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Nongeminate and Geminate Recombination in PTB7:PCBM

Solar Cells

Alexander Foertig, Juliane Kniepert, Markus Gluecker, Thomas Brenner,

Vladimir Dyakonov,* Dieter Neher, and Carsten Deibel*

A combination of transient photovoltage (TPV), voltage dependent charge
extraction (CE), and time delayed collection field (TDCF) measurements is
applied to poly[[4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’|dithiophene-
2,6-diyl] [3-fluoro-2-[(2-ethylhexyl)carbonyl] thieno[3,4-b]thiophenediyl]]
(PTB7):[6,6]-phenyl-C71-butyric acid (PC;;BM) bulk heterojunction solar
cells to analyze the limitations of photovoltaic performance. Devices are
processed from pure chlorobenzene (CB) solution and a subset is optimized
with 1,8-diiodooctane (DIO) as co-solvent. The dramatic changes in device
performance are discussed with respect to the dominating loss processes.
While in the devices processed from CB solution severe geminate and
nongeminate recombination is observed, the use of DIO facilitates efficient
polaron pair dissociation and minimizes geminate recombination. Thus,
from the determined charge carrier decay rate under open circuit conditions
and the voltage dependent charge carrier densities n(V), the nongeminate
loss current J). of the samples with DIO alone enables the reconstruction
of the current/voltage (j/V) characteristics across the whole operational
voltage range. Geminate and nongeminate losses are considered to describe

mainly due to the development of new
low bandgap semiconductors and their
broadened absorption spectrum. Thus,
these new material compositions deserve
particular consideration to advance the
understanding of the crucial steps from
photon absorption to photocurrent. In
order to further improve device perfor-
mance, identifying the performance lim-
iting loss mechanisms is essential. On
the one hand, geminate losses of bound
electron-hole pairs compete with polaron
pair dissociation. As electron-hole dis-
sociation via an intermediate charge
transfer state might require a certain
activation energy to obtain free charges,l’!
this process can be supported by an
external electric field. On the other hand,
nongeminate recombination of free—free
or trapped—free polarons after successful
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the j/V response of cells prepared without additive, but lead to a clearly
overestimated device performance. The deviation between measured and
reconstructed j/V characteristics is attributed to trapped charges in isolated

domains of pure fullerene phases.

1. Introduction

In recent years, the power conversion efficiency (PCE) of
organic solar cells (OSC) based on polymer:fullerene mixtures
improved above 11%."2 This performance enhancement is
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polaron pair dissociation depends on the
charge accumulation in the device and,
thus, relies on the applied voltage and
respective current flow. It was recently
shown, for polymer and small molecule
based OSC, that both nongeminatel*°!
as well as geminate losses!®’] can have a
strong impact on the device performance
and the shape of the j/V characteristics, depending on the
photoactive material.

In the present study, we analyzed organic solar cells based
on PTB7:PC;BM blends processed from a solution of pure
chlorobenzene and from a combination of chlorobenzene and
the co-solvent 1,8-diiodooctane (DIO). This additive selectively
dissolves the fullerenel® and leads to a dramatic improve-
ment of device performance and to a change in recombination
dynamics. We find that, while the devices processed from CB
with additive are purely dominated by nongeminate recombina-
tion, the ones processed from CB alone suffer from both gemi-
nate and nongeminate recombination pathways. For samples
processed from pure CB, j/V reconstruction from recombina-
tion dynamics (an approach recently introduced™ for organic
solar cells and applied)® deviates from the directly measured
Jj/V characteristics. We propose that a considerable amount of
trapped charges n, in isolated fullerene domains, exceeding the
density of free charges n,, is responsible for this discrepancy.
We discuss our results in terms of the change of active layer
morphology upon the use of an additive.1¥

Adv. Funct. Mater. 2014, 24, 1306-1311


http://doi.wiley.com/10.1002/adfm.201302134

'a\
M"h\‘liir’&

www.MaterialsViews.com

o

F w/o with add|
5 | dark T )

r |illuminated —— —— |1
0 ..............--‘: :

-5

-10

current density [mA/cmz]

-15—_|IIIIIIIIIIIIIIIIIII-I:
02 00 02 04 06 08

voltage [V]

Figure 1. Measured dark (dashed) and illuminated (solid) current/voltage
response of PTB7: PCBM solar cells processed from chlorobenzene solu-
tion and from a combination of chlorobenzene and DIO. Illlumination
intensity was set to 1 sun under a simulated AM1.5G spectrum and the
temperature was 300 K.

2. Results

Two sets of organic solar cells based on a PTB7:PC;;BM 1:1.5
blend were fabricated differing only by the use of a solvent addi-
tive (see Experimental Section). The influence of the co-solvent
DIO on device performance becomes evident in the respec-
tive current/voltage response depicted in Figure 1. Significant
improvement of fill factor and photocurrent is observed when
using the additive, in accordance with previous findings.[*11-13]
Under one sun simulated illumination, the sample processed
without additive yields an open circuit voltage of V,. = 770 mV,
a short circuit current density of j,. = 9.2 mA cm™ with a fill
factor of FF = 51% and a device efficiency of 1 = 3.6%. In con-
trast, the device processed with DIO shows V.. = 710 mV, j,. =
14.6 mA cm2, a fill factor of FF = 67%, and an almost twice
as high PCE of n = 7.0%. The chosen additive DIO is rather
effective to influence the PTB7:PC;BM composite, as it has a
high boiling point and selectively dissolves PCy;BM, which was
reported® to enable fullerene intercalation into the polymer
network during film formation.

In the following, the differences in nongeminate and gemi-
nate recombination dynamics for both device types are pre-
sented in order to investigate the origin of the dramatic change
of j, and FF.

The nongeminate recombination rate R of photogenerated
charge carriers can empirically be defined as

R(n) = % o n*!

1)

with the charge carrier density n, the effective charge carrier
lifetime 1(n), and A+1 representing the apparent nongeminate
recombination order. In order to determine the nongeminate
recombination rate experimentally, transient photovoltage
(TPV) and charge extraction (CE) experiments under open
circuit (V,.) conditions were applied. TPV is based on moni-
toring the photovoltage decay upon a small optical perturba-
tion during various constant bias light conditions.'Y! The small
perturbation charge carrier lifetime 7,, is extracted from the
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exponential voltage decay in dependence of the respective open
circuit voltage at various illumination levels. As shown earlier,
the parameter 7,, is related to the total charge carrier lifetime
by 7(n) = Tan(A + 1) (see Equation 1).>1%] The average charge car-
rier density n under open circuit conditions is accessible from
CE n(V,). The data are corrected for the geometric capacitance
(see further details in discussion) and, iteratively, for charges
lost due to recombination during extraction.'®! In Figure 2,
TPV and CE are combined to yield the charge carrier lifetime 7
as a function of charge carrier density under open circuit condi-
tions, (n).

For both device types, a power law dependence according to
7(n) = Ton~* is found: in the low charge carrier density regime,
the 1(n) values coincide, yielding the same slope (A = 2.4) for
both devices. However, at higher carrier densities the device
with additive shows a reduced slope with A = 1.1. For the device
without DIO, only a minor change in slope becomes apparent.
According to the literature,['”) an activation energy E, character-
izing the exponential trap distribution can be estimated from
the parameter A.['®1 For low charge carrier densities, we find
E, ~2ALkT/n, =51 meV. This indicates trap limited recom-
bination for the device processed without additive and in the
low charge carrier regime of the device prepared from CB/DIO.
Above n = 10?2 m™ direct (Langevin-type) recombination of
free charge carriers is expected, as the apparent recombination
order A + 1 is about 2 at 300 K. For an illumination equivalent
to 1 sun, the nongeminate charge carrier lifetime for the device
processed without additive is slightly longer than for the one
with additive (see arrows in Figure 2).

Time delayed collection field (TDCF) measurements are a
proven method to study charge photogeneration.”:'l Thus,
by investigating the total extracted charge Q,, under a range
of pre-bias voltages, the influence of geminate recombina-
tion is analyzed. These experiments are performed under
very low fluences of 0.05 uj cm™ and a short delay of 10 ns
to minimize nongeminate recombination during charge carrier

T LA B N B B B B
*
100 __" with  w/o add|]
8r O|mmm [ ] .
of ' 1
g 4t % E
< \ 1
I Y :
S (3

= 108_— "Q. 1) —
F o o 1sun 7
o '\: “ ‘ ]
4+ .
L 1sun-" s e .t,"',._
L1 Lol .|....‘

3 4 56789 2

10

charge carrier density [m’s]

Figure 2. Charge carrier lifetime 7 derived from TPV measurements as a
function of charge carrier density n obtained from CE for PTB7:PCBM solar
cells processed from chlorobenzene solution and from chlorobenzene
and DIO. Diamonds and filled circles represent experimental data points,
while the dashed line demonstrates the fit according to T (1) = Ton ™" .
The data points represented by open circles are based on a charge carrier
density reconstruction described later in the text.
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Figure 3. Measured raw data and fit (dashed lines) of total extracted
charge from TDCF measurements in dependence on the applied pre-bias
voltage.

extraction.l?] Free carrier generation in competition to gemi-
nate recombination is completed within a few nanoseconds, as
found by transient absorption experiments.l?!l In Figure 3, the
total charge Q is plotted versus the pre-bias voltage applied
during the delay time t; Thereby, a polynomial fit of third order
over the complete voltage range was used to smooth the experi-
mental raw data. While the extracted total charge is rather con-
stant for the device with additive, a clear voltage dependence for
the sample processed from CB becomes apparent. In the latter
case, Q. decreases by nearly 20% when going from reverse bias
to V. A voltage dependent photogeneration is caused by gemi-
nate recombination competing with field-assisted free charge
generation, which is quantified by the polaron pair dissociation
probability PP(V). The above described polynomial fit was used
to find an analytical approximation for PP(V) between short
and open circuit conditions. The data in Figure 3 also shows
that more charge is generated in the DIO-processed blend
throughout the entire bias range. This finding is consistent
with the larger j/V response of this blend under illumination.

In order to understand the impact of geminate and non-
geminate recombination on the performance of the device, a
procedure known as j/V reconstruction was applied, in analogy
to recent studies on P3HT:PC¢;BM.[*%! In order to describe the
steady state current density j/V of the device, the continuity
equation for charge carriers

1 /dj B
E<E>+G_R‘° @

was integrated, assuming spatially constant rates for generation
(G) and recombination (R). This yields

J(V)=qdG — qd R = jgen(V) = Jioss(V) (3)

with the elementary charge g, the device thickness d, the respec-
tive generation current j,., and nongeminate loss current jiog.
In order to calculate the voltage dependence ji,. (V) from V =
0 V to V,., CE experiments under the desired voltage were per-
formed, in analogy to the measurements at V,. described above.
We point out that all voltages were corrected for the series resist-
ance R by calculating V= V,,, — RsI From the Ohmic range of
the dark j/V curve, the values R, = 84 Q for the device with addi-
tive and R, = 105 Q for the one without additive were derived.
The voltage dependent charge carrier density for both devices is
shown in Figure 4 for three different light intensities.
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The n(V) relation and the dependence of 7 on n found under
V. conditions, Figure 2, are used to calculate the charge carrier
density dependent recombination rate R(n(V)) for the respec-
tive voltage by Equation 1. This data were fed into Equation 3,
which allowed to determine the nongeminate recombination
current jos(n(V).

As the photogeneration of the sample with additive was
voltage independent, as shown in Figure 3, the respective gen-
eration current jg.,, was assumed to be constant and set equal to
the short circuit current density,

jgen ~ _jSC (4)

similar to the approach found elsewhere.*’]

Instead, for the solar cell fabricated from pure CB solution,
the voltage dependent polaron pair dissociation PP(V) derived
by TDCF is substantial. It was considered for the reconstruc-
tion by a voltage-dependent generation current

Jgen(V) = Jsc PP(V) ©)

with the term PP(V) derived from the polynomial fit (Figure 3,
dashed line), accounting for the relative charge photogenera-
tion between V=0V and V= V,. In order to calculate the j/V
response for both device types, either Equation 4 or Equation
5 were entered into Equation 3 for the device processed with
or without additive, respectively. Thus gained j/V data per-
fectly agree with the measured data for the device with addi-
tive for three light intensities presented (Figure 5, top). Instead,
although experimentally determined geminate and nongemi-
nate losses were considered, the reconstruction of the device
processed from pure CB shows significant deviations from the
measured j/V characteristics (Figure 5, bottom).

3. Discussion

The application of the co-solvent DIO results in a dramatic
change of the active layer morphologyl®!?¥ and also in a
considerably improved device performance (Figure 1). For the
present material systems the additive leads to a more uniform
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Figure 4. Voltage dependent charge carrier density n(V) from charge
extraction experiments for PTB7:PCBM devices with and without additive
at three different light intensities.
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Figure 5. Measured and reconstructed current/voltage response of
PTB7:PCBM organic solar cells processed with (top) and without
(bottom) the additive DIO. The deviation between direct measurement
and reconstruction for the latter is discussed in the text.

morphology and hierarchical nanomorphologies and the forma-
tion of an interpenetrating network in accordance with earlier
reports.?223] For a device processed without DIO a large phase
separation is present and isolated fullerene domains can be
assumed from AFM/TEM images, instead.®%22 Despite these
differences, our TPV and CE studies revealed similar charge
carrier lifetimes and, thus, comparable nongeminate recom-
bination rates for both devices at low charge carrier densities.
This is consistent with the results from grazing incidence X-ray
scattering and resonant soft-X-ray scattering studies, which
showed that the addition of DIO to the casting solution has
little effect on the overall domain crystallinity or on the domain
composition.”2} Nevertheless, for carrier concentrations above
10?2 m™3 the lifetimes differ. In order to determine the correct
nongeminate recombination yield by TPV/CE measurements,
it was assumed that all charges participating in the recombi-
nation process are encompassed by the CE procedure. This
assumption can be critical if isolated fullerene domains are pre-
sent, which is discussed below.

Concerning the charge photogeneration, from pre-bias
dependent TDCF measurements a field-assisted dissociation
of polarons is found for the device processed without additive,
while the device prepared with DIO shows a rather constant
separation yield (Figure 3). The field dependence is rather weak
even for the former device: we find about 12% less generation
close to V. than under short circuit conditions.

Field independent generation in polymer—fullerene blends
was attributed to the co-existence of mixed and pure domains,
whereby an energy gradient is established that drives the
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© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

www.afm-journal.de

photogenerated charges out of the intermixed regions.!?4%’]
Recent TDCF experiments on another polymer:fullerene blend
revealed that larger and purer domains lead to more efficient
and less field-dependent photogeneration.”) In PTB7:PC;BM
blends processed without the additive, the fullerene domains
were shown to be very pure. Processing with the additive
reduced mainly the domain size but did not affect its com-
position.’! The rather weak or even absent field dependence
of generation seen here is consistent with this structural pic-
ture. Moreover, inefficient exciton harvesting in combination
with field-assisted free carrier formation within the individual
large domains, as has been recently suggested by Burkhard
et al.?®! might account for the weaker and slightly bias-
dependent Q,(V) in the blend processed without DIO.

For the device with additive, reconstructed and measured j/V
data coincide almost perfectly, as shown in Figure 5, top: both,
fill factor and V,. are reproduced quite accurately for all light
intensities. As only nongeminate losses were considered to cal-
culate the j/V behavior, they are identified as the dominant loss
process responsible for device performance limitation.

In case of the device processed from pure CB, both field
dependent photogeneration and nongeminate recombination
limit the performance. However, despite considering both loss
mechanisms, the reconstructed j/V data overestimates the
device performance (Figure 5, bottom). This discrepancy stems
from an underestimation of either geminate or nongeminate
losses. The degree of geminate recombination was verified by
TDCF measurements with an excitation wavelength of 500 nm
at different delay times (10 ns up to 50 ns) and excitation inten-
sities, but the determined PP(V) dependence remained virtu-
ally unchanged. Thus, we expect PP(V) and, therefore, the pho-
togeneration current jg.,(V) to be determined correctly, at least
as long as the dissociation of polaron pairs takes place within
50 ns. It is known from other low bandgap polymers like PCP-
DTBT or PCDTBT that CT decay times of less than 10 ns is a
credible assumption. 2728l

In order to discuss the reliability of the reconstruction, we
point out the assumptions and related uncertainties. For deter-
mining the nongeminate loss current j, we use the experi-
mentally determined nongeminate recombination rate R(n)
from TPV/CE measurements under open circuit conditions.
It is assumed not to be explicitly dependent on voltage. A
voltage dependent recombination rate might be due to a field
dependent mobility, with a negative voltage coefficient in some
blend compositions.?>3% Moreover, spatial variations of the
charge carrier density cannot be resolved in CE experiments.
If gradients are present, they are more pronounced towards V
=0V than around V.l However, both effects—a potentially
field dependent mobility and significant charge carrier gradi-
ents—would lead to an overestimation of nongeminate losses,
not an underestimation. Therefore, they cannot be responsible
for the apparent deviation of device performance.

An additional factor potentially influencing the reconstruc-
tion is the wavelength dependence of photogeneration. The
field-dependence of the photocurrent was studied by Brenner
et al. on external quantum efficiency measurements with bias
light, that is, including contributions of geminate and nongemi-
nate recombination without distinguishing between them. They
observed a slightly stronger field-dependence of photocurrent
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generation in PTB7 relative to the fullerene for devices pro-
cessed without additive.l'Z A comparison of the voltage regime
relevant for our reconstruction, from 0 V to positive bias, shows
that the maximum relative deviation between the photocurrent
at 500 nm (dominant PC,BM absorption) and 650 nm is less
than 5%. We could verify these results by own bias-dependent
external quantum efficiency measurements and included them
in the Supporting Information.

A relevant scenario based on our results and the reports of
morphology in literature®®22 briefly discussed above, how-
ever, could explain the discrepancy between j/V characteris-
tics and reconstruction for the device without additive. It is
based on the presence of trapped charges (photogenerated or
intrinsic) in spatially isolated domains, that is, without per-
colation pathways to the respective electrode. These trapped
charge carriers could recombine with mobile ones at the
organic-organic interfaces influencing the apparent recom-
bination rate. However, they could not contribute directly to
the charge transport, and could not therefore be observed in
charge extraction experiments. Consequently, the calculated
nongeminate loss current ji,. (see Equations 1,3 would be
underestimated, leading to an overestimated reconstruction
of the photocurrent. We believe this scenario to be likely for
PTB7:PC5BM solar cells prepared without the co-solvent. We
point out that recently, for two other bulk heterojunction sys-
tems, the role of isolated domains without percolation path-
ways and the resulting negative impact on the solar cell perfor-
mance was discussed.233]

Indeed, a combination of resonant X-ray scattering and
microscopy as well as AFM images revealed 50-200 nm pure
PC;;BM domains!®!% favoring a trapping process as described
above. In Figure 4, theoretical charge carrier density data n(V)
required for a successful j/V reconstruction of 1 sun illumina-
tion was exemplarily added for the device processed without
additive (dashed line). Also, the correspondingly shifted effec-
tive lifetime in dependence on the reconstructed charge carrier
density at V., 7(n), is shown in Figure 2 for the same device
(open circles). Both representations illustrate that a consider-
able amount of trapped charges contributes to the nongemi-
nate loss current. Further evidence that trapped charges are
the origin of the apparent deviation is given in the Supporting
Information. There, it is shown that the determined dark capac-
itance Cg,y is almost 50% higher than the estimated geometric
capacitance Cge, of a dielectric with £ = 3.7. As described in the
Supporting Information, Cy, is required to correct for charges
on the electrodes, and leads to charge carrier densities in the
same range as necessary for successful V,. reconstruction.
Therefore, the difference between Cg and Cg, is attributed
to charge carriers which are spatially trapped and cannot be
extracted during the charge extraction experiment, supporting
the scenario with trapped charge carriers on isolated fullerene
domains.

4, Conclusion

PTB7:PCyBM bulk heterojunction solar cells prepared from
pure CB solution and from a CB/DIO mixture were analyzed
by voltage dependent CE, TPV and TDCF measurements

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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to elucidate the origin of performance limitation. In devices
processed with DIO, a voltage independent charge photogen-
eration was found. We performed a j/V reconstruction, and
found that it agrees very well with the measured response.
This finding allows us to identify nongeminate recombination
as the performance limiting loss mechanism for the highly
efficient decice with DIO. In contrast, devices processed from
pure CB solution and yielding lower efficiency show both
severe geminate and nongeminate losses. There we found a
strong deviation of measured and reconstructed j/V charac-
teristics, which we discussed with respect to spatially trapped
charge carriers in isolated PC;;BM domains. We show that
these trapped charge carriers can explain the discrepancy
in the j/V reconstruction, and support this interpretation by
measurements of the dark capacitance and comparison with
the geometric capacitance.

5. Experimental Section

Bulk heterojunction (BHJ) solar cells based on PTB7:PC;;BM were
prepared by spin coating a 35 nm thick layer of poly(3,4-ethylendio
xythiophene):polystyrolsulfonate (Clevios P VP Al 4083) on indium
tin oxide samples with post-annealing step of 130 °C for 10 min in a
water-free environment. The PTB7:PC;;BM 1:1.5 blend is spin coated in
inert atmosphere from a chlorobenzene (CB) solutions of 20 mg mL™
to realize a 125 nm thick layer. In case of the device denoted as with
additive 3 vol% 1,8-diiodooctane (DIO) were used as co-solvent in the
CB solution. Finally, the top metal contacts (Ca/Al) were evaporated
thermally on top of the organic layer defining the active area of A =
9.2 mm2. PTB7 was purchased from 1-material and PC;;BM was supplied
from Solenne. All materials were used without further purification.

Prior to any additional measurements an Oriel 1160 AM1.5G solar
simulator was used to perform illuminated j/V—measurements of devices
kept under inert glove-box atmosphere. Further static and transient
electrical studies were carried out in a closed cycle optical cryostat.
For the TPV measurements the organic solar cells were connected to
a digital storage oscilloscope (Agilent Infiniium DSO90254A) via a
1.5 GQ input resistance of a voltage amplifier. A high power white
light emitting diode (Cree) was used to illuminate the active area of
the devices, causing a constant rate of generation and recombination.
An Nd:YAG laser pulse (532 nm excitation wavelength, pulse duration
80 ps) is applied to generate an additional amount of charges causing
a small perturbation of the photovoltage. The photogenerated charge
was determined from charge extraction transients. The externally applied
voltage is supplied to the solar cell by a Keithley 2602 in combination
with a fast digital/analog switch. The derived experimental data were
treated as reported elsewhere,'®34 while all charges were corrected for
recombination losses during extraction as mentioned above.

TDCF experiments were performed by illuminating the solar cell
with a short Nd:YAG laser pulse (NT242 EKSPLA, 5.5 ns pulse width,
500 Hz repition rate, 500 nm excitation wavelength) at different applied
pre-biases as described in the literature.% The photogenerated 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 a Yokogawa DL9140 oscilloscope
via a 50 Q input resistor. The pixel size of the active area was 1 mm?
to avoid RC-time limitations. The total photogenerated charge Q. is
determined by the integral of the current transient.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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