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ABSTRACT: In this paper we studied carrier drift dynamics in
APFO3:PC¢;BM solar cells of varied stoichiometry (2:1, 1:1, and 1:4
APFO3:PC;BM) over a wide time range, from subpicoseconds to
microseconds with a combination of ultrafast optical electric field
probing and conventional transient integrated photocurrent techniques.
Carrier drift and extraction dynamics are strongly stoichiometry
dependent: the speed of electron or hole drift increases with higher
concentration of PC4BM or polymer, respectively. The electron
extraction from a sample with 80% PCyBM takes place during hundreds
of picoseconds, but slows down to sub-microseconds in a sample with
33% PCyBM. The hole extraction is less stoichiometry dependent: it
varies form sub-nanoseconds to tens of nanoseconds when the PCy,BM
concentration changes from 33% to 80%. The electron extraction rate
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correlates with the conversion efficiency of solar cells, leading to the conclusion that fast electron motion is essential for efficient
charge carrier separation preventing their geminate recombination.

B INTRODUCTION

The bulk heterojunction (BHJ) is currently a leading
architecture of organic solar cells enabling successful combina-
tion of small exciton diffusion radius with much larger light
absorption depth. Efficiencies of the best solar cells based on
blends of various electron donating materials and fullerene
derivatives have just reached 10%."” In efficient such devices,
electron—hole pairs (CT states) formed through absorption
overcome the electrostatic interaction and carriers escape from
each other before they recombine. The escape appears to be
governed by the properties of the initially formed electron—
hole pair® ™ and carrier drift and diffusion.”®” Delocalization of
the hole in the polymer** or electron in the fullerene acceptor
phase® could control the electron—hole binding energy. We
have recently demonstrated that the carrier diffusion is mainly
responsible for their separation at short times and short
distances in BH]J solar cells, where the internal electric field is
weak (or even nearly absent at flat band conditions).® Both
electron and hole are mobile, therefore motions of both of
them determine the carrier separation rate and distance. If their
mobilities are very different, the separation would rely on
motion of the faster one. The ability of holes to rapidly move
through conjugated polymer chains was believed to be one of
the major advantages of conjugated polymers over small
molecules for their use in BHJ solar cells. However, efficiencies
of solar cells based on various polymers and on small molecules
are surprisingly similar, suggesting that polymer conjugation
may not be that crucial for good solar cell performance. This
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leads to the conclusion that the large charge delocalization in
conjugated polymers, which was previously believed to be of
major importance for the charge carrier photogeneration, may
not play a dominant role. On the other hand, attempts to
substitute fullerene derivatives with other electron accepting
molecules have been less successful. Moreover, high efficiency
solar cells need a high fullerene content of 50% or more,
significantly exceeding percolation threshold for the electron
motion.® Many factors, such as dielectric permittivity, phase
segregation, morphology, positions of electronic levels, etc.,
may play an important role” "' for the performance, but the
electron mobility in the fullerene phase is apparently among the
most important.

Carrier mobilities in conjugated polymers and fullerenes have
been widely investigated. Stationary hole mobilities in
conjugated polymers are of the order of 107*—107¢ cm?/(V
s), but it was also demonstrated that the mobilities are orders of
magnitude higher on short time and distance scales before
carriers relax within the distributed density of states
(DOS).">"* Apparently, those high initial mobilities are
important for understanding charge carrier separation occurring
on the picosecond and nanosecond time scales. Macroscopic
electron mobilities in PCBM are hi%her, reported to be of the
order of 1072—107" ecm?/(V 5)."*'® Also electron mobilities
were reported to be strongly time dependent.'” Mobilities
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Table 1. Photovoltaic Performance Parameters and Modeled Mobility Parameters of Different Devices

device J.. (mA/cm?) V,. (V) FF
neat APFO3 0.0998 0.757 0.243
2:1 228 0.818 0.355
1:1 428 0.894 0.318
1:4 491 0.878 0.374
neat PC¢,BM 0.171 0.301 0.40

modeled mobility [, (cm? V™' s7), a]

PCE (%) electron hole
0.0183 1.1 X 1075, 0.25 5.5 % 107% 0.2
0.662 8 x 107, 0.5 4 %1075, 0.25
1.22 2.5 % 107%, 0.35 43 x 107, 0.6
1.61 4.5 % 1075, 0.3 3.8 X 1078, 0.45
0.021

determined for neat materials may be significantly different
from those in BHJ blends, because of different molecule
packing and of boundaries between polymer and fullerene
domains, which may create major obstacles for the carrier
motion. The relative magnitude of electron and hole mobilities
on short time and distance scales in various polymer/fullerene
blends is therefore not known in general, as is their importance
for generation of free charges and their extraction.

In this paper we address this issue in APFO3:PC4BM blends
by using ultrafast optical probing of the intrinsic electric field by
time-resolved electric field-induced second harmonic gener-
ation (TREFISH) measurements, combined with conventional
transient integrated photocurrent measurements. This enables
us to monitor charge generation, separation, and extraction
from the sample over the fs to ys time range. Using different
polymer/PCBM ratios we were able to distinguish between
electron and hole motion dynamics.

B EXPERIMENTAL SECTION

Methods. Integral mode photocurrent measurements were
performed simultaneously with optical electric field probing (TRE-
FISH) by measuring the voltage drop over the sample. The TREFISH
technique was described in detail elsewhere;' a voltage drop occurs
when displacement of photogenerated charge carriers compensates the
applied electric field leading to a discharge of the capacitor-like sample.
By adjusting the excitation intensity this voltage drop was set to be
much smaller than the applied voltage. For an electric field
homogeneously distributed over the active layer, the change of the
voltage in the cell can be written as

Ag(t) 1t
¢ cclwa (1)

where C is the device capacitance and Aq(t) is the charge transported
by the photocurrent j(t). The recorded photocurrent is proportional to
the density of charge carriers and their drift speed:

M = AenOI:I — M]M
dt D | dt (2)

where A is the active area of the device and ¢ is elementary charge, n° is
the concentration of photogenerated charge carriers, I(t) is the average
carrier drift distance, and D is the device thickness. The term 1 — I(t)/
D accounts for the carrier extraction. Assuming homogeneous charge
carrier generation over the sample thickness, the total voltage drop at
long times when all carriers are extracted equals AU(t > t.,) = Aen°D/
2C. Normalizing the time dependent voltage drop to the total voltage
drop we obtain

AU(t) =

j(t) = Aen(t)

di(t’
( ) dt/

dr’ ®3)
Solving this equation we obtain the time dependence of the average

drift distance and the carrier mobility, which in the case when the
voltage drop is much smaller than the applied voltage equals

2 ,
AUv("’)norm = F A [D - l(t )]

)
Mo = Upppt  dt 4)

11332

Samples. Fabrication of the inverted solar cells has been previously
described elsewhere,*® therefore only a brief account is given here. An
aluminum electrode was evaporated onto a clean glass substrate
followed by a titanium layer, which was then exposed to air for 12 h to
form TiO,. The active layer was spin-coated on top of the Al/TiO,
bilayer cathode from a solution of either the polyfluorene copolymer
APFO3, PC4BM, or the APFO3:PC4BM blends of composition
ratios 2:1, 1:1, and 1:4 (by weight). The anode electrode, PEDOT-PSS
PH1000, was deposited on top of the active layer followed by the
encapsulation of the cell with a glass cover. The thickness of the active
layer was ~100 nm, and the active area of the solar cells was ~$ mm?.

Equipment. TREFISH measurements were performed by the
pump—probe technique using femtosecond laser pulses. Ti-sapphire
laser (Quantronix Integra-C) pulses of about 130 fs duration at 1 kHz
were used to pump an optical parametric generator (TOPAS C, Light
Conversion Ltd.), which generated excitation pulses at 550 nm (close
to the absorption maximum of the polymer). The fundamental laser
radiation at 800 nm was used as the probe to generate the second
harmonic signal at 400 nm in the active material. The excitation power
was set to 10 W and 100 yW (corresponding to 2 X 10" and 2 X
10" photons/cm® per pulse) for the blends and neat polymer,
respectively, causing small voltage drop in comparison with applied
voltage. Reverse bias pulses of 10 ys duration synchronized with the
laser pump pulses were applied to the devices through a load resistor,
Rloadl of 10 kQ.

Pump—probe transient absorption measurements were performed
in reflection mode in two different time windows, 100 fs to 10 ns and
10 ns to 10 ps. For the shorter time frame, pump pulses with 30 fs
duration were produced by a 1 kHz non-collinear parametric amplifier
at 550 nm (TOPAS-White, Light Conversion Ltd.). The long time
frame measurements used 1 ns Nd:YAG laser (ACE) pump pulses at
532 nm. The probe pulses at 900 nm were generated by a non-
collinear parametric amplifier (NOPA, Clark MXR, Inc.) for all
measurements. The probe pulses were optically and electronically
delayed for the shorter and longer time frames, respectively.
Electromodulated differential absorption (EDA) measurements were
performed in the nanosecond to microsecond time range by modifying
the conventional TA measurements as described elsewhere.*"** In
order to avoid carrier injection in these measurements, 500 s electric
field pulses with reverse bias polarity were applied for every second
optical probe pulse. Pump pulses were applied for every probe pulse.

B RESULTS AND DISCUSSION

Photovoltaic Performance. The photovoltaic perform-
ance of neat APFO3, neat PC4BM, and APFO3:PCyBM
devices under AM 1.5 solar illumination is characterized in
Table 1. The charge generation efficiency in neat polymer films
at low light intensities and in the absence of applied electric
field is known to be very low,”>** in agreement with the solar
cell performance measured for a neat APFO3 cell. The low
current density and open circuit voltage of a neat PC4BM
device are due to the very low absorbance of PC4BM in the
visible spectral region and apparently low carrier generation
efficiency leading to very low charge concentration. Open
circuit voltage and fill factors of the different blending ratio
devices are rather comparable, which according to Shuttle et
al.*® indicates that the built-in potential and charge
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recombination are not drastically different for different blending
compositions. It has been previously shown that geminate
recombination is the dominating recombination process in
APFO3:PC4BM films at low excitation fluencies, and that its
rate is quite independent of the blending ratio.”® The current
density in the APFO3:PC¢ BM cells increases with the blending
ratio in the order 2:1 < 1:1 < 1:4. Increase of the current
density with relative PC4;BM content has been attributed to
better charge transport and reduced geminate recombination.”’
Combining the conclusions of refs 24 and 25 suggests that for
APFO3:PC4BM improved charge transport with increasing
PCBM content is the reason for increase of current density.
Electric Field Dynamics. More detailed insights into the
underlying processes of the observed cell performance trends
were obtained from the TREFISH and time-resolved photo-
current measurements described below. They enabled monitor-
ing of the charge dynamics, from generation of bound charge
pairs to their separation into mobile charges and finally
extraction from the device. Figure 1 shows the electric field
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Figure 1. Normalized electric field kinetics of different blending ratio
APFO3:PC¢BM cells and of the neat APFO3 film (the curves are
vertically shifted). The cells were reverse biased at 4 V. Thin black
lines show modeled kinetics. The inset shows the initial part of the
kinetics, revealing the exciton contribution in neat polymer film.

dynamics caused by the photocurrent in neat APFO3 and blend
films monitored by TREFISH and TOF measurements. The
voltage dynamics was normalized to the total voltage drop at
long times when all charge carries were extracted. Assuming
homogeneous charge generation across the thickness of the
sample, the normalized voltage drop at some particular delay
time approximately gives the fraction of extracted charge
carriers at this time. It should be noted that much higher
excitation fluence was used for the neat APFO3 film than for all
the blends, because of lower carrier generation efficiency in neat
APFO3. The electric field kinetics for the APFO3 device is
similar to what has been observed previously for other
conjugated polymers, and it has contributions from both
excitons and mobile charges.13 The exciton contribution is the
very fast resolution-limited voltage drop at zero delay time (see
inset in Figure 1) caused by the increased polarizability of the
polymer chains in the excited state, which decays with the
exciton lifetime of 175 ps.”” The relative amplitude of the
exciton contribution depends on the carrier generation
efficiency. Given that the exciton contribution disappears on
a sub-nanosecond time scale, the ensuing dynamics is mainly
due to the motion of charges. Almost half of charge carriers are

extracted during 3 ns, while extraction of the remaining half
takes hundreds of nanoseconds. APFO3 is an ambipolar
material with comparable steady-state electron and hole
mobilities.”® On the picosecond to sub-nanosecond time scale
the THz conductivity is, however, dominated by hole
mobility.”” We therefore conclude that holes on the polymer
significantly contribute to the photocurrent on this time scale,
but we cannot decide on the exact ratio of electron and hole
contribution, or their time dependencies.

No ultrafast exciton-related field response was observed for
all blend devices (see inset in Figure 1), which confirms
ultrafast exciton dissociation leading to efficient quenching of
the polymer excited states and formation of randomly oriented
charge pair (CP) states.”® The absence of an ultrafast response
also indicates that the polarizability of the CP state is relatively
low, which may be interpreted as an indication of weak electron
and hole delocalization in these blends.

The time evolution of the field strength in the 2:1 device is
slightly slower than that in the neat APFO3 film both on sub-
nanosecond and on sub-microsecond time scales, suggesting
that both electron and hole mobilities are slightly lower.
Decrease in the hole mobility may be expected because of the
presence of the PC¢BM domains, which perturb the hole
motion. Electron transport properties in the blend are expected
to be significantly different from those in pure polymer because
electrons in the blend are transported over PC4BM domains.
Electron mobility in PC4BM is quite high, on the order of
107—107" em?/(V s)."*"'® Simple estimates show that, with
such a mobility, electron extraction should take place on a sub-
nanosecond time scale, suggesting that the initial field dynamics
should be attributed to electrons. However, the electron
mobility in blends may be significantly lower, particularly at low
PC¢BM content when PC¢;BM molecules are dispersed in the
polymer matrix or form small weakly percolating clusters. The
percolation threshold depends on particle shape and appears at
a concentration of about 20% PCgqBM.® Thus, the 33%
PC¢;BM concentration in the 2:1 blend should be sufficient for
percolation, but we cannot exclude the presence of isolated
single PC4,BM molecules, or weakly percolating clusters, which
may act as electron traps reducing their mobility. For these
reasons assignment of the time dependent field dynamics in the
2:1 device is not straightforward, but similarly to neat APFO3
polymer we suggest that the sub-nanosecond dynamics have
significant contribution from hole extraction and that both
holes and electrons contribute to the slower time scale.

The electric field kinetics is much faster in the 1:1 blend.
Both PC4,BM and polymer concentrations in this blend should
be sufficient for extensive percolation between PC4BM and
polymer domains, leading to high mobilities of both electrons
and holes. Assuming that the hole mobility in the 1:1 blend
decreases or remains similar to that in the 2:1 blend, the
increase in the amplitude of the fast (<3 ns) field drop can be
attributed to electrons. Almost all remaining charge carriers are
extracted during less than 30 ns, indicating that the carrier
extraction from this sample is close to balanced. The presence
of a weak tens to hundreds of nanoseconds decay component
indicates that some low concentration of trapped carriers are
present in the 1:1 blend.

By further increasing the PCq-BM concentration, large
percolating PC4BM clusters are apparently formed and the
electron mobility is expected to increase even more,
approaching that observed in neat PC4BM films or crystals.
The hole mobility, on the other hand, is expected to decrease.
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The time evolution of the electric field strength in the 1:4
device is consistent with these expectations and shows a strong
and rapid decay on the tens and hundreds of picoseconds time
scale; a similar ultrafast electric field drop on the tens of
picoseconds time scale was observed in neat PC,BM."
Therefore, the extraction of about 50% of the charge carriers
from the 1:4 blend within 1 ns can be related to the fast
electron motion. The final carrier extraction from this blend is
about twice slower than from the 1:1 blend, most likely as a
consequence of lower hole mobility at the low (20%) polymer
concentration.

In order to better characterize the electron and hole motion,
we have modeled the field dynamics by approximating electron
and hole mobilities by power-law functions u(t) = pt™* typical
for carrier mobilities in disordered materials.”® Thin lines in
Figure 1 show the calculated electric field kinetics, and Figure 2
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Figure 2. Experimentally measured average carrier mobility kinetics at
4V applied voltage (E ~ 4.8 X 10° V/cm) in neat APFO3 and in
blends with different blending ratio (solid blue curves). Red stars show
average carrier mobility of 1:4 device obtained from terahertz
spectroscopy measurements.”> Dashed lines show modeling results.
Thin dashed black and red lines are electron and hole mobilities,
respectively, while corresponding thick lines show electron and hole
photocurrents.

presents photocurrents created by the two types of carriers as
well as their calculated mobilities. Quite good agreement
between experimental and calculated electric field kinetics
validates the approximation of the carrier mobilities by power-
law functions, although slightly lower modeled mobilities on
the picosecond time scale (Figure 2) show that the power-law
functions cannot describe the fine details of the initial mobility
decay. The bending points of the current curves show the
carrier extraction times. Electron and hole motion kinetics are
clearly distinguishable for the 1:4 sample, where the electron

extraction is more than 100 times faster than the hole
extraction. We expect increase in the electron mobility and
decrease in the hole mobility with increase of the PCy4BM
concentration. The modeling supports this expectation and
allows us to attribute black curves to electrons and red curves to
holes. This assignment is also in agreement with the carrier
extraction in pure polymer: the hole extraction time is slightly
shorter than in blends while electron extraction is several times
slower, in agreement with S times higher steady state hole
mobility.*® Consequently the hole extraction slows down
several times when PCy4BM concentration increases. This
weak dependence is a consequence of good percolation on long
polymer chains, even at low polymer concentration. The
electron extraction rate, on the contrary, changes by almost 4
orders of magnitude in going from the 2:1 to the 1:4 blend.
Electron mobility at 80% PC4BM concentration in the 1:4
blend approaches that in pure PC4BM, while at low
concentration the electron mobility is apparently determined
by spatial traps formed by single PC4;BM molecules or weakly
percolating domains, drastically reducing electron mobility.
Additional reasons for the lower hole sensitivity to
stoichiometry can probably be found in the smaller variation
of hole mobility in polymer than of electron mobility in
PC¢;BM upon going from isolated molecules to neat phase. In
the amorphous APFO3 polymer, hole transport between chains
is characterized by significant potential barriers implying that it
does not increase as dramatically as the electron mobility going
from single fullerene molecules to crystalline PC;BM domains.

The relatively slow, about 100 ns, hole extraction in the 1:4
blend is supported by the transient absorption (TA) kinetics
shown in Figure 3a. At 900 nm the TA signal is due to
absorption of holes,®> which at zero applied field have fully
decayed through recombination by 1 us, while at applied
voltage the decay was faster because of the hole extraction. TA
kinetics during the initial 10 ns was independent of the applied
voltage. According to the previous investigations the non-
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Figure 3. (a) Transient absorption of a 1:4 blend device at short
circuit (0 V) condition (black) and at forward (+) and reverse (—)
biases. The negative TA signal at long times under applied field is due
to the extraction of equilibrium carriers. (b) Transient absorption of
1:1 blend at different excitation photon densities. Excitation was
performed at 532 nm by 1 ns duration pulses.
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geminate recombination in APFO3:PC4,BM films is negligible
on a picosecond to nanosecond time scale, below an excitation
intensity of about 10'® photons/cm?/pulse.”> We have
additionally addressed the intensity dependence of the
recombination dynamic on a longer time scale (see Figure
3b). The increase of the recombination rate due to non-
geminate recombination becomes apparent only at 1.5 X 10"
photon/cm? i.e., at an excitation intensity 1 order of magnitude
higher than used in the present investigations. The influence of
the nongeminate recombination at applied voltage is in
addition expected to be lower than under the field-free
conditions of Figure 3b, because of faster carrier extractions.
Thus, we can safely neglect nongeminate recombination in our
data analysis for the present materials, under the experimental
conditions used. Consequently the hole decay at zero applied
field should be attributed to the geminate recombination. The
carrier decay time decreases to tens of nanoseconds at 4 V
applied voltage (Figure 3b) as a result of charge extraction, in
perfect agreement with the charge extraction kinetics shown in
Figure 1. This confirms that the slow charge extraction phase
on the tens of nanoseconds time scale in the electric field
kinetics of the 1:4 blend device (Figure 2) is due to hole
extraction.

It should be pointed out that TREFISH measurements
require an applied voltage corresponding to an external electric
field several times higher than that in an operating solar cell.
The stronger field leads to faster charge separation, drift, and
extraction, implying that absolute durations of these events
should not be taken as characterizing processes in operating
solar cells. Nevertheless, the observed trends and material
dependencies contain relevant information about the function-
ing of devices. Figure 4 shows the voltage dynamics at longer

T T T T T
024 (a) ov

(1:4)
(1:1)
0.1 (2:1)

Lo
0.24(b) 2v

0.1

_AV (V)

NE=3
228

0.0 f——
0.24 (C) 4v

0.1+ (

0.0-% T T T T
00 02 04 06 08 1.0

Time (us)
Figure 4. Transient voltage kinetics on different stoichiometry devices

at different applied voltages. The transient voltage was corrected for
the equal number of absorbed photons.

times measured at different applied voltages by an oscilloscope.
The voltage drop increases with the applied voltage, and the
increase is particularly strong for the 2:1 device, indicating that
efficient carrier generation or extraction requires strong electric
field. In contrast, carrier extraction from the 1:4 device at 4 V is
only about twice as large as at build-in electric field. The voltage
kinetics becomes progressively faster at higher voltages, and this
is particularly clear in the case of the 1:1 sample. The other two

samples show much weaker dependences of the transient
kinetics on the applied voltage. This can be interpreted as an
indication that the carrier extraction in the 2:1 device on the
tens and hundreds of nanoseconds time scale is governed by
thermal release of electrons from traps, in agreement with the
conclusion above that a fraction of electrons in the 2:1 sample
and holes in the 1:4 sample are trapped in weakly percolating
PC¢BM or polymer clusters. Only in case of the 1:1 sample,
where percolative motion of both carrier types is optimized (for
this material), the extraction rate significantly increases with the
applied voltage, which is expected if carrier extraction is limited
by mobility. Figure 5 summarizes the carrier extraction results
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Figure S. Total voltage drop corrected for the number of absorbed
photons as a function of applied voltage. The right axes shows the
calculated internal quantum efficiency (IQE).

from all samples presenting dependences of the internal
quantum efficiency (IQE) on applied voltage measured at the
same excitation conditions. The IQE at 550 nm was evaluated
as the number of generated charge carriers determined from the
total voltage drop at long time divided by the number of
absorbed light quanta. Carrier extraction from the 1:4 sample
saturates at 2 V suggesting that the majority of excitons split
into charge carriers, which are efficiently extracted. For the 1:1
and particularly the 2:1 samples, on the other hand, higher
applied voltages are required for efficient carrier extraction.

The voltage drop at long times at 0 V applied voltage is
expected to be proportional to the short circuit current in an
operating solar cell. The short circuit current under steady state
excitation (see Table 1) in the 2:1, 1:1, and 1:4 devices
(normalized to the signal recorded for the 2:1 device) increases
as 1, 1.86, and 2.15 whereas the relative voltage drop (from
Figure 4) increases somewhat more, 1, 2.3, and 4.1. The
discrepancy is probably mainly caused by different sample
excitation conditions. For pulsed excitation, not all electrons are
extracted from the samples with low PC4BM concentration
during the measurement time of several microseconds, because
some of them remain trapped on single PC4;BM molecules or
in weakly percolating domains. For CW excitation a stationary
state with filled trapping sites is established and their influence
is therefore reduced.

Carrier Mobility: TREFISH vs THz. The time dependent
carrier mobility, averaged over electrons and holes, can be also
obtained directly (see Experimental Section) from the
TREFISH and transient photocurrent measurements. Figure
2 shows the experimental averaged mobilities. At short times
the averaged mobilities correspond to the mean values between
electron and hole mobilities. At long times, when fast carriers
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are already extracted, the average mobilities approach those of
slower carriers. The averaged carrier mobilities in all samples
decrease by about 4 orders of magnitude during approximately
ten nanoseconds to reach long time values similar to those
previously reported in the literature.””° It should be noted that
the carrier mobility dynamics is expected to be free of influence
of changing charge carrier concentration. This is because
geminate recombination can be ruled out at strong electric field,
while nongeminate recombination, as was discussed, is not
substantial at our excitation intensities.

Carrier mobility and its time dependence can also be
obtained from time-resolved THz conductivity measure-
ments.>” 32 For APFO3/PC4BM blends such measurements
resulted in a mobility for the 1:4 blend remarkably similar to
the averaged mobility obtained here with the TREFISH
technique (Figure S) at early delay times around 1 ps.
However, from the measurements of blends with varying
polymer chain lengths (APFO3 monomer to various molecular
weight polymers) it was concluded that THz mobility of holes
on the polymer chain is approximately five times higher (on the
few-picoseconds time scale) than of electrons in PC4BM.”
This discrepancy in relative electron/hole mobility obtained by
the two techniques can be understood as a difference in how
they “sense” the carrier mobility. It was concluded that at a
frequency of ~1 THz this spectroscopy probes the motion of
charges over a distance of ~2—10 nm, corresponding to only a
tew polymer units.*®> Thus, TREFISH and THz seem to probe
somewhat different aspects of charge mobility: THz con-
ductivity measures charge mobility over short nanometer
distances, whereas TREFISH measurements, based on the
drift of charges, can be expected to measure mobility over
longer distances. This implies that the TREFISH mobility is
probably more closely related to the extraction kinetics, at least
on longer time scale. In a way, THz photoconductivity
measurements reflect mainly an ability of charges to move,
whereas TREFISH better reflects transport of charge carriers.
Yet, on the shorter time and distance scale, both THz and
TREFISH mobilities may be closely correlated. It is important
to note that precisely this time scale is of critical importance for
separation of charges initially generated at the place of photon
absorption, to distances where their Coulomb attraction is
overcome. In any case, both TREFISH and THz measurements
for the 1:4 blend in Figure 2 show that the carrier mobility is
high irrespective of the method of measurement. Figure 2 also
shows that the carrier mobility is strongly time dependent, as
expected, and shown before to be a result of relaxation in the
density of states.”** However, considering that the measured
mobility has contributions from both electron and hole
mobilities, and that these most likely have different time
dependencies, only modeling helps to determine the ratio of
electron and hole mobility at an arbitrary time.

By correlating TREFISH mobility and extraction kinetics for
the 1:4 blend we could conclude that the early time mobility of
~1 cm?/(V's) (Figure 2) can be mainly correlated to electrons.
At times >1 ns in this blend most of the electrons are extracted
(Figure 1), implying that the measured TREFISH mobility
(1072 cm?/(V s)) beyond this time can be attributed to holes
on the polymer. We concluded above that the hole mobility is
relatively weakly dependent on the polymer:fullerene blending
ratio. This is expected to be particularly true at short times,
when intrachain mobility dominates. The hole mobility
decreases by a factor of ~100 over the first nanosecond. This
is a somewhat stronger time dependence of hole mobility in
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APFO3 than suggested by time-resolved THz measure-
ments,””* but is in line with the discussion above of differences
in how THz and TREFISH measurements probe carrier
mobility.

Implications for the charge carrier generation mechanism and
solar cell performance:

1. The saturation of IQE at 2 V in the 1:4 sample with 80%
PC4BM (Figure S) shows that both generation and
extraction of free charges saturate above this value,
suggesting that both of these processes approach 100%
efficiency. The fact that the carrier extraction efficiency in
cells with lower PCy4BM concentration is several times
lower and shows no saturation indicates that at least one
of these processes requires much stronger electric field to
reach high efficiency. Since nongeminate recombination
in our experiments is negligible, the voltage dependence
of extracted charge is determined by the generation
efficiency of free charges. Thus, for the nonoptimal (2:1
and 1:1) blends an external electric field is required to
separate electrons and holes and convert them into free
mobile charges that can be extracted.

For effective free carrier generation and extraction, high
carrier mobility is essential’>*¢ although in the literature
there is no agreement on which of electron®” ™ and
hole***! mobility is higher and plays the more important
role. Our results provide a quantitative characterization
of both mobilities, show that the electron mobility plays a
crucial role in this type of polymer/fullerene blend, and
suggest that this could be a general feature of all
polymer/fullerene blends as the fullerene part of the
blends is the same. The extracted charge and the solar
cell efficiency increase with PC4;BM concentration when
the electron mobility increases.”” * Balanced charge
motion, when both electrons and holes have approx-
imately equal mobility, does not necessarily ensure the
best cell performance. High mobility over large distances
of one type of charge carrier is more important for
efficient solar cell operation. As we have recently
demonstrated, the initial charge separation at weak
electric field is mostly governed by diffusion,® directly
proportional to carrier mobility. Thus, at high PC4,BM
concentration, electrons diffuse sufficiently far from the
hole to avoid fast geminate recombination, and even a
weak electric field is sufficient to prevent geminate
recombination at long times. Access to delocalized #
electron states in ordered regions of the fullerene
acceptor material within 40 fs after light absorption in
an OPV model system® could be another aspect of these
observations.

In the case of low PC¢BM concentration, fast electron
motion is either restricted to small PC;;BM domains or
not possible at all if the CP state is formed on a single
PC¢;BM molecule. If the electron localization domain is
smaller than the Coulomb radius (10—15 nm), then
carrier separation depends on motion of the hole.
Apparently the relatively restricted slow hole motion in
APFO3 is not sufficient to separate the charge carriers
before their geminate recombination. By applying a
strong external electric field to the low PC4BM
concentration cells the IQE approaches that of the 1:4
device (Figure 4). This can be understood as a result of a
combined action of restricted (and high) hole diffusion
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and electric field induced drift over polymer segments
separated by potential barriers.

4. Fast and balanced carrier extraction from the 1:1 device
does not ensure its best solar energy conversion, which
shows that it is not the carrier extraction which limits its
performance efficiency. The generation efficiency of
mobile charges at low electric field strongly increases
with the PC4BM concentration and correlates with the
carrier separation rate illustrated by TREFISH kinetics.
Since fast carrier separation in blends with high PC4BM
concentration mainly relies on the electron mobility, we
conclude that fast electron motion is essential for
efficient charge carrier separation preventing their
geminate recombination ensuring the best performance
of the 1:4 solar cell despite slow hole extraction.

B CONCLUSIONS

Charge carrier motion in APFO3:PC4BM blends has been
investigated by means of sub-picosecond TREFISH measure-
ments of the internal electric field, combined with conventional
transient photocurrent measurements. Blends of different
stoichiometries were studied in order to disentangle electron
and hole transport kinetics. Although the measurements were
performed at stronger electric field than in operating solar cells,
the carrier motion dynamics is expected to be qualitatively
similar. The motion dynamics was found to depend crucially on
the polymer:PC4BM ratio of the materials. For the sample with
80% PC¢;BM, most of the electrons are extracted within less
than 100 ps at 4 V applied voltage; for a low-PCyBM sample
(33% PCy;BM), extraction is much slower, tens and hundreds
of nanoseconds. Extraction of holes is less dependent on the
polymer:PCBM ratio; hole extraction changes from several
tens of nanoseconds to more than 100 ns when the polymer
content decreases from 67% to 20%. IQE and solar cell
efficiency for polymer:fullerene cells in general, and the
APFO3:PC4 BM devices studied here in particular, are strongly
dependent on fullerene concentration; fullerene concentrations
of >50% (w/w) are required for the best solar cell
performance. Our results now show that this fact can be traced
to the very strong dependence of electron mobility in the
fullerene phase on the polymer:fullerene ratio, giving rise to a
variation of extraction times by a factor of more than 1000
when the fullerene content is varied from 33% to 80%. At the
same time the hole mobility changes much less (approximately
ten times), making the precise nature of the polymer phase and
its hole mobility less critical for the solar cell performance. We
conclude that fast electron motion between fullerene molecules
is essential for solar cells enabling eflicient separation of
geminate charge pairs in low electric field in devices. Carrier
separation via hole motion when electrons are immobile is
much slower and requires strong electric field not present in
operating solar cells. It is worth noting that we have recently
observed similar electron and hole mobility dependences on
the blending ratio in other efficient blends of fullerenes with
polymers and small molecules. This also explains why different
polymer and small molecule donors show similar performance
in solar cells based on bulk heterojunctions with fullerene
derivatives.
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B NOTE ADDED AFTER ASAP PUBLICATION

The descriptions of electron and hole mobilities (Table 1 and
power-law functions in section Electron Field Dynamics) have
been corrected. The revised version was re-posted on July 29,
2014.
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