies are discussed to achieve high PCE in OSCs, although all three parameters correlate each other.

Firstly, Jsc is basically related to the number of incident photons and dissociated charge carriers.
With regard to the number of incident photons, using small bandgap photovoltaic material is most
simple way to achieve high photocurrent.'* ' In addition, introduction of metal nanoparticles (typically
Ag, Au or Cu) in the devices also can enhance Jsc due to enhanced electric field by surface plasmon
resonance effect leading to increase the number of incident photons.'”"” With regard to the number of
dissociated charge carriers, interfacial area between donor and acceptor molecules affect device
performance, especially Jsc. Since organic semiconductors typically have short Lp, large interfacial area
between donor and acceptor can help to efficient exciton diffusion and dissociation before
monomolecular recombination. Introduction of small amount of solvent processing additive in solution
of active layer is most facile and effective method to enlarge the interfacial area.?*! Solvent processing
additive should have higher boiling point than host solvent and selectively soluble properties of donor
and acceptor molecules. This property provides finely modulated internal morphologies of active layer

leading to dramatically enhanced PCE including Jsc. Thermal annealing and solvent vapor annealing
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method are also effective methods to control film morphologies.

Voc of OSCs is defined by energy difference of electron and hole quasi-Fermi levels (Er, and Erp,
respectively), thus Voc = (1/¢)(Er — Erp). Quasi-Fermi level of electron is located below LUMO level
of acceptor and quasi-Fermi level of hole is located above HOMO level of donor. Therefore, intrinsically,
choosing proper combination of donor and acceptor can provide high Voc; low HOMO and high LUMO
levels for donor and acceptor, respectively. There are a lot of factors affect Voc such as carrier density,
charge transfer (CT) states, work function of electrodes, recombination, donor/acceptor interface area,
morphology, and so on.” Minimizing energy loss is a key factor to maximize Voc, so it depends on the
intrinsic properties of photovoltaic material. To avoid Voc losses, it is a key factor that to reduce density
of trap states via morphology control for well phase separation of active layer. Lifetime of CT states is

also highly related to Voc, and increasing lifetime of CT states can improve Voc.

FF represents how “square” J-V curve is. In other words, FF is related to how difficultly or easily
photogenerated carriers can be extracted to the electrodes, so high FF usually guarantees the quality of
photovoltaic devices. Current injection (diode characteristics), Rs and R highly correlate with FF. If
Rgn 1s low, currents tend to flow through the Rq, in reverse bias instead of actual device. In addition, if
R is high, currents also cannot flow well in forward bias. (Details are shown in Figure 1.4b of
equivalent circuit) Therefore to obtain “square” J-V (thus, high FF), high R, and low Ry is essential.
Unintended leakage current usually occurs when the devices have shorting problem. Due to high
absorption coefficient, ~100 nm thick active layer is enough to absorb whole incident light in case of
OSCs. Thickness of HTL or ETL is typically around 10-30 nm. Therefore roughness of substrates or
bottom electrode should be low below a few ten nm to prevent shortage. Indium tin oxide (ITO) is
generally used as transparent bottom electrode in OSCs, and ITO rarely shows shortage problem.
However in case of Ag nanowires (NWs) which also representative transparent electrode, if surface
roughness of Ag NWs is too rough and peak height greater than 100 nm, the devices are easily shorted,
resulting in huge current loss originated by leakage current. Buffer layer, thus HTL and ETL, plays an
important role. Due to BHJ structures in OSCs, both donor and acceptor materials directly contact with
electrodes resulting in undesirable recombination near electrodes. Due to such recombination (high R;),
currents cannot flow efficiently leading to lowering FF. Therefore appropriate buffer layers is needed to
achieve high FF, and representative charge transport layers are as following; HTL — poly(3,4-
ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS), MoOs3, Va,0s, etc. and ETL — ZnO, TiOx,
PDINO, etc.



1.1.4 Advantages and Applications of OSCs

Inorganic semiconductors (Si, GaAs, CIGS, etc.) based solar cells showed high PCE at least over
20%, and base material of most commercialized solar cells is Si. Although Si solar cells have many
strengths such as high PCEs, high stability, cost effectiveness (due to abundant of Si), etc., there are
critical disadvantages such as heavy weight, opaque properties (when it is installed on the ground, sun
light cannot reach behind the solar panels), complex processing condition to fabricate devices, and so

on. OSC is potential photovoltaic devices to overcome such disadvantages of Si solar cells.

Due to high absorption coefficient of organic semiconductors, thickness of active layer is around
100 nm which is enough to absorb incident sun light, while cell thickness of Si solar cells is typically
around 100-500 um. Therefore OSCs have lighter weight than Si solar cell obviously. Furthermore
because of the thin active layer, OSCs have semi-transparent properties while Si solar cell is opaque.
By appropriately designing organic semiconductors, absorption and bandgap properties can be easily
tuned which means color of active layer is easily modulated. Hence aesthetically pleasing colored

photovoltaic devices can be fabricated.

The active layer of OSCs is deposited by thermal evaporation or solution-processing. Deposition by
thermal evaporation is normally using small molecules, and polymer-based active layer is deposited by
solution-processing. In case of solution-processing methods, it has a powerful advantages that large-
area devices can be fabricated via slot-die or roll-to-roll processing with flexible substrates. Since
flexible substrates have light weight, the flexible OSCs have a great potential to portable electronic

devices as shown in Figure 1.6.

Potential Applications of Organic Solar Cells

Colorful Semi-Transparent Roll-to-Roll
0SCs Processable

Flexible Application

Figure. 1. 6. Potential applications of OSCs.



1.2 Charge Transport and Recombination of OSCs

1.2.1 Recombination Mechanisms

Charge recombination is generally divided into two type of recombination; radiative and non-
radiative. Radiative recombination is also divided into two types; band-to-band radiative recombination
and stimulated emission. The band-to-band recombination is occurred when electron excited to
conduction band is came back to valence band with light emission. This effect is related to how light-
emitting diodes can generate photons, and this recombination processes are usually occurred in direct
bandgap materials. Stimulated emission is related to lasers. In OSCs, non-radiative recombination is
general loss mechanisms of energy and extracted charge carriers. In this section, type of non-radiative

recombination and their detailed properties are discussed.

When the light is absorbed to semiconductors, electron is excited to conduction band (or LUMO
level in organic materials) and hole is generated in valence band (or HOMO level) at the same time.
Excited electron and hole pairs (i.e., excitons) are bound by electrostatic Coulomb force, and the
excitons can be easily recombined if there is insufficient energy for separation into free charge carriers.

This is known as geminate (or monomolecular) recombination of excitons.

Excitons can be dissociated into weaker bound electron-hole pairs when appropriate combination
of donor and acceptor materials are used with sufficient energy difference. These weaker bound state
of electron-hole pairs are called as CT states. The CT states of electron-hole pairs are separated easily
into free charge carriers by internal electric field in the devices or thermal energy.?*** It can be quenched

with geminate recombination, but it is not a major loss mechanism in typical high-performance OSCs.

At early stage in OSCs, organic semiconductors have low carrier mobilities and disordered
structures in thin film state. With the low mobilities, charge carriers move slowly within donor and
acceptor phases which results to make many chances to recombine electrons and holes each other. This
situation is well matched with Langevin theory that the important factor related to recombination is the
rate of how often holes and electrons meet each other rather than time in which recombination even

takes place. The Langevin recombination rate is expressed by equation (1-6);

R, =k (np —n?) = 80% (Hn + ) (p — 1?) (1-6)

where k. is the Langevin recombination prefactor, eoe; is the dielectric permittivity of the active layer,
[ 18 electrons mobility, up, is holes mobility, # is the electron concentration, p is the hole concentration

and #; is the intrinsic carrier concentration. In real experimental situation, non-geminate recombination
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is often reduced, and the time dependent recombination is also observed compared to Langevin model

which is only applied in low-mobility system.?’

Trap-assisted (or Shockley-Read-Hall, SRH) recombination is occurred when the charge carriers
are trapped in the state of deep level in the bandgap or trap sites of interfacial defects or impurities in
materials. In addition, bimolecular recombination is also important loss mechanism in OSCs.
Monomolecular and bimolecular recombination is the main loss mechanisms in OSCs, and the
recombination have been investigated via various methods; transient photoconductivity, transient
absorption spectroscopy, time-delayed dual pulse experiment, light intensity dependent measurements,
etc. The light intensity dependent measurement is the simplest technique that can be conducted by just
varying light intensity of incident light sources via neutral density filters, etc. It is obvious that charge
transport and extraction properties are different by incident light intensities. If light intensity is lower
than 1 sun intensity by an order of magnitude, generated photocurrents also reduced by an order of
magnitude. In this low light intensity situation, photocurrents can be affected more by trap sites, diode
currents (under dark) compared to intense light intensity (1 sun). From fitting Jsc vs. light intensity (Ziigh)
and Voc vs. Lign graphs, information of bimolecular and monomolecular recombination can be obtained,
respectively. In general, Jsc is proportional to fiign. With a log-log scale plot of Jsc vs. lign: graphs, if
the graphs showed nearly linear dependence (thus, s — 1), bimolecular recombination is relatively weak
in this system. (Figure 1.7a) On the contrary, if the s is lower and far from than 1, it indicates that
carrier losses exist which originated from bimolecular recombination. Information of monomolecular
(trap assisted or SRH) recombination can be obtained from Voc vs. Lign graphs. Voc is expressed by

equation (1-7);

_ 2
Egap _ k—Tln [(1 PD)VNC] (1_7)
q PpG

where Egqp is the energy difference between the HOMOgonor and LUM Ogeceptor, ¢ 15 the elementary charge,
T is temperature in Kelvin, Pp is the dissociation probability of the electron (e)-hole (h) pairs, y is the
Langevin recombination constant, Nc is the effective density of states, and G is the generation rate of
bound electron-hole pairs. If Voc exhibited linear dependence on In(fiign) in semi log plots, only
bimolecular recombination is loss mechanism in the given system. If slope of Voc vs. In(fiignt) graphs is
higher than k7/qg, it indicates that additional trap-assisted recombination is involved. (Figure 1.7b)

Detailed experimental examples are shown from Chapter 2 to Chapter 5.
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Figure. 1. 7. Schematic graphs of (a) Jsc vs. ligh: and (b) Voc vs. fiign: characteristics for typical OSCs.

Charge recombination is also related to the energy loss in OSCs. Energy loss is determined by
energy difference between optical bandgap (E;) and eVoc. Energy of CT states (Ecr) is determined by
energy difference of quasi-Fermi level of HOMO and LUMO for donor and acceptor materials.
Therefore E; — Ecr can be tuned by modifying and designing molecular structures of donor and acceptor.
Energy loss originated by charge recombination is defined by difference between Ecr and eVoc. Ect —
eVoc is typically attributed by both radiative and non-radiative recombination. In the Shockley-Queisser
limit, maximum Voc is achievable of £, — 0.3 eV due to radiative recombination. Additional energy

losses are occurred by non-radiative recombination, and this is expressed by equation (1-8);

AVocnr = =" In (¢) (1-8)

where ¢ is the radiative efficiency of the system.?® To achieve high photocurrent and open-circuit
voltages, it is important to avoid recombination losses by using appropriate donor and acceptor

combination, morphology control, appropriate charge transport layers, and so on.
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1.2.2 Charge Transport Properties and Characterizations

In OSCs, photocurrent generation and extraction are greatly important to achieve high PCEs.
Balance of hole and electron mobilities are highly important factors to affect charge transport and
extraction in OSCs. Photocurrent density (Jpn) can be expressed by equation (1-9) which suggested and

derived by Sokel and Hughes?’;

]ph -

(1-9)

exp (Verf/Vy+1 iy ﬁ]
exp (Veff/Vt)—l 74

where L is thickness of active layer, Ve is the effective voltage that determined by voltage drop across
the active layer (Vo-V) and Vi = kT/q, and this equation considers both drift and diffusion of charge
carriers and assume that recombination of charge carriers is negligible. According to the equation (1-9),
Jph vs. Verr graphs show two regimes: a linear dependence of Jy, within small biases (regime 1) and Jpn

saturation within high biases (regime 2). (Figure 1.8a)

—
Q
—

(b)

Qo Regimel | Regime 2 K ¥ Regimel | Regime2 | Regime3
S Linear | Saturation o Linear | SCLJ,, | Saturation
Q [ Q | |
2 | 2 |
= | =
o | o
=~ | )
|
|
|
|
|
|
| ~ -~
V,—V (logscale) V,—V (logscale)

Figure. 1. 8. Schematic graphs of photocurrent density (Jyn) versus effective voltage (Verr)
characteristics for the devices with (a) balanced hole and electron densities and (b) imbalanced hole and

electron densities.
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Photocurrent extraction is influenced by mean carrier drift length w. The charge carriers are readily
extracted out when the electron and hole drift lengths (w, and w,, respectively) are larger than L.
However if wy is greatly higher than w, (thus, wy >> w;) and w, is smaller than L (w, < L), a positive
space charge is formed near the anode, resulting in three regimes for Jyn vs. Vesr graphs. (Figure 1.8b)
The imbalanced electron and hole densities (or mobilities) provide space-charge-limited Jp, which

follows equation (1-10);

s (9 0.25
Jon < @6)°75 (Feogm)  VV (1-10)

where 1, is hole mobility. The fill factor of OSCs is often limited by this space-charge-limited Jpn.

For single carrier devices with semiconductors, J-V curves exhibit 4 regions as shown in Figure 1.9.
In region 1, current follows Ohm’s law. Region 2 and region 4 shows trap-limited and trap-free space-

charge-limited current (SCLC) behavior. Region 3 is trap-filled limit (TFL) region.

Electron and hole mobilities («e and un, respectively) can be measured by various techniques such
as time-of-flight (TOF), field-effect transistor (FET), SCLC, charge extraction by linearly increasing
voltage (CELIV), etc. Calculating the mobilities via SCLC is most common methods in OSC research
field, since current flow direction is same with the photovoltaic devices. To observe SCLC regime, the
devices should be fabricated with ohmic contact between semiconductor and electrodes to do not limit
current injection by contact barrier, and space charge should be formed with appropriate charge
transport layer and electrodes, thus, single-carrier devices. If the active layer does not have traps under

high voltages, the current density follows by Mott-Gurney equation (1-11);

9 V2
J = Sugosr (1-11)

By fitting this equation to the J-J curves of single-carrier devices, mobilities are calculated.

Furthermore, trap densities in a give system can be calculated by fitting onset voltage of TFL region

(VrrL) with equation (1-12);

2
Vg, = otk (1-12)

2808y
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where M, is trap density.

Current Density (log scale)

Region 4:
Trap-Free SCLC

I Region 3:
I Trap-Filled Limit

Region 2:
Trap-Limited SCLC

Region 1:0hmic

rd

Electric Field (log scale)

Figure. 1. 9. A Schematic relationship between current density and electric field of single-carrier

devices. This graph follows space-charge-limited current (SCLC) theory.
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Chapter 2. A Universal Processing Additive for High-Performance Polymer
Solar Cells

This chapter is reproduced in part with permission of “RSC Adv., Vol. 7, Pages 7476-7482". Copyright
2017, The Royal Society of Chemistry.

2.1 Research Backgrounds

Polymer solar cells (PSCs) based on bulk-heterojunction (BHJ) which blends an electron-donor
polymer and an electron-acceptor fullerene derivative have attracted much interest due to their many
advantages including low-cost solution processability, light-weight, and mechanical flexibility for
portable photovoltaic devices.”®** The power conversion efficiencies (PCEs) of PSCs have gradually

improved up to 10% by intensive developments such as synthesizing efficient semiconducting

1 32-36 35, 37-39

polymers,*' controlling the morphology of the active layer, utilizing ternary blend system,

40-42 43-44

introducing additional interfacial layer,” ™ and designing device architectures.

The morphology optimization of the active layer is one of the effective strategies to produce high-
efficiency PSCs with given materials. Several methods have been introduced to control the morphology
of the active layer such as thermal annealing, solvent-vapor annealing, and introduction of processing
additive. Thermal annealing process has benefits to crystallization and nanoscale phase separation of
photoactive components, which enlarge interfacial area and enhance charge-carrier mobility.**
Solvent-vapor annealing results in short n-n stacking distance by increasing the degree of crystallinity

within the active layer.*”*3

Compared to other methods, processing additive is the simplest and fastest way for morphology
optimization of the active layer. This method only needs introduction of small amount of processing
additives into the BHJ solution without any post treatments. Representative processing additives are
1,8-octanedithiol (ODT),** *-! 1-chloronaphthalene (CN),** 1,8-diiodooctane (DIO),***’ and
diphenyl ether (DPE).'® ** % These additives dramatically enhanced the device performance by
improving exciton dissociation and charge transport induced by formation of donor-acceptor (D-A)
bicontinuous interpenetrating network. K. H. Park et al demonstrated the ODT helps polymer
orientation, leading to closer packing of polymer chains and increased charge-carrier mobility.”' Y. Kim
et al. reported great enhancement of PCE from 3.61% to 7.08% for quinoxaline polymer based solar
cells by using CN additive. They found that the CN promotes nanoscale phase separation via improved

miscibility of the polymer and [6,6]-phenyl-C7;-butyric acid methyl ester (PC7;BM). This gave rise to
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balanced hole and electron mobility and dramatic enhancements in Jsc and FF.> In addition, the device
processed with DIO exhibited high device efficiency of 10% for 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):PC71BM-based PSCs. It is well known that DIO selectively dissolves
PCBM aggregates in the BHJ film, allowing PCBM molecules to be intercalated into polymer
domains.®® C. H. Y. Ho et al. recently investigated an influence of DIO concentration on morphology
and charge-carrier mobility within the active layer in PTB7:PC;;BM PSCs. They found that the amount
of DIO in mother solvent affects an electron mobility, but not hole mobility. Optimized DIO

concentration led to PCE enhancement from 4.2% to 7.0% by balanced hole and electron mobility.”’

Introduction of DPE into BHJ film resulted in high PCE of 8.64% by balanced hole and electron
mobility and nano-fibrillar morphologies of the active layer in poly[(2,5-bis(2-
hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-di(thiophen-2-yl)benzo[c][ 1,2,5]-thiadiazole)]
(PPDT2FBT):PC7BM PSCs.** H. Choi ef al. also utilized mixed solvent of chlorobenzene (CB) and
DPE in small bandgap PSCs. The addition of DPE into CB led to remarkable PCE enhancement from
3.24% to 9.40% This improvement was attributed to continuous and well-distributed polymer networks

in both lateral and vertical directions of the active layer.'®

In this work, we demonstrate the effects of various processing additives on device performance as
a function of polymer crystallinity. Four processing additives - DPE, DIO, CN, and ODT were used to
compare photovoltaic characteristics, morphologies, and charge carrier recombination rates. Especially,
PSCs with DPE were exhibited high-performance regardless of polymer crystallinity. The results
indicate that DPE has universal benefits to photovoltaic performances as the processing additive in all

kinds of polymers.
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2.2 Experimental Details

General: The AFM height and phase images were obtained by using a Veeco AFM microscope in
a tapping mode. Light intensity dependence of Jsc was measured with neutral density filters. GIWAXS

measurements were carried out at the PLS-II 9A U-SAXS beam line of Pohang Accelerator Laboratory.

Fabrication and characterization of PSCs: The device configuration of PSCs was conventional
structure of Glass/ITO/PEDOT:PSS/Active Layer/Al. Firstly, patterned ITO coated glass substrates
were cleaned in an ultra-sonicator in order of deionized water, acetone, and isopropyl alcohol, and then
the substrates were dried in an oven at 100 °C overnight. The PEDOT:PSS (Baytron Al 4083) layer was
spin coated on the substrate at 4000 rpm for 40 s, then baked on a hot plate at 140 °C for 10 minutes in
the air. After baking, the substrates were moved into a glove box filled with nitrogen. P3HT (number-
average molecular weight (M;) = 60 kDa, polydispersity index (PDI) = 1.4) was purchased from Organic
Semiconductor Materials (OSM, Republic of Korea). PBDTTPD (weight-average molecular weight
(My) =39.5 kDa, PDI = 2.2), PTB7 (My, = 10.8 kDa, PDI = 2.4), PCDTBT (My = 33 kDa, PDI = 2.3)
were purchased from 1-Material. PPDT2FBT (M, = 42.6 kDa, PDI = 2.8) was synthesized by ourselves.’
The PSCs based on five donor polymers were fabricated using different experimental conditions
including solution concentration, D:A ratio and amount of processing additives (DPE, DIO, CN and
ODT). Solutions for P3HT:PCeiBM (1:0.8, w/w), PPDT2FBT:PC;1BM (1:1.5, w/w),
PBDTTPD:PC7BM (1:1.5, w/w), PTB7:PC7BM (1:1.25, w/w), and PCDTBT:PC7BM (1:4, w/w)
were dissolved in chlorobenzene (CB) with polymer concentration of 13, 14, 8, 12, and 7 mg/ml with
2, 3,5, 3, and 3vol% of additives, respectively. Except PBDTTPD (110 °C), the other solutions were
stirred at 60 °C overnight. After coating active layer, the substrates were brought into a high vacuum
chamber (~10°° Torr), and Al (100 nm) was deposited by thermal evaporation process. In case of P3HT
PSCs, after deposition of the Al layer, the devices were thermally annealed at 150 °C for 10 minutes to
obtain optimum device performance. The device area was 13 mm”. Measurements were conducted in
the glove box using a high quality optical fiber to lead the light from a Xenon arc lamp solar simulator.
J-V characteristics were measured under AM 1.5G illumination (100 mW/cm?) with a Keithley 2635A
source measurement unit, and EQE was measured in the air using an EQE system (Model QEX7) by

PV measurements Inc. (Boulder, Colorado).
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2.3 Results and Discussion
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Figure 2. 1. Molecular structure of (a) processing additives and (b) donor polymers. (c¢) Energy band

diagram of components of PSCs.

Molecular structure of processing additives (DPE, DIO, CN, and ODT) are prepared in Figure 2.1a.
As the non-halogenate and non-thiol solvent, DPE has a strength in terms of the environmental-friendly
solvent to use in PSCs.®' Five photovoltaic polymers with different crystallinity are chosen as donor
polymers for the photoactive layer in PSCs (Figure 2.1b). We classify those polymers according to the
degree of crystallinity, where poly(3-hexylthiophene) (P3HT) is a highly crystalline polymer; poly(di(2-
ethylhexyloxy)benzo[1,2-b:4,5-b"]dithiophene-co-octylthieno[ 3,4-c]pyrrole-4,6-dione) (PBDTTPD),
PPDT2FBT, and PTB7 are semi-crystalline polymers; and poly[N-9'-heptadecanyl-2,7-carbazole-alt-
5,5-(4,7-di-2-thienyl-2',1',3'-benzothiadiazole]) (PCDTBT) is an amorphous polymer.

We fabricated PSCs using simple and conventional structure of
ITO/PEDOT:PSS/polymer:PCBM/ALl. Figure 2.1¢ presents energy band diagrams of the components
of the PSCs. We only focused on the effect of processing additives on device performance in the PSCs
based on different donor polymers without any interlayers. The CB was used as the main solvent for

depositing the active layer via spin-coating method. The detailed methods for device fabrication are
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described in Experimental section. Figure 2.2a-e exhibit current density versus voltage (J-V)
characteristics of the PSCs with different donor polymers and processing additives. External quantum
efficiency (EQE) curves of corresponding PSCs are shown in Figure 2.2f and Figure 2.3. Furthermore,

the detailed photovoltaic parameters for all PSCs are summarized in Table 2.1.

There is no significant effect of processing additives on the performance of P3HT:PCBM PSCs.
The control device without additive already showed high PCE of 3.29% compared to those of the
devices with additives. However, introduction of all processing additives led to slight increase in fill
factor (FF). Among various processing additives, the device with DPE showed the highest FF of 0.70
and PCE of 3.77%. The devices with DIO and CN also achieved high device efficiencies of 3.68% and
3.73%, respectively. In contrast, the device with ODT showed lower open-circuit voltage (Voc) of 0.55

V compared to other devices (0.61-0.62 V).
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Figure 2. 2. J-V characteristics of BHJ PSCs based on (a) P3HT, (b) PBDTTPD, (c) PPDT2FBT, (d)
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PTB7, and (¢) PCDTBT with different processing additives. (f) EQE spectra of all PSCs with DPE.
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Figure 2. 3. EQE spectra of PSCs based on (a) P3HT, (b) PBDTTPD, (c) PPDT2FBT, (d) PTB7 and (e)
PCDTBT. Note that calculated Jsc is indicated in parentheses.

There are huge differences in the device performances between the PBDTTPD-based devices with
and without processing additives. The device without additive exhibited PCE of 2.98% with short-
circuit current density (Jsc) of 6.10 mA cm™, Voc of 0.88 V, and FF of 0.55. It is noticeable that all
devices with additive showed high PCE over 5% that are mostly attributed to remarkable increase in
Jsc (up to 12.41 mA cm™). Same tendencies were observed in PPDT2FBT and PTB7-based devices.
Introduction of additive has great effect on the performance of the devices based on semi-crystalline
polymer (PPDT2FBT: 3.23% — 8.64% and PTB7: 3.48 — 7.70%). In particular, both PPDT2FBT and
PTB?7 devices with DPE exhibited the highest Jsc and PCE among the devices with various processing
additives. Compared to other donor polymers, different tendency was observed in the device based on
PCDTBT which is known as one of the amorphous polymers in the PSCs. Control device without
additive showed PCE of 5.07%. Apart from the device with DPE, other processing additives resulted in
significant decrease in FF or Jsc. In contrast, DPE improved the device efficiency up to 6.27% due to

simultaneous increases in all photovoltaic parameters.
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Table 2. 1. Detailed photovoltaic parameters of the devices with different donor polymers and

processing additives

Jsc Voc PCE
Polymer Additives FF
[mA cm?] [V] [70]
Control 8.76 0.62 0.61 3.29
DPE 8.85 0.61 0.70 3.77
P3HT DIO 8.91 0.61 0.68 3.68
CN 8.79 0.61 0.69 3.73
OoDT 9.02 0.55 0.64 3.18
Control 6.10 0.88 0.55 2.98
DPE 12.4 0.85 0.52 5.40
PBDTTPD DIO 11.9 0.83 0.51 5.03
CN 11.8 0.84 0.54 5.37
OoDT 10.6 0.86 0.58 5.32
Control 6.16 0.84 0.63 3.23
DPE 15.7 0.78 0.71 8.64
PPDT2FBT DIO 13.4 0.76 0.68 6.84
CN 12.3 0.80 0.71 6.97
OoDT 13.2 0.79 0.71 7.32
Control 10.2 0.76 0.45 3.48
DPE 17.6 0.75 0.59 7.70
PTB7 DIO 17.2 0.72 0.61 7.55
CN 15.9 0.75 0.55 6.57
ODT 15.7 0.74 0.57 6.65
Control 10.8 0.88 0.53 5.07
DPE 11.7 0.91 0.59 6.27
PCDTBT DIO 10.7 0.82 0.45 3.97
CN 7.49 0.87 0.58 3.78
ODT 3.68 0.79 0.48 1.38
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Figure 2. 4. Solubility test for five donor polymers in different processing additives (concentration: 2.5

mg/ml).

To understand the reason why DPE gives rise to the highest PCE among various processing additives,
we checked solubility of five donor polymers in each processing additive. As shown in Figure 2.4, it is
easily noticed that CN is a good solvent for all polymers, while other additives seem to act as the poor
solvent. Interestingly, the colors of polymer solutions dissolved in DPE were deeper than those of the
solutions dissolved in DIO and ODT. These imply that DPE satisfies the theta condition at 60 °C which
solutions are stirred overnight to fabricate active layers of PSCs, indicating DPE can play a role as theta
solvent for all polymers among poor solvents.®” In theta solvent, polymer coils act like ideal chains
because the interaction between a theta solvent and a polymer is balanced at theta point (The enthalpy
of mixing is zero).®® Therefore, DPE can be widely used as the beneficial processing additive for BHJ

PSCs regardless of polymer crystallinity.

The morphologies of BHJ films with different processing additives were investigated by atomic
force microscopy (AFM). Those AFM topography images are shown in Figure 2.5. The BHJ film based
on P3HT without additive had uniform surface with low root-mean-square (RMS) roughness of 1.12
nm (Figure 2.5a). The PCBM cannot aggregate freely in intense interaction between crystalline
polymer chains, so it is hard to phase separation during solvent evaporation.** After introducing
processing additives, small or large islands were observed which may be attributed to separation and
growth of PCBM molecules. Among BHJ films with additives, the film with DPE exhibited the lowest
RMS roughness of 4.89 nm (DIO: 6.74 nm, CN: 5.54 nm, and ODT: 7.53 nm).
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Figure 2. 5. AFM topographical images of (a) P3HT, (b) PBDTTPD, (c) PPDT2FBT, (d) PTB7, and
(e) PCDTBT BH]J films without processing additives (1** column), and with DPE (2™ column), DIO
(3™ column), CN (4™ column), and ODT (5™ column) deposited on ITO/PEDOT:PSS substrates. Root

mean square values of roughness for each films are given at the left-bottom corner of each image.

Similar to P3HT, introduction of processing additive increased surface roughness of BHJ films
based on PBDTTPD (Figure 2.5b). Unlike P3HT system, these rough surface morphologies remarkably
enhanced the performance of PBDTTPD:PC7BM devices. The film with CN had lower roughness of
3.71 nm compared to films with other additives (DPE: 4.98 nm, DIO: 5.78 nm, and ODT: 5.57 nm).
However, all devices exhibited similar PCEs regardless of kinds of additive. We found that there is no

correlation between surface roughness and device performance.

The morphologies of BHJ film based on PPDT2FBT can be significantly modulated by processing
additives (Figure 2.5¢). The film without additive showed uneven surface with large domains (few

hundreds of nanometers in diameter).*? This morphology led to poor device performance. In contrast,
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introduction of processing additives induced uniform and smooth surface morphology. Among additives,

smoothest surface roughness and nanofibrillar structure by DPE resulted in the highest device efficiency.

The morphologies of BHJ films based on PTB7 were analogous to PPDT2FBT system (Figure
2.5d). Processing additives led to uniform film with smooth surface roughness. However, films with
CN and ODT exhibited larger agglomerations compared to those with DPE and DIO. This difference
gave rise to distinction of Jsc. Specifically, more even and smoother surface by DPE and DIO resulted

in higher PCEs.

The PCDTBT:PC7BM BHIJ films with DPE and DIO exhibited smooth surface roughness
compared to films with CN and ODT (without additive: 1.10 nm, DPE: 0.449 nm, DIO: 0.384 nm, CN:
4.58 nm, ODT: 6.04 nm) (Figure 2.5¢). The Jsc difference of the device based on PCDTBT can be
attributed to morphological changes by different additives.

According to AFM results of various BHJ films, although smooth and uniform surface induced by
introduction of additive has a tendency to give rise to higher device performance, those morphologies

do not guarantee the highest PCEs at all times.

To investigate the change of molecular ordering and orientation in BHJ films as a function of
processing additives we measured grazing incidence wide angle X-ray scattering (GIWAXS). However,
there were no significant changes of polymer chain packing and intermolecular ordering by different
processing additives (Figure 2.6). These indicate that processing additives play a role in changing phase
separation of polymer and PCBM domain, but not the strength of intermolecular ordering or the
direction of polymer chain packing. The line-cuts of GIWAXS patterns and detailed crystallographic
parameters were shown in Figure 2.7 and Table 2.2. The GIWAXS results do not support the effect of

different additives on device performance.
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Figure 2. 6. GIWAXS patterns of (a) P3HT, (b) PBDTTPD, (¢) PPDT2FBT, (d) PTB7, and (¢) PCDTBT
BHJ films without processing additives (1st column), and with DPE (2nd column), DIO (3rd column),
CN (4th column), and ODT (5th column) on Si substrates.



Figure 2. 7. GIWAXS linecut profiles of (a) P3HT, (b) PBDTTPD, (c) PPDT2FBT, (d) PTB7 and (e)

PCDTBT BHIJ films.
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Table 2.2. Crystallographic parameters of polymer:PCBM BHJ films.

GIWAXS parameters
Lamella spacing n- stacking Lamella spacing n- stacking
Polymer Additive
(gxy) (gxy) (¢2) (¢2)
q[A] d[A] q [A] d[A] q [A] d[A] q [A] d[A]
Control 0.3786 16.5958 1.6565 3.7930 0.3625 17.3329 1.6465 3.8161
DPE 0.3768 16.6751 1.6568 3.7924 0.3703 16.9678 - -
P3HT DIO 0.3750 16.7552 1.6489 3.8105 0.3672 17.1111 - -
CN 0.3637 17.2757 1.6424 3.8256 0.3647 17.2284 - -
ODT 0.3745 16.7775 1.6426 3.8251 0.3656 17.1859 - -
Control 0.2943 21.3496 1.7662 3.5575 0.3004 209161 1.7355 3.6204
DPE 0.2932 21.4297 1.7592 3.5716 0.2982  21.0704 1.7357 3.6200
PBDTTPD DIO 0.2942 21.3569 1.7472 3.5961 0.2941 21.3641 1.7251 3.6422
CN 0.2921 21.5104 1.7647 3.5605 0.2962  21.2126 1.7221 3.6486
ODT 0.2947 21.3206 1.7431 3.6046 0.2812 22.3442 1.7207 3.6515
Control 0.3049 20.6074 - - 0.3193 19.6780 1.6888 3.7205
DPE 0.3015 20.8397 1.7168 3.6598 0.3123 20.1191 1.7047 3.6858
PPDT2FBT DIO 0.3102 20.2553 - - 0.3250 19.3329 1.6903 3.7172
CN 0.3068 20.4797 1.7128 3.6684 0.3241 19.3866 1.6965 3.7036
ODT 0.3083 20.3801 - - 0.3198 19.6472 1.6918 3.7139
Control 0.3480 18.0551 - - - - - -
DPE 0.3478 18.0665 - - 0.3638 17.2710 - -
PTB7 DIO 0.3450 18.2121 - - - - - -
CN 0.3573 17.5852 - - - - - -
ODT 0.3455 18.1858 - - - - - -
Control 0.3517 17.8652 - - - - 1.8735 3.3537
DPE 0.3451 18.2069 - - 0.3948 15.9149 1.8768 3.3478
PCDTBT DIO 0.3327 18.8854 - - - - 1.8867 3.3303
CN 0.3587 17.5165 - - - - 1.8701 3.3598
ODT 0.3297 19.0573 - - 0.4182 15.0244 - -
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Figure 2. 8. The Jsc dependence on light intensity for PSCs based on P3HT, PBDTTPD, PPDT2FBT,
PTB7, and PCDTBT without processing additives (control), and with DPE, DIO, CN, and ODT.

Morphological changes of BHJ films by different additives are deeply related to the degree of
bimolecular recombination. The Jsc dependence on light intensity can provide the information about
bimolecular recombination in the active layer.®”® Therefore, we compared the Jsc dependence on light
intensity (Jsc vs light intensity) of the devices as a function of processing additives. The logarithmic
plots of Jsc vs light intensity for each PSC with are shown in Figure 2.8. According to the power-law

Jsc dependence on the light intensity, the linear curves were fitted using Equation (2-1).

Jgo < I° (2-1)

where [/ is the intensity of incident light and s is an exponent constant for PSCs. As s is closer to unity,
bimolecular recombination is more suppressed.®® We calculate standard deviations of slopes differed by
processing additives for each PSC. The device based on P3HT showed the lowest standard deviation of
0.009, indicating that processing additives have a little effect on bimolecular recombination of
crystalline polymer. In contrast, the highest standard deviation of 0.0253 was observed for the devices
based on PCDTBT. Morphology of amorphous polymers could be highly influenced by processing
additives. Other semi-crystalline polymers (PBDTTPD, PPDT2FBT, and PTB7) have moderate
standard deviation of 0.01 ~ 0.02. The Jsc vs light intensity results are consistent with J- characteristics

and AFM images. All PSCs with DPE exhibited the highest s values. These results obviously support
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the improvements in Jsc and FF by reduced bimolecular recombination. Furthermore, DPE, which is
universal additive and theta solvent, minimizes bimolecular recombination by optimizing the

morphology of BHJ film, thereby leading to best device performance.

2.4 Conclusion

In conclusion, we successfully investigate the influence of various processing additives on the
performance of the devices based on five donor polymers with different crystallinity. Morphologies of
BHJ films based on donor polymers with crystallinity are easily influenced by processing additives.
Although morphological changes are not consistent with device performance, all PSCs with DPE
achieve the highest device efficiency regardless of polymer crystallinity. These high PCEs are obviously
attributed to minimized bimolecular recombination within the active layer by introduction of DPE. In
other words, DPE results in ideal morphology in BHJ system by acting as theta solvent. This work can
offer an effective way to control the morphology of BHJ film and optimize the device performance by

using universal processing additive in the BHJ PSCs.
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Chapter 3. Non-Halogenated Diphenyl-Chalcogenide Solvent Processing

Additives for High-Performance Polymer Bulk-Heterojunction Solar Cells

This chapter is reproduced in part with permission of “RSC Adv., Vol. 8, Pages 39777-39783".
Copyright 2018, The Royal Society of Chemistry.

3.1 Research Backgrounds

Polymer:fullerene bulk-heterojunction solar cells (PSCs) have attracted great attention over the past
two decades due to their many unique advantages such as their compatibility with simple and low-cost
fabrication processes; large-area process-ability using scalable solution-based printing techniques;
light-weight and mechanical flexibility®*®’. Recently, high power conversion efficiencies (PCEs) over
11%, which are comparable with amorphous silicon solar cells, have been reported using newly
designed conjugated polymers and non-fullerene acceptors.®®*® High-performance PSCs can be

achieved using several device fabrication strategies; using appropriate electron or hole transport

70-71 72-73

layers™ ", morphology control of bulk-heterojunction (BHJ) active layers’=", tandem structured

10, 20 17, 74-75

devices , photocurrent enhancement with surface plasmon resonance effects, and so on.
Among these strategies, morphology control of active layer is the most fundamentally important factor
to influence device performance. It has been demonstrated that film morphology can be easily adjusted
by using solvent processing additives such as 1,8-diiodoocatne (DIO), 1,8-octanedithiol (ODT), 1-
chloronaphthalene (CN), 1,2,4-trichlorobenzene (TCB), diphenyl ether (DPE) etc., and these solvent

additives help to enhance device performance > 4! 7 7682

So far, reports of high-performance PSCs have almost always involved optimization with
halogenated solvents such as chlorobenzene (CB) and 1,2-dichlorobenzene, due to their excellent
solvation of conjugated polymers. In addition, the most commonly reported solvent additives such as
DIO, TCB and CN also include halogen atoms. However, halogenated solvents are hazardous to the
natural environment and human health through either vapor or dermal exposure. Therefore, it would be

highly desirable to use non-halogenated solvents to process PSCs, if possible.

Recently, environmental-friendly processed PSCs have been reported using anisole, 1,2,4-
trimethylbenzene (TMB), 2-methylanisole, o-xylene and toluene as host solvent, and 1,2-dimethyl-
naphthalene and 1-phenylnaphthalene as solvent additives.***” With these non-halogenated solvent
systems, the high PCE was achieved over 11% suggesting great potential of non-halogenated solvents.®

As non-halogenated solvent processed PSCs have attracted considerable attention recently, non-
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halogenated solvent processing additives merit further investigation for the continued development of

environmentally friendly PSCs.

DPE is an excellent example of an effective non-halogenated solvent additive which promotes the
formation of effective film morphologies and enhanced PCE values in a wide range of conjugated
polymers. In particular, it is one of the most effective additives for use with semi-crystalline polymer
based BHJs. For instance, poly[(2,5-bis-(2-hexyldecyloxy)phenylene)-alt-(5,6-difluoro-4,7-
di(thiophene-2-yl)benzo[c][1,2,5]-thiadiazole)] (PPDT2FBT):[6:6]-phenyl-C7i-butyric acid methyl
ether (PC7:BM) PSCs showed great PCE enhancement from 3.23% to 8.64% upon introduction of
DPE.? Furthermore, DPE is especially effective in thick active-layer PSCs, which produce larger short-
circuit current densities (Jsc) through complete absorption of incident light, since it produces desirable
morphologies throughout the whole film.***° Y. Li et al. reported 8% of PCE (with high Jsc = 17.19 mA
cm?) in 270 nm thick of poly(2,2":5',2"-terthiophene-alt-2,3-bis(3,4-bis(octyloxy)phenyl)-6,7-
difluroquinoxaline) (PDFQx-3T):PC71BM PSCs which showed well phase-separated film

morphologies with low RMS roughness of 1.6 nm and low bimolecular recombination.”

Although DPE has been demonstrated as one of the most effective solvent additives discovered to
date, a detailed understanding of why it is effective, and investigation of structurally related compounds
is lacking. For instance, it might be expected that diphenyl sulfide (DPS) and diphenyl selenide (DPSe),
which have similar molecular structures to DPE, may also be good candidates for non-halogenated
solvent additives and yield improved device performance. Indeed, Y. Xia ef al. reported that the PCE of
a newly synthesized donor polymer:PC;BM-based PSCs was greatly improved from 0.21% to 4.43%
when DPS was used as a solvent additive.”’ Although DPS showed outstanding properties as solvent
additive, there are still no reports which thoroughly investigate the structure-property-function

relationships for this additives (DPE, DPS and DPSe, so called DPX) to PSC performances.

In this work, the photovoltaic characteristics of poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-
yl)benzo[1,2-b:4,5-b"]dithiophene-co-3-fluorothieno[3,4-b]thiophene-2-carboxylate] (PTB7-
Th):PC7:BM PSCs were investigated using the series of DPX additives with CB as the main solvent.
Compared to control devices (without additives), all three DPX additives dramatically enhanced the
short-circuit current density (Jsc) from 13.0 mA cm™ to over 16.0 mA cm? due to desirable, phase-
separated film morphologies. The PSCs using DPS showed the best photovoltaic performance among
the three solvent additives, with up to 9.08% PCE, while devices using DPE also showed high PCEs of
8.85%. Devices with DPSe, however, exhibited significantly lower PCEs of 5.91% or less, largely due
to low open-circuit voltages (Voc) of only 0.68 V (compared to ~0.80 V for the other additives). Analysis
of the carrier dynamics in these devices reveals that the low PCE in DPSe devices originates from high
surface recombination. Devices with DPS, however, exhibited negligible bimolecular recombination

and efficient charge separation and extraction. Furthermore, DPX additives were investigated using
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TMB as a main solvent in a completely non-halogenated solvent system. PSCs with DPS additive
showed excellent photovoltaic properties with excellent PCE (8.24%), comparable to devices fabricated
using CB. This report marks the first of its kind to provide a detailed, structure-function analysis of the
class of additives based on the DPX topology to polymer BHJ films and photovoltaic device
performances. Furthermore, PSCs with DPS exhibited the best device performances (PCE over 9%),

suggesting it can be useful to fabricate PSCs through environmental-friendly solution processes.

3.2 Experimental Details

General: PTB7-Th and PC7BM were purchased from 1-Material and Organic Semiconductor
Materials (OSM, Republic of Korea), respectively. Diphenyl ether and diphenyl sulfide were purchased
from Sigma Aldrich and diphenyl selenide was purchased from Alfa Aesar. AFM height and phase
images were obtained using a Veeco AFM microscope in tapping mode. Grazing incidence wide-angle
X-ray scattering (GIWAXS) measurements were carried out at the PLS-II 9A U-SAXS beam line of
Pohang Accelerator Laboratory, Republic of Korea.

Fabrication and characterization of PSCs: PSC devices were prepared with a conventional
structure of glass/indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)/active layer/Al. Patterned ITO coated glass substrates were cleaned by ultra-sonication
with deionized water, acetone and isopropyl alcohol. Then the substrates were dried in an oven at 100 °C
overnight. PEDOT:PSS (Baytron, Al 4083) layers were spin coated on ITO substrates, and baked on a
hot plate at 140 °C for 10 min in air. After baking, substrates were brought into a N filled glove box.
For PTB7-Th:PC7BM (1:1.5, w/w) PSCs, blend solutions were prepared in chlorobenzene (CB) and
1,2,4-trimethylbenzene (TMB) with 3 vol% of diphenyl ether (DPE), diphenyl sulfide (DPS) and
diphenyl selenide (DPSe) with total concentrations of 35 mg mL™"' and 30 mg mL™, respectively. The
solutions were stirred at 60 °C overnight prior to spin casting. After coating active layers, substrates
were brought into a high vacuum chamber (~10° Torr), and Al (100 nm) was deposited by thermal
evaporation. Device areas were 13 mm? Measurements were conducted in a nitrogen filled glove box
using a high quality optical fiber to lead the light from a Xenon arc lamp solar simulator. Intensity was
calibrated at 100 mW/cm? with a standard silicon photodiode. Current density-voltage (J-V)
characteristics were measured with a Keithley 2635A source measurement unit. Light intensity
dependences of short-circuit current density (Jsc) and open-circuit voltage (Voc) were measured with
neutral density filters. External quantum efficiency (EQE) was measured in the air using an EQE system

(Model QEX7) by PV measurements Inc. (Boulder, Colorado).
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3.3 Results and Discussion

To analyze the effects of DPX solvent additives on photovoltaic characteristics, we fabricated PSCs
with high-performance BHJ active layer: PTB7-Th:PC7BM. PTB7-Th is known as a semi-crystalline
conjugated polymer, and constitutes an appropriate candidate to check additive effects of DPX, since
PTB7-Th has been reported as a widely studied reference material with well-known properties, and also
its semi-crystalline characteristics is appropriate for use with DPE.?**? Detailed molecular structures
and calculated dihedral angles (by DFT simulation) for the DPX series are shown in Figure 3.1a and
Figure 3.1c, respectively. As the size the heteroatoms (‘X’ in DPX) become larger, the dihedral angle
increases from 34.2° to 37.2° to 47.5° for DPE, DPS and DPSe, respectively. Furthermore, as the ‘X’
atoms in DPX become heavier, the boiling point (at 760 mmHg pressure) of each solvent increases;
258 °C, 296 °C, and 335 °C for DPE, DPS, and DPSe, respectively. Interestingly, the melting point of
DPS occurs at the sub-zero temperature of -40 °C, whereas DPE and DPSe have higher melting points
of 26 °C and 3 °C, respectively. This stable liquid state of DPS facilitates device fabrication regardless

of ambient temperatures in research laboratories or factories.

(a) (b)
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Figure 3. 1. (a) Molecular structure of DPX processing additives. (b) Energy band diagram of PTB7-
Th:PC71BM PSCs. (c) Detailed molecular structure and dihedral angles of DPX additives calculated by
DFT.
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Figure 3. 2. (a) J-V characteristics, (b) EQE spectra and (c) statistical histogram of PTB7-Th:PC7 BM
PSCs with different solvent additives. (d) Normal distribution curve for PCE values with comparison

between DPE and DPS devices. (d is calculated as Cohen’s d which is a statistical term.)

PSCs were fabricated in conventional structures with the architecture: indium tin oxide
(ITO)/poly(3,4-ethylenedioxythiopene) polystyrene sulfonate (PEDOT:PSS)/PTB7-Th:PC;1BM/AlL A
corresponding energy band diagram is shown in Figure 3.1b. For the active layer (PTB7-Th:PC71BM),
CB was used as the main solvent and 3 vol% of DPX processing additives were added. Detailed device
fabrication procedures are described in the Experimental Section. Photovoltaic properties of the PSCs
were investigated by comparison with control devices (only CB used) and CB + 3vol% DPX devices.
Corresponding current density—voltage (J-V) curves and external quantum efficiency (EQE) spectra are
shown in Figure 3.2a and 3.2b, respectively. Detailed photovoltaic parameters are described in Table
3.1. Control devices with no additives showed low PCEs of 4.98% or less, whereas devices processed
with DPX showed higher PCEs of 8.85%, 9.08% and 5.91% for DPE, DPS and DPSe, respectively.
Except for DPSe devices, both DPE and DPS devices showed excellent performance. In particular, DPS

devices exhibited the best photovoltaic device performance including a Jsc of 16.8 mA cm™, Voc of
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0.81 V and FF of 0.67, leading a PCE over 9%. Furthermore, as shown in statistical distribution of PCE
as shown in Figure 3.2¢, the average PCE (PCE.y,) of DPS devices is around 8.4% while PCEay, of
DPE devices was around 8.2%. We also calculate Cohen’s d value which is defined as the difference
two means divided by a standard deviation for the data, in statistic, providing a quantitative difference
for specific phenomenon between two independent groups. Since the difference between PCE,; of DPE
and DPS devices is very small around 0.2%, it is better to describe this difference by calculating Cohen’s
d. If Cohen’s d values are 0.2, 0.5 and 0.8, it indicates small, medium and large effect, respectively. As
shown in Figure 3.2d, calculated Cohen’s d is 0.54 which means the upper 50% in statistical distribution
of PCE values in DPS devices exceeds upper 69.1% of PCE values in DPE devices. This small but
statistically significant increase in PCE in DPS devices (compared to DPE devices) is related to reduced
bimolecular recombination, which will be discussed subsequently. Compared to DPE and DPS devices,
the Jsc of DPSe devices was a similar value of 16 mA cm however, the Voc and FF were significantly
lower at 0.68 V and 0.53, respectively. The reason for low Voc and FF in DPSe devices may originate
from surface recombination or traps which render DPSe an ineffective processing additive, despite an

improved Jsc.

Table 3. 1. Summary of photovoltaic parameters of PTB7-Th:PC7;BM PSCs processed with different

solvent additives.

Solvent Solvent additive Jsc Voc FF PCE
(3 vol%) [mA cm?] V] [%]
Control 13.0 (124+0.51) 0.80(0.79+£0.02)  0.48(0.48+0.01)  4.98 (4.80+0.24)
) DPE 16.5(15.6+0.61)  0.80(0.80+0.01)  0.67 (0.66+0.02)  8.85(8.20+0.41)
< DPS 16.8 (15.7+0.66)  0.81 (0.80+0.01)  0.67 (0.67+0.01)  9.08 (8.40 = 0.32)
DPSe 16.4 (14.8+0.75)  0.68 (0.70£0.03)  0.53(0.53+£0.03)  5.91(5.45+0.34)
Control 149 (14.0+0.46)  0.76 (0.76 £0.01)  0.53 (0.53+0.02)  6.06 (5.61 £ 0.32)
) DPE 16.5(153+0.65)  0.78 (0.78+0.00)  0.62 (0.63+0.01)  8.02 (7.50 = 0.26)
e DPS 16.1 (15.2+0.65)  0.79(0.79£0.00)  0.65(0.65+0.01)  8.24 (7.80 £ 0.31)
DPSe 153(149+0.33)  0.72(0.69+0.02)  0.49(0.49+0.01) 5.43(5.05+0.22)
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To investigate the influence of processing additives on film morphologies in detail, we first analyzed
the molecular ordering and packing structures of PTB7-Th:PC7;BM blend films via grazing incidence
wide-angle X-ray scattering (GIWAXS). As shown in Figure 3.3, all of the film processing conditions
showed negligible differences in GIWAXS pattern images and line-cut profiles, except for a slight
enhancement of the (100) peak intensity for DPX films along the g, direction. This indicates that DPX
does not strongly affect the molecular ordering of BHJ films, although (100) lamellar interactions in the

g. direction were slightly strengthened by DPX additives.
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Figure 3. 3. (a) 2D GIWAXS images and (b) line-cut profiles for PTB7-Th:PC7BM blend films

processed with different solvent additives.
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We also analyzed PTB7-Th:PC7;BM blend films via atomic force microscopy (AFM), in order to
characterize the surface morphologies. As shown in Figure 3.4, a lot of aggregated features with large
domain size (~100 nm) were observed for control films with no additives, and this large domains might
be attributed to the fullerene-rich regions.”” These control films exhibited an RMS roughness of 3.43
nm; the morphologies and roughness are consistent with previously reported results for PTB7-
Th:PC7;BM BHIs.”*”* However, upon using DPX additives, the aggregation was significantly reduced
with decreased RMS roughness of 1.55 nm, 1.75 nm and 1.81 nm for DPE, DPS and DPSe, respectively.
Furthermore, relatively small aggregated features are evenly distributed throughout the film compared
to control films, which suggests that the surface area between donor and acceptor phases is larger for
all films processed with DPX additives, which is consistent with the increase Jscs from 13 mA cm™ to
more than 16 mA cm™ upon processing with all three DPX additives. Therefore, DPX additives helps
to form well phase-separated film morphologies without changing intermolecular ordering and packing

properties, which is similar phenomenon with reported study.?

15 nm

Rq=1.8Thm

0 nm

(b)

Control DPSe 30°
1 pm |
BRI o o

Figure 3. 4. AFM (a) topographical and (b) phase images for PTB7-Th:PC7;BM blend films processed

with different solvent additives
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Figure 3. 5. Light intensity dependent (a) Jsc and (b) Voc of PTB7-Th:PC71BM PSCs. (c) Photocurrent
density (Jyn) — effective voltage (Ver = Vo — V) and (d) dark current density (Jp) — voltage (V)
characteristics for PTB7-Th:PC7;BM PSCs.

To elucidate the mechanisms of charge recombination in PSCs processed with and without DPX
additives, light intensity (Jign)) dependent Jsc and Voc values were measured. In general, Jsc follows a
power law of Jsc fiighi’, Where iig: is the incident light intensity and s is an exponent. As s approaches
unity, this indicates that bimolecular recombination rates approach zero, whereas decreasing values of
s indicate increasing rates of bimolecular recombination.’* As shown in Figure 3.5a, the control device
with no additive showed the lowest s value of 0.941, which is consistent with poor photovoltaic
performance. For devices processed with DPX additives, DPS yielded the highest s value among the
three additives of 0.985, indicating that it has the greatest ability to reduce bimolecular recombination,
resulting in excellent PSC performance. DPE also showed a similar s value of 0.980. However, in DPSe
devices, a significantly lower s value of 0.970 was obtained, indicating that the poor device performance

relative to DPS and DPE originates, in part, from higher bimolecular recombination rates.
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If bimolecular recombination is the only loss mechanism in a given BHJ system, the Voc follows

equation (3-1);

Egap _ kT, [(1—Pp)YNZ i
"I [—PDG ] (3-1)

where Egp is the energy difference between the HOMOgonor and LUM Ogcceptor, ¢ 15 the elementary charge,
k is the Boltzmann constant, 7'is temperature in Kelvin, Pp is the dissociation probability of the electron
(e)-hole (h) pairs, y is the Langevin recombination constant, Nc is the effective density of states, and G
is the generation rate of bound e-h pairs. Since G is the only parameter directly proportional to /iign, we
can obtain information about the existence of additional trap-assisted recombination from Voc vs. In(Ziight)
plots.”**> As shown in Figure 3.5b, control devices showed a slope of 1.28 k7T/g, while the slope values
for DPE, DPS and DPSe devices were observed to be 1.39, 1.40 and 0.41 kT/q, respectively. Although
the slope value of control devices was closest to £7/g (which indicates the lowest rate of trap-assisted
recombination among all conditions), considering these results together with Jsc vs. jighi, indicates that
the combination of relatively high rates of bimolecular recombination and low rates of trap-assisted
recombination together resulted overall poor device performance. Similarly, although DPE and DPS
devices showed slightly higher trap-assisted recombination compared to control devices, their
negligible bimolecular recombination leads to superior device performance. In the case of DPSe devices,
however, an unusual slope value lower than £7/q was observed which indicates a high rate of surface

recombination, rather than trap-assisted recombination, leading to a limited Voc.”*"®
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Figure 3. 6. J-V characteristics of PTB7-Th:PC71BM PSCs processed (a) under various

conditions and (b) with methanol treatment.
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Table 3. 2. Summary of photovoltaic parameters for PTB7-Th:PC7;BM PSCs processed under various

conditions.
Jsc Voc PCE
Device Structure FF
[mA cm™] [V] [%]
PEDOT:PSS/Active Layer (3% DPE) 16.0 0.80 0.66 8.53
PEDOT:PSS/3% DPSe treated/Active Layer (3% DPE) 15.5 0.72 0.55 6.16
PEDOT:PSS/Active Layer (3% DPSe) 15.5 0.72 0.53 5.87

Table 3. 3. Summary of photovoltaic parameters for PTB7-Th:PC7;BM PSCs processed with methanol

treatment.
Solvent additive Jsc Voc PCE
(3 vol%) [mA cm™] [V] o [%]
Control 14.5 0.82 0.52 6.16
DPE 15.7 0.80 0.67 8.74
DPS 154 0.81 0.70 8.86
DPSe 14.8 0.81 0.70 8.39

To investigate the location of surface recombination in the devices, we fabricated a device with
configuration of ITO/PEDOT:PSS/3% DPSe/Active Layer (3% DPE)/Al, where 3% DPSe indicates
spin-coating of CB + 3 vol% DPSe solvents on the PEDOT:PSS layer. As shown in Figure 3.6a and
Table 3.2, this device showed similar device characteristics to those processed with DPSe in the active
layer; therefore we consider that the surface recombination in DPSe devices occurs at the boundary
between PEDOT:PSS and the active layer. Furthermore, due to the high boiling point of DPSe, the
residual solvent additives in BHJ films may lead to poor device performance. To confirm this, we
fabricated PSCs with methanol (MeOH) treatment which can remove residual solvent additives with
the following properties of MeOH; poor dissolubility of the active layer but good dissolubility of solvent
additive.”” As shown in Figure 3.6b and Table 3.3, after MeOH treatment, the J-J curve and efficiency
were recovered showing comparable PCE of 8.39% with DPE and DPS devices. Therefore, residual

DPSe in BHJ films affects not only surface recombination, but also disturbance charge transport.
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Table 3. 4. Shunt and series resistances of PTB7-Th:PC7;BM PSCs calculated from dark J-V curve.

Solvent additive Ra R
(3 vol%) [MQ cm?] [Q cm?
Control 0.54 7.25
DPE 10.7 5.92
DPS 2.87 4.27
DPSe 16.9 13.5

Photocurrent density—effective voltage (Jyn-Verr) characteristics were collected to investigate charge
generation and extraction properties, as shown in Figure 3.5c¢. In control devices, Jyn became saturated
at high Ve of over 1V, indicating that a high electric-field was needed to completely separate bound e-
h pairs and extract separated charge carriers. In contrast, DPS devices showed rapid J,n saturation at a
low Vegr of around 0.19 V, while J, saturation in DPE and DPSe devices at V. values of around 0.21
and 0.25 V, respectively. The fast and field-independent J,, saturation in DPS devices suggests
negligible recombination losses and efficient charge collection under operating conditions. Dark current
density—voltage (Jp-V) characteristics were measured as shown in Figure 3.5d, and calculated shunt
and series resistance (R and Rs, respectively) values from Jp-V curve are summarized in Table 3.4.
Control devices showed poor diode properties due to high leakage current and low shunt resistance. For
DPX devices, leakage currents in the shunt regime is an order of magnitude lower than control devices,
consistent with high Jscs. However, DPSe showed the highest R of 13.5 Q cm? among three DPX
devices; this high R; is related to excessive surface recombination, leading to poor photovoltaic device

performance.”
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Figure 3. 7. (a) J-V characteristics and (b) EQE spectra for PTB7-Th:PC;BM PSCs using 1,2,4-

trimethylbenzene as a primary solvent.

To confirm that the three DPX solvent additives are effective in non-halogenated host solvents, as
opposed to CB, we fabricated PSCs using fully-nonhalogenated solvent systems including 1,2,4-
trimethylbenzene (TMB) as the primary solvent with three DPX compounds as solvent additives.
Corresponding J-V curves and EQE spectra are shown in Figure 3.7 and summary of photovoltaic
parameters is described in Table 3.1. Among all conditions, DPS devices again yielded the highest
PCEs of up to 8.24%, with corresponding Jsc of 16.1 mA cm?, Voc of 0.79 V and FF of 0.65. DPE
devices also showed high PCEs of up to 8.02%, whereas control devices and DPSe devices showed
lower PCEs of 6.06% and 5.08%, respectively. The consistently outstanding device performance
observed in DPS devices fabricated with both CB and TMB as primary solvents suggests the great

potential of DPS for PSC fabrication in research laboratories and in industry.
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3.4 Conclusion

In conclusion, we have investigated the photovoltaic characteristics, film morphologies and device
properties of PTB7-Th:PC;1BM PSCs using DPE, DPS and DPSe solvent additives. Compared to
control devices without additives, all three solvent additives provided increased Jscs of over 16 mA cm’
2. This enhancement is attributed to well-phase-separated film morphologies with low RMS roughness
(~1.5 nm). PSCs with DPS consistently yielded the best performance among three additives, with PCEs
of great than 9%, a small but significant improvement compared to DPE devices, which also showed
high PCEs of up to 8.85%. In contrast, DPSe devices showed relatively low PCEs of 5.91% or less,
largely due to a low Voc, which originated from significant surface recombination and high series
resistance. For DPS devices, quick and field-independent J,, saturation with negligible bimolecular
recombination occurred, leading to efficient charge separation and collection and excellent device
performance. Finally, we successfully demonstrated the fabrication of PSCs using fully non-
halogenated solvent:additive systems incorporating TMB as a primary solvent and DPX materials as
solvent additives. Using TMB as the main solvent, DPS devices showed excellent PCEs of up to 8.24%,
while DPE devices also showed high PCEs of up to 8.02%, while DPSe devices showed low PCEs of
~ 5%. We confirmed that DPS is the most effective solvent additive for use in PSCs by comparison of
the three diphenyl chalcogenide additives. This work demonstrates the suitability of DPS as an effective
non-halogenated solvent additive for PSC fabrication, offering the possibility of safe and stable
solution-processing using non-halogenated solvents in ambient conditions considerations which are

greatly needed for the industrial development and commercialization of PSCs.
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Chapter 4. Alkoxybenzothiadiazole-Based Fullerene and Nonfullerene
Polymer Solar Cells with High Shunt Resistance for Indoor Photovoltaic
Applications

This chapter is reproduced in part with permission of “ACS Applied Materials & Interfaces, Vol. 10,
Pages 3885-3894". Copyright 2018, American Chemical Society.

4.1 Research Backgrounds

Polymer solar cells (PSCs) have attracted growing attention over the past decades due to their facile
fabrication (via solution process), cost effectiveness, light weight and great potential for flexible and
large-area electronic devices.'” '°!°! Recently, power conversion efficiencies (PCEs) up to 12~13%
have been reported in PSCs, surpassing the PCE of amorphous silicon-based solar cells.** '**'% One
very attractive property of PSCs is that under dim light, the devices show better photovoltaic
performance than their inorganic counterparts. In the case of commercialized crystalline silicon (c-Si)
solar cells, it is well known that PCE increases as increasing light intensity until series resistance (Rs)
influences device performance.'® When the light intensity decreases, however, the PCE decreases; the
relatively low shunt resistance (Rq) limits device performance when the photo-generation rate of charge
carriers decreases under dim light.'” In real applications, the sun light intensity changes over time,
location, weather or surrounding environment. For example, on a cloudy day, the light intensity may
decrease to as low as 1/50 the intensity of a typical sunny day. Additionally, incident angle of light may
vary the intensity of sunlight from 104 mW cm™? (AM1, at zenith angle 0°) to 2 mW cm™ (AM38, at
zenith angle 90°) depending on the location in the earth. Therefore, for practical applications of PSCs,
both standard (100 mW c¢cm?) and dim lighting conditions should be considered together. By extension,
the investigation of photovoltaic behavior under dim light is also necessary for indoor photovoltaic
power-supply systems i.e., low-power consumed electronic devices, Internet of Things (IoT) sensors,
actuators, etc.'”!'%” N. H. Reich et al. reported that the PCE of c-Si solar cells drastically decreased
from 20% to ~13% when the incident light intensity decreased from 100 mW c¢cm™ to 0.3 mW cm; this
significantly hinders the indoor application of silicon solar cells.'” In contrast to inorganic solar cells,
slightly increased PCEs are often observed in PSCs as the incident light intensity decreases. Recently,
interesting papers on indoor applications of PSCs have been reported, for instance, R. Steim et al.
reported that the photovoltaic properties of PSCs under different illumination intensities are closely
related to their series and shunt resistances.'”® H. K. H. Lee et al. recently reported a comparison of

photovoltaic performance of PSCs under AM 1.5G illumination (100 mW cm™, 1 sun) and fluorescent

45



lamp illumination (300 Ix). In this report, poly[N-9'-heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-
thienyl-2',1’,3'-benzothiadiazole)] (PCDTBT):[6,6]-phenyl C7; butyric acid methyl ester (PC7;:BM)
bulk-heterojunction (BHJ) PSCs showed 16.6% PCE under fluorescent lamp illumination, which is
much higher compared to AM 1.5G illumination (PCE = 6.0%), demonstrating the great potential of
PSCs for indoor applications.'” Despite interesting reports on the properties of PSCs under different
light intensities, detailed investigations on the underlying mechanisms and photovoltaic behaviors under
dim lighting conditions are still lacking. Currently, there is little understanding on how to design
molecules to increase Ry and morphology—Rg, relationship, etc., which will be the critical issues for

further optimization of indoor PSCs.

Herein, we have synthesized three semi-crystalline photovoltaic polymers based on the dialkyloxy
substituted benzothiadiazole (BT), poly(5,6-bis(butyloctyloxy)-4-(thieno[3,2-b]thiophene-2-yl)-
benzo|[c][1,2,5]thiadiazole) (PTTBTgo),  poly(5,6-bis(butyloctyloxy)-4-(2,2"-bithiophene-5-yl)-
benzo[c][1,2,5]thiadiazole) (PDTBTso) and poly(5,6-bis(butyloctyloxy)-4-(3,3'-difluoro-2,2'-
bithiophene-5-yl)-benzo[c][1,2,5]thiadiazole) (P2FDTBTgo) as donor materials and studied their
photovoltaic behaviors upon blending with the acceptors PC7:BM or 3,9-bis(2-methylene-(3-(1,1-
dicyanomethylene)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-dithieno[2,3-d:2',3"-d"]-s-
indaceno[1,2-b:5,6-b']dithiophene (ITIC) under different illumination intensities. The best photovoltaic
performance was measured for PDTBTgo:PC71BM, showing a PCE of 7.52% under standard (100 mW
cm?) light which increased by 28% (PCE: 9.60%) under dim light (2.50 mW c¢m™). Very interestingly,
the PCE was dramatically increased by 2.3 times (3.69% to 8.33%) for P2FDTBTgo:PC7:BM PSCs
under dim light. Due to the large Rs (9.42 Q cm?) of P2FDTBTgo device (see 5.26 Q cm? for
PDTBTg0o:PC71BM), significant bimolecular and surface charge recombinations were measured,
showing poor PCE under standard light. The improved PCE in P2FDTBTgo PSCs under weak light
intensity mainly originates from the sustained open-circuit voltage (¥oc) and enhanced fill factor (FF)
values. The steady Voc can be understood in terms of the small Rs-induced voltage drop due to the small
photocurrent under dim light. The remarkable enhancement of PCE in the P2FDTBTgo device was
analyzed to be related to exceptionally high R (1326 kQ cm?), which is an essential parameter to avoid
leakage current under dim light (see 581 kQ cm? for PDTBTgo:PC7:BM). P2FDTBTgo showed compact
crystalline packing (d-spacing of ~3.8 A), which may be related to its high Rg. Consequently, field-
independent saturation of photocurrent was observed as the light intensity decreased, which suggests
efficient charge transport and extraction with negligible charge recombination under dim light. Similar
data were also measured for polymer:ITIC nonfullerene PSCs. The PTTBTgo devices with a large R,
and small Ry, showed poor photovoltaic properties under both standard and dim light illumination. At a
present stage, we do not understand clearly how to design ideal indoor photovoltaic molecules to

increase Rgn. The crystalline morphology must be one main parameter to be considered. We believe that
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our current study may provide valuable information to understand the origin of high shunt resistance in
terms of molecular design and morphology for indoor PSCs development. In addition, high Ry, is
essential whereas R; is less critical under dim light, which may allow a greater room for designing

indoor photovolatic materials.
4.2 Experimental Details

General: 'H and >C NMR spectra were recorded on a Bruker Advance 111 HD system operating at
500 MHz and 125 MHz, respectively. UV-vis spectra were obtained with a Jasco V-630
spectrophotometer. Cyclic voltammetry data were measured on a Versa STAT3 (Princeton Applied
Research) with a three-electrode cell employing a platinum wire as the counter electrode, a platinum
electrode coated with a thin polymer film was used as the working electrode, with Ag/Ag" as the
reference electrode in 0.1 M tetrabutylammonium tetrafluoroborate (BusNBF4) in CH3CN at a scan rate
of 50 mV/s. Thermogravimetric analysis (2050 TGA V5.4A) and differential scanning calorimetry
(DSC Q200 V24.4) measurements were performed at a heating and cooling rate of 10 °C/min under
nitrogen (purity, 99.999%). Grazing incidence wide-angle X-ray scattering (GI-WAXS) measurements
were carried out at the PLS-II 9A U-SAXS beam line of Pohang Accelerator Laboratory, Republic of

Korea.

Synthesis: All reagents were purchased from Aldrich, Tokyo Chemical Industry, Junsei Chemical
and used without further purification. 4,7-Dibromo-5,6-bis[(2-butyloctyl)oxy]-2,1,3-benzothiadiazole
(1) and 2,5-bis(trimethylstannyl)thieno[ 3,2-b]thiophene (2), 5,5'-bis(trimethylstannyl)-2,2'-bithiophene
(3) and 5,5'-bis(trimethylstannyl)-3,3'-difluoro-2,2'-bithiophene (4) were prepared according to the

previously reported literature procedures.** '

Poly(5,6-bis(butyloctyloxy)-4-(thieno[3,2-b]thiophene-2-yl)-benzo[c][1,2,5]thiadiazole)
(PTTBT3s0). In a N filled glove box, monomer (1) (200 mg, 0.302 mmol), monomer (2) (140.6 mg, 1
equiv.), tris(dibenzylideneacetone)dipalladium(0) (2 mol%), tri(o-tolyl)phosphine (8 mol%) and
toluene (1.5 mL) were added in a 5 mL microwave vial. The reaction mixture was heated at 80 °C for
3 min, at 100 °C for 5 min, at 125 °C for 45 min and at 150 °C for 55 min in a microwave reactor. After
cooling the reaction solution, the polymer was end-capped by addition of 2-tributylstannylthiophene
(0.1 equiv.) and the mixture was further reacted at 145 °C for 20 min. After cooling the solution, 2-
bromothiophene (0.2 equiv.) was added by a syringe and the reaction solution was heated at 145 °C for
another 20 min. After the reaction was finished, the crude PTTBTgo polymer was precipitated into 300
mL methanol, filtered and further purified by Soxhlet extraction with acetone, hexane and chloroform.
The extracted polymer in chloroform was precipitated into MeOH, filtered and dried under vacuum

(Yield: 68.3%). Number average molecular weight (M,) = 44 kDa, polydispersity index (PDI) =2.8. 'H
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NMR (500 MHz, CDCL): 8 (ppm) 8.67 (s, 2H), 4.07 (br, 4H), 2.10 (br, 2H), 1.38-1.00 (br, 32H), 0.83
(br, 12H).

Poly(5,6-bis(butyloctyloxy)-4-(2,2'-bithiophene-5-yl)-benzo[c][1,2,5]thiadiazole) (PDTBT30).
PDTBTgo was synthesized similarly as PTTBTgo. Yield: 71.5%. M, = 35 kDa, PDI = 2.2. '"H NMR
(500 MHz, CDCls): 6 (ppm) 8.32 (d, /=5 Hz, 2H), 7.41 (d, J= 5 Hz, 2H), 4.25- 3.60 (d, /=5 Hz, 4H),
2.11-2.04 (m, 2H), 1.60-1.20 (m, 32H), 0.93-0.83 (m, 12H).

Poly(5,6-bis(butyloctyloxy)-4-(3,3'-difluoro-2,2"-bithiophene-5-yl)-benzo[c] [ 1,2, 5 [thiadiazole)
(P2FDTBT3p0). P2FDTBTgo was synthesized similarly as PTTBTgo. Yield: 64.5%. M, = 36 kDa, PDI
=3.0. '"H NMR (500 MHz, CDCl5): § (ppm) 8.64-8.36 (br, 2H), 4.30- 3.90 (br, 4H), 2.25-2.45 (br, 2H),
2.10-1.05 (br, 32H), 1.05-0.70 (br, 12H).

Fabrication and characterization of PSCs: The PSC devices were prepared with a conventional
structure of glass/indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):polystyrene sulfonate
(PEDOT:PSS)/active layer/Al. Patterned ITO coated glass substrates were cleaned by ultra-sonication
with deionized water, acetone and isopropyl alcohol. Then the substrates were dried in an oven at 100 °C
overnight. The PEDOT:PSS (Baytron, Al 4083) layer was spin coated on the ITO substrate, and baked
on a hot plate at 140 °C for 10 min in the air. After baking, the substrates were brought into a N filled
glove box. For polymer:PC7;BM (1:2, w/w) PSCs, the blend solutions were prepared in chlorobenzene
(CB) with 2 vol% of 1,8-octanedithiol (ODT) with polymer concentrations of 13, 14, and 10 mg/mL
for PTTBTgo, PDTBTgo, and P2FDTBTgo, respectively. For polymer:ITIC (1:1, w/w) PSCs, the blend
solutions were prepared in CB with 0.5 vol% of ODT using polymer concentrations of 12, 13, and 9
mg/mL for PTTBTgo, PDTBTgo, and P2FDTBTgo, respectively. Except for PTTBTgo solutions (60 °C),
all solutions were stirred at 110 °C overnight before spin casting. After coating active layers, the
substrates were brought into a high vacuum chamber (~10° Torr), and Al (100 nm) was deposited by
thermal evaporation. The device area was 13 mm?®. Measurements were conducted in the glove box
using a high quality optical fiber to lead the light from a Xenon arc lamp solar simulator (AM 1.5G
illumination, 100 mW cm™). Light intensities were modulated with neutral density filters to measure
the light intensity dependent photovoltaic parameters. Current density-voltage (J-V) characteristics
were measured with a Keithley 2635A source measurement unit, and external quantum efficiency (EQE)
was measured in the air using an EQE system (Model QEX7) by PV measurements Inc. (Boulder,
Colorado).
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4.3 Results and Discussion

Three donor (D)-acceptor (A) type conjugated polymers based on dialkoxybenzothiadiazole were
designed by considering intra- and intermolecular noncovalent coulombic interactions (via S°*---O%,
S®..F%, etc.), allowing polymers to have a planar backbone and crystalline intermolecular
organization."'""!'> The chemical structures of PTTBTgo, PDTBTgo and P2FDTBTgo are shown in
Figure 4.1. The Stille coupling of equimolar quantities of 4,7-dibromo-5,6-bis(2-butyloctyloxy)-2,1,3-
benzothiadiazole (1) and 2,5-bis(trimethylstannyl)thieno[3,2-b]thiophene (2) for PTTBTgo or 5,5'-
bis(trimethylstannyl)-2,2"-bithiophene (3) for PDTBTgo or 5,5'-bis(trimethylstannyl)-3,3'-difluoro-
2,2'-bithiophene (4) for P2FDTBTgo was performed by microwave assisted polymerization with a
catalyst of tris(dibenzylideneacetone)dipalladium(0) and tri(o-tolyl)phosphine in toluene to afford the
resulting three polymers (64%-72% yield). The detailed synthetic procedures for the polymers can be
found in the Experimental Section. All three polymers were readily soluble in common organic solvents
such as chloroform, chlorobenzene and o-dicholorobenzene, etc. The number average molecular
weights were measured to be 44 kDa (polydispersity index (PDI) = 2.8), 35 kDa (2.2) and 36 kDa (3.0)
for PTTBTgo, PDTBTgo and P2FDTBTgo, respectively, by gel permeation chromatography (GPC) at

80 °C using o-dichlorobenzene as the eluent.
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Figure 4. 1. Synthetic route to three polymers.
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Table 4. 1. Summary of optical, electrochemical and thermal properties

Materials ~ My(kDa) PDI s (501 s () (/}ilmt) Egr o HOMO  LUMO o000
[nm] [nm] [nm] (eV)? (eV)” (eV)”
PTTBTso 44 28 647 654 736 1.69 551 3.82 324
PDTBTgo 35 22 559 626 704 1.76 75,49 373 308
P2FDTBTmo 36 30 662 664 761 1.6 557 394 296

30ptical band gaps were estimated from the absorption onset of polymer films. YHOMO levels were estimated
from the tangential onset of oxidation (EQ?®") by CV using the equation: HOMO (eV) = — (ESBset — E{‘}gr“e“%
4.8). )LUMO levels were estimated from the HOMO values and optical band gaps. YDecomposition temperature
(Tq) (with 5% weight-loss) was determined by TGA under nitrogen.

Thermal properties were characterized by thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC) as shown in Figure 4.2a and 4.2b. The onset decomposition temperatures
(T4, 5% weight loss) of PTTBTgo, PDTBTgo and P2FDTBTgo were determined to be 324, 308 and 296
°C, respectively (Table 4.1). The thermal transitions were analyzed by DSC measurements in a
temperature range of 25-275 °C. Among the three polymers, PDTBTgo showed clear phase transitions
at 249 °C for melting and at 210 °C for crystallization. Based on the molecular structures, PTTBTgo and
P2FDTBTso might be more crystalline than PDTBTgo due to the chain linearity and the strong S*"---F%
interchain interactions, etc. These polymers did not exhibit phase transitions within the scan range.
Melting and crystallization temperatures may not be detected due to low decomposition temperature of

around ~300 °C.
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Figure 4. 2. (a) TGA thermograms of PTTBTgo, PDTBTgo and P2FDTBTgo. (b) DSC thermograms of
PTTBTgo, PDTBTgo and P2FDTBTzo.
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UV-Vis absorption spectra of three polymers were recorded in chloroform and as thin films (Figure
4.5b). The corresponding parameters are summarized in Table 4.1. PTTBTgo and P2FDTBTgo present
similar spectra in solution and in film with a clear shoulder peak, indicating a strong interchain
organization or pre-aggregation even in dilute solution.®® The temperature-dependent UV-vis spectra
also show a similar trend (Figure 4.3). The absorption bands of PTTBTgo and P2FDTBTgo films
become broadened with negligible change in absorption maxima (654 nm for PTTBTgo and at 664 nm
for P2FDTBTgo) relative to those in solution. Significantly different aggregation behavior was observed
for PDTBTgo in dilute chloroform solution, showing a clearly blue-shifted and featureless spectrum
compared to those of PTTBTgo and P2ZFDTBTgo in solution. In films, the maximum absorption of
PDTBTgo was bathochromically shifted to 626 nm (by 67 nm), which suggests strong interchain
packing interactions in film. The optical band gaps of PTTBTgo, PDTBTgo and P2FDTBTgo were
calculated to be 1.69, 1.76 and 1.63 eV, respectively, from the film absorption edge (Table 4.1). Molar
absorption coefficients were measured at each maximum absorption wavelength in chloroform (< 107
mol/L), showing similar molar absorption coefficients of emax = 3.06 x 10*, 2.55 x 10* and 3.04 x 10*
M ecm™ for PTTBTgo, PDTBTgo and P2FDTBTgo, respectively (Figure 4.4a).

Cyclic voltammetry (CV) was employed to investigate the electrochemical properties of PTTBTgo,
PDTBTgo and P2FDTBTgo (Figure 4.4b). The highest occupied molecular orbital (HOMO) levels
were calculated from the onset oxidation potentials, assuming the absolute energy level of standard
ferrocene and ferrocenium redox couples (Fc/Fc') to be 4.8 eV below vacuum. The HOMO levels of
PTTBTgo, PDTBTgo and P2FDTBTgo were estimated to be -5.51, -5.49 and -5.57 eV, respectively
(Figure 4.5a and Table 4.1) and the LUMO levels were calculated to be -3.82, -3.73 and -3.94 eV for
PTTBTgo, PDTBTgo and P2FDTBTxgo, respectively, based on the HOMO values and the corresponding
optical band gaps in film.
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Figure 4. 3. Temperature-dependent absorption spectra of (a) PTTBTgo, (b) PDTBTgo and (c)

P2FDTBTgo in chlorobenzene at a concentration of 0.02 mg mL"!
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Figure 4. 4. (a) Molar absorption coefficients of three polymers in chloroform. (b) Cyclic
votammograms of PTTBTgo, PDTBTgo and P2FDTBTgo.

To characterize the photovoltaic properties of the three polymers, we utilized two types of acceptors,
PC71BM and ITIC, which are representative n-type acceptors for fullerene-based and nonfullerene
PSCs.'"3!" Devices were fabricated in a conventional architecture of ITO/PEDOT:PSS/active layer/Al.
The corresponding energy band diagrams are shown in Figure 4.5a. The optimum donor:acceptor ratios
were 1:2 and 1:1 (by weight) for polymer:PC7;BM and polymer:ITIC BHJ devices, respectively. In
addition, chlorobenzene was used as a solvent and ODT was used as a processing additive to modulate
film morphologies. Detailed device fabrication procedures are described in the Experimental Section.
The corresponding J-V characteristics (under AM 1.5G irradiation) and EQE spectra of
polymer:PC7;BM devices are shown in Figure 4.5¢ and 4.5d, respectively. The highest photovoltaic
performance was measured for PDTBTgo PSCs, showing a peak PCE of 7.52% with a Jsc of 13.6 mA
cm?, Vocof 0.86 V and FF of 0.64, respectively. P2FDTBTgo and PTTBTgo PSCs showed 3.69% and
1.50% PCEs, respectively. In the case of nonfullerene PSCs with ITIC as an acceptor, PCEs of 5.41,
2.46 and 1.57% were measured for PDTBTgo, P2FDTBTgo and PTTBTgo, respectively. Detailed
photovoltaic parameters are summarized in Table 4.2 and Table 4.3. To check the data accuracy, we
also checked the EQE and calculated (calc.) Jsc values by integrating the EQE spectra. The calc. Jsc
values were found to be 13.8, 15.1 and 8.58 mA cm™ for PDTBTgo, P2FDTBTso and PTTBTgo PSCs
with PC71BM, respectively. PDTBTgo PSCs showed similar measured and calc. Jsc values (13.6 vs.
13.8 mA cm™). Interestingly, a large discrepancy in the measured and calc. Jsc values was observed for
PTTBTgo (Jsc=6.06 mA cm?, calc. Jsc=8.58 mA cm™) and P2FDTBTgo (Jsc=9.91 mA cm?, calc.
Jsc=15.1 mA cm™) PSCs. The spectral shape of the EQE data is similar to UV-Vis absorption spectra,
where P2FDTBTgo PSCs show the broadest spectrum up to ~760 nm (Figure 4.5b). Similar phenomena
were also observed in polymer:ITIC PSCs (Figure 4.6). In the case of PDTBTgo:ITIC PSCs, there was
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negligible discrepancy in the measured and calc. Jsc values (10.4 vs. 10.4 mA cm™). However, mis-
matched Jsc values were observed in PTTBTpo:ITIC (Jsc=3.94 mA cm?, calc. Jsc=4.25 mA cm™) and
P2FDTBTgo:ITIC PSCs (Jsc=7.04 mA cm?, calc. Jsc=10.7 mA cm™). This unusual phenomenon
motivated us to investigate the origins of the discrepancy. We suspected the higher calc. Jsc might be
related to the low light intensity used for EQE measurement. In this case, PTTBTgo and P2FDTBTgo

may show very different photovoltaic characteristics depending on the illuminated light intensity.
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Figure 4. 5. (a) Energy band diagram. (b) Normalized UV-vis absorption spectra of three
polymers in chloroform (dash-dotted) and in thin film (solid) (c) J-V characteristics and (d)
EQE spectra of polymer:PC71BM devices measured under AM 1.5G condition (Calculated Jsc

values are included in parenthesis in the legend).

53



Table 4. 2. Photovoltaic parameters of polymer:PC7;BM PSCs under various light intensities.

Solvent

" Liight Jsc® Voc® 2 PCE®
Polymer édggllgf) [mW cm?] [mA c¢cm?] [Vl FF [%]
None 00 4.40 0.88 0.26 0.99
(4.12£0.19)  (0.87+0.01)  (0.26£0.00)  (0.92+0.05)
00 6.06 0.89 0.28 1.50
(5.77£021)  (0.87+0.01)  (0.28+0.00)  (1.42+0.04)
5 3.68 0.85 0.29 1.83
(3.54£0.13)  (0.86£0.01)  (0.29£0.00)  (1.77:0.05)
222 0.85 0.30 2.29
PTTBTeo  ODT 2 (2.1120.09)  (0.85£0.01)  (0.31£0.00)  (2.19+0.07)
0 0.88 0.84 0.35 2.56
(0.84:0.04)  (0.83£0.01)  (0.35:0.00)  (2.44+0.10)
)s 0.28 0.82 0.40 3.57
: 027£0.01)  (0.8120.01)  (0.40:0.00)  (3.39:0.14)
Nome 00 5.54 0.95 0.34 1.80
(5.00:0.44)  (0.94£0.01)  (0.33:0.01)  (1.54+0.20)
00 136 0.86 0.64 7.52
(12.7£0.57)  (0.85£0.01)  (0.66:0.01)  (7.12:0.24)
5 7.15 0.83 0.68 8.02
(6.56£0.35)  (0.82£0.00)  (0.71£0.02)  (7.62+0.24)
3.55 0.81 0.74 8.44
PDTBTso  ODT 2 (3.49£006)  (0.8120.00)  (0.74£0.00)  (8.2820.15)
0 139 0.79 0.76 8.33
(133£0.06)  (0.79£0.00)  (0.76£0.00)  (7.93+0.40)
)s 0.36 0.75 0.77 9.60
: (037£0.01)  (0.74£0.01)  (0.76£0.00)  (8.72+0.54)
Nome 00 7.88 0.82 0.46 2.97
(726:038)  (0.82+0.01)  (0.43£0.02)  (2.57+0.19)
100 9.91 0.86 0.44 3.69
(9.43£037)  (0.84£0.01)  (0.43:001)  (3.42:0.20)
5 6.10 0.83 0.43 4.40
(5.794025)  (0.83£0.00)  (0.43:0.01)  (4.150.21)
3.79 0.82 0.44 5.47
P2EDTBTgo  ODT 2 (3.57£0.18)  (0.82£0.00)  (0.44£0.00)  (5.18+0.25)
" 1.43 0.81 0.52 5.98
(135£0.06)  (0.8120.00)  (0.53£0.01)  (5.70+0.23)
)s 0.43 0.79 0.62 8.33
: (0.41:0.02)  (0.78+0.01)  (0.62+0.01)  (7.88+0.40)

9 Average values obtained from 15 devices are stated in parenthesis.
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Figure 4. 6. (a) J-V characteristics and (b) EQE spectra for polymer:ITIC PSCs.

800

Table 4. 3. Photovoltaic parameters of polymer:ITIC BHJ PSCs under various light intensities

b Cwend e M rr %l
100 3.94 (4.25) 0.87 0.46 1.57
50 2.10 0.88 0.50 1.82
PTTBTgo : ITIC 25 1.22 0.88 0.53 2.24
10 0.43 0.86 0.57 2.13
2.5 0.13 0.84 0.60 2.67
100 10.42 (10.4)* 0.88 0.59 541
50 5.27 0.88 0.63 5.79
PDTBTgo : ITIC 25 2.86 0.87 0.65 6.48
10 1.02 0.85 0.68 5.84
2.5 0.30 0.82 0.67 6.48
100 7.04 (10.7) 0.92 0.38 2.46
50 3.98 0.92 0.42 3.08
P2FDTBTgo : ITIC 25 2.39 0.92 0.46 4.01
10 0.93 0.91 0.51 4.34
2.5 0.30 0.89 0.56 5.85

dCalculated Jsc from EQE spectra.

55



To systematically analyze the unusual behavior of PTTBTpo and P2FDTBTgo polymers,
photovoltaic characteristics of BHJ devices (with PC7;BM and ITIC) were investigated in detail under
various light intensity (/iign) as shown in Figure 4.7 and 4.8, respectively. When the /i, decreased from
100 to 2.5 mW cm™, a small improvement of PCE (by 28%) was observed in PDTBTgo:PC71BM PSCs
(7.52% t0 9.60%). The weak light intensity dependence for PDTBTgo:PC71BM must be related to little
electron-hole recombination even under 1 sun illumination during charge extraction, due to small R;
and high Rq.. However, a dramatic increase in device performance was observed by 2.4 times (PCE:
1.50% to 3.57%) and by 2.3 times (PCE: 3.69% to 8.33%) for PTTBTgo and P2FDTBTgo PSCs,
respectively, as Jigne decreased from 100 to 2.5 mW cm™. One noticeable thing is that the Jsc for
P2FDTBTgo PSC becomes higher than that of PDTBTgo PSCs below fiigne = ~25 mW cm™ (Figure
4.7a), which is well-matched with EQE results in Figure 4.5d. Similar phenomena were also observed
in polymer:ITIC PSCs, showing significantly improved photovoltaic performance for PTTBTgo:ITIC
and P2FDTBTgo: ITIC under weak light illumination, as summarized in Table 4.3. We also compared
photovoltaic properties vs. ligne using other reference photovoltaic polymers, including poly[N-9'-
heptadecanyl-2,7-carbazole-alt-5,5-(4',7'-di-2-thienyl-2’,1',3"-benzothiadiazole)] (PCDTBT), poly(3-
hexylthiophene) (P3HT) and poly[4,8-bis(5-(2-ethylhexyl)thiophen-2-yl)benzo[1,2-b:4,5-
b’]dithiophene-co-3-flurothieno[3,4-b]thiophene-2-carboxylate] (PTB7-Th) as shown in Figure 4.9.
PCDTBT, P3HT and PTB7-Th PSCs showed similar tendencies with PDTBTgo PSCs including minor
improvements in PCE under dim light illumination. To our knowledge, the dramatic improvement of

PCEs in PTTBTgo and P2FDTBTgo PSCs is unusual and merits a more detailed investigation.
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Figure 4. 7. Light intensity dependent photovoltaic parameters: (a) Jsc, (b) Voc, (¢) FF and (d) PCE for
polymer:PC7BM devices.
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Figure 4. 9. Light intensity dependence of normalized photovoltaic parameters (a) Jsc, (b) Voc, (¢) FF
and (d) PCE for various polymer:PC71BM PSCs.

In the case of polymer:PC71BM PSCs, the Voc decreases from 0.86 to 0.75 V for PDTBTgo, however
the Voc decrements for PTTBTgo (0.89 to 0.82 V) and P2FDTBTgo (0.86 to 0.79 V) were relatively
small with decreasing the light intensity. This can be understood in terms of large Rs in PTTBTgo and
P2FDTBTgo devices and the different R—induced voltage drop under 1 sun and dim light illumination,
which will be discussed in the following section. The FF values increase substantially for all PSCs,
probably due to decreased charge recombination under weak /iign. From the light intensity dependent
Jsc and Voc (Jsc vs. lign and Voc vs. lign) measurements, we can obtain information of charge

recombination processes in the devices. Generally Jsc shows a power law dependence on /iigni, following

the relationship of Jscocliign® (Where s is an exponential constant). When s is close to unity, the BHJ
system has weak bimolecular recombination.”* ''® As shown in Figure 4.7a and 4.8a, s values were
measured to be 0.969 and 0.980 for PDTBTgo:PC71BM and PDTBTgo:ITIC PSCs, respectively.

However, PTTBTgo BHJ systems show s values of 0.862 and 0.914 for PTTBTgo:PC7;1BM and
PTTBTgo:ITIC PSCs, respectively. With regard to the P2FDTBTgo BHJ systems, s values were
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measured to be 0.881 and 0.843 for P2FDTBTgo:PC7:BM and P2FDTBTgo:ITIC PSCs, respectively.
Since PTTBTgo and P2FDTBTgo BHJ systems exhibited much smaller s values compared to those of
PDTBTgo PSCs, these systems are interpreted to suffer from significant bimolecular recombination

losses, leading to worse device performance.

If a given BHJ system has only bimolecular recombination losses without any trap-assisted or

surface recombination, the Voc follows the equation (4-1),

E kT (1-Pp)yN2
Voo =73 =g in [P @)

where Eg,p is the energy difference between the HOMOgonor and LUMOgeceptor, ¢ 1S the elementary charge,
k is the Boltzmann constant, T'is temperature in Kelvin, Pp is the dissociation probability of the electron
(e)-hole (h) pairs, y is the Langevin recombination constant, Nc is the effective density of states, and G
is the generation rate of bound e-h pairs. From equation (1), since G is the only parameter directly
proportional to Jign, a slope of Voc vs. In(fiign)) gives information about whether additional Shockley-
Read-Hall (SRH or trap-assisted) recombination is involved (slope > kT/q) or not.** As shown in Figure
4.7b, the slope of PDTBTgo:PC7:BM is 1.03 k7/¢q, suggesting negligible involvement of trap-assisted
recombination. The other BHJ systems, however, have slope values less than k7/¢, which may be mainly
attributed to surface recombination.”” The slope for PTTBTgo and P2FDTBTgo:PC71BM PSCs was
measured to be 0.65 kT/q and 0.58 kT/q, respectively, indicating these BHJs have higher surface
recombination rates than drift of charge carriers.”® Both PTTBTpo and P2FDTBTpo BHIs are
interpreted to have higher surface charge recombination due to large R,, showing significant Rs-induced
voltage drop under 1 sun illumination. Under dim light, the photo-generated current becomes small and
the Rs-induced voltage drop is also decreased, leading to small decrement of Voc for PTTBTgo and
P2FDTBTgo as decreasing lign, inducing a smaller slope in the Voc vs. ligne plot. Similarly,
PTTBTgo:ITIC and P2FDTBTgo:ITIC PSCs also showed slopes smaller than 1. These were found to
be 0.50 kT/q and 0.36 kT/q, respectively.

To investigate the role of R, and R in determining photovoltaic characteristics under different light
intensity, we measured J-V characteristics in the dark as shown in Figure 4.10a. Detailed electrical
parameters are summarized in Table 4.4. Generally, high Ry, and low R; are essential factors to achieve
high-performance PSCs under 1 sun condition, because both resistances are closely related to Jsc and
FF. In contrast, under low /g conditions, Rs is less significant, because the generated current is too
small to cause noticeable R losses.'” Instead, high Ry, becomes more important to avoid leakage

currents, since low photo-generated current is sharply influenced by Rs..'”® PDTBTgo:PC71BM PSCs
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showed the lowest Rs of 5.26 Q cm” and moderate Ry, of 581.4 kQ cm? which leads to good device
performance without significant charge recombination under both 1 sun and weak /gy irradiations.
Interestingly, P2FDTBTgo PSCs showed poor device performance (3.46% PCE with large Rs 0f 9.42 Q
cm?) under 1 sun illumination, but showed a remarkable enhancement of PCE over 8% under weak jight
irradiation (with the highest Ry, of 1326 kQ cm?). In the case of PTTBTgo:PC7;BM, high R; (50.9 Q
cm?) and low Rq, (19.17 kQ cm?) were observed, which led to poor device performance under both 1
sun and weak g irradiation. For both PTTBTgo:PC7:BM and P2FDTBTgo:PC7:BM, the high R; led
to significant charge recombination under 1 sun, but the Rs-induced voltage drop was not serious under
dim light due to the small photocurrent, resulting in little decrease in Voc with decreasing the
illumination Zign. Similar tendencies were observed in polymer:ITIC PSCs as shown in Figure 4.10b
and Table 4.4. The high R values in PTTBTgo and P2FDTBTgo PSCs may account for large surface

recombination as previously discussed.
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Figure 4. 10. J-V characteristics in the dark for (a) polymer:PC71BM and (b) polymer:ITIC PSCs.
Photocurrent density (Jpn) — effective voltage (Verr= Vo - V) characteristics measured under (c,
d) 100 mW cm and (e, f) 2.51 mW cm™ light intensity illumination for polymer:PC7:1BM and
polymer:ITIC PSCs, respectively.
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To investigate charge generation and extraction characteristics, further analysis was carried out by
measuring the photocurrent density (Jpn) as a function of effective voltage (Verr) where Jon =Ji — Jp (JL
and Jp is current densities under illumination and in the dark, respectively) and Ve = Vo — V (V5 is the
voltage at Jpn = 0 and V' is applied voltage). Jon-Veir characteristics measured under AM 1.5G irradiation
(100 mW cm™) are plotted in Figure 4.10¢. The highest .J,, with quick saturation at Vegr = ~0.45 V was
observed in both PDTBTgo:PC7:BM and PDTBTgo:ITIC PSCs (Figure 4.10d), while PTTBTgo PSCs
showed unclear Jy;, saturation and P2FDTBTgo PSCs exhibited Jp, saturation under high Vegr. The field-
independent saturation of J,n in PDTBTgo BHJs suggests negligible trapped charges and efficient charge
collection. We also measured Jyu-Vesr characteristics under low Jign (2.51 mW ¢cm™), and the results are
shown in Figure 4.10e and 4.10f. PDTBTgo and P2FDTBTgo PSCs showed clear saturation of J,, at
low Vegr of ~0.25 V and ~0.3 V, respectively. Jpn saturation was not clear for PTTBTgo:PC71BM, due to
high R, and low Rs. Under low /iieni, it appears that better charge transport and extraction with less

trapping occurs compared to under 1 sun illumination, which is consistent with the observed device

performance.
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Figure 4. 11. J-V characteristics of (a, ¢) hole-only and (b, d) electron-only devices.
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Single carrier diodes were prepared in order to measure the hole and electron mobilities for carrier
transport in the vertical direction by the space-charge-limited currents (SCLC) method. Furthermore,
trap densities (n,) were obtained by fitting trap-filling limit (TFL) regime."'”'"® Detailed parameters are
summarized in Table 4.4 and Figure 4.11. For PDTBTg0:PC71BM BHIJs, the highest hole mobilities
(un, 7.27x10* cm? V' s) were observed. Balanced hole and electron (ue, 5.25%x10* cm? V' s™)
mobilities led to efficient charge transport and extraction. The lowest un (6.52x10° cm? V™'s™) and ue
(1.23x10* ecm? V' s!) values were observed for PTTBTpo:PC71BM BHJs, indicating poor charge
transport properties. Although P2FDTBTgo:PC71BM BHJs showed similar mobilities in the range of
~10* ecm? V' 57!, an order of higher n, of ~10'® cm™ was observed, compared to PDTBTgo BHJs (~10"°
cm™). This higher n, must be related to high R, and charge recombination, leading to an efficiency drop
under 1 sun irradiation. Furthermore, the high #, is related to density of defects in the active layer,
especially in donor phase. In P2FDTBTgo PSCs, interestingly Voc was lower (0.86 V) than the other
polymers, despite the lowest HOMO level (-5.57 eV) of P2FDTBTgo. We attribute this lower Voc to

the high density of defects which can increase hole Fermi level from HOMO level of donor.* '

Table 4. 4. Summary of charge carrier mobilities and trap densities derived from single carrier devices

of polymer:ITIC blend films.

Polymer 2,u L z,ue_l a1 v/ e nt_3 et 2 ks 2

[em* V7 s7] [ecm” V7 s7] [em™] [kQ cm?] [Q cm”]
PTTBTso 5.82x10°° 6.81x10°° 0.85 2.03x10' 30.41 80.69
PDTBTso 1.38x107 1.51x10°¢ 9.14 3.08x10' 819.7 11.97
P2FDTBTRo  7.98x107 4.04x10°° 0.20 3.17x10' 1660 34.54
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Figure 4. 12. (a) 2D GIWAXS images for pristine polymers and polymer:PC71BM blend films.
Line-cut profiles for (b) pristine polymers and (c) polymer:PC7:1BM blend films. Blend films

were prepared with ODT as solvent additive.
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Figure 4. 13. (a) 2D GI-WAXS images and (b) line-cut profiles for polymer:ITIC blend films.
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Table 4. 5. Packing parameters of pristine and blend BHJ films.

GI-WAXS parameters
Lamella spacing n-7 stacing Lamella spacing n- stacing
Thin film Material (qxy direction) (qxy direction) (qz direction) (qz direction)
aA) d@d)  qA&H dA) [qA&H dAd  q@A@H d@)
PTTBTgo 0.3567 17.6148 - - 0.3541 17.7440 1.5962  3.9363
Pristine PDTBTso 0.3310 18.9824 - - 0.3265 19.2441 1.5384  4.0842
P2FDTBTso | 0.3666 17.1390 - - 0.3364 18.6777 1.6569  3.7921
PTTBTgo 0.2205 28.4952 - - 0.2276  27.6063 - -
Blend
PDTBTso 0.3310 18.9824 - - 0.3265 19.2441 - -
(w/ PC711BM)
P2FDTBTso | 0.3647 17.2284 - - 0.3620 17.3569 1.6517  3.8041
PTTBTgo 0.3448 18.2227 - - 0.3541 17.7440 - -
Blend
PDTBTso 0.3350 18.7558 - - 0.3206 19.5982 1.5119  4.1558
(w/ ITIC)
P2FDTBTso | 0.3626 17.3281 - - 0.3502 17.9417 1.6552  3.7960

Detailed molecular ordering and packing structures were investigated by two-dimensional
GIWAXS using pristine and blend films. GIWAXS images and line-cut profiles are shown in Figure
4.12. All three polymers showed dominant face-on z-z stacking structures in pristine films, however,
the (010) z-m stacking peak in the z direction almost disappeared in the blend film for
PTTBTgo:PC71BM, which may be one reason for inefficient charge transport and poor device
performance of PTTBTgo:PC71BM. P2FDTBTgo showed the tightest face-on z-z stacking (d-spacing
of ~3.8 A) in both pristine and blend films with PC7;BM. Similar tendencies were also observed in the
polymer:ITIC blend films (Figure 4.13). Strong intra- and intermolecular noncovalent coulombic
interactions in P2FDTBTgo (via S°*---O% or S°*---F%) may direct the compact face-on -1 stacking,
which increases Ry, compared to the other two polymers (PTTBTgo and PDTBTgo), resulting in
negligible leakage current (see the smallest dark current under reverse bias for P2FDTBTgo due to Ry
in Figure 4.10a and 4.10b) and significant enhancement of PCE under dim light."*'*' We also
measured atomic force microscopy (AFM) topographical images for polymer:PC7BM blend films
(Figure 4.14). PTTBTgo:PC7:BM film shows clearly larger domains in the surface with fibrillar
structures which may disturb charge transport in the grain boundaries. This supports the poor
photovoltaic performance of PTTBTgo:PC71BM under 1 sun and dim light illuminations. For PDTBTgo
and P2FDTBTgo blend films, similar film morphologies and surface roughness (RMS roughness of ~

1.36 nm) were observed.
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Figure 4. 14. AFM topographical images for (a) PTTBTgo:PC71BM, (b) PDTBTg0:PC71BM and (c)
P2FDTBTgo:PC71BM blend films prepared with ODT.
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Figure 4. 15. (a) J-V characteristics measured under g = 2.51 mW cm™ and (b) EQE spectra for
PCDTBT:PC7:BM and P2FDTBTgo:PC7:BM PSCs.

In addition, we compared the photovoltaic properties of PCDTBT:PC7;BM and
P2FDTBTgo:PC71BM PSCs under gt = 2.51 mW c¢cm™ (Figure 4.15). Contrary to the reported nice
photovoltaic properties under a fluorescent lamp,'? PCDTBT PSCs showed a similar PCE with that (6%)
under 1 sun illumination. As shown in Figure 4.15a, PCDTBT shows the poorer performance (PCE =
6.46%) than P2FDTBTgo (PCE = 8.33%). The PCDTBT BHJ film was reported to form amorphous
morphology and P2FDTBTgo blend shows semi-crystalline morphology with compact face-on
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interchain stacking. The different film morphology of both blends is expected to influence the Rg
significantly. Compared to reported PCDTBT PSCs in the same device structures, P2FDTBTgo PSCs
showed much lower leakage current (~107 order of magnitude) in the Ry region, suggesting the much
higher Ry, of P2FDTBTgo PSCs.'*? At a present stage, although we do not understand clearly how to
design ideal indoor photovoltaic molecules to increase Rqh, the crystalline morphology must be one main

parameter to be considered.
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4.4 Conclusion

We designed three semi-crystalline polymers (PTTBTgo, PDTBTgo, and P2FDTBTgo) containing
dialkoxybenzothiadiazole, and investigated their photovoltaic characteristics under various illumination
Lighi. PTTBTgo and P2FDTBTgo PSCs showed interesting behavior with a significant discrepancy
between measured Jsc and calc. Jsc, and the discrepancy originates from the low light intensity used for
EQE measurements. As incident light intensity decreased to 1/40 of standard illumination intensity, the
PCEs significantly increased by 2.4 times (PCE: 1.50% to 3.75%) and 2.3 times (PCE: 3.69% to 8.33%)
in PTTBTgo and P2FDTBTgo:PC71BM PSCs, respectively, while a 28% (PCE: 7.52% to 9.60%)
increase was observed in PDTBTgo:PC7:BM PSCs. In the case of PDTBTgo devices, the lowest R (5.26
Q cm?) and moderate Ry, (581.4 kQ cm?) led to the best photovoltaic performance among the three
polymers under both standard and dim light. On the other hand, both PTTBTgo and P2FDTBTgo PSCs
suffered from high R; (50.9 and 9.42 Q cm?, respectively) and e-h charge recombination, resulting poor
device performance under standard illumination. The high R, and low Rs, (19 kQ cm?) of PTTBTso
PSCs led to poor device performance even under dim light. With P2FDTBTgo PSCs, the highest R, of
over 1000 kQ cm? was measured due to tight face-on intermolecular packing, leading to remarkable
enhancement of PCE under dim light with minimal leakage current through a high Rs. Contrary to
PDTBTgo:PC71BM, the smaller decrements of Voc were observed for PTTBTgo (from 0.89 to 0.82 V)
and P2FDTBTgo (from 0.86 to 0.79 V) devices with decreasing light intensity. These small decrements
of Voc originates from lowering the R—induced voltage drop due to small photo-generated current under
dim light, emphasizing that high Ry, is essential (whereas R; is less critical) for indoor applications. This
work reveals that although the photovoltaic devices may show modest device performance (with high
R;) under 1 sun illumination, they can nonetheless be useful for indoor and weak light applications if
Rgn 1s high enough. This may allow a greater room for designing indoor photovolatic materials. This
study may provide useful tips to further optimize organic photovoltaic materials and devices for indoor

applications.
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Chapter 5. High Efficiency Bilayer Organic Photovoltaic Cells Enabled by
Large Extinction Coefficients, High Exciton Diffusion Lengths, and

Interlayer Energy Transfer

5.1 Research Backgrounds

Organic photovoltaics (OPVs) hold great promise due to their tunability, flexibility, and potential
for ultracheap production. In n-conjugated organic semiconductors - the key component of OPVs - light
absorption and emission are governed by excitons.'*'?* Excitons can rarely travel beyond 5-10 nm in
these materials — a constraint that has defined the field of OPVs for decades.'*'** The bulk
heterojunction design for the charge generation active layer arose to reconcile the mismatched length-
scales of exciton diffusion (requiring charge-separating junctions distributed on a 5—-10 nm scale), and

light absorption (requiring >100 nm film thicknesses).'?’

From a materials and device design perspective, the bulk heterojunction (BHJ) has severe
drawbacks, namely: i) reduced power conversion efficiency (PCE) from charge trapping and field-

8

dependent separation and recombination at buried interfaces;'*® and ii) disproportionate research

129

emphasis on the semi-empirical art of controlling non-equilibrium phase stability’ = — through tuning

donor and acceptor ratios, their solubility and crystallinity, deposition solvents and processing

temperatures, film thicknesses?! 4% 130132

as well as significant effort devoted to characterising complex
and disordered film morphologies on many lengthscales from large phases to crystal domains and buried
interface orientations.'**'** The challenge in optimising the BHJ for a given set of materials has led to
insufficient focus on intrinsic optoelectronic properties, as well as lack of ability to perform any form
of interfacial engineering.'*® This means that materials designed for their favourable absorption and
electronic properties often perform poorly in OPVs due to unfavourable morphologies, resulting in just

a handful of OPV materials setting efficiency records, out of >35,000 publications to date.'*

Bilayer, rather than BHJ, OPVs have been studied to elucidate intrinsic material and interfacial
properties, despite their low efficiencies (around 3%)."**"*” However, even this effort has been severely
hindered by the difficulty of achieving clean interfaces free from percolation and interpenetration
between the donor and acceptor layers'*®, and so it is difficult to state a definitive record PCE. Recently,
sequential deposition methods have achieved high PCEs (> 11%) through the use of similar solvents or
by intentionally adding good solvents, resulting in strong phase separation for donor and acceptor layers,
but still only pseudo-bilayers.'**** For perfect bilayer heterojunctions, orthogonal solvents for donor
and acceptor layers are required to avoid swelling or dissolution of the bottom layer. If high PCEs can

be achieved by genuine bilayer heterojunctions, large area devices could be more easily fabricated due
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to reduced device optimization variables'!!, leading to higher reproducibility, even with solution-

processing.

The recent invention of fused-ring electron acceptors (FREAs) has sparked a step-change,
propelling the PCE of BHIJ devices beyond fullerene-based devices.'**'* Key factors that have
powered this rise, such as high absorption coefficients'*® (greater than 2x10° cm™), complementary
donor and acceptor absorption profiles,'*® and high exciton diffusion lengths (exceeding 30 nm), '
along with the steady improvement of polymeric donor materials, lend themselves to the potential for

drastically increasing the PCEs of bilayer OPVs.

With the advent of FREAs, the concept of using Forster resonant energy transfer (FRET) to enhance
OPV efficiency has also seen increased interest.'**'*! But without creating clean bilayers, and
considering the low absorption coefficients and low molecular densities of the previously used fullerene
acceptor layers, the potential for efficient ‘slab to slab’ energy transfer'>*'** has so far gone largely

unexplored and unrealised.

In this work, we fabricated a variety of different bilayer devices based on simple design principles:
we used orthogonal solvents for clean bilayer layer deposition, and chose active materials with high
absorption coefficients and low Stokes shifts to maximise exciton diffusion lengths relative to
absorption length within layers, and sought to increase long-range donor-to-acceptor FRET between
layers. Figure 5.1c illustrates the key excitonic processes — exciton diffusion through self-FRET shown
by green arrows, long-range donor-to-acceptor FRET by the white arrow, and charge separation at the
three active layer interfaces. This approach results in bilayer devices with PCEs up to 11%. Through
transmission electron microscopy (TEM) and grazing-incidence wide-angle X-ray scattering
(GIWAXS), we confirm that our devices have clean bilayer interfaces with minimal percolation.
Alongside our electrical characterisations of the device efficiencies and bimolecular recombination, we
rationalise our record-breaking efficiency values through a combination of ultrafast transient absorption
spectroscopy and optical modelling to independently account for exciton diffusion lengths and
interlayer FRET. This study shows that efficient photovoltaic devices can be fabricated from organic
materials without requiring the complexities of the BHJ architecture, and paves the way for a new wave

of advancement through new and simplified material and device design rules.
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5.2 Experimental Details

General: UV-Vis absorption spectra were obtained using Carry 5000 (Agilent) and a Cary 50 Bio
UV-vis spectrometer in the range 190 — 1100 nm. Photoluminescence spectra were obtained using a
Cary Eclipse (Varian). Photoluminescence quantum efficiency measurements were obtained in an
integrating sphere using the method of de Mello et al.'** AFM images were obtained using a Veeco
AFM microscope in a tapping mode. Cross-sectional TEM samples were prepared using a focused ion
beam (FIB) instrument of Helios 450HP FIB (FEI) and HR- TEM images were obtained using a JEM-
2100F (JEOL). GIWAXS measurements were carried out at the PLS-II 9A U-SAXS beam line of
Pohang Accelerator Laboratory. Refractive indices were obtained by ellipsometer using an Elli-SE-
UaMB8 (Elipso Technology) with quartz substrates. Al,Os layer was deposited by atomic layer deposition
method using a Lucida D100 (NCD). Thickness was measured by surface profiler of P6 (KLA Tencor).

Fabrication and characterization of OPV devices: Pre-patterned ITO on glass substrates were
sequentially cleaned by ultrasonication with distilled water, acetone, and isopropanol. PEDOT:PSS
(AI4083) was spin-coated onto the ITO substrate and annealed at 150 °C for 10 min. For bilayer devices,
PBDB-T-2F was{de Mello, 1997 #20} dissolved in chlorobenzene (CB):1,8-octanedithol (ODT) (100:1
volume ratio) with a concentration of 10 mg mL™" at 100 °C. IDIC, ITIC and NIDCS-HO were dissolved
in dichloromethane (DCM) with a concentration of 6.5 mg mL™" at the room temperature (RT). IDICO1
and IDICO2 were dissolved in DCM:ODT (100:0.5 volume ratio) and DCM:1-chloronaphthalene (CN)
(100:0.5 volume ratio) with a concentration of 6.5 mg mL™" at the RT, respectively. PBDB-T-2F
solutions were spin-cast on top of the PEDOT:PSS layer and thermal annealed at 100 °C for 5 minutes
in an N»-filled glove box. Then, the acceptor layer was spin-coated on top of PBDB-T-2F layer, and the
ZnO layer was spin-coated, sequentially. For BHJ devices, D:A ratio is fixed to 1:1 (w/w). PBDB-T-
2F:ITIC-Th1 and IDIC were dissolved in CB:ODT (100:0.01 volume ratio). PBDB-T-2F:IDICO1 was
dissolved in 1,2-dichlorobenzene. PBDB-T-2F:IDICO2 and NIDCS-HO were dissolved in CB. After
spin-coating, the BHJ films were annealed at 100 °C for 5 minutes. To deposit Al (100 nm) electrodes
by thermal evaporation, a vacuum chamber was pumped down under ~10~" Torr. The area of the Al
electrode defined an active area of 4 mm? J-V characteristics were collected with a Keithley 2635A
source measurement unit inside the N»-filled glove box using a high quality optical fiber to guide the
light from a solar simulator to the device. Light intensities were modulated with neutral density filters
to measure the light intensity dependent photovoltaic parameters. EQE measurements were performed
using a PV measurement QE system using monochromatic light from a xenon lamp under ambient
conditions. The monochromatic light was chopped at 100 Hz and the device was measured relative to

a standard Si photodiode using a lock-in-amplifier.
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Transient absorption spectroscopy: Femtosecond transient absorption (TA) measurements are
performed using a homebuilt experimental setup illuminated by an amplified Ti:sapphire laser emitting
pulses of 100 fs time duration, centred around 800 nm and at a repetition rate of 3 kHz. The excitation
pulses are generated using an optical parametric amplifier (TOPAS) with the 800 nm fundamental input

and then chopped at w/2 (1.5 kHz). Photoexcitations in the materials were probed via a broadband

white light continuum generated by focusing a portion of the fundamental to an undoped YAG (Yttrium
Aluminium Garnet) crystal. Pump-probe polarizations were kept under magic angle (54.7°)
configuration to avoid orientational dynamics. After passing through the photoexcited sample, the probe
pulses were spectrally dispersed using a prism spectrometer and are then collected using a CMOS
camera (visible components) or an InGaAs photodiode array (IR components). The time resolution is
obtained via introducing time delays in the pump path which is achieved using a retroreflector connected
to a motorized translational stage. The differential transmission signals at various time delays are
calculated from the sequential probe shots corresponding to the pump on versus off. For typical
measurements, 8000 shots were averaged at each time point and were repeated at least four times. The
data were saved as binary files and then processed via MATLAB software including chirp and
background corrections. To avoid degradation, all the samples were measured under a vacuum

environment.
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5.3 Results and Discussion

Results

For bilayer organic solar cells, light harvesting efficiency is governed by the ratio between exciton
diffusion length and absorption length. Larger self-FRET radii can be a good proxy for longer
diffusion lengths® (Lp) and hence enhanced exciton harvesting. Self-FRET is governed by overlap of
absorption and emission. As a first step in device design, we therefore focused on materials with high
self-overlap (low Stokes shifts), high molecular densities, and large absorption coefficients (short
absorption lengths). We fixed PBDB-T-2F as a donor polymer (proven as a highly efficient conjugated
polymer in non-fullerene BHJ OPVs'**'*) "and compared 5 non-fullerene acceptors that have shown
high PCEs in non-fullerene OPVs; ITIC-Th1"?, IDIC'®*'®!| IDICO1, IDICO2 and NIDCS-HO'®*
(synthesis details of IDICO1 and IDICO?2 are given in the experimental section). The first four, ITIC-
Th1, IDIC, IDICO1 and IDICO2 have low Stokes shifts (~40 nm) and have a lower bandgap than the
donor polymer, with NIDCS-HO chosen as a high Stokes shift (133 nm) control for contrast, which also

has a different energetic alignment (a higher bandgap than the donor material).
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Figure 5. 1. (a) Molecular structures of PBDB-T-2F, ITIC-Th1, IDIC, IDICO1, IDICO2 and NIDCS-
HO. (b) Absorption coefficient spectra of PBDB-T-2F, ITIC-Th1, IDIC, IDICO1, IDICO2 and NIDCS-
HO pristine thin films, as obtained through ellipsometry, and PL of PBDB-T-2F donor. (¢) Conceptual
illustration of key excitonic processes in bilayer devices. Green arrows illustrate exciton diffusion
through self-FRET, white arrow shows long-range donor-to-acceptor FRET and purple arrows show

charge separation at the interfaces.
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Detailed molecular structures of the materials are shown in Figure 5.1a. The energy band diagram
of donor and acceptors is shown in Figure 5.2. Each combination of donor and acceptor is energetically
appropriate for photovoltaic function. Figure 5.1b shows the exceptionally high absorption coefficients
of the donor and acceptor materials. This enables a high absorption fraction across the visible spectrum
for very thin layers of the active materials. The absorption lengths are characterised in more detail below
(in sections ‘exciton diffusion lengths’, and ‘D-A energy transfer’), in relation to optical cavity effects,

exciton diffusion lengths, and D-A FRET.

We fabricated bilayer films of donor-acceptor layers using orthogonal solvents, and confirmed via
structural and spectroscopic measurements that a clean bilayer heterojunction was achieved. Donor and
acceptor layers were deposited with chlorobenzene and dichloromethane (DCM), respectively. These
are different enough solvents to enable selective solvation of the acceptor small molecules (in DCM)
without affecting the deposited PBDB-T-2F layer. Figure 5.3a shows a representative cross-sectional
TEM image of a bilayer film of PBDB-T-2F and IDIC. In the magnified image, PBDB-T-2F and IDIC
layers are well distinguished with different contrasts (originating from the different molecular structure

of the conjugated polymer and small molecules).

We also confirmed formation of clean bilayer-heterojunctions by grazing incidence wide angle X-
ray scattering (GIWAXS) for our materials combinations, as shown in Figure 5.3b, with PBDB-T-
2F/IDIC chosen as a representative example (crystallographic parameters summarized in Table 5.1 and

5.2).
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Figure 5. 3. Confirmation of bilayer structures. (a) Cross-section TEM images for PBDB-T-2F/IDIC
bilayer OPVs. (b) GIWAXS pattern images for PBDB-T-2F, IDIC pristine films and PBDB-T-2F/IDIC
bilayer film with different incident angle of X-ray of 0.125° and 0.06°. (c) Absorption of PBDB-T-2F
neat film before and after washing with dichloromethane (DCM) which is solvent of acceptor layer

deposition.

For each donor/acceptor pair, we compared crystalline properties of neat donor PBDB-T-2F, neat
acceptor and a PBDB-T-2F/acceptor bilayer. In the case of the bilayer sample, different X-ray angles
(6) 0f 0.125° and 0.06° were used to distinguish the top and bottom layers. Using IDIC as a characteristic
example acceptor layer, at higher 6 = 0.125°, all crystalline packing peaks originated from pristine
PBDB-T-2F. At smaller § = 0.06°, identical crystalline peaks with pristine IDIC were observed. The
identical packing structures of pristine IDIC and IDIC in the bilayers imply that donor and acceptor
layers are well distinguished in our bilayer system. The other bilayer systems showed the same
characteristics as the PBDB-T-2F/IDIC layer (Figure 5.4-5.8). Furthermore, the surface morphology
(Figure 5.9) of the bottom of the bilayer film (PBDB-T-2F) after washing out the IDIC layer was almost
identical compared to pristine PBDB-T-2F films, as were the PBDB-T-2F film absorption spectrum and
total film thickness, as shown in Figure 5.3c. This indicates that PBDB-T-2F film was not affected

during film formation of the top acceptor layer.
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Figure 5. 4. GIWAXS patterns of pristine PBDB-T-2F, ITIC-Thl, IDICO1, IDICO2 and NIDCS-HO
films and PBDB-T-2F/ITIC-Th1, IDICO1, IDICO2 and NIDCS-HO bilayer films.
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Figure 5. 5. GIWAXS line-cut profiles along (a) in-plane (qxy) and (b) out-of-plane (qz) direction for
PBDB-T-2F, ITIC-Th1 pristine films and PBDB-T-2F/ITIC-Th1 bilayer films.
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Figure 5. 7. GIWAXS line-cut profiles along (a) in-plane (gxy) and (b) out-of-plane (¢-) direction
for PBDB-T-2F, IDICO2 pristine films and PBDB-T-2F/IDICO2 bi-layer films.
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Table 5. 1. Summary of crystallographic parameters of PBDB-T-2F, ITIC-Th1 and PBDB-T-2F/ITIC-
Th1 bilayers with different incident angles (¢) of 0.125° and 0.06°. At 6 ~ 0.12°, incident X-rays can
penetrate the bilayer films deeply, so crystalline structure information of both donor and acceptor layer
is obtained. With lowered 6 ~ 0.06°, incident X-rays graze the surface of bilayer films, giving crystalline

structure information on the top of the bilayer.)

In-plane Out-of-plane
Film (Lamellar) : (Lamellar) .
Gxy d-spacing q: d-spacing
(A1 A) (A" (A)
PBDB-T-2F 0.291 21.6 0.282 223
ITIC-Th1 0.356 17.6 - -
PBDB-T-2F/ITIC-Thl
(6=0.125°) 0.295 21.3 0.297 21.2
PBDB-T-2F/ITIC-Th1
(6=0.06°) 0.293 21.4 - -
In-plane Out-of-plane
Film (m-m stacking) . (m-m stacking) .
Gxy d-spacing q: d-spacing
(A1 A) (A" (A)
PBDB-T-2F - - 1.663 3.78
ITIC-Th1 - - 1.773 3.54
PBDB-T-2F/ITIC-Thl
(6=0.12°) - - 1.704 3.69
PBDB-T-2F/ITIC-Th1
(6=0.06°) - - 1.769 3.55
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Table 5. 2. Summary of crystallographic parameters of PBDB-T-2F, IDIC and PBDB-T-2F/IDIC bilayer
with different incident angle of 0.125° and 0.06°. At § ~ 0.12°, incident X-rays can penetrate the bilayer

films deeply, so crystalline structure information of both donor and acceptor layer is obtained. With

lowered 8 ~ 0.06°, incident X-rays graze the surface of bilayer films, giving crystalline structure

information on the top of the bilayer.)

In-plane Out-of-plane
Film (Lamellar) ‘ (Lamellar) ‘
Qxy d-spacing qz d-spacing
(A1 A) (A A)
PBDB-T-2F 0.289 21.7 0.287 21.9
IDIC 0.383 16.4 - -
PBDB-T-2F/IDIC
(0=0.125°) 0.289 0.388 21.7 16.2 0.306 20.5
PBDB-T-2F/IDIC
(6=0.06°) 0.288 0.390 21.8 16.1 - -
In-plane Out-of-plane
. (-7 stacking) (-7 stacking)
Film - -
Gxy d-spacing q- d-spacing
(A A) (A A)
PBDB-T-2F - - 1.678 3.74
IDIC - - 1.775 3.54
PBDB-T-2F/IDIC
(6=0.125°) - - 1.751 3.59
PBDB-T-2F/IDIC
(60.06°) - - 1.773 3.54
20 nm
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Figure 5. 9. Surface roughness and morphologies for PBDB-T-2F pristine, PBDB-T-2F/IDIC bilayer
films and PBDB-T-2F/IDIC bilayer film after IDIC removal.
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With this confirmation of clean bilayer structure, we fabricated complete bilayer solar cells.
Remarkably, PBDB-T-2F/ITIC-Th1, IDIC, IDICO1 and IDICO2 bilayer OPVs exhibited excellent
device performances of around 9-11%. Current density—voltage (J-V) curves and external quantum
efficiency (EQE) spectra are shown in Figure 5.10, and photovoltaic parameters are summarized in
Table 5.3, along with active layer thicknesses. Specifically, PBDB-T-2F/ITIC-Th1 devices showed the
best PCE of 11% with Jsc of 16.9 mA cm™, Voc of 0.94 V and FF of 0.69. These are the highest reported
efficiencies for a clean bilayer OPV. PBDB-T-2F/NIDCS-HO devices exhibited the lowest PCE of 2.57%
and a low FF of 0.35.
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Figure 5. 10. Photovoltaic device performance of bilayer devices, and bimolecular and SRH
recombination properties of bilayer- and bulk-heterojunctions. (a) J-V characteristics and (b) EQE
spectra of PBDB-T-2F/Acceptors bilayer OPVs. (c, d) Jsc vs. Lign of bilayer and BHJ devices,
respectively, showing bimolecular recombination characteristics. (e, ) Voc vs. fign of bilayer and BHJ

devices, respectively, quantifying degree of SRH recombination.
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Table 5. 3. Summary of photovoltaic parameters for PBDB-T-2F/Acceptor bilayer and PBDB-T-

2F:Acceptor bulk-heterojunction organic solar cells.

Bilayer Thickness

Active layer Acceptor (D/A) [m/;lsccrn'z] K?; FF P[C(yli]”
[nm]
ITIC-Th1 50/35 16.9 0.94 0.69 11.0 (10.5+0.36)
IDIC 50/30 14.1 0.96 0.71 9.59 (9.30 £ 0.17)
Bilayer IDICO1 50/20 13.6 1.02 0.69 9.51(9.14+0.28)
IDICO2 50/18 13.7 1.01 0.66 9.15(8.93 +£0.13)
NIDCS-HO 50/33 6.46 1.13 0.35 2.57 (2.32+0.20)
Active layer Acceptor BHJ ”[Frflrinc]kness [mA{Sch'z] E/\(;T FF P[CO/})E]”
ITIC-Th1 124 16.9 0.93 0.71 11.2 (10.7 £ 0.26)
IDIC 113 14.4 0.95 0.72 9.87 (9.62 +£0.15)
BHJ IDICO1 114 11.8 1.01 0.64 7.57 (71.33+£0.17)
IDICO2 125 13.8 1.00 0.66 9.19 (8.70 £ 0.28)
NIDCS-HO 120 6.35 1.23 0.61 4.78 (4.29 £ 0.22)

3 Average PCE and standard deviation obtained from 10 devices.

We compared these bilayer efficiency results with those of bulk heterojunction solar cells made
from the same materials. For BHJ devices, we fixed the donor:acceptor ratio at 1:1, and used pre-
annealing or solvent additive strategies to optimize film morphologies. Both sets of devices were
fabricated with conventional structures. Detailed fabrication procedures are described in the
Experimental Section, and corresponding photovoltaic characteristic is shown in Figure 5.11. PBDB-
T-2F:ITIC-Th1 bulk heterojunction (BHJ) devices showed the best power conversion efficiencies
(PCEs) of 11.2% with a high short-circuit current density (Jsc) of 16.9 mA cm™, open-circuit voltage
(Voc) of 0.93V and fill factor (FF) of 0.71. PBDB-T-2F:IDIC, IDICO1 and IDICO2 BHIJ devices
showed also high PCEs of 9.87%, 7.57% and 9.19%, respectively, while PBDB-T-2F:NIDCS-HO BHJ
devices showed relatively low PCE of 4.78% due to limited light absorption and Jsc with its large
bandgap. Nonetheless, all of the BHJ devices exhibited adequate FF over 0.60 even in the PBDB-T-
2F:NIDCS-HO devices.

Comparisons of the fill factor and PCE ratio of bilayer/BHJ are shown in Figures 5.11¢ and 5.11d,
respectively. Both FF and PCE ratio for the devices of PBDB-T-2F with ITIC-Th1, IDIC, IDICO1 and
IDICO2 are around 1. In contrast, PBDB-T-2F with NIDCS-HO devices, both FF and PCE ratio were
poor of 0.57 and 0.55, respectively. This indicates this system is not appropriate in bilayer-

heterojunction OSCs due to inefficient exciton diffusion and lack of interlayer energy transfer.
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Figure 5. 11. Photovoltaic device performance of bulk-heterojunctions. (a) Current density-voltage (J-
V) characteristics and (b) external quantum efficiency (EQE) spectra of PBDB-T-2F/Acceptor bulk-
heterojunction solar cells. (c) Fill factor and (d) PCE ratios of bilayer/bulk-heterojunction solar cells

with different acceptor materials.

Figures 5.3c and 5.3d indicate the degree of bimolecular recombination in bilayer vs BHJ devices.
In general, Jsc is proportional to (fiign)’. If the exponent s is close to unity, the system has negligible
bimolecular recombination.”® In contrast, s is lower than 1 when significant bimolecular recombination
or space charge effects exist in the system.'®'** PBDB-T-2F/ITIC-Thl, IDIC, IDICO1 and IDICO2
bilayer OPVs exhibited almost identical s values within the range of 0.980~0.986 — comparable to the
BHIJs — implying balanced charge carrier densities in the bilayer devices and that charge carriers are

efficiently extracted without bimolecular recombination and space charge effects. However, PBDB-T-
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2F/NIDCS-HO bilayer devices exhibited a low s value of 0.830, compared to a higher s 0of 0.923 in their
BHJ counterparts.

Figures 5.3e and 5.3f assesses the levels of Shockey-Read-Hall recombination present in our
devices. From the slope of Voc vs. the natural logarithm of /e (close to k7/q), we see low levels of

SRH recombination in both bilayer and BHJ devices.”

Monomolecular recombination mechanisms were investigated by normalized photocurrent density—
voltage (Jyn-¥) characteristics and Voc dependence on incident light intensities ({iigh¢) as shown in Figure
5.12. Jon was obtained through Jon=Jiotar—Jaark, Where Jiorat 1s total current density and Juark is dark diode
current. By normalizing J,n with reverse saturation photocurrent (Jphsat), charge collection probability
can be obtained. In the voltage range from reverse bias to voltage at maximum power point (Vupp),
Pc(L,V) curves are highly influenced by monomolecular recombination instead of bimolecular
recombination, since free charge carriers can be quickly swept out to the electrodes due to the high

electric field in the devices.
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Figure 5. 12. Monomolecular recombination mechanisms in bilayer solar cells. Normalized
photocurrent density—voltage (Jon—V) characteristics as a function of incident light intensity of the
bilayer OSCs of (a) ITIC-Thl, (b) IDIC, (c¢) IDICO1, (d) IDICO2, (e) NIDCS-HO acceptors with
PBDB-T-2F donor. (f) Jou-Vesr characteristics of the bilayer OSCs.
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Conversely, in the voltage range from Vmpp to Voc, Pc(I,V) curves are dependent on /jign, indicating
bimolecular recombination predominates. This is generally attributed to low internal potential in the
devices due to the large applied forward bias.'” For bilayer OPVs with acceptors comprised of ITIC-
Thl, IDIC, IDICOI1 and IDICO2, normalized Jyn curves were almost identical and well saturated in the
voltage range from -0.5 V to Vwpp regardless of Jiign as shown in Figures 5.12a-d, respectively. Charge
carriers can be efficiently extracted to the electrodes with balanced charge carrier densities. In contrast,
a wide spread of normalized J,n characteristics in the voltage range from 0.5 V to Vupp was observed

for the PBDB-T-2F/NIDCS-HO devices as shown in Figure 5.12e.

Charge collection probability (P(E,T)) at short circuit condition was obtained from photocurrent
density—effective voltage (Jn—Verr) characteristics, as shown in Figure 5.12f. (In this case, the curves
were scanned from ~ 0.01 V to sufficiently high Ve~ 6 V to extract all free charge carriers fully under
AM1.5G intensity.) For the devices with IDIC group, free charge carriers were efficiently collected at
the electrodes with over 90% P(E,T) at short-circuit condition. On the other hand,, very poor P(E,T) of
65% was obtained in NIDCS-HO bilayer devices. In summary, negligible monomolecular and
bimolecular recombination result in excellent device performance of over 9% PCEs for the bilayer
OPVs through using IDIC-type acceptors. For the bilayer devices with NIDCS-HO (larger Stokes shifts
and minimal donor-to-acceptor FRET), both monomolecular and bimolecular recombination negatively

influence device performance.

Having demonstrated these exceptional efficiencies for bilayer OPV devices, we now interrogate

the key parameters that make these efficiencies possible.

The crucial factor determining light harvesting efficiency is the ratio of diffusion length to
absorption length. Based on the absorption coefficients already presented in Figure 5.1c, we show, in
the first row of Table 5.4, the characteristic peak absorption lengths (the length at which 1/e of incident
light is transmitted) for the donor and acceptor materials. Considering optical cavity effects, for PBDB-
T-2F/ITIC-Th1 devices for instance, these values translate into high fractions (>80%) of absorbed light

over a broad wavelength range for thin (80 nm) active layer thicknesses (Figure 5.15).

Table 5.4 also summarises the predicted exciton diffusion lengths of the donor and acceptor
materials (based on our initial self-FRET analysis for nearest-neighbour hopping), as illustrated by the
overlaps depicted in the inset of Figures 5.13a, b and ¢. However, there are well known limitations to
this analysis'®"'%, (such as assumed nearest-neighbour hopping, and the point-dipole approximation)
particularly for materials exhibiting longer exciton diffusion lengths. We therefore verified the exciton
diffusion lengths through intensity-dependent transient absorption measurements. We probe the singlet
state (spectra are shown in Figure 5.14) of the neat materials, and the intensity-dependent exciton

decays are modelled with a global fit to an exciton rate equation accounting for both diffusion-driven
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Figure 5. 13. FRET induced exciton diffusion in neat donor and acceptor materials. Singlet-singlet
exciton annihilation model applied to fluence dependent exciton decays in the neat films of (b) PBDB-
T-2F, (¢) IDIC and (d) ITIC-Th1 (excited at 560 nm, 712 nm and 665 nm respectively) with the

corresponding absorption and emission spectral overlaps in the inset.
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Figure 5. 14. Transient absorption spectra of neat donor, acceptor films. Series of Transient absorption
spectra of (a) PBDB-T-2F (excited at 560 nm, at a pump fluence of 1.65 pJ/cm?), (b) ITIC-Th1 (excited
at 665 nm, at a pump fluence of 1.87 uJ/cm?), (c) IDIC (excited at 712 nm, at a pump fluence of 6.56
nl/em?), (d) IDICO1 (excited at 665 nm, at a pump fluence of 4.3 uJ/cm?), (e) IDICO2 (excited at 665

nm, at a pump fluence of 3.5 pJ/cm?) and (f) NIDCS-HO (excited at 600 nm, at a pump fluence of 13.8
nl/cm?).
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Figure 5. 16. Real and imaginary parts of the refractive index of donor and acceptor thin films.
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Table 5. 4. Table of key optical parameters. For PBDB-T-2F, IDIC, ITIC-Th1, IDICO1, IDICO2 and
NIDCS-HO. Lp (predicted) are based on self-overlap. Lp and D (the diffusion constant) in the adjacent
columns are measured from TA annihilation kinetics, based on either a 3-D or 1-D diffusion model. R;.,

is the donor (PBDB-T-2F) to acceptor distance for a 50% probability of donor-to-acceptor FRET.

o Abs. Stokes cn Lp
Material [10° length shift PE;/Q]E Llfetsl]m ¢ [l O'ZDCi‘EZ '] predicted [Ii?l] [an01] [ﬁll]/lz]
cm’!] [nm] [nm] 0 p [nm]
PB];E-T- 1.48 67.6 55 1.4 178 79 3.8 358 2.1 -
10.6-

ITIC-Th1  3:44 29.0 66 2.5 28-800%) 40 5.0 s 30 76

IDIC 4.95 20.2 48 3.0 126 10.0 5.6 35 2.4 5.1
IDICO1 53 18.9 38 8.4 62 8.0 17.5 203 35 56
IDICO2 4.9 20.4 40 9.3 52 8.9 16.0 235 3.4 5.8
nggs- 1.56 64.0 133 8.4 685 011 10.0 87Y 29 -

a) Lower limits give experimental values while higher limits are from literature.
b) Diffusion coefficient and length from 3D diffusion model which is not fitted well with the data. But 1D diffusion model is
fitted well and the details are given in the supporting information.

exciton annihilation and monomolecular decay pathways. The exciton annihilation method is
particularly well-suited to measuring diffusion within bulk films without requiring dopants or interfaces,
and for resolving fast exciton diffusion on short timescales. Figures 5.13a, b and ¢ show the annihilation
kinetics in neat films of PBDBT-2F, IDIC, and ITIC-Thl respectively. Column 8 of Table 5.4
summarizes the diffusion lengths obtained through this analysis, for these and the other specified
electron acceptors NIDSC-HO, IDICO1 and IDICO2. These measurements confirm the high diffusion
lengths (>30 nm) of the donor and best performing acceptor materials, affirming the vital importance
of this parameter on the performance of bilayer architectured OPV. We note that there is substantial
uncertainty in the lifetime of ITIC-Th1, and hence its diffusion length due to the possibility of a portion
of intrinsic charge generation in the neat film'®’, and limitations on the lowest excitation fluence we are
able to achieve in transient absorption measurements. We also note that NIDCS-HO annihilation
kinetics appear more accurately fit to a 1-D annihilation model, which would give an increased diffusion

length of 39 nm.

The third key factor to which we attribute our high efficiencies is long-range Forster resonance
energy transfer between donor and acceptor layers. Our best performing bilayer devices are highly
favored for donor to acceptor (D-A) FRET, as illustrated by the large overlaps between the donor
PBDBT-2F emission and absorption of ITIC-Thl in Figure 5.1b. For PBDB-T-2F/ITIC-Th1 bilayers,
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the estimated Forster radius is ~4 nm. While bulk heterojunction OPVs will also benefit from this
effect'* ' the bilayer configuration lends itself to easier optimization of this process through dipole

alignment, and also to easier quantification'® of the degree of D-A FRET, as exemplified in this study.

To confirm the presence of long-range energy transfer we constructed bilayer stacks with an
inorganic charge blocking interlayer of atomic layer deposited Al,O3 between the donor and acceptor
slabs. This Al,Os layer prevents charge transfer/exciton separation at the interface, but allows donor to

acceptor (D-A) FRET for thin enough blocking layers.

We applied ultrafast transient absorption spectroscopy to probe this D-A energy transfer in interlayer
bilayer films. Figure 5.17a shows the TA spectra (at 5 ps) of a bilayer made with PBDB-T-2F and IDIC,
excited by a 560-nm wavelength pump from the donor side, so that minimal light absorption occurs in
the acceptor layer. The dotted curve is of a sample without a blocking layer, and shows a broader
spectrum that includes contributions from donor charges, as well as excitons from both layers, making
analysis difficult. However, for the sample with a 7 nm thick Al,Os charge blocking layer, the spectrum
is dominated by acceptor IDIC singlet excitons (which we identify by comparison with the neat film,
non-bilayer TA spectra (Figure 5.14)), thus proving energy transfer without charge transfer. The sample
with the thickest blocking layer (10 nm, dashed line) shows minimal IDIC excitonic signal, indicating

suppressed D-A FRET.

By simultaneously probing the donor PBDBT-2F exciton signature and IDIC acceptor signature, we
resolve the picosecond energy transfer kinetics from the donor to acceptor, due to exciton diffusion
within the donor layer and FRET into the acceptor. In Figure 5.17b we see this transfer by the decay in
donor exciton signal and concomitant rise in the acceptor signal that occurs within 30 ps. The acceptor
signal is long-lived compared to that of the neat films as the exciton photo-induced absorption overlaps
with that of charges formed at later time scales. Further evidence of efficient transfer is shown by the
increased quenching (decreased lifetime) of the donor exciton signal in PBDBT-2F/IDIC bilayer films,
as the thickness of the blocking interlayers is decreased (Figure 5.18).

We modelled the exciton dynamics with a 1-dimensional diffusion model'>® that includes a
contribution from Forster resonance energy transfer from donor to acceptor, for a given interlayer
thickness. Using the measured neat donor exciton lifetime and diffusion length, and the calculated
Forster radius from PBDBT-2F to IDIC, of Ry = 2.8 nm, we obtain good agreement with our measured

transient absorption kinetics of donor and acceptor excitations, as seen by the solid lines in Figure 5.17c.
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Figure 5. 17. Donor to acceptor layer FRET in bilayer devices. (a) Transient absorption spectra of
IDIC bilayers with Al,Os interlayer thicknesses of 10nm, 7 nm and 0 nm, averaged at a time-delay of 5
ps, and (b) Donor exciton kinetics of PBDB-T-2F (dashed blue line), and acceptor photoexcitation
kinetics of IDIC (dashed orange), for a bilayer with a 7 nm thick interlayer. Solid lines show simulated
kinetics based on exciton diffusion and long-range donor to acceptor FRET. (c) Inset: Relationship
between dipole-dipole Forster radius, Ry, to ‘slab-to-slab’ radius, R, the distance at which there is a
50% chance for energy transfer from a donor layer to an acceptor layer. As Ry increases, Ri, increases
quadratically Main: Simulated maximum short circuit photocurrent for a PBDBT-2F/ITIC-Th bilayer,
using measured optical values of n and £, for an ITIC-Th acceptor layer thickness of 30 nm, and varying
the donor PBDBT-2F thickness. The dashed curve is the maximum J,. with no exciton or charge
recombination. The solid curves show the J. obtained when exciton diffusion is included, using exciton
diffusion lengths measured from transient absorption, and showing the effect of larger donor-to acceptor

FRET radii on generated current.
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Figure 5. 18. Donor exciton quenching in bilayers with varying interlayer thickness. Donor exciton
quenching in PBDB-T-2F/IDIC bilayer series with varying Al,O; interlayer thickness. Here, all the
films were excited with 562 nm pump pulses at a fluence of 2.47 uJ/cm?. The kinetic traces are obtained

by integrating the corresponding spectra at 0.95 eV.

Discussion

In light of the new properties outlined above (high acceptor absorption coefficients and molecular
densities, large donor/acceptor spectral overlaps, and true slab-to-slab architecture) it is worth re-
presenting the high potential of FRET as a means for efficient exciton harvesting. For a donor exciton
in a bilayer configuration device, the distance, R, ,, at which there is a 50% probability of undergoing

FRET to the acceptor layer is approximately given by,

Ri= (2 )’ R,? (5-1)

where, Ry, is the standard point-to-point Forster radius, and C, is the acceptor layer molecular density.
As illustrated in the inset of Figure 5.18¢c, this non-linear dependence means that even small increases

in Ry will result in large increases in Ry /,. For instance, with our materials, an R, of 5 nm will give

93



an Ry, of 20 nm - a substantial portion of the depth of our bilayer devices due to their high absorption

coefficients.

As a final rationalisation of our exceptional bilayer device efficiencies, and to show the significant
effect of D-A FRET, we combine our exciton diffusion model with a full treatment of the optical cavity
effects present in our devices, based on their optical constants.'®® The dashed curve in Figure 5S¢ shows
the predicted short circuit current, Jsc, of a PBDB-T-2F/ITIC-Th1 bilayer device under AM1.5
illumination for a range of donor layer thicknesses, with the acceptor layer thickness held constant at
35 nm, assuming no exciton or charge recombination (i.e. 100% internal quantum efficiency - IQE).
The solid curves show the predicted short circuit currents versus donor layer thicknesses when exciton
recombination is included, using our measured diffusion lengths and assuming charge separation occurs

at all three active layer interfaces (as illustrated in Figure 5.1c).

The optimal donor layer thickness from this model agrees well with the experimentally gathered
thickness for peak device efficiency (Table 5.1). We can see, also, from this figure the large effect on
device current that varying the D-A FRET radius can achieve. Specifically, the D-A FRET enables a

thicker donor layer for enhanced light absorption.

Encouragingly, the predicted short circuit current from this model, and the measured Js¢ from the
best performing device, match well with each other, which is consistent with our electronic
measurements of minimal bimolecular charge recombination. Reduced bimolecular charge
recombination is a key advantage of the bilayer solar cell architecture over the bulk heterojunction.
Already for the case of PBDB-T-2F/IDICO2 bilayer, we see improved performance in the bilayer
configuration compared to the bulk heterojunction, further confirming this approach (Figure 5.11). In
a well-defined bilayer device in which all important optical and electronic parameters can be
independently measured, the ability to explicitly model the photovoltaic response of new materials will
be an important benefit of bilayer architectures that could accelerate the design and discovery or more

effective materials.
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5.4 Conclusion

With these results, we can suggest clear new materials and device design rules, and depart from the
complexity of bulk heterojunction OPVs. As illustrated in Figure 5.1c, and as shown by our
spectroscopic measurements, models, and device efficiencies of 11%, our bilayers benefit from both
efficient excitonic transport within the donor and acceptor layers, and significant to acceptor long-range
energy transfer between layers. Aiding these processes are strong absorption coefficients in both the
donor and acceptor materials, and small levels of non-geminate charge recombination. Combined with
a treatment of optical cavity effects, we fully account for the efficient light harvesting within our devices
through this combination of short absorption length, large diffusion lengths and donor-to-acceptor

FRET.

Paths to future efficiency improvements (without the need to optimise disordered heterojunction
morphology) therefore lie in the direction of: increasing intermolecular packing for high absorption
coefficients and solubility contrast for bilayer fabrication, maximising exciton diffusion length through
decreasing energetic disorder, maximising self-overlap, enhancing radiative lifetimes, and maximising
donor to acceptor FRET though increasing donor PL efficiencies, and tuning dipole alignment in both
donor and acceptor layers. With an efficient bilayer device in which donor and acceptor components

are sequentially deposited, opportunities for interfacial engineering are also vastly improved.

95



Chapter 6. Summary

In this thesis, charge recombination and transport properties are studied to enhance power
conversion efficiency and apply various photovoltaic applications in organic solar cells. Bimolecular
recombination in active layer is successfully suppressed by effective non-halogenated solvent
processing additives, diphenyl ether and sulfide. It is investigated that charge carriers are efficiently
transported even in low light intensity by using compact molecular packing structured polymer.
Furthermore, by using small Stokes shift non-fullerene acceptors which have long exciton diffusion
lengths by self-energy transfer, high power conversion efficiency over 9% is achieved with suppressed

monomolecular (dominantly, exciton) recombination and bimolecular recombination.

In chapter 2 and 3, a widely beneficial and non-halogenated solvent processing additive effects are
investigated with various conjugated polymers. To optimize performances of polymer solar cells (PSCs),
various techniques have been developed and reported from research fields. Introduction of processing
additives in polymer:PCBM bulk-heterojunction solution is one of the efficient strategy to improve the
cell performances. Although many solvents have been presented as processing additives, an appropriate
processing additive is always different to each polymer solar cell. In this manuscript, we demonstrate
diphenyl ether (DPE) works as a widely beneficial processing additive which provides high-
performance polymer solar cells to all kinds of photovoltaic polymers. DPE acts like theta solvent to
photovoltaic polymers, helps to form ideal bulk-heterojunction film morphologies and suppress
bimolecular charge recombination. Furthermore, we have fabricated PSCs and investigated
photovoltaic device characteristics using the series of non-halogenated, diphenyl-chalcogenide solvent
additives; DPE, diphenyl sulfide (DPS) and diphenyl selenide (DPSe). DPS devices showed optimal
power conversion efficiencies (PCEs) of up to 9.08%, and DPE devices also showed similarly high
PCEs of up to 8.85%. In contrast, DPSe devices showed relatively low PCEs (5.45% at best) which we
attribute to significant surface recombination and high series resistance, which led to limited open-
circuit voltage. In the case of DPS, fast, field-independent photocurrent saturation with negligible
bimolecular recombination led to efficient charge separation and collection, which resulted in the
highest PCEs. Additionally, using 1,2,4-trimethylbenzene and DPS as an entirely non-halogenated
solvent / additive system, we successfully demonstrated device fabrication with comparably high PCEs
of up to 8.4%. From these works, I suggested efficient way to optimize device performance by using
DPE regardless of photovoltaic polymers, and DPS is also effective as non-halogenated solvent additive

from further study of diphenyl-chalcogenides.

In chapter 4, photovoltaic characteristics are studied under various light intensities with three semi-
crystalline polymers (PTTBTgo, PDTBTgo, and P2FDTBTgo) by modulating the intra- and
intermolecular noncovalent coulombic interactions. Low series (R;) and high shunt (Rq) resistances are

essential prerequisites for good device properties under standard illumination (100 mW cm™).
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Considering these factors, among three polymers PDTBTgo polymer solar cells (PSCs) exhibited the
most desirable characteristics, with peak power conversion efficiencies (PCE) of 7.52% and 9.60% by
blending with PC7;BM under standard and dim light (2.5 mW cm™), respectively. P2FDTBTgo PSCs
exhibited a low PCE of 3.69% under standard light due to significant charge recombination with high
Rs (9.42 Q cm?). However the PCE was remarkably improved by 2.3 times (8.33% PCE) under dim
light, showing negligible decrease in open-circuit voltage and remarkable increase in fill factor, which
is due to an exceptionally high Ry, of over 1000 kQ cm?. R; is less significant under dim light, because
the generated current is too small to cause noticeable R—induced voltage losses. Instead, high R
becomes more important to avoid leakage currents. This work may provide important tips to further
optimize PSCs for indoor applications with low-power electronic devices such as Internet of Things

(IoT) sensors, etc.

In chapter 5, by pairing the donor polymer PBDB-T-2F with a range of fused-ring electron acceptors,
efficient bilayer organic solar cells (OSCs) are enabled by the combination of high molecular packing
densities and absorption coefficients, long exciton diffusion lengths, and efficient, resonant, long-range
energy transfer between donor and acceptor layers. Conventional bulk-heterojunction organic solar cells
(BHJ OSCs) generally guarantee high power conversion efficiency (PCE), but poor reproducibility of
active layer’s morphologies and complicated device optimization processes limit further
commercialization. I demonstrated efficient bilayer-heterojunction OSCs with a simple strategy to
introduce small Stokes shift non-fullerene acceptors which has long exciton diffusion length (Lp) by
self-FRET. ITIC-Th1, IDIC and its derivatives (small Stoke shift 38~74 nm) provides 9-11% PCEs in
bilayer-heterojunction OSCs with high fill factor ~0.70 which are very similar with BHJ OSCs with the
same active layer materials. On the other hand, large Stokes shift materials (133 nm) showed poor PCEs
~ 2.5% due to relatively short Lps. Monomolecular recombination was negligible when small Stokes
shift materials are used as acceptor, whereas the monomolecular recombination was significant when
large Stokes shift materials are used. Furthermore, significant spectral overlap between PL of donor and
absorption of acceptor also enables efficient exciton diffusion even in bilayer devices. This work
suggest that small Stokes shift materials have a great potential for high-performance bilayer-

heterojunction OSCs with long Lps.
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