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Photovoltaic Function and Exciton/Charge Transfer
Dynamics in a Highly Efficient Semiconducting Copolymer

Jodi M. Szarko, Brian S. Rolczynski, Sylvia J. Lou, Tao Xu, Joseph Strzalka,

Tobin J. Marks, Luping Yu,* and Lin X. Chen*

Exciton dissociation is a key step for the light energy conversion to electricity
in organic photovoltaic (OPV) devices. Here, excitonic dissociation pathways
in the high-performance, low bandgap “in-chain donor-acceptor” polymer
PTB7 by transient optical absorption (TA) spectroscopy in solutions, neat
films, and bulk heterojunction (BH)) PTB7:PC;;BM (phenyl-C;;-butyric acid
methyl ester) films are investigated. The dynamics and energetics of the
exciton and intra-fintermolecular charge separated states are characterized.
A distinct, dynamic, spectral red-shift of the polymer cation is observed in
the BHJ films in TA spectra following electron transfer from the polymer to
PC;;BM, which can be attributed to the time evolution of the hole-electron
spatial separation after exciton splitting. Effects of film morphology are

also investigated and compared to those of conjugated homopolymers. The
enhanced charge separation along the PTB7 alternating donor-acceptor back-
bone is understood by intramolecular charge separation through polarized,
delocalized excitons that lower the exciton binding energy. Consequently,
ultrafast charge separation and transport along these polymer backbones
reduce carrier recombination in these largely amorphous films. This charge
separation mechanism explains why higher degrees of PCBM intercalation
within BH) matrices enhances exciton splitting and charge transport, and
thus increase OPV performance. This study proposes new guidelines for OPV
materials development.

1. Introduction

Photoconducting polymers have been
used in organic photovoltaic (OPV)
devices as electron donors or p-type mate-
rials when blended with electron accep-
tors such as [6,6]-phenyl-Cg;-butyric acid
methyl ester (PC¢;BM or PCBM) for over
15 years.!"% In particular, poly-3-hexylth-
iophene (P3HT) set a historical bench-
mark as the material yielding the highest
power conversion efficiency (PCE)Z1011]
until several years ago, when new series of
lower bandgap polymers emerged offering
higher PCEs.’%!?"P] Unlike homopoly-
mers such as P3HT, that have a single
building block in each repeat unit, these
lower bandgap polymers contain alter-
nating building blocks in each repeat unit.
Because of the electron affinity difference
between the alternating blocks, these new
copolymers have in-chain charge transfer
characteristics that enhance broad absorp-
tion in both the UV/vis and near-IR
regions.l'®!”] The lower bandgap versus
P3HT enables more effective solar photon
harvesting, especially in the near-IR
region. One of the most promising new
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polymers is a fluorinated poly-thienothiophene-benzodithio-
phene, PTB7, which has regularly alternating thienothiophene
(TT) and benzodithiophene (BDT) blocks in each repeating unit
(Figure 1). OPVs fabricated with from this polymer and PCBM
achieve >8% PCEs.[18:19]

In addition to the enhanced light harvesting/increased
PCEs, PTB7 exhibits unique exciton dynamics, and structural
morphologies have been observed in solution and films.20-23
Because of the differences in electron affinities between the TT
and BDT blocks, the local electron density exhibits “push—pull”
tendency along the conjugated polymer backbone; one block
(BDT) acts as a quasi-electron donor (or pusher) and the other
(TT) as a quasi-electron acceptor (or puller) (Figure 1). The role
of the charge transfer (CT) states at the polymer:PCBM domain
interfaces in low bandgap polymer BH] films has been studied
in several systems.['®24 In contrast, the role of CT states and
their dependence on the push—pull character within each of
these polymers has received little attention in the context of
OPV science since these intramolecular charge transfer/sepa-
ration processes were thought to be unimportant for device
performance. Before further discussions, we should first define
the CT state because its definition varies slightly among the
researchers in the field. The CT state in this report is defined
as the state resulted from the exciton splitting with a lower
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exciton splitting and marked presence of the
PTB7 cation population in the absence of an

external electron acceptor, such as PCBM,
prompts us to investigate the exciton splitting
mechanisms in various media which differ
from those of homopolymers such as P3HT.
The stark differences in both exciton splitting
dynamics and structural/morphological char-
acteristics of PTB7 films (neat and BHJ) from
those of P3HT make it necessary to reas-
sess the optimal film morphologies for OPV
devices fabricated from these new materials.
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Figure 1. A) Structures of PTB7, P3HT, and PBB3. B) Optical spectra of PTB7(cb), PTB7(n),

and PTB7:PCBM.

energy while hole and electron are still strongly interacting,
and displays a distinct transient absorption spectral feature
blue-shifted from that of the polymer cation. In comparison,
the charge separate (CS) state is defined as a state resulted
from the exciton splitting with weaker hole—electron interac-
tions than those in the CT state, and displays a polymer cation
absorption signature (hence, this state is also called polymer
cationic state below).

Several unique properties of the PTBX polymers were
observed in previous studies.[?>21:25-27] First, structural studies
of seven neat PTBX polymers with different pendant alkyl
substituents showed that the copolymer film crystallinity was
relatively low and that the films were largely amorphous.[2%-22
Second, the as-prepared PTBX:PCBM BH]J films showed well-
mixed donor and acceptor components with apparent domain
sizes <5 nm, and higher PCEs than those films having more
ordered morphologies after annealing at higher temperatures
(i-e., 160 °C).1°l Third, a substantial cation state population due
to intramolecular exciton splitting was observed in PTB7 even
in dilute solutions, generating a pseudo-charge transfer and
cationic states in the absence of the PCBM electron acceptor./?!!
Although charge transfer states of other polymers in BHJ and
neat films have been investigated, they have not been clearly
identified in isolated solution phase polymer chains, and intra-
molecular exciton splitting has been assumed to be negligible
in the isolated conducting polymer chains.[28-42

Therefore, there are important unanswered scientific ques-
tions regarding the structure/dynamics dependence of BH]
PCEs, particularly those fabricated with PTB7. How does the
electronic structure of the copolymer backbone facilitate charge
generation and transport? Do the intramolecular (or intra-
chain), charge-separated states affect intermolecular (or inter-
chain) interactions in a BH]J film? How do the smaller crystal-
line domains affect carrier transport in the PTB7 films? What
is the mechanism for overcoming the Coulombic attractions
between the separated electrons and holes in the BH]J films
after the initial exciton splitting?

In this contribution, we focus on the effects of both intra-
chain and interchain PTB7 charge transfer characteristics and
how these affect exciton-splitting efficiencies and dynamics
in OPV BHJ films. In particular, the ultrafast dynamics of the

700 80 900 1000
Wavelength (nm)
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Mechanisms of charge separation and carrier
diffusion in PTB7 in solution, neat films, and
BHJ films are discussed on the timescales
of sub-picoseconds to nanoseconds. Because
PTB7 shares many common features with
other recently synthesized “in-chain donor—
acceptor” polymers that afford high PCEs, we suggest PTB7 as
a model to demonstrate the need to reevaluate the necessary
conditions and mechanisms for exciton splitting and charge car-
rier generation in in-chain donor—acceptor copolymers. Such a
re-evaluation is discussed in the context of other polymers that
have recently been studied by the OPV community.

2. Optical and Electronic Characteristics of PTB7
2.1. Sample Preparation and Analysis

PTB7 was synthesized according to a previously reported pro-
cedure.¥ For the solution studies, the polymer was dissolved
in chlorobenzene (CB), and had an optical density between
0.2 and 0.4 at the wavelengths of the excitation using 2-mm
cuvettes. Steady-state absorption spectra were taken using a
Shimadzu UV-3600 spectrometer. The preparation conditions
for the spin-cast films was reported previously.?”! Briefly, the
films were prepared from a (10 mg mL™) 1,2 dichlorobenzene
(DCB) solution and spin-cast at speeds from 3000-5000 rpm.
For the PTB7:PCBM blend films, the solution also contained
3 vol% of the processing additive 1,8-diiodooctane (DIO) which
increases the device PCE.*Yl The films were then spin-cast onto
ITO or glass substrates. This report focuses on three types of
samples: PTB7 in CB, neat PTB7 films, and PTB7:PCBM BH]
films. These samples will be denoted PTB7(cb), PTB7(n), and
PTB7:PCBM, respectively.

2.2. Steady State Absorption Spectra of PTB7

The steady state absorption spectra of PTB7(cb), PTB7(n), and
PTB7:PCBM are shown in Figure 1. The principle absorption
maximum of the solution spectrum is at 682 nm, adjacent to a
feature at 633 nm, and separated energetically by =1125 cm™,
which coincides with the thiophene ring stretching frequency.*’!
Hence, the two peaks are vibronic bands. The extinction coeffi-
cient of PTB7(cb) in terms of monomer units is approximately
10 000 M~! cm™ at 690 nm. These PTB7 vibronic peaks are also
observed in the films, with the neat film absorption maximum
at 687 nm only slightly red-shifted from that in solution. Such a

Adv. Funct. Mater. 2014, 24, 10-26
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Figure 2. A contour plot showing the calculated power conversion effi-
ciency (values marked on the contour lines) as a function of the polymer
band gap and the LUMO.

small red-shift indicates very slightly increased planarity in the
films, while the vibronic energy spacing remains unchanged.
Finally, the addition of PCBM to the films results in a fur-
ther small red-shift of the absorption maximum to 690 nm
while the vibronic energy spacing increases to 1300 cm™. The
spectra of blend films deviate from those reconstructed by a
principle component analysis procedure using the spectra of
the neat PTB7 and PC;BM films. Therefore, the intermolec-
ular interactions of these two species are sufficiently strong in
BH]J films to alter their electronic and vibrational properties.
It has been found that the PCBM is well intercalated into the
PTBX polymer, 2?2 which can create charge transfer states and
induce absorption spectral red-shifts.

2.3. Bandgap Alignment of PTB7 and its Effect on Solar
Cell Efficiency

Originally, the impetus for using donor—acceptor copolymer
OPV materials was to increase the spectral overlap with the solar
spectrum. Although the enhancement of the light harvesting
was accomplished in these copolymers, the PCEs of these mate-
rials still vary widely.?’l Comparison of the bandgap alignment
of several polymer systems, along with their maximum pos-
sible efficiencies, is shown in Figure 2. The solar cell parameters
of the devices depicted in ths figure are shown in Table 1. The
maximum efficiencies shown are calculated from the model of
Scharber et al.l*! where the balance of exciton splitting driving
force, band gap, solar energy spectrum, and output voltage are
taken into account. The bandgap of P3HT is over 1.9 eV, which

Table 1. The solar cell parameters of select donor-acceptor polymers.

Eg Voc .lsc FF n
M [Acm™)
PR 1.6 0.59 10.22 0.40 2.38
P3HTE! 1.9 0.63 9.5 0.68 5.0
PTB7P2 1.84 0.74 14.3 0.69 >8
PBB3F2 1.57 0.63 6.37 0.51 2.04
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is the largest and has the lowest spectral overlap.'®! The max-
imum estimated efficiency for solar photon harvesting using this
bandgap is 42%. In contrast, the bandgap of PTB7 is =1.6 eV,
which corresponds to a maximum solar photon harvesting effi-
ciency of 58%.11%4749 The theoretical OPV PCE maximum with
respect to both the donor band gap and the donor lowest unoc-
cupied molecular orbital (LUMO) energy levels shows that the
optimal bandgap for device efficiency is 1.5-1.6 eV, which is very
close to the PTB7 bandgap. The highest theoretical PCE based on
the bandgap and the relative band level alignment of the donor
and acceptor materials is roughly 8-10%, which is close to the
PCEs of >8% for current PTB7:PCBM devices.’") We are aware
of some ongoing theoretical work reassessing the band alignment
with consideration of molecular details at the interface, while the
model discussed here is an approximation without the structural
details. From the polymers listed here, it is apparent that there is a
large range of PCE values compared to the theoretical maxima for
each polymer. While structural and dynamics studies have been
performed on these materials, there has not yet been a model to
account for these discrepancies. In the sections of this contribu-
tion which follow, we propose elements of a picture explaining
why the efficiencies of these polymer systems vary so greatly.
Recently, new copolymer and oligomer systems have enabled
OPV PCEs exceeding 9%;P3 however, the structures of these
materials have not been made public. Indeed many copolymers
exhibit similar or more optimal bandgap alignment than these
high-performance polymers, however their corresponding
PCEs can vary significantly. Such variations prompt us to look
beyond the bandgap energy alignment and to scrutinize local
intramolecular interactions and features of the polymer elec-
tronic structure. In recent studies, we reported strong corre-
lations between calculated changes in the repeat unit ground
to the excited state dipole moment of these polymers and
their corresponding OPV PCEs.’2%* For two of the polymers
examined here, PTB7 and PBB3, the ground and excited state
dipole moments, u, and p, in their respective single repeat
units are characterized as in Figure 3. Although PBB3 has a
more optimal bandgap alignment, its dipole moment change is
small, and the OPV PCE is significantly less than that of PTB7
with a much larger Afl,.. The larger PTB7 Api,. enhances the
charge transfer character, and therefore the carrier generation
efficiency in the corresponding BH]J films, as discussed below.

Figure 3. The backbone structure of the PTB7 and PBB3 polymers. The
ground state dipole moments are indicated by the black arrows while the
excited state dipole moments are indicated by the red arrows. Adapted
from previous work.’2
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3. PTB7 Exciton and Charge Transfer Dynamics in
Different Environments

3.1. Transient Absorption Spectroscopy

The steady state absorption spectra of the PTB7 (cb), PTB7(n),
and PTB7:PCBM were recorded using a Varian Cary 50 Scan
(Agilent Technologies, Santa Clara, CA) before and after
transient absorption (TA) experiments to verify the sample
stability during the TA experiments. The TA experiments
were performed at the Center for Nanoscale Materials or the
Chemical Sciences Division at Argonne National Laboratory.
A visible pump beam at 1.67 kHz or 1 kHz was generated by
either an optical parametric amplifier (OPA) system (TOPAS,
Light Conversion Ltd.) or a home-built two-pass OPA system
and pumped by a regenerative amplifier (Spitfire Pro, Spectra
Physics Lasers) operating at a 5 kHz or 1 kHz repetition rate.
The Spitfire Pro was pumped by an Nd:YLF laser (Empower,
Spectra-Physics Lasers), and seeded by a Ti:sapphire oscil-
lator (Tsunami, Spectra-Physics Lasers) that was pumped
by a Nd:YVO, laser (Millennia, Spectra Physics Lasers). The
output beam of the amplifier laser was split off and chopped
at 833 Hz. These beams were used to pump a TA spectrometer
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(HELIOS, Ultrafast Systems LLC). A white light/NIR probe was
generated by focusing the 800 nm beam into a sapphire plate.
The 800-1500 nm component of this probe light was collected
by a charge-coupled device CCD device. The spectral detection
region is 850-1500 nm. The solution sample was prepared and
probed in ambient air while stirring. The samples were robust
in this environment and exhibited unchanged kinetics over the
course of the measurements. The films were raster scanned or
moved under ambient conditions.”® Samples were pumped
using a focused 100 um diameter, 20 nJ per pulse. The pump
wavelength was 600 nm unless stated otherwise. The cuvette
path length was 2 mm, and the instrument response function
(IRF) was 160 fs FWHM. For film experiments, the transmis-
sion of prepared films on glass substrates was measured, and
the response function was 120 fs.

3.2. PTB7 Exciton and Charge Transfer Kinetics
in Different Environments

TA spectra in the near IR region for PTB7 (cb), PTB7(n), and
PTB7:PCBM are shown in Figure 4 as a function of probe delay
time specified by the color scale bars, and with >300 delayed
TA spectra in each set of data. Using a detailed deconvolution
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Figure 4. Transient absorption spectra of PTB7 in different media: A) 1,2-dichlorobenzene, B) a neat film, and C) PTB7:PCBM. The probe delay times of
the spectra are color coded from red to purple shown in the color scale bar on the left. The excitation wavelength is 600 nm. D) The transient absorp-

tion spectra of the PTB7:PCBM film under the 695 nm light excitation.
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Figure 5. The graphical representation of the exciton (red), cationic
(green), and pseudo charge transfer states (blue) used to fit the kinetics
of these states. The steady state chemically oxidized cationic state is also
shown in gray.

procedure, three broad peaks in each individual TA spectrum
were extracted and analyzed, corresponding to the exciton state
(EX), cation state (CS), and (pseudo) charge transfer state (PCT,
intramolecular, or CT, intermolecular).?!! The individual con-
tributions from these states to the overall transient absorption
spectra of PTB7:PCBM are extracted and shown in Figure 5.
The kinetics of these three states were extracted from the TA
spectra using Equation 1, where A(t,@) is the total TA signal at
time delay time t and probe frequency ®; PCT(w), CS (w), and

A(t, w) = aq (t) PCT (w) + a, (t) CS (0) + a5 (t) EX (w) (1)

EX(w) are the fit spectra of PCT (or CT), CS, and EX, respec-
tively (Figure 4). a,(t), a,(t) and a;(t) are the amplitudes of PCT
(or CT), CS, and EX, respectively, at t. The EX and CS are the
main focus of this study.

The kinetics of EX in PTB7(cb), PTB7(n), and PTB7:PCBM
are shown in Figure 6a with fitting parameters summarized in
Table 2. The faster overall decay kinetics in the neat film com-
pared to the solution are attributed to additional EX decay chan-
nels through interchain charge transfer or geminate recom-
bination mechanisms.P% In solution, the CS state is mainly
generated via an intramolecular process as shown by the con-
centration independent TA kinetics in our TA measurements.
In comparison, the intermolecular interactions in the films are
much stronger due to the 7~ backbone stacking.’’->8! The TA
spectra of the BH]J films (Figure 4c) are markedly different from
those of PTB7(n) (Figure 4b). The EX state, with its TA feature
peaked near 1320 nm, is almost completely depleted within
1 ps of the excitation, and simultaneously the signal from the
CS state peaked near 1150 nm rises, indicating that the CS
state becomes the predominant species within a few ps of exci-
tation and persists on a timescale much longer than the 3-ns
time window of these measurements. The CS state dynamics in
the presence of PCBM in the BH]J film indicate highly efficient
and ultrafast charge transfer from PTB7 to PCBM.

The CS kinetics traces in solution and in the films are
shown in Figure 6b, with the corresponding tri-exponential
fitting parameters summarized in Table 2. The amplitudes

Adv. Funct. Mater. 2014, 24, 10-26
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Figure 6. The experimental data (solid squares) and kinetics fits (solid
curves) of A) the EX state, B) the CS state, and C) the ground state bleach
for PTB7(cb) (red), a PTB7(n) (blue), and PTB7:PCBM film (black). The
fluorescence upconversion signal for PTB7(cb) is also shown in light blue.

of the component with the longest time constant are propor-
tional to the population of the sustained CS state that survives
the fast h*—e~ recombination or charge recombination (CR).
A much smaller amplitude of CS signals in PTB7(n) than in
PTB7(cb) suggests that CR is much faster in the former due
to the additional relaxation channels through intermolecular
processes. In contrast, CS kinetics in the PTB7:PCBM film
feature an ultrafast rise within the instrument response time
(<150 fs) followed by the second slower rise with 116 ps rise

wileyonlinelibrary.com

“
m
5
G
~
m
>
E
(o}
F
m




w
i
=
e
g
w
[
B
g
T
T

16  wileyonlinelibrary.com

Table 2. Kinetic fits for the exciton, charge transfer, and cationic states
of PTB7(cb), PTB7(n), and PTB7:PCBM. The relative amplitude of each
fit is given as a percentage and is indicated in the parentheses.

Sample Exciton decays CT decays Cation decays
[%6A] [%A] [%6A]

PTB7(cb) 2.5 ps (21%) 2.5 ps (21%) 20 ps (22%)
100 ps (33%) 500 ps (61%) 550 ps (53%)

900 ps (46%) >>3 ns (18%) >>3 ns (25%)

PTB7(n) 0.46 ps (37%) 1 ps (—4%) 8 ps (55%)
7 ps (35%) 120 ps (85%) 130 ps (37%)

65 ps (28%) >>3 ns (11%) >>3 ns (8%)
PTB7:PCBM <<120 fs (89%) 116 ps (34%) 116 ps (—-13%)
1.7 ps (11%) >>3 ns (66%) >>3 ns (87%)

(34%) and a >>3 ns decay (66%). Finally, the ground state
bleach (GSB) kinetics are shown in Figure 6¢. A red-shift in
the GSB spectrum was observed, which indicates the presence
of stimulated emission and vibrational relaxation, and charge
transfer, which is overlapped with this signal.?**° The pres-
ence of absorption states heavily masks the emission signals in
the TA spectra so the fluorescence lifetime was obtained using
a fluorescence upconversion setup for the PTB7(cb) sample.
This signal shows a predominate sub-picosecond decay for the
fluorescence, which indicates some charge transfer character
of the excited state. The GSB kinetics shows a multiexponen-
tial decay. The PTB7(cb) and PTB7(n) samples have the same
kinetic signatures as the exciton kinetics. The sub-picosecond
decay is attributed to exciton annihilation vibrational relaxa-
tion, and pseudo charge transfer, which also correlates with
the upconversion signal. A decay >>3 ns is also observed.
This signal is attributed to long lived charge transfer or triplet
states, and is less than ten percent of the overall signal ampli-
tude in the PTB7(cb) and PTB7 (n) signals. The PTB7:PCBM
sample has the largest amplitude of this state, which corre-
sponds to the higher degree of free charge carrier generation
in the BHJ films.

Because the CS state is the precursor of the free charge car-
riers in OPV devices, optimizing the relative CS populations is
essential for enhancing device performance. The TA spectra at
the delay time t = 2 ns for all of the present samples are domi-
nated by CS state signals (Figure 7a) and hence, they can be
used to measure the efficiency of initial CS state generation
when normalized by the initial exciton signals. Note that TA
signals from the films are noisier than those from the solution
due to imperfect film optical quality which causes TA signal
scattering. Thus, the relative change in transient optical densi-
ties with respect to that of the initial EX signals was measured,
which in turn was obtained from the amplitude of the EX fits,
between the neat films and the solution, so that the scattering
effects could be taken into account. This approximation is the
best direct experimental comparison for the relative amplitudes
of the long-lived CS states among the samples under the pre-
sent experimental conditions. After this correction, it is found
that the PTB7:PCBM films show the highest CS state signal
amplitudes, while PTB7(n) has the lowest, which can easily
be explained by increased CR pathways in the films in the
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Figure 7. The transient absorption spectra of PTB7(cb) (red), PTB7(n)
(blue), and PTB7:PCBM film (black) taken 2 ns after 600 nm excitation
from an ultrafast laser pulse. The absorbance for each signal was scaled
according to the optical density (OD) in the UV/vis spectra at 600 nm for
all samples. The light scattering effects in the samples were corrected by
the AOD ratio of the EX state at delay time = 0 ps in the neat film and
solution.

absence of the PCBM external electron acceptor. It is perhaps
unexpected that the CS population in solution is =1/2 of that
in the BHJ films, suggesting the importance of intramole-
cular processes in free charge carrier generation, hence device
performance.

To compare the TA spectral shapes of the CS state in the
three media, the three spectra in Figure 7a were normalized to
the peak intensity, and are shown in Figure 7b. In addition to
the variation of CS populations among the three samples, the
CS peak positions in the TA spectra were also examined. The
CS state peak position of PTB7(n) is significantly blue-shifted
and has the lowest amplitude relative to that in the solution
and in the BHJ films. An apparent correlation between the
peak position and the amplitude of the CS state TA signals is
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observed in these samples: a larger red-shifted peak position
is accompanied by a higher CS state population. It is assumed
that the CS state TA features originate in transitions from the
cation state to its higher energy excited states that have energies
nearly independent of the environment, and hence are nearly
isoenergetic across the samples. Thus, the red-shifted CS state
peak corresponds to a smaller energy gap between the CS state
and its higher energy excited states, and therefore to a higher
energy for the CS state in solution and in BHJ films. In com-
parison, a bluer CS TA peak in PTB7(n) corresponds to a larger
energy gap to the higher energy excited state, and hence a lower
energy for the CS state. According to the Onsager theory!?®! that
describes the electrostatic interactions between holes (h) and
electrons (e) in continuous media at thermal equilibrium, the
energy differences in the CS state energies are primarily due
to the Coulombic attraction between electrons in the PCBM
domains and holes in polymer domains, which scales inversely
with the h—e distance Ry that is small at the donor—acceptor
interface, resulting in a lower CS state energy versus that
summed for holes and electrons as free carriers. Although the
Onsager theory is based on a thermally equilibrated system in
terms of calculating the capturing radius for a h—e pair, the part
of the theory describing the nature of the electrostatic inter-
actions is still applicable to the systems studied here on the
ultrafast time scale. Because of the intramolecular CS in PTB7,
the average h—e distance after the EX splitting is greater?!l and
the Coulombic attractions within in the h—e pair are smaller
at the PTB7:PCBM interface than in homopolymers where the
intramolecular CS is far less. More interestingly, a continuous
CS state peak shift is observed in the TA spectra as a function
of the delay time in the PTB7:PCBM films, corresponding to
a continuous rise in the CS state energy. A detailed analysis is
presented below.

3.3. Dynamics and Spectral Characteristics of Carrier Dissocia-
tion in PTB7:PCBM Films

The TA feature in the PTB7:PCBM BH] films beyond the first
few ps delay time is overwhelmingly from the cationic state of
PBT7 (Figure 4c). Because the CS state is considered to be a pre-
cursor of free charge carriers, its dynamics in BHJ films can be
directly related to device PCEs. The CS state dynamics traces of
the three samples are shown in Figure 6b. The CS state signals
in the PTB7:PCBM BH]J film appear instantaneously followed
by a 116-ps rise and then decay with a time constant >> 3 ns.
The ultrafast formation of the CS state has been confirmed by
both the EX decay and the intramolecular CS state formation in
PTB7(cb) and PTB7(n). The second rise component of the CS
state with the 116-ps time constant in the BH]J films indicates
an additional route for the CS state formation from a bound
h—e pair intermediate state that further dissociates on this time
scale. This rise-time constant also corresponds to the time con-
stant for a red-shift of the CS state peak position, which is dis-
cussed further below.

To characterize the marked dynamic red-shift of the BH]J
film CS state peak, a global analysis was carried out on the TA
data sets with the TA spectral features versus the probe delay
time, allowing the peak position and width of the CS signals
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Figure 8. The peak position energy for the CS state using 600 nm (blue)
and 695 nm (red) light excitations. The time constants for the red-shift of
the peak position extracted from these curves are 90 ps and 261 ps with
the excitation wavelength at 600 nm and 695 nm, respectively.

to vary. This analysis showed that a single CS spectral shift
with the delay time provides the best fit of the experimental
data. By allowing the peak position to vary, the shift of the CS
energy level as a function of time can be monitored as shown
in Figure 8. Two time constants of 3 ps and 90 ps are obtained
for the dynamics of the spectral shift. The 3-ps component is
attributed to vibrational relaxation of hot CT/CS state in the
films,[%% while the 90-ps component is attributed to the ther-
mally activated carrier dissociation.[!l There has been lively
discussion recently concerning the nature of the excitation
wavelength dependence in charge transfer states.®%] Most
reports discuss the kinetics of the delocalization of CT states
on a timescale less than 200 fs. Note that the results presented
in this work regarding the red-shift of the CS state have a faster
component which is in the ps range, however the longer decay
component cannot be explained using a hot exciton model
alone. The longer excitation wavelength dependence in the
PTB7:PCBM films indicates the presence of longer lived delo-
calized CT and CS states that can be populated more readily
at higher energies. The long lifetime component is attrib-
uted to the dissociation rate of the CS state from the donor/
acceptor interface. This dissociation rate is very fast for the
present BH]J films compared to previous studies/®!:%?] and will
be discussed in detail below. The initial instantaneous h—e dis-
sociation from the polarized exciton in this donor-acceptor or
charge transfer polymer elevates the CS energy levels, which
in turn reduces the energy gap between CS and higher energy
states, and red-shifts the CS state TA spectrum.[®”] Within this
time frame, the peak position for CS state TA spectra in the
PTB7:PCBM film is red-shifted and becomes broader. The
amplitudes of these shifts are summarized in Table 3, and
indicate an increase of the cation state energetic inhomoge-
neity in the film.

To further characterize the nature of the time dependent
TA cation peak red-shift for the CS state in PTB7:PCBM, the
excitation wavelength dependent EX and CS state dynamics
of the PTB7(n) and PTB7:PCBM materials were investigated.
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Table 3. Wavelength excitation dependence of the lifetimes spectral shift
of the cationic state in PTB7:PCBM.

Sample Exciton decays CT decays Cation decays
[%6A] [%6A] [%6A]

600 nm

neat PTB7 0.46 ps (37%) 1 ps (—4%) 8 ps (55%)
7 ps (35%) 120 ps (85%) 130 ps (37%)
65 ps (28%) >>3 ns (11%) >>3 ns (8%)

PTB7:PCBM <<160 fs (89%) 116 ps (34%) 116 ps (~13%)
1.7 ps (11%) >>3 ns (66%) >>3 ns (87%)

695 nm

neat PTB7 0.2 ps (46%) 22 ps (50%) 2 ps (56%)
5 ps (29%) 224 ps (47%) 59 ps (37%)
64 ps (25%) >>3 ns (3%) >>3 ns (7%)

PTB7:PCBM <<160 fs (89%) 40 ps (23%) 40 ps (12%)

1.7 ps (11%) 1730 ps (52%)

>>3 ns (25%)

1730 ps (50%)
>>3 ns (37%)

The first excitation wavelength was at 600 nm (2.07 eV) for the
aforementioned TA measurements, which is =0.3 eV higher in
energy than the absorption onset near the (0,1) vibronic peak.
The second excitation wavelength was 695 nm (1.78 eV), which
is at the (0,0) vibronic peak. The TA spectra of PTB7:PCBM
using 600 nm and 695 nm excitation pumps are shown in
Figure 4c,d, respectively. The excitation wavelength dependent
EX and CS dynamics in PTB7(cb) was also investigated with
the same excitation wavelengths, but no appreciable effects are
observed. For PTB7(n), the kinetics trends observed are similar
to the solution sample. The kinetics parameters for PTB7(n)
and PTB7:PCBM (Table 3) show a slightly increased CR rate in
the former, and the main difference for the 695 nm excitation is
in the amplitude and time constant of the component with the
fastest decay time constant.

The most obvious excitation wavelength dependent dynamic
behavior is observed in the cation signal for the CS state in the
TA spectrum of PTB7:PCBM. While the EX state dynamics
there remains unchanged, dynamics of the CS and CT states
show significantly shorter decay time constants under 695 nm
light excitation versus 600 nm excitation. Unlike the CS state
TA features under 600 nm excitation, with the peak position
red-shifted continuously and a rise of the signal with a 116-ps
time constant, the CS state TA kinetics under the 695 nm exci-
tation show no detectable rise time, but a modest dynamic red-
shift of 0.023 eV (23 nm) from 1.125 eV or 1105 nm to 1.102 eV
or 1128 nm, with time constants of 10 ps and 260 ps, respec-
tively. The initial TA peak for the CS state is centered at approx-
imately the same position using both excitation wavelengths;
however, the peak position shift with 695 nm light excitation is
only =1/2 of that with 600 nm excitation. The width of the CS
peak increases from 0.136 eV to 0.196 eV under 600 nm exci-
tation while the CS peak increases from 0.112 eV to 0.128 eV
under the 695 nm excitation. The peak broadening is sig-
nificantly larger (65%) using 600 nm excitation versus that at
695 nm excitation.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Makees
Vier'S
www.MaterialsViews.com

4. Film Microstructural Studies Using Grazing
Incidence X-Ray Scattering

4.1. Experimental GIXS Procedures

Grazing-incidence small-angle X-ray scattering (GISAXS) and
wide-angle X-ray scattering (GIWAXS) measurements were
performed using beamline 8-ID-E at the Advanced Photon
Source (APS) at Argonne National Laboratory.[% The photon
energy is 7.35 keV (1 = 1.6868 A). Samples were examined
under ambient, with a Pilatus 1M detector (Dectris) with
pixel size 172 pm x 172 pm used to collect the two-dimen-
sional scattering image. For GISAXS, the sample-dectector
distance is 2185 mm and the beam size is 100 um (h) x
50 um (v), while for GIWAXS the sample-detector distance
is 204 mm and the beam size is 200 um (h) X 20 um (v).
Typically, two images with a vertical offset were used to avoid
gaps in the detector, which consists of 10 modules. Flat field,
solid angle and detector efficiency corrections were applied
to the images, the images were combined and converted to
g-space with the GIXSGUI package for MATLAB.[%] Further
processing used local IgorPro software. Reflectivity scans
were also recorded to determine the optimal incident angle
for data collection. The films were illuminated at an incident
angle of about 0.2°.

4.2. PTB7 Morphology: Optimization by Small, Low-Density
Ordered Domains in Copolymer Systems

The two-dimensional GIXS images from the films can be
analyzed according to the relationship between the scattering
vector g, and the d spacing, g = 2x/d. PTB7(n) films show two
distinct scattering features (Figure 9a): 1) an out-of-plane broad
peak centered at g, = 1.61 A" (d = 3.9 A) due to 7 stacking
of the conjugated polymer backbone (the (010) plane), and
2) in-plane arcs centered at g, = 0.32 AY(d = 1.96 nm) due
to the spacing between polymer backbones in the horizontal
plane defined by the aliphatic pendent substituents of the
polymer domains (the (100) plane). The vertical and horizontal
linecuts of the GIXS images for PTB7(n) and PTB7:PCBM
films are shown in Figure 9c,d, respectively. The g value of
the peak which corresponds to aliphatic spacing also varies
due to different degrees of the interdigitation of the polymer
substituents. We reported previously that the PTB polymer
series films show enhanced “n-face-down” orientations, which
maximize the charge transfer from the active layer to the OPV
electrode.?% This polymer orientation is evident principally in
the out-of-plane feature due to the n—r stacking in the vertical
direction. The intensity of this feature is substrate-dependent
from preliminary studies suggesting that the n—m stacking
is mainly at the interface to the substrate, with the bulk
film mostly disordered.?2°! The intensity of the peak at g, =
0.32 A" (d = 1.96 nm) is maximal near the g, = 0 plane, indi-
cating that the chains are oriented in the plane of the polymer
backbone. The broad distribution of this intensity along this
arclike feature shows that the orientational uniformity of the
aliphatic chains is very weak for PTB7 due to the branched
pendent groups. In comparison, PTB1 in this series contains
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Figure 9. A) GIWAXS results for PTB7(n) and B) PTB7:PCBM. The 7-stacking is observed in the z (vertical) direction in the neat films at a scattering
vector g, = 1.61 A~'. The blended BH] films exhibit a second peak at g, = 1.4 A~', due to PCBM. C) Horizontal and D) vertical linecuts of the films.

linear instead of branched pendent groups, and exhibits more
order in the aliphatic substituent spacing.?”) Therefore, the
branched side chains lower the PTB7 domain crystallinity.
Nevertheless, the presence of these peaks shows that very
small nanocrystalline domains do exist in the films, mostly ori-
ented parallel to the substrate.

The coherence length of the aliphatic chain spacing (100)
has been estimated using Scherrer analysis (Equation 2), where
D is the coherence length, A is the X-ray wavelength, f is the
FWHM of the scattering feature in radians (26), and 0 is the
scattering angle.

0.9
" Bcosd

(2)

Since the GIWAXS setup allows resolution of domain sizes
up to 11 nm, the experimental peak widths do not require
correction. Using this relationship, the coherence length of
the m—m stacking peak for the neat polymer is approximately
2.4 nm, while that of the (100) peak is approximately 2.7 nm. It
has been established that the coherence length is typically cor-
related with the degree of lattice order in the structural domains
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of these materials, which also affects the film morphology./®’)
Note that the coherence lengths determined by the Scherrer
analysis are only minimum estimates for the grain size in the
film. Disorder in the nanocrystalline domainscan also con-
tribute to peak broadening but cannot be determined from a
single order of the diffraction.

When PTB7 is blended with PCBM in BH]J films, the most
prominent GIXS feature that emerges is a broad isotropic ring
centered at g = 1.4 A™! (d = 4.49 A), which is due to the PCBM
in the film. The scattering features of the BH] films are dra-
matically altered from those in the neat PTB7 films. First, the
arc-like feature centered at g = 0.32 A™! (d = 1.96 nm) in the
neat polymer film due to the spacing between the polymer
chains with the pendant aliphatic groups becomes more iso-
tropic in the blended film and centered at a slightly increased
q value of 0.37 A' (1.70 nm), indicating a greater degree of
interdigitation of the aliphatic side chains (Figure 9¢). Second,
the m—r stacking peak centered at g = 1.61 A1 (d = 3.90 A)
in the neat polymer film now overlaps significantly with the
isotropic ring due to PCBM (Figure 9d). Although the overall
intensity from sample to sample can vary by experimental fac-
tors such as critical angle differences and surface roughness,
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Figure 10. The horizontal GISAXS linecuts for PTB7 films as labeled. For
comparison, the same information for P3HT is shown.

the relative decrease in amplitude of the n-stacking peak with
respect to the PCBM peak indicates partial disruption of PTB7
nanocrystallites in the blended film. Finally, Figure 10 shows
the small angle GIXS horizontal linecuts of PTB7(n) and
PTB7:PCBM, along with the same linecut of a P3HT:PCBM
BH] film for comparison. In the P3HT:PCBM film, the domain
dimension is approximately 8 nm as shown by the “Gunier
knee” evident in this g region. The small angle GIXS is typi-
cally dominated by the PCBM domains,”%73 so this result
determines the domain size of the PCBM in the film. In con-
trast, the linecuts from PTB7(n) and PTB:PCBM films do not
exhibit a Guinier knee feature. Instead, the slope of the curve
for both PTB7 films could be fit using a Porod analysis.’* The
slope of the form factors are in the range of 2.1-2.5 nm, which
indicates the mass fractal nature of the domains in these films.
The presence of fractal domains is consistent with the pres-
ence of intermingled domains that have a large surface area
between the donor—acceptor domains.

5. New Charge Transfer Mechanisms Elucidated
in High-Efficiency Copolymer Systems

The above results from the PTB7 investigations in three dif-
ferent media provide a wealth of information regarding the
nature of the various transient species involved in charge-
generating processes in high-PCE OPV materials. The com-
bined structural and dynamics results reveal the mechanisms
for carrier formation and charge separation on time scales of
10713-107% s, and uncover the structural influences of polymer
packing on the dynamic processes in the films. We focus here
on three processes in detail: 1) the nearly instantaneous forma-
tion of intra- and intermolecular charge separation in PTB7(n),
2) the stepwise dissociation of the bound h—e pair or polaron
pair in the BH] PTB7:PCBM films due to the reduced exciton
binding energy in the “in-chain donor-acceptor” copolymers
such as PTB7, 3) the morphological dependence of charge
transfer and separation in PTB7 films. What is learned by
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analyzing these processes will provide new models to optimize
copolymers for OPV applications.

5.1. Intramolecular Versus Intermolecular Charge Transfer in
PTB7 as a Function of Medium

Based on the results discussed above, it is evident that PTB7
CS state formation in different media can occur via both intra-
molecular and intermolecular charge transfer mechanisms.
The nearly instantaneous CS state formation observed in both
PTB7(cb) and PTB7(n) is principally due to initial intramolec-
ular charge separation arising from ultrafast exciton polariza-
tion originating in the BDT donor-TT acceptor electron density
gradient along the polymer backbone. Phenomenologically, the
polarized exciton can be characterized by an intrinsic dipole
moment change in a single repeat unit of the copolymer as
described in previous studies.?’*? In other words, the exciton
splitting in all media initially generates a Coulombically bound
charge separated h—e pair state with an energy determined by
the electrostatic interactions at a certain h—e separation dis-
tance, Ry.. In contrast, the intermolecular CS process observed
in the PTB7:PCBM samples is mainly due to the electron
transfer from the polymer electron donor to the PCBM electron
acceptor as described in the literature.?®3>75 The roles of CS
generation in the different media via the intra- and intermo-
lecular mechanisms are of great importance for understanding
OPV functional performance. Exactly how excitons/polarons
move and dissociate in BH] OPV materials with low dielectric
constants and amorphous morphologies has been extensively
studied.[6576.77]

One aspect of PTB7:PCBM TA spectroscopy that has not
been observed extensively in other polymer systems is the
dynamic red-shift of the cation peak in BH]J films. This red-
shift suggests a sequential evolution of the CS state involving
both intra- and intermolecular mechanisms. When the h-e
pairs in the EX state of PTB7 dissociate in the BHJ film, the
initial h—e separation distances in an ensemble are likely to
have a distribution, because of the diverse polymer and PCBM
local structures. On one hand, the driving force from EX ena-
bles charge separation, while on the other hand, the electro-
static attractions between holes and electrons promote charge
recombination as described by the Onsager model. In order to
form free charge carriers, the electrostatic interactions stabi-
lizing the h—e pair must be overcome by other driving forces
in this uphill process. As mentioned earlier, the h—e pair dis-
sociation process in the BHJ films is monitored via the time
evolution of the energy gap between CS and upper states as
evidenced by the spectral red-shift as a function of the delay
time. The strength of the electrostatic attraction between the
hole in the polymer (cation) and in the electron in the PCBM
molecule (anion) can in principle vary due to the local struc-
ture and environment, resulting in a variation in the peak posi-
tion of the TA spectrum cationic peak. The PCBM molecule
that accepts the electron from the polymer initially is assumed
to be in an immediate close vicinity. Therefore, the polymer CS
(cation) signals are observed at early times in the TA spectra.
Because the hole is partially bound to the electron on the
PCBM moiety, the formation of the “free” or unbound cationic

Adv. Funct. Mater. 2014, 24, 10-26



'A\
Me \Iiﬁﬂ}

www.MaterialsViews.com

EX

Direct BHJ charge transfer

www.afm-journal.de

. PCBM

PTB7
hole

n

electron

Figure 11. Schematic representation of the exciton, charge transfer, and charge separated states in PTB7:PCBM films. Upon excitation, the excitons
almost instantaneously form both intermolecular and intramolecular charge transfer and cationic states. Once the cationic state is formed, the charged
species move apart from one another and dissociate. The dissociation process is facilitated by the intramolecular charge transfer and charge separa-

tion pathways present in PTB7.

state also corresponds to the formation of the free PCBM ani-
onic state, which, as we have shown, can be measured directly
from the spectral shift of the CS state.

In contrast, the kinetics of PTB7(n) CS TA spectra are
essentially excitation-wavelength independent, and the domi-
nant intramolecular CS dynamics are not substantially altered
by the excitation energy. Therefore, the excitation wavelength
dependent CS dynamics in the BH]J films are attributed only
to the dissociation of the holes in the polymer cation and the
electrons in the PCBM anion. A higher excitation energy pro-
vides sufficient excess energy to overcome the Coulombic
attractions within the h—e pair and to drive the uphill disso-
ciation to free carriers. Similar effects have been observed in
temperature-dependent mobility investigations.’8! The process
is reflected in the red-shift in time of the cation spectral fea-
ture. At early times, the creation of free carriers can originate
from both bound CS and PCT. Lower energy excitation provides
little or no excess energy for the h—e pair to escape from Cou-
lombic attractions, so the initially generated CS is less likely to
dissociate into charge carriers, but more likely to stay bound
and to eventually recombine. Additional CS population in this
case will not be generated from PCT, but both CS and PCT
decay via the recombination pathway that becomes more preva-
lent as the rate of free carrier generation is reduced. This result
has significant implications on the nature of charge formation
and transfer in OPV films.

The relative differences between the peak position in
PTB7(cb) and PTB7(n) support the assignment of the cati-
onic state peak. The relative amount of the cationic state in
PTB7(cb) is remarkably high. There is a 0.05 eV blue-shift of
the cationic state peak in PTB7(n) from 1.07 eV (1160 nm) in
PTB7(cb) to 1.12 eV (1110 nm). This blue-shift is a compel-
ling indicator of the bound polaron pair in PTB7(n). The sche-
matic of the CT and CS states in BHJ films are more accu-
rately indicated in the schematic on the bottom of Figure 11.
The h—e recombination in PTB7(n) is also much faster than in
PTB7(cb) and PTB7:PCBM. The addition of the PCBM mate-
rial separates the electrons and holes energetically, which in
turn quenches many of the recombination pathways available
in the neat films.
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5.2. Reduction of Exciton Binding Energy and Coulombic Inter-
actions in the Polymer Charge Transfer States

Although the nature of charge transfer and separation has been
discussed extensively,33979%) the stepwise red-shift of the
cationic polaron has not been observed in previous reports, to
the best or our knowledge. It has been shown that the bound
radical pair in P3HT red-shifts on the ns timescale, but the
lifetime of this shift has not been described in detail [3>3065] Tn
BH] films, the initial peak position of the cationic state is close
to the 1.12 eV (1110 nm) value obtained in PTB7(n), but the
final value of 1.09 eV (1145 nm) is close that in PTB7(cb). These
findings can be explained by the initial formation of bound
charges in PTB7(n), where the neighboring PTB7 polymer
strands are close, thus enhancing intermolecular charge sepa-
ration as well as charge recombination. In contrast, the cation
formed upon the photoexcitation of PTB7 in solution will have
a much lower probability of undergoing charge recombination
via intermolecular processes, primarily due to a large average
distance between the cationic and anionic polarons in isolated
single polymer strands. When PTB7 is blended with PCBM in
the BHJ films, the electron transfer driving force can be approx-
imately described by the Marcus theory,*% as the free energy
difference between the EX state and the CT/CS state, plus the
reorganization energy between the two states, enables inter-
molecular charge separation processes that compete favorably
with intra- and intermolecule charge recombination. Therefore,
recombination is minimized by the structural reorganization
energy barrier from the CS state to the ground state. Because
of the driving force for the charge separation in the presence of
PCBM, the initially generated intramolecular bound polarons
can undergo further charge separation/dissociation, resulting
in a CS state with its energy inversely proportional to the h—e
separation distance. Therefore, the red-shift on the timescale of
=100 ps is attributable to the dissociation of the bound polarons
which are stabilized by Coulombic attractive forces into free
polarons. The anionic polarons were not observed in the wave-
length range of the present experiments, but were observed in
previous studies of other conjugated polymers. For example,
some anionic polarons in higher bandgap materials exhibit
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characteristic TA features in the 1600 nm region.’!) Based on
these studies, we estimate that the TA features of the anionic
state in PTB7 could appear at in even lower energy regions, for
example, >1700 nm, which is outside the accessible wavelength
region of these experiments. However, the dynamics obtained
by monitoring the cationic state give sufficient evidence of the
energetic shift and carrier separation in these films.

The dissociation of polarons is typically described by the
Onsager-Braun relationship,

3
4ma’

Ep b? b3
o (E) = k, e‘m[1+b+—+—+~-‘] 0
3 18

where kq is the polaron dissociation rate constant, E is the
local internal electric field, a is the initial h-e separation dis-
tance in the bound polaron after the exciton splitting, Ej is
the binding energy for the h—e pair, b = €3E/8 7 (€) &, kg’T ?,
(kg is the Boltzmann constant, T is the temperature) and the
bracket contains the first-order Bessel function as an approxi-
mation, k, is the polaron recombination rate constant, and
¢ the elementary charge. E is estimated to be 4 x 10 V cm™,
obtained by dividing the open circuit voltage, V,, by the film
thickness in the PTB7 OPV. Because 1/k, is >3 ns beyond the
probe delay time range in our experiments, its value cannot be
accurately measured. Instead, k, is estimated using the relation-
ship k, = e (U, + y)/e,(€), where (g) is the ensemble averaged
dielectric constant of the film and &, is the vacuum permitivity
constant, U, and yy, are the electron and hole mobilities of the
film, respectively. The average ground state dipole moment for
conducting polymers is typically 3—4 Debyes. u;, of PCBM is
2% 107 m? V7! 57! while . of PTB7 is 5.8 x1078 m? V-1 g71.1*4
(&) for PCBM is 3.91°% while that for PTB7 is 4.1.°) Therefore,
(€) = 4 is assumed for the BHJ films, and k, is estimated to
be on the order of =1.5 x 107> m? s™' for the PTB7 films. The
polaron binding energy is typically estimated using the fol-
lowing relationship:[?®!

62

Eg “)

- 47 () goa

Hence, kq is dependent on a and Eg. The calculated kg as
a function of a for a film with € = 4 is shown in Figure 12.

108§
o
x° 404
10° r T T T T
0 2 4 6 8 10 12

a(nm)

Figure 12. The calculated dissociation rate as a function of the electron-
hole radius. The dissociation rates obtained indicate that the electron-
hole distance is 4-6 nm in these films.
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Although calculated k4 values are known to be lower than the
corresponding experimental values,®! the results reveal kq
trends with h*—e~ separation distance a for these polarons. For
a < 2 nm, kq is very small, indicating a low dissociation proba-
bility in the films, while for a = 2—-6 nm, ky rises sharply. Finally,
when a > 6 nm, kg gradually falls with a. The faster dissociation
rate in PTBY is attributed to the larger initial h*—e~ separation
in the EX state compared to that in homopolymers due to the
charge transfer characters between adjacent donor—acceptor
blocks in each repeat unit. This stabilizes the intramolecular
charge transfer state with pre-separated h*-e~ character before
electron transfer to PCBM. Therefore, electron transfer to
PCBM can occur at a longer distance from the hole, because the
polaron binding energy is significantly reduced according to the
Onsager-Braun model.!]' At excitation energies greater than
the driving force for the exciton splitting (e.g., 600 nm excita-
tion), the excess energy can be converted to thermal energy that
helps dissociate higher energy polarons. The energy rise of the
cationic polaron is 34 meV. At 695 nm excitation, less thermal
energy is available for the cationic polaron. The change in the
cationic polaron energy is only 19 meV, indicating that the
*—e~ pair is still partially bound at longer times.

5.3. Morphology Dependence of Charge Transfer and Separation
in PTB7

Conventional wisdom regarding optimal BH]J film morphology
emphasizes the requirement that the domain sizes be smaller
than the exciton diffusion length to enable excitons to reach
to the donor:acceptor boundaries, for splitting into holes and
electrons.® In contrast, when the domain sizes become too
small, the pathways for hole and electron transport may be too
fragmented and hindered for efficient transport. Many studies
have focused on finding the optimum balance between domain
size and charge carrier mobility, as in numerous studies of
P3HT morphology control.>/IWhile the interplay between
BHJ domain size and crystallinity has attracted much atten-
tion,[#27198-115] many key issues have not been fully resolved.
The optimal morphology for P3HT or similar materials in the
OPVs was achieved using highly regioregular polymers to con-
trol the mr stacking direction and crystallinity, both of which
are influenced by the degree of P3HT regioregularity!'*l and
PCBM intercalation.'%?l Tt has been shown that the optimal
morphology for the benchmark regioregular P3HT:PCBM
is large, highly crystalline domains which are achieved via
annealing.

Note however that PTB7 exhibits distinctively different
structural characteristics from those of P3HT according
to GIXS results. Interestingly, the optimal morphology for
PTB7:PCBM device performance is very different from that
of the regioregular P3HT:PCBM devices, but similar to that of
the regiorandom P3HT polymers which are more amorphous,
with domain sizes of =2 nm, much smaller than the 10-20 nm
domain sizes in high-efficiency P3HT:PCBM films. The high
crystallinity required in the highest performing P3HT:PCBM
OPVs is not seen or required in the highest performing
PTB7:PCBM OPVs. An earlier study on another PTB derivative,
PTB1 with an identical backbone to PTB7 but with different
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pendent substituents, showed that the increased crystallinity
induced in PTB1:PCBM films by thermal annealing lowered
the CS population and OPV PCE by a factor of two.l Similar
results were here obtained for PTB7:PCBM films, which sug-
gests that a low-crystallinity film morphology for PTB7:PCBM
blends enhances device performance. The question then is why
these in-chain donor—acceptor copolymers favor a less crystal-
line morphology.

The internal quantum efficiency, niqe(A), can be expressed
as the product of efficiencies of four individual OPV processes

MQE = NEp Tcs Tct Ncc 5)

where NMgp, Ncs, Ner, and Nee are the efficiencies for exciton
diffusion, charge separation, charge transport, and charge col-
lection processes, respectively. This relationship was originally
formulated for model OPVs fabricated from semiconductor
bilayer films.''”! The efficiency of each process can be deter-
mined separately. Thus, Miqg(4) for PTB7 exceeds 90% at most
wavelengths in the visible spectrum.[*#118 The exciton diffusion
efficiency can be calculated by using ngp = ky/(t,,"!), where the
exciton quenching rate constant k, = 7,,”' — kg, (here, 1,, is the
average lifetime of singlet excitons, and kg is the average decay
rate constant of singlet excitons). Using an upper limit of 290 fs
for the exciton lifetime (using the relationship 7,, = A7 + A7)
from the exciton dissociation kinetics for PTB7:PCBM, see
Table 2) and an exciton decay of 21 ps (obtained from the average
kinetics of PTB7(n)), the minimum exciton diffusion quantum
efficiency is 98.6%. For OPV systems that undergo ultrafast elec-
tron transfer, the charge separation efficiency (1cs) is assumed
to be =1. For an initially bound polarons, the charge transport
efficiency Ner = (kcs — kcr/kcs), where kcg and kg are the charge
separation and charge recombination rate constants, respectively.
The charge separation rate constant is determined by the time
constant for the red-shift of the cationic state peak position as
described above. For high efficiency PTB7:PCBM films, this time
constant is =90 ps using the 600 nm light excitation, while the
charge recombination time constant is over 3 ns. Using these
values, the lower limit of 1y observed in the PTB7:PCBM films
is 0.96. Therefore, Ncc is calculated to be 0.95. This extrapolated
Ncc is similar to or higher than that obtained for very high-
quality P3HT:PCBM films and much higher than that obtained
for regiorandom P3HT:PCBM films.[2411%]

As noted above, the PTB7:PCBM film morphology is signifi-
cantly more amorphous than in optimized P3HT BH]J films,
with the film order lying between that of typical regioregular
and regiorandom P3HT:PCBM films. While ncc of regioreg-
ular P3HT:PCBM devices is 57-74% without annealing, that of
regiorandom P3HT:PCBM devices is only 15%. The following
question then arises: why do PTB7:PCBM devices have a 1cc
over 90% when the overall order of the films is relatively low
versus P3HT:PCBM? The answer lies in the role of the intra-
molecular charge separation in PTB7:PCBM OPV performance.
The intramolecular charge separation along a single polymer
chain, driven by the donor-acceptor electron density gradient
effectively produces polarized excitons with displaced positive
and negative charges across the exciton. This lowers the exciton
binding energy and results in a longer average separation dis-
tance after the exciton splitting. Consequently, the h*—e~ pairs
have a higher dissociation probability and escape from the
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capture radius, ., defined by the Onsager-Braun model as r. = ¢?/
(4meggkyT) at which carriers can overcome the Coulomb poten-
tial barrier, and further separate across different film domains.
The value of r. in conjugated polymers is =3.5 nm assuming a
dielectric constant of 4, as in most of organic media. Further-
more, the minimum coherence length along the n-stacking
direction in PTB7:PCBM films is 2.1 nm from the GIXS results
above. In this case, r, is greater than the coherence length when
charge separation occurs, even within a single polymer strand
(to be described in detail below). Therefore, the PTB7:PCBM
collection efficiency is much greater than the typical 0.15 values
reported for regiorandom P3HT. We attribute this difference to
the intramolecular charge transfer within the PTB7 backbone
chain. Charges are less likely to become trapped in a domain
if the carriers are separated because of a) the smaller binding
energy associated with this separation, and b) the possibility
of the intramolecular carriers to reside on different domains,
which is described below. Therefore, the morphology optimiza-
tion depends directly on the presence of these intramolecular
charge transfer states along the polymer backbone chain.

For the PTB7:PC,;BM films, the polymer:fullerene weight
ratio for optimal performance is 1:1.5, while this ratio is typi-
cally 1:1 or 1:0.6 for optimized P3HT:PC,;BM or P3HT:PC4;BM
films. The relative molar ratio of the polymer repeat units:PCBM
can be determined from the molecular weights of the two mate-
rials. The molecular weights per repeat unit of P3HT and PTB7
are 166.3 and 729 g mol™, respectively, while the molecular
weights for PC¢;BM and PC;BM are 911 and 1031 g mol™},
respectively. Therefore, there is approximately one PCBM mol-
ecule for every PTB7 repeat unit, and for approximately six
P3HT thiophene repeat units in their respective optimized
BH]J films. Dimension-wise, the lengths of the polymer seg-
ments for each PCBM molecule in PTB7 and P3HT are 2 and
2.4 (0.4 x 6) nm, respectively. The average molecular weight of
the PTB7 polymer in this study is 97.5 kDa, or 133 repeat units,
and the molecular weight of P3HT for high efficiency solar
cells is typically 20-90 kDa, or 123-541 repeat units. Thus, the
full length of an average PTB7 strand is =140 nm while that of
a P3HT strand is 50-216 nm, meaning that P3HT can form
markedly larger crystalline film domains, each from a single
P3HT strand. Considering that the n—r stacking distance for
both polymers is less than 0.4 nm, a 10 nm spherical domain
can easily accommodate an entire 200 nm P3HT strand if the
polymer folds every 23 units. This composite size is well within
the bounds of phase-separated states observed in P3HT:PCBM
composite films. Using a Scherrer analysis for the GIXS data,
we obtain coherence lengths in P3HT as large as 30 m-stacked
polymer backbones. In contrast, the composite domain size of
the PTB7 is determined to be less than 3 nm, equivalent to 1-2
repeating units, and the coherent n-stacked domain size is 6-8
polymer backbones. Note however that it is impossible to form
such small domains from a single PTB7 chain, so that these
small domains must be interconnected by amorphous PTB7
strands.

Based on the above discussion, a schematic morphological
model is proposed for the BH] P3HT and PTB series polymers
(Figure 13). For PTB7, the charge transfer character in each
repeating unit facilitates more efficient intramolecular charge
separation, mostly along the polymer backbone before electron

wileyonlinelibrary.com 23

“
m
5
G
~
m
>
E
(o}
F
m




w
i
4
e
g
w
[
B
g
T
T

24  wileyonlinelibrary.com

In-chain charge transfer
copolymers

| Substrate |

Homopolymers
(e.g., P3HT)

| Substrate |

Makees
Vier'S
www.MaterialsViews.com

in the overall amorphous films enables
PCBM intercalation either by exposure to the
acceptor or possibly via polymer templating
that helps to organize the PCBM domains.
While these domains are quite small, the
relatively high PCBM content assures a con-
tinuous PCBM network for efficient charge
collection in these materials.

6. Conclusions and Outlook

A comprehensive study of exciton splitting

~._~ = polymer strands
® =PCBM

= ordered polymer domains

Figure 13. The proposed mechanism of the morphology dependence of a) PTB7 and
b) regioregular P3HT. The PTB7:PCBM films have very small domain sizes. The intramole-
cular charge transfer process can transcend over to different domains, which in turn facilitates

charge separation and dissociation.

transfer to the PCBM acceptor. In contrast, the intramolecular
charge separation is very inefficient in P3HT or other homopol-
ymers. The conjoined small PTB7 polymer domains facilitate
charge separation state formation within a single polymer
strand connecting multiple separate crystalline domains in
the overall amorphous films. This morphology combined with
significant intramolecular charge separation enables a greater
average h—e separation distance as the excitons split, with a
higher probability for h—e pairs to overcome their Coulombic
attraction, and subsequently, the rapid charge separation
observed for the PTB7:PCBM films. The intercalation of PCBM
among the PTB7 strands is relatively high in this material
according to the structural measurements, which can explain
why more PCBM is needed to effectively create an efficient
acceptor network for optimal charge transport in these films.
In comparison, large and highly crystalline polymer domains,
such as observed in regioregular P3HT:PCBM, have distinct
phase separation with PCBM. In such BH]J films, the less effi-
cient OPV function is typically counterbalanced by the high
carrier mobility within the crystalline domains. The relatively
small thiophene monomers and relatively flexible connections
between them enable each individual polymer strand to fold
within the film crystallite. In this motif, carriers could in prin-
ciple be trapped if no adjacent crystallite is available for them to
hop to. The charges are therefore highly localized, so diffusion
is expected to be minimal for these materials. Therefore, the
OPV performance of P3HT:PCBM active layers benefits from
annealing that produces larger, more ordered domains as well
as better connected transport channels for holes and electrons.
Furthermore, this picture provides the following rationales
for device performance optimization with more amorphous
PTB7:PCBM films: 1) the repeat unit charge transfer character
facilitates the charge separation of the polaronic states, and two
polarons can be formed almost instantaneously in different
film regions or domains; 2) the morphology of single polymer
strands connecting multiple small separate crystalline domains

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

and charge transfer dynamics of PTB7, the
high-performance BH] OPV conjugated in-
chain donor-acceptor polymer, in different
media has been carried out, and the results
are correlated with the microscopic polymer
packing structure and film morphology.
These results imply new kinetic and mor-
phology optimization strategies for charge
transfer copolymer OPVs. The interplay
between the intra- and intermolecular charge
transfer states has significant implications for how to optimize
BHJ morphology, with the higher degree of intramolecular
charge separation within copolymer materials such as PTB7
lowering the constraints on exciton diffusion in BHJ devices.
Therefore, the interfacial area of the donor-acceptor domains
becomes a major component that limits organic solar cell
efficiency.
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