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ABSTRACT: Time-delayed collection field (TDCF), bias-assisted charge
extraction (BACE), and space charge-limited current (SCLC) measurements
are combined with complete numerical device simulations to unveil the effect
of the solvent additive 1,8-diiodooctane (DIO) on the performance of
PTB7:PCBM bulk heterojunction solar cells. DIO is shown to increase the
charge generation rate, reduce geminate and bimolecular recombination, and
increase the electron mobility. In total, the reduction of loss currents by
processing with the additive raises the power conversion efficiency of the
PTB7:PCBM blend by a factor of almost three. The lower generation rates
and higher geminate recombination losses in devices without DIO are
consistent with a blend morphology comprising large fullerene clusters
embedded within a PTB7-rich matrix, while the low electron mobility
suggests that these fullerene clusters are themselves composed of smaller pure
fullerene aggregates separated by disordered areas. Our device simulations
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show unambiguously that the effect of the additive on the shape of the current—voltage curve (J—V) cannot be ascribed to the
variation of only the mobility, the recombination, or the field dependence of generation. It is only when the changes of all three
parameters are taken into account that the simulation matches the experimental J—V characteristics under all illumination

conditions and for a wide range of voltages.

1. INTRODUCTION

Organic solar cells have experienced significant efficiency
improvements in recent years, mainly due to the development
of new low-band-gap copolymers with optimized absorption
spectra. Among these polymers, bulk heterojunction (BHJ)
solar cells comprising the donor polymer thieno[3,4-b]-
thiophene-alt-benzodithiophene (PTB7) and the fullerene
acceptor [6,6]-phenyl C,; butyric acid methyl ester (PCBM)
yielded a record power conversion efficiency of 9.2%." It was
shown that the device properties depend largely on the
processing conditions. In particular, the photovoltaic perform-
ance improved dramatically when adding 1,8-diiodooctane
(DIO) to the blend solution.” Consistently, several publications
reported a large increase of the short-circuit current density
(Jsc) and fill factor (FF) when using the solvent additive DIO
in PTB7:PCBM blends. This was attributed to an optimized
phase-separated structure. A large effect of the morphology on
the charge carrier dynamics and the overall performance of the
devices has been shown for various polymer:fullerene
blends.’™® Surprisingly, although the change in nanomorphol-
ogy of the PTB7:PCBM blend upon addition of DIO has been
extensively discussed in the literature,” "> comparatively few
publications deal with the impact on the charge carrier
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dynamics. Transient photocurrent measurements in conjunc-
tion with numerical simulations by McNeill and co-workers
revealed severe charge trapping with increased trap-assisted
recombination closer to open circuit in blends of PTB7 with
PC,;BM processed without additives, which was reduced by the
use of DIO."* Foertig et al. used transient photovoltage (TPV),
charge extraction (CE), and time-delayed collection field
(TDCF) measurements to analyze geminate and nongeminate
recombination losses in PTB7:PC.,BM (1:1.5) blends."> This
study revealed a more pronounced field dependence of
generation without DIO. Interestingly, the combination of
TPV and CE data showed similar carrier lifetimes of ca. 4 us for
both blends at V. and 1 sun illumination but a 2-fold larger
steady state charge carrier concentration for the device with
DIO, from which a smaller nongeminate recombination rate
coeflicient would be concluded. However, these data failed to
explain the J—V characteristics of the devices without additive
and led to a strong overestimation of the performance. To
explain this phenomenon, Foertig et al. proposed that a certain
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Figure 1. (a) Current—voltage characteristics of PTB7:PC,,BM solar cells processed with and without the additive 1,8-diiodooctane (DIO). (b)

Chemical structures of PTB7 (top) and PC,,BM (bottom).

fraction of photogenerated charge becomes trapped on isolated
domains in the blends processed without DIO. These trapped
charges could recombine with mobile charge, thus increasing
the nongeminate recombination rate, but they would not be
observed in CE experiments at short-circuit conditions. In fact,
the J—V curve of the device without additive could be
reconstructed by assuming a higher total charge density.
However, due to possibly incomplete extraction of all charges
in these experiments, no information on the nongeminate
recombination (NGR) coefficient was supplied in this study. A
recent publication by Foster et al. reported a very detailed study
on the charge carrier mobility of PTB7:PC4BM prepared with
and without DIO."® For typical fullerene concentrations used in
high-performance devices, the addition of DIO reduced the
electron mobility by a factor of 3—4, while the hole mobility
was unaffected. This study also stated similar carrier lifetimes
and carrier densities for both blends at V,. and 1 sun
illumination, indicating very similar rates for nongeminate
recombination. The authors concluded that charge collection is
not improved with DIO and that the improved performance of
the blend processed with DIO is entirely due to suppressed
geminate recombination. Unfortunately, device simulations
supporting the proposed mechanisms were not supplied in
this paper. Notably, Foster et al. studied blends of PTB7 with
PC4BM, in contrast to most publications dealing with
PTB7:PC,;BM mixtures. Compared to blends with PC, BM,
these devices yield a smaller FF, indicating that differences in
the charge carrier dynamics cannot be ruled out. Indeed, the
steady state carrier density at V. and 1 sun illumination
intensity measured by Foster et al. without the additive is ca. 3
times higher than the value reported by Foertig et al,, indicative
of different extraction and/or recombination dynamics.

The J—V characteristics of solar cells are determined by free
charge carrier generation via dissociation of charge transfer
states in competition with geminate recombination and by the
efficiency of carrier extraction in competition with nongeminate
recombination. Therefore, the characterization of only
generation and recombination or the study of only charge
carrier mobilities, as was done in most previous studies, leads to
an incomplete picture. Rather, a thorough analysis of all
dynamic processes in the device is needed. In a recent study on
the benchmark system P3HT:PCBM (poly(3-hexylthiophene):
[6,6]-phenyl C,; butyric acid methyl ester) we were able to
show that a careful and comprehensive experimental analysis of
charge generation and recombination as a function of bias and
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intensity combined with drift diffusion simulations provides a
deep understanding of the charge carrier dynamics and allowed
us to identify the most relevant loss channels.'”

In this paper we combine TDCEF, bias-assisted charge
extraction (BACE), and space charge-limited current (SCLC)
measurements together with complete numerical device
simulations to investigate charge carrier generation, recombi-
nation, and extraction. From this we gain an unprecedented
deep understanding of the dynamic quantities determining the
steady state J—V characteristics of PTB7:PCBM solar cells
prepared with and without the solvent additive DIO. We find
that DIO increases the overall generation rate, reduces
geminate and bimolecular recombination, and increases the
electron mobility. In contrast to previous studies it is shown
that each of those changes is rather moderate and cannot for
itself explain the huge improvement of the power conversion
efficiency (PCE) by a factor of almost 3. For the first time, a
unified study is presented that separately measures charge
carrier generation, recombination, and transport in real
operating PTB7:PCBM devices to obtain a complete and
conclusive picture about the charge carrier dynamics. The
device simulations support our measurements by using the
experimental device parameters to exactly reproduce the
measured J—V characteristics. The results of experiments and
simulations are also discussed in terms of the blend
morphology based on extensive studies present in the literature.

2. RESULTS AND DISCUSSION

2.1. Photovoltaic Response and Charge Carrier
Generation. Figure la shows the J—V characteristics of 1:1.5
by weight PTB7:PCBM devices (chemical structures in Figure
1b) prepared with and without the solvent additive DIO under
solar illumination (Oriel Sol 2A solar simulator, AM 1.5 G at
100 mW cm™2). The addition of DIO significantly improves
device performance as previously reported.>>'> The power
conversion efficiency (PCE) is raised by almost a factor of 3
from 3.3% to 9.1%, which is mainly caused by an increase in FF
from 49.7% to 71.5% and Jsc from 8.5 to 17.1 mA cm ™2 Note
that the pixel size of the active area of these devices was 1 mm?>
as a small sample capacity was required to obtain a high
temporal resolution of the transient experiments. Devices with
larger pixel sizes usually showed a slightly reduced FF and PCE.

In case of a weak voltage dependence of the photocurrent
density and negligible nongeminate recombination at high
reverse bias, information about charge generation at reverse
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bias can be obtained directly from the J—V curve. As can be
seen from the graph in Figure 1 the photocurrent at high
reverse voltages saturates at different values for the devices with
or without DIO (see Supporting Information for J—V curves
with larger voltage range). This effect denotes a difference in
the generation rates for the two devices. With the help of the
continuity equation, eq 1, under neglect of nongeminate
recombination

]sat

ed (1)

and the measured saturated current density at =3 V (J,,) the
generation rates are calculated as 1.1 X 10* m™ s7' for the
device with DIO and 7.3 X 10 m™ s™* for the device without
DIO. A lower generation rate for devices without DIO is in
accordance with a larger phase separation in those blends
implying a smaller donor—acceptor (DA) interface for exciton
splitting. Several groups reported a large phase separation in
pristine blends with domains in the order of >100 nm and
showed that the main effect of DIO is to suppress the
formation of the large fullerene clusters, leading to a smaller
length scale of the polymer and fullerene phases and an increase
of the effective interfacial area.””~"> Our measurements are in
agreement with these reports. A difference in the generation
rates was also observed by Chen et al,;” however, the absolute
values determined in this reference are lower in accordance
with a lower short-circuit current density and overall efficiency
of their devices. Notably, though the generation rate without
DIO is considerably smaller than that with DIO, the photon
absorption efficiency is equal in both blends (see Supporting
Information for the absorption spectra), meaning that the
internal quantum efficiency is reduced in blends without DIO.

It has been shown for several high-performance materials
that the generation rate can be dependent on the applied
voltage.*'® To address a possible field dependence of the free
carrier generation, TDCF experiments were performed on the
same devices. TDCF is a well-established method to study
charge generation in BHJ solar cells.>'”"72! Here, charge
carriers are photogenerated with a nanosecond laser pulse and
subsequently extracted with a constant high reverse voltage
V.o which is applied after a short delay time. V_ is chosen to
be high enough to collect all free charge carriers. By applying
different voltages, V.., relevant for solar cell operation during
the laser pulse, the bias-dependent efficiency of free carrier
formation in competition to geminate recombination can be
probed. Figure 2a shows the total extracted charge Qq
calculated by integrating the photocurrent transients, normal-
ized to the respective value at —2 V. Data from experiments,
performed at an excitation density of 0.05 xJ cm™2 at 500 nm,
were recently published in ref 15. Here, we reuse the results for
the following analysis and discussion. The measurements reveal
a field-independent generation rate for the devices prepared
with DIO in accordance with the very high fill factors in those
devices. In contrast, the devices prepared without DIO show a
significant field dependence of the free charge generation
efficiency. Here about 20% less charge is generated at open-
circuit voltage (Vo) compared to —2 V. A linear dependence
of Q. on pulse fluence (see Supporting Information) proves
that nongeminate recombination is absent during the delay and
extraction and the field dependence can be attributed to
geminate recombination only. The inset of Figure 2a displays
the original data. It is obvious that more charge is extracted
from the devices with additive. This is in agreement with the
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Figure 2. (a) Total extracted charge (Q,,,) measured by TDCF as a
function of the applied prebias during laser excitation, smoothed, and
normalized to Q. at —2 V. The excitation density was 0.05 uJ cm™ at
500 nm, and the time delay between laser and extraction pulse was 10
ns. (Inset) Raw data. Data is replotted from ref 1S. (b) Charge carrier
generation of a device without DIO at 3 different wavelengths. The
field dependence is stronger if PTB7 is predominantly excited (600
nm, orange) as compared to PCBM excitation (400 nm, blue). (c)
Schematic image of the morphology in devices without DIO according
to structural studies by Collins et al.'"' Charge generation is field
independent close to the agglomerate interfaces and field assisted in
the matrix where only dispersed PCBM molecules are available for
charge transfer.

higher generation rate determined from the J—V curves. The
generation rates determined with eq 1 and the field dependence
of generation from Figure 2a are later combined to serve as
input parameters for the numerical device simulation.

In addition, the field dependence of the generation in pristine
devices was investigated for different excitation wavelengths
(Figure 2b). Note that the overall field dependence in Figure
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2b is slightly smaller than that in Figure 2a, as these
experiments were performed later on a blend with a different
batch of PTB7. This batch was purchased from the same
supplier (with nominally the same molecular weight). The -V
curves of devices made from this second batch are shown in the
Supporting Information. They display slightly better perform-
ances but with a very similar effect of the additive on the
photovoltaic properties. We observe a smaller field dependence
of generation at 405 nm, where PCBM is predominantly
excited (see Supporting Information for absorption spectra of
PCBM and PTB?7). Here, about 5% less charges are generated
at Vo compared to —2 V. In contrast, if PTB7 excitation
dominates (600 nm) the generation rate drops approximately
by 12% when going from reverse bias to open-circuit
conditions. This observation is consistent with a recent study
by Brenner et al.”* reporting a stronger voltage dependence of
the polymer photocurrent generation in the devices without
additive by means of voltage-dependent EQE measurements.
Brenner et al. attributed this effect to differences in the nature
of the interfacial electron—hole pair, formed at the same DA
interface upon excitation of either the polymer or the fullerene.
In fact, a larger field dependence of generation upon polymer
excitation might indicate that a significant fraction of initially
excited polymer excitons form bound charge transfer (CT)
states across the interface, which need the aid of an electric field
to be fully separated. We propose an alternative explanation,
motivated by the large inhomogeneity of the blend morphology
without the additive. As pointed out above, work by Collins et
al. suggested that blends without DIO consist of pure,
agglomerated fullerene domains in the order of 100—200 nm
in size, which are embedded in a polymer-rich matrix
containing 30% dispersed PCBM. Because of this intermixing
and the large dimension of phase separation, well exceeding the
exciton diffusion length, a significant fraction of excitons
generated on PTB7 chains are not able to reach the
heterojunction to the pure fullerene interface but are rather
quenched at dispersed PCBM molecules within the matrix. It
was shown recently that fullerene agglomerates have a deeper
lying LUMO than individual molecules dispersed in a matrix,
leading to a higher LUMO offset between donor and acceptor,
thereby reducin§ the probability of geminate or nongeminate
recombination.”> Other studies suggested that the presence of
fullerene aggregates leads to strong electron delocalization and
ultrafast long-range charge separation.”*™>® In either case,
charge transfer states between polymer chains and dispersed
fullerenes in large and highly intermixed domains, with no
fullerene agglomerates in close vicinity, are expected to suffer
from geminate recombination and a higher field dependence of
charge separation (Figure 2c schematically illustrates this
situation). On the other hand, when excitons are generated
on the PCBM clusters, CT generation and split up will occur
predominately at the heterojunction between a pure fullerene
aggregate and a polymer-rich domain, where free charge
formation is expected to be more efficient and less bias
dependent.

In blends with DIO the fullerene and polymer domains are in
the order of 30 nm in size.!' Therefore, an agglomerate
interface is always within the reach of the exciton diffusion
length, and all quenched excitons are efficiently separated into
free charge carriers. Consequently, the generation rate is not
expected to depend on the electric field in those devices. The
results of our TDCF measurements are consistent with these
morphology models.
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2.2. Bimolecular Recombination versus Charge Ex-
traction. Having thoroughly discussed the carrier generation in
the devices, we now turn to the competition of nongeminate
recombination and charge extraction which mainly determines
the specific shape of the J—V characteristics. At open-circuit
conditions, by definition, the net current density is zero, and in
the case of bimolecular recombination, a steady state
recombination constant can be determined using

G =R = k(n)n® ()

where G is the generation rate, R is the recombination rate, n is
the charge carrier density, and k the bimolecular recombination
(BMR) coefficient. Note that this coefficient itself might
depend on carrier density and electric field. Using eq 2 is an
elegant way to determine k(n), provided that information about
the charge carrier density at V5 and the generation rate can be
deduced from independent ex;)erirnents. 28

Following our earlier work,'”*® BACE was used to determine
the carrier density at open-circuit voltage with high accuracy. In
a BACE experiment, the device is held at a fixed bias that
corresponds exactly to the open-circuit voltage while being
illuminated with a certain steady state illumination intensity.
When switching off the LEDs, the external bias is rapidly
changed to reverse direction. Integration of the photocurrent
transient then yields the total mobile charge present in the
device. We have previously shown'” that the application of a
reverse extraction bias is crucial for correct determination of the
carrier density in a charge extraction (CE) experiment.
Especially in devices with high recombination or slow
extraction, conventional CE, where the only driving force at
short circuit is the built-in field, can easily underestimate the
true carrier density. The necessary reverse extraction bias needs
to be determined for each individual device (see Figure SS,
Supporting Information) and amounted to —2.5 V in the
current studies.

With the generation rate being known, the charge carrier
density at V_. measured for different illumination intensities
then yields information about the apparent recombination
order in the device (inset Figure 3a). The slope of the log—log
plot equals to 0.45 for the device with DIO, indicating that
nongeminate recombination dynamics is a second-order
process. Consequently, the recombination coefficient shows
only a very weak dependence on the charge carrier density. In
contrast, for the device without DIO, the charge carrier density
increases with illumination intensity with a slope of 0.31. This
points to an apparent third-order recombination process which
was often attributed to bimolecular recombination with a
carrier density-dependent recombination coefficient.*

Figure 3a plots the mean bimolecular recombination
coefficient, which assumes that the extracted charge is
homogeneously distributed across the entire layer thickness.
While in devices with DIO k changes very little with carrier
density in the investigated range, it increases almost linearly
with n for the sample prepared without the additive. Overall,
recombination without DIO is faster than with DIO, except for
very small carrier densities. For 1 sun illumination intensity
(corresponding to 100 mW/cm?) the BMR coefficient is k = 3
x 107 m? s7! (without DIO) and k = 1.2 X 107" m> s™! (with
DIO). Our values for k with DIO are in good agreement to
recombination coefficients reported recently by Deledalle et al.
for ca. 90 nm thick DIO-processed PTB7:PC,;BM blends for
carrier concentrations above 1022 m™>.>! In contrast, Rauh et al.
reported a relatively pronounced increase of k with carrier
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Figure 3. (a) Squares: Steady state BMR coefficients as a function of
charge carrier density measured with BACE. The straight line indicates
a slope of 1. Stars: Transient BMR coeflicients determined with TDCF
as a function of the initial generated carrier density. (Inset) Steady
state charge carrier densities at open-circuit conditions for different
illumination intensities determined by BACE. The straight lines
indicate a slope of 0.45 for the device prepared with DIO and a slope
of 0.31 for the device without DIO. (b) Normalized Q_, Qprer and Qi
measured with TDCEF as a function of time delay between laser pulse
and extraction pulse. The pulse fluence was 0.2 uJ/cm? and the
prebias was 0 V. Data show less efficient extraction at short circuit for
the device without DIO.

density also for DIO-processed devices, with k ranging between
2x 107"%and 8 X 107"* m* s for n increasing from 1.5 X 10>
to 4 X 10 m™~ at 300 K.*® The reasons for the different carrier
density dependencies and lower absolute values of k seen by
Rauh et al. are yet not understood, but they might (in part) be
due to the different techniques used to determine the steady
state carrier density, which was CE in ref 28 and is BACE in
this work.

A dependence of k on carrier density was initially attributed
to a density-dependent mobility in the presence of a broadened
DOS due to increased energetic disorder or traps.’”*>
However, work by Deledalle et al. showed that an
inhomogeneous spatial distribution of charge carriers in the
device results in an apparent density dependence of the mean
recombination coefficient.>' In steady state conditions, an
inhomogeneous charge distribution becomes especially critical
at thin layer thicknesses and for unbalanced charge carrier
mobilities. As a consequence, when the mean carrier density is
determined on the basis of CE experiments, the apparent
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recombination orders can deviate significantly from the order of
the local recombination process.” In fact, Deledalle et al.
showed that for low carrier densities and thin devices a steep
increase of k(n) becomes visible, similar to what we observe for
the device without DIO, which is most probably caused by the
inhomogeneous carrier distribution at low illumination
intensities. Also, Deibel and co-workers pointed out that a
weak overlap of the photogenerated electron and hole profiles
in a device under steady state illumination leads to an
underestimation of k, meaning that the value of the mean
recombination coefficient is smaller than the true (local)
coefficient.** Therefore, the dependence of k on carrier density
n as deduced from CE experiments needs to be considered with
great care.

To address this point further, TDCF measurements were
performed with different time delays between the laser pulse
and the extraction pulse. Compared to the determination of k
from steady state measurements, TDCF has the advantage that
a relatively homogeneous charge carrier profile is generated in
the device, with perfect overlap between the photogenerated
electron and the hole density profiles. This circumvents the
problems discussed above. We find that the recombination
coefficients extracted from TDCF experiments vary only weakly
with carrier density for the two types of blends. Also, for both
devices, values for k determined by TDCF agree quite well with
recombination coeflicients from steady state measurements at
high carrier densities. This suggests that the apparent higher
recombination order for the device without DIO must, indeed,
be related to the particular morphology or an inhomogeneous
carrier distribution. Therefore, in the following analysis k was
assumed to be independent of carrier density. In fact, as shown
below, good fits to the J—V characteristics for all light
intensities were possible without the explicit consideration of
energetic disorder and for a constant recombination coefficient,
implying that the apparent dependence of the mean k on carrier
density, as suggested by CE experiments, does not reflect the
actual microdynamics in the device.

A second advantage of TDCEF is that recombination can also
be investigated under different prebias conditions. Even though
in the case of PTB7:PCBM no significant dependence of k on
prebias was measured (data not shown), an important
observation was made from the dynamics at 0 V (short
circuit). Figure 3b displays the collected charge, Q.. the total
charge, Q,,, and the precharge, Q,., as measured with TDCF
for increasing time delay. Despite a very similar decay of the
collected charge over time, the development of Q. and Q.
differs for the devices with and without DIO. In the pristine
blends less precharge is extracted in the same time span, and
therefore, Q. shows a significant decay, whereas in blends with
DIO Q, stays constant over the whole period. This indicates
slower and less efficient charge extraction in the devices without
DIO.

The direct measurement of charge carrier mobilities in a
working device is quite challenging, and the results might
depend strongly on the measurement conditions.>> One
possibility is to determine mobilities from TDCF transients
by extrapolating the initial photocurrent slope to zero.**® This
method is straightforward and has the advantage that the laser
intensity can be chosen such that the resulting carrier density is
close to the carrier density of a working solar cell. The
drawback of this method is that it does not allow one to
differentiate between electron and hole mobility. However, the
initial slope of the transient can be used to determine the
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mobility of the faster carrier type. Figure 4 (inset) shows the
mobilities as a function of electric field for devices prepared

10°
10*4
— 104
E
15 1
< 1074 o0 s
— )
2 oo 37107
@ 101_ o oLt *  with DIO E
5 __E__b.—o'C g *  without DIO
o 1o°—§' © £ 1
< s10%
g y ) *ox e % K %
5 10 - s 3
(&) O/ 0 withDIO | S
4072 100nm / 138nm 10 ]
O/ O wloDIO 300 400
10° 88nm / 162nm Sqrt E [(Viem)'”]
T
1 10
V-V, V]

Figure 4. Dark current density—voltage data of electron-only devices
prepared with (black) and without (red) DIO for 2 different
thicknesses each. Solid and dashed lines are best fits according to eq
6, yielding the following electron mobilities and Poole—Frenkel
factors: with DIO g = 4.5 X 10~ cm?/(V's), # = 0 (100 nm), y = 5.5
x 107* cm?/(V s), # = 0 (138 nm); without DIO p = 5.5 X 107 cm?/
(Vs), f=0.003 (cm/V)? (88 nm), y = 45 X 107 cm?/(V s), f =
0.0025 (cm/V)Y? (162 nm). (Inset) Charge carrier mobilities
determined from extrapolating TDCF transients. For the device with
DIO (black) a field-independent (hole) mobility of 4.5 X 107* cm?/(V
s) was determined, while the device without DIO (red) was fitted with
a field-dependent mobility, yielding a Poole—Frenkel prefactor of
—0.002 (cm/V)"? and a zero-field mobility of 1.2 X 107 cm?/(V s).

with and without DIO. The absolute value of the mobility of
the faster carrier type (holes) does not change significantly
upon addition of DIO in the displayed field range. From this
plot a constant mobility of 4.5 X 107 cm®/(V s) was
determined for the device with DIO and a field-dependent
mobility with a zero-field mobility of p,y = 1.2 X 107> em?/(V
s) and a Poole—Frenkel factor of —0.002 (cm/V)Y? was
determined. These numbers were adopted as they stand in the
numerical simulation described below.

Furthermore, electron-only devices® were fabricated to
investigate the electron transport in the blends. The electron
current is shown to be space charge limited in both devices and
can therefore be analyzed with the Murgatroyd equation®®

0895/ (V-V;,)/d (V- sz
& (6)
Figure 4 shows that the electron-only current density at a
constant voltage is about 1 order of magnitude lower in the
devices without DIO. According to eq 6, in the case of SCLC,
the current density is directly proportional to the charge carrier
mobility. This allows us to draw two important conclusions.
First, as there is a large change in electron mobility upon
addition of DIO but no difference in the mobility determined
from the TDCF transient, the latter one can be assigned to
holes. Second, the electron mobility in the devices without DIO
is about 1 order of magnitude lower than the hole mobility,
which will lead to severe extraction problems at low bias and
limit the FF.
A fit to the data with eq 6 results in zero-field mobilities of
about 5 X 10™* and 5 X 107% cm?/(V s) for the device with and
without DIO, respectively. However, mobility values obtained

9
= —&yE MUeE
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in this way have to be used with care, since the carrier densities
in the space charge region at bias voltages larger than Vi
might well exceed the photogenerated charge carrier densities
under solar illumination conditions. Also, different bottom
electrodes are used for the electron-only devices and bipolar
devices. Given that the nature of the bottom electrode might
affect the blend morphology, electron mobilities in electron-
only devices might differ from mobility values in the actual
blend.

Therefore, in a third approach, electron mobilities were
extracted from a fit to the entire TDCF transients at different
delays and intensities with a transient drift-diffusion simulation
(see Supporting Information for transient fits).** The electron
mobility obtained therefrom with DIO is 3 X 10™* cm?/(V s),
which is in very good agreement with the single-carrier result.
For the device without DIO, g, = 3 X 107> ecm?/(V s) was
found which is 1 order of magnitude higher than the zero-field
mobility from the single-carrier devices but very close to the
mobility at short circuit (pgc = 1.3 X 1075 ecm?/(V s)). The
reason for the discrepancy of the absolute values may lie in the
different measurement conditions; however, the general trend
of the mobility increasing with DIO is well reproduced.

Our findings are in part in variance with the results from the
detailed mobility study by Foster et al.'® While both studies
agree that DIO has no effect on the hole mobility, the absolute
values of electron and hole mobilities are significantly lower in
ref 16. More importantly, Foster et al. found the electron
mobility to decrease further with the use of DIO, despite a
larger fill factor of the DIO-processed device. Here, we see no
evidence for a lower electron mobility in blends with DIO.
Also, as explained below and exemplified in Figure S8,
Supporting Information (dashed line), we were not able to
achieve good fits to our data using the mobility values of ref 16.
Such low mobilities would significantly depress the fill factor.
The reason for this discrepancy might, therefore, lie in a
different morphology and different transport properties of the
blend of PTB7 with PC4BM studied by Foster et al.'®

As a conclusion to this section we note that the addition of
DIO slightly reduces bimolecular recombination and at the
same time increases the electron mobility. This moves the
competition between recombination and extraction in favor of
extraction and is responsible for the vast improvement of the
device fill factor.

2.3. Numerical Simulations. In the next step a numerical
drift-diffusion simulation®® is used to examine whether the
experimentally determined dynamic parameters are capable to
explain the J—V characteristics of the devices. In this simulation
the density of states was set to the fixed value of 10 m™ and
energetic disorder was neglected throughout all simulations.
The metal work functions were aligned with the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) energies of the active layer, ie., it
was assumed that no significant injection and extraction barriers
are present in the devices. Furthermore, as we have recently
shown that the influence of surface recombination is negligible
even in the presence of low bimolecular recombination rates in
the order of k = 1 X 107® m?® s7.,'7 infinite surface
recombination was assumed in the simulations.

The dynamic quantities needed for a complete description of
the J—V characteristics are the charge carrier mobilities, charge
generation, and recombination rates. The parameters that were
used for the best fits at 1 sun illumination intensity are listed in
Table 1. Note that all parameters used for the simulation were
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Table 1. Parameters Used for the Drift-Diffusion Simulation
of the PTB7:PCBM Devices Prepared with and without DIO
in Figure Sa and Sb

with DIO

45 % 107 ecm? V!
-1
s

without DIO
12X 103 em? Vis!

parameters

hole mobility

Poole—Frenkel 0 —0.002 cm!/2v~12

factor

electron mobility 3 ><110‘4 cm? V! 27 % 1075 em? V! 7!
-

Poole—Frenkel
factor

generation rate
BMR coefficient
effective band gap

0

1.1 X 10%¥ m™3 7!
12 X 1077 m3 s7!
127 eV

0

6.5 X 10 m™3s™! (at —0.7 V)
45 % 1077 m® 7!
1.36 eV

experimentally obtained from the same batch of PTB7 to avoid
batch-to-batch variations that are sometimes observed in these
blends. For the device with DIO a field-independent generation
was assumed and the BMR coefficient was taken from the
BACE experiments at high carrier density. The hole mobility
was taken from the extrapolation of the TDCF transients
(section 2.2), and the electron mobility was determined from a
fit to the whole TDCF transients (Supporting Information).
Figure Sa shows the experimental J—V characteristics for the
PTB7:PCBM devices prepared with DIO measured at different
light intensities (symbols) together with the simulation results
(solid lines). The excellent agreement of the simulation with
the data for an intensity range covering 2 orders of magnitude

20 T
(a) with DIO

15

5

Current Density [mA/cm?]
o
1

-154

(b) wio DIO 100%

50% 4
25%
10%
1%

< >oo
oo

R .

Current Density [mA/cm?]

-15 T
0.0 0.5 1.0

Voltage [V]

Figure S. J—V characteristics at different light intensities relative to 1
sun for the device prepared with (a) and without DIO (b). Symbols
are the experimental data, and solid lines are drift-diffusion simulations
(for more details see text). Simulation parameters are summarized in
Tables 1 and 2.
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indicates that a field-independent generation rate and a
moderate bimolecular recombination rate with a carrier
density-independent recombination coefficient in competition
with efficient extraction of both electrons and holes sufficiently
explains the J—V characteristics. The generation rates used for
the fits at different intensities are listed in Table 2.

Table 2. Generation Rates Used for the Fit of the -V
Characteristics at Different Light Intensities in Figure 5%

intensity (1 sun)
100%
50%
25%
10%
1%

with DIO
1.1 X 102 m™3 s7!
53X 10¥ m™3 57!
2.8 X 10¥ m™3 57!
12 X 10 m3 s7!
13X 10% m= s7!

without DIO
6.5 X 107 m™3 s7!
32 %107 m™3s7!
1.6 X 10 m™3 s~
67 X 10 m™3s!
6.7 X 10®¥ m™ 57!

“For the devices without DIO the generation rate at —0.7 V is stated.

For the device without DIO a field-dependent generation
was measured with TDCF (section 2.1). At this point the data
from Figure 2a are considered for the numerical simulations as
these measurements were taken on the same PTB7 batch as the
J—V curves in Figure S. According to Figure 2a, the generation
is fairly constant in the region from —2 to approximately —0.7
V and then drops by 20% from —0.7 to 0.7 V. This drop was
approximated by a linear decrease. Using this parametrization,
an effective generation rate was calculated for each bias voltage
and taken as input parameter for the simulation. This approach
differs from the generally used way to implement the
dependence of the generation rate on the local electric field
in form of the Braun—Onsager model.*' Compared to this, our
approach has two advantages. First, the parameters needed for
the Braun—Onsager model are difficult to access by experi-
ments and usually estimated from the drift-diffusion simulations
themselves. Second, the field dependence measured with
TDCEF is an average over the entire active layer for each
applied external bias, which is also relevant for the total current
output of the device.

The hole mobility and the recombination coefficient were
directly taken from the TDCF and BACE measurements,
respectively. As direct measurements of the electron mobility
yielded different values, we varied y, to give the best fit to the
experimental curves, which happens to be very close to the
value determined from the transient fit. The results for the
experimental and simulated J—V curves at five different
illumination intensities are shown in Figure 5b, and the
simulation parameters are listed in Tables 1 and 2. Again, very
good agreement was achieved for all intensities for one set of
parameters. Notably, a density-dependent mobility or recombi-
nation coeflicient was not implemented to describe the J—V
characteristics, in accordance to the recombination data from
TDCF. We therefore propose that the apparent density
dependence of the nongeminate recombination coefficient in
the devices without DIO seen in the BACE measurements is
due to the disability of the method to account for an
inhomogeneous charge carrier distribution within the active
layer, which itself is caused by a rather coarse chain morphology
and a low electron mobility.

In the simulation, the effective band gap, defined as the
difference of the acceptor-LUMO and donor-HOMO energy,
used for the simulations was chosen such that the simulated
curve matches the experimental curve at V. The resulting
values were 1.27 and 1.36 eV for the devices with and without
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Figure 6. Experimental J—V curves (symbols) for the blend without DIO, compared to parametric simulations (lines). In all curves, the black line
displays the simulation with the parameters used for the device processed with DIO (see Table 1). Then only one parameter was altered, while all
others were kept the same as in the DIO-processed case: In (a) only the electron mobility is stepwise reduced, in (b) only the BMR coefficient k is
increased, and in (c) only the field dependence of generation is increased. In the simulations, the effective band gap and the generation rate (at —0.7
V) are adjusted to yield the same Vi and Jsc for all curves. All other parameters are kept constant.

DIO, respectively. Effective band gaps determined with two
different measurement techniques (see Supporting Information
for details) are in very good agreement with the values used in
the simulation and confirm the trend of a reduction of ca. 100
meV upon adding DIO, most likely caused by a change in
domain morphology.

Importantly, the addition of DIO causes only minor to
moderate changes of the individual dynamic parameters.
Therefore, the variation of only one of these parameters
cannot explain the dramatic improvement of the performance
when DIO is added. This is demonstrated in Figure 6, where
the experimental -V curves of the device without additive are
compared to parametric simulations starting with the
parameters used for the devices with DIO (black lines in
Figure 6a—c). The generation rate (at —0.7 V) and the effective
band gap were adjusted to achieve the same J5c and Vi for all
simulated curves. As expected, this simulation leads to a much
higher FF than was measured in devices without DIO. Then,
only the electron mobility was stepwise reduced (Figure 6a),
the BMR coefficient k was increased (Figure 6b), or the field
dependence of generation was increased (Figure 6¢). In each
graph, the red lines show the simulation when using the value
of the specific parameter as measured on the blend without
additive, while the green and blue lines use values that further
decrease the overall performance. Though in some cases parts
of the J=V curve are well resembled by the simulation, the
applied parameters differ largely from the measured values. For
example, the forth quadrant of the J—V curve can be well fitted
by only increasing the value of k to 4.5 X 107'¢ m* s™, but this
value is unrealistically large. Furthermore, these parameters fail
to explain the J—V characteristics over the full voltage range.
The specific shape of the curve can, therefore, not be ascribed
to the change of only the mobility, only the recombination, or
only the field dependence of generation. Likewise, if the change
of one of the parameters, e.g, the electron mobility, is
neglected, the device FF and performance will be over-
estimated. It is only when the changes of all three parameters
upon DIO addition are taken into account that the simulation
matches the experimental J—V characteristics under all
illumination conditions and for a wide range of voltages.
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3. CONCLUSION

We presented a conclusive and comprehensive study of the
charge carrier dynamics in high efficiency PTB7:PCBM solar
cells prepared with and without the solvent additive DIO. For
the devices prepared with DIO all data can be consistently
explained by the combination of a field-independent free charge
carrier generation, a moderate bimolecular recombination with
a carrier density-independent recombination coefficient, and
efficient extraction of both electron and holes. The
experimental results are consistent with a uniform morphology
of well-interconnected donor and acceptor domains of the size
of the exciton diffusion length.

For the devices prepared without DIO we find an overall
reduced charge carrier generation efficiency. This is consistent
with a structural model where large fullerene clusters are
embedded into a polymer-rich surrounding. As already pointed
out by Collins et al, this particular morphology will lead to
inefficient exciton harvesting, due to a small active interface.
Furthermore, the generation rate was found to be field
dependent, in particular when exciting primarily the polymer.
We propose that upon excitation of polymer excitons, CT
excitations will primarily form at the interface to molecularly
dispersed fullerenes and that these interfacial states are more
prone to geminate recombination. In contrast, excitons
generated in PCBM clusters appear to lead to more weakly
bound CT excitons, located at the interface between pure
fullerene aggregates and polymer chains. These findings
demonstrate that the mechanism of free charge carrier
generation depends largely on the specific local morphology
of the blend and that it can be different if the light is absorbed
primarily by the polymer or the fullerene component.

As a consequence of the very different morphologies, the
device processed without the additive possesses distinctly
different recombination dynamics, compared to devices with
additive. BACE and TDCF consistently show a larger BMR
coefficient k. Notably, our BACE experiments reveal an
apparent dependence of k on charge carrier density. While
this finding has been commonly explained by a density-
dependent mobility, it might, alternatively, hint to an
inhomogeneous spatial distribution of charge carriers in the
device, as recently suggested by Deledalle et al>' In fact, our
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mobility measurements point to unbalanced charge transport in
blends processed without the additive, due to a small electron
mobility. Therefore, complementary measurements were
performed with TDCF, which led to constant (density
independent) recombination coefficients.

Most importantly, drift-diffusion simulations of the J-V
characteristics showed that the lower performance of the
devices without DIO cannot be explained solely on the basis of
a field-dependent generation or a higher coefficient for
nongeminate recombination. Instead, the effect of the additive
on the entire -V characteristics can only be reproduced when,
in addition, taking into account a reduced electron mobility in
the device processed without DIO, causing ineflicient electron
extraction and a poor fill factor. However, such a low electron
mobility is in contrast to the simple morphology model of large,
pure PCBM clusters in these blends, since electron transport is
typically quite efficient in PCBM. This suggests that the true
morphology might indeed be much more complex in blends
without DIO. In fact, a more recent study by Hedley et al.
showed that the large fullerene domains in the device without
DIO (of 100—200 nm in diameter) consist of smaller 20—60
nm very pure fullerene spheres."> While the electron mobility
within those small fullerene spheres might be quite high, the
macroscopic transport across the entire fullerene domain could
be limited by the transitions between the small spheres.
Furthermore, it was also shown that PTB7:PCBM blends
processed without additive can actually form a layered
structure,”” meaning that electrons will experience different
morphologies when traveling across the entire active layer. Due
to this very complex morphology structure in blends without
DIO, which is still not fully understood, a conclusive
interpretation of the influence of DIO on all photovoltaic
parameters is yet not possible.

However, our work emphasizes the importance of consider-
ing all dynamic processes in the device. It especially highlights
the importance of efficient charge extraction for reaching high
currents and fill factors. Charge extraction is becoming an
increasingly important topic, given the development of blends
with internal quantum efficiencies of close to unity and
concomitantly very high generation rates. The set of tools used
in this work enables deep insight into the fundamental
processes of high-efficiency organic solar cells and can be
used to reveal the limiting factors of device performance of
other material combinations.

4. EXPERIMENTAL DETAILS

4.1. Device Preparation. Solar cells were fabricated on
structured indium tin oxide (ITO) glass substrates (Lumtec)
coated with a 60 nm layer of PEDOT:PSS (Clevios Al 4083).
PTB7 (purchased from 1-material) and PC,BM (purchased
from Solenne) were separately solved in chlorobenzene (CB)
and then mixed to a 1:1.5 (by weight) solution with a
concentration of 25 ¢ L™ and subsequently spin coated at 1000
rpm, yielding an active layer thickness of 100 + 5 nm. In the
case of devices referred to as “with DIO” 3 vol % 1,8-
diiodooctane (DIO) were used as cosolvent in the CB solution.
Finally, S nm Ca and 80 nm Al were thermally evaporated
through shadow masks, defining an active area of 1 mm?. Such
small area was used to avoid RC—time limitations in the
transient measurements. All samples were encapsulated with
epoxy resin and a glass lid prior to air exposure. Electron-only
devices were prepared on Al-bottom electrodes and covered

with Ca/Al-top electrodes, defining an active area of S mm?.
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Different layer thicknesses were achieved by varying the
solution concentration. All materials were used as received.

4.2. Measurements. The J—V characteristics of the solar
cells were measured with an Oriel class A simulator calibrated
to 100 mW cm™ and a Keithley 2400 sourcemeter under inert
atmosphere. In the TDCF experiments pulsed excitation (5.5
ns pulse width, 500 Hz repetition rate) was realized with a
diode-pumped, Q-switched neodymium-doped yttrium alumi-
num garnet (Nd:YAG) laser (NT242, EKSPLA). The photo-
generated charge carriers were extracted by applying a high
rectangular voltage pulse with a pulse generator (Agilent
81150A) in reverse direction. The current through the device
was measured with an Agilent DSO9054H oscilloscope via a 50
€ input resistor. For a detailed measurement scheme see ref 17.
For BACE measurements an array of four focused white light
LEDs (Lumileds Rebel, switch-off time < 200 ns) was used.
While being illuminated the device was held at a fixed bias that
corresponds exactly to the open-circuit voltage. When switching
off the LEDs, the external bias was rapidly changed to reverse
direction. The current due to electrode charging was subtracted
by performing the same voltage jump in the dark, starting at 0
V. The J—V characteristics of the electron-only devices were
measured with a Keithley 2400 sourcemeter under inert
atmosphere. Layer thicknesses were determined with a Dektak
3ST profilometer.
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© Supporting Information

J—V curves with extended voltage range; total extracted charge
measured with TDCF vs pulse fluence and extracted charge
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