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Chapter 3
Non-fullerene organic solar cells:

Recombination versus extraction

Summary

In recent years, non-fullereneacceptororganic solar cells havedrawnattentionmostly
due to their high absorption, tunable energy levels, and high efficiency. However, still
a lot is to be understood about the physics of these solar cells. Earlier, our group has
shown that the overall influence of different material properties and device parame-
ters can be described by a single parameter θ. In this chapter, θ is shown to be directly
related to the ratio of the rate of recombination to that of extraction. We achieve this
bydirectmeasurements of the rates of recombination andextraction innon-fullerene
acceptor solar cells using ITIC as the acceptor, with varying active layer thicknesses,
light intensities, and interfacial layers. We provide a simple experimental tool for un-
derstanding how modification of different parameters can lead to further enhance-
ment of fill factor. The results support that the competition between charge extrac-
tionand recombinationdetermines thefill factor of non-fullerenebasedorganic solar
cells.
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3.1 Introduction

Theelectrondonorandacceptormaterials inorganic solar cells are selectedmainlybased
on a proper matching of their energy levels to allow for efficient charge transfer and to
obtain high VOC. [1–3] The fullerene based acceptor PCBM has been widely used with
polymer donors in bulk heterojunction organic solar cells. [3–9] One of the challenges in
further improving fullerene-based bulk heterojunction organic solar cells is that PCBM
easily crystallizes and aggregates, which affects long termperformance of the device and
hinders charge transport. [10–13] Furthermore, fullerene based acceptors are weak ab-
sorbers in the visible region (380–740 nm). [14] Introducing non-fullerene acceptors
has provided a new pathway to overcome the mentioned challenges. [15, 16] Due to
their great potential for band gap engineering, and thermal as well as long-term stabil-
ity, non-fullerene acceptor organic solar cells have gained great attention among organic
photovoltaic devices. [17–26] In a detailed study on photostability of fullerene and non-
fullerene acceptor ITIC based polymer solar cells in our group, it was found that despite
higher performance of ITIC based devices, their photostability is in fact lower than that
of PCBM based ones. [27] The observed photodegradation was attributed to the con-
siderable loss in fill factor (FF ) and changes in the mobilities upon light exposure. [27]
Therefore, in order to further improve the long term performance of these solar cells, re-
ducing FF loss is a crucial step. In another study of our group, it was shown that the the
interplay between recombination and extraction of charge carriers determines the FF

in OPV devices. [28]
While great enhancements in the performance and FF of non-fullerene acceptor

based organic solar cells have been achieved, [21–23, 29–38] there have been few re-
ports quantifying recombination and extraction in these devices . [18, 27, 29, 32, 39–45]
Gasparini and co-workers have attributed the high FF observed in P3HT:IDTBR solar
cells to the low Langevin recombination pre-factor. [29] Formation of large crystalline
domains in these devices has been proposed to give rise to an ultrafast charge transfer,
and hindered recombination due to large distance between photogenerated electrons
and holes. [29] In another work by Zhang and co-workers, it has been found that imbal-
anced transport and reduced electron mobility may not be limiting the performance of
ITIC based solar cells, as PBDB-T:ITIC devices have shown high performance while hav-
ing imbalanced mobilities. [39] In order to have a comprehensive understanding of the
device performance in non-fullerene acceptor based organic solar cells for further im-
provement of their long term stability, a universal tool to connect the FF with transport
properties and recombination of charges is essential.

This study ismotivatedbyour currentunderstandingof competitionbetween recom-
bination and extraction which determines the FF of organic solar cells, reported else-
where. [28] In this chapter, we determine the rates of recombination and extraction in
BHJ solar cells with ITIC as the non-fullerene acceptor. We find a relation between the
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ratio of recombination rate (krec) to extraction rate (kex) and FF in these solar cells. The
experimental data follow the same trend as the drift-diffusion simulated points, reported
earlier, [28] confirming that direct measurement of krec

kex
is a simple approach for linking

FF to the competition between recombination and extraction in non-fullerene accep-
tor organic solar cells. We show that the non-fullerene acceptor solar cells studied herein
follow the figure ofmerit for theFF presented by our group, [28] leaving room for further
developments in non-fullerene acceptor based organic solar cells.

3.2 Theoretical background

Neglecting space-charge effects, the extraction rate of electrons or holes kex is approxi-
mated as [46]

kex =
2µn,pVint

L2
(3.1)

with Vint being the internal voltage across the active layer, µn,p electron or hole mobility,
andL the active layer thickness. In the determination of the extraction rate, we consider
short-circuit conditions as charge transport at short-circuit is dominated by drift, and
therefore, charge extraction efficiency is close to its maximum. Vint is approximated by
the VOC at the corresponding light intensity. In Chapter 2, we showed that for a system
with a bimolecular recombination pre factor (γpre) larger than 10−3, electrodic induced
charge (EIC) recombination does not influence the recombination rate of charge carri-
ers. [47] Under this condition, the recombination rate close to OC, where the maximum
recombination occurs within the active layer, is written as [47]

krec = 2
√
Gγ, (3.2)

where γ is the recombination rate coefficient, andG is the generation rate. Dividing krec
by kex gives

krec
kex

= t =

√
GγL2

µn,pVint
. (3.3)

Bymeansofnumerical simulations, our grouphasdefineda singleparameter θ, which
includes both the contributions of recombination and extraction as [28]

θ =
γGL4

µnµpV 2
int
. (3.4)

Clearly, Equations 3.3 and 3.4 are related. By identifying µn,p with the geometrical
average of the steady statemobilities (µ =

√
µnµp), which governs the extraction in OPV
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Figure 3.1: Simulated FF versus θ, calculated by Bartesaghi et al. [28] Each point represents the
FF of a solar cell for which the J−V characteristic is calculated using a drift-diffusionmodel. For
each point, θ is calculated by Equation 3.4.

devices [48], we get
t =

√
θ. (3.5)

Previously, our group has shown that θ determines the fill factor of many different
solar cells. [28] In that work, J − V characteristics of organic solar cells were simulated
using wide range of parameters that represent a wide variety of BHJs under different op-
erating conditions. The parameters usedwere thickness, effective bandgap, electron and
hole mobility, recombination pre-factor, and the generation rate of free charge carriers
and the resulting values of θ span a range of 10−6 − 10−3 (using Equation 3.4) with fill
factors spanning from 0.25 to 0.87. Based on the simulations and confirmed by experi-
mental data, when θ is low enough (10−6),FF can reach its highest values. The resulting
plot of FF versus θ is depicted in Figure 3.1. Bartesaghi et al. interpreted θ as a measure
of the ratio between recombination and extraction of charges. [28] However, they did
not prove this experimentally. Equation 3.5 enables us to provide experimental evidence
that the fill factor is indeed governed by this ratio (t) by measuring the recombination
and extraction rates.

3.3 Results and discussion

As a means to verify the connection between FF and the ratio krec
kex

, the extraction and
recombination rates in ITIC based non-fullerene acceptor solar cells were directly mea-
sured. The molecular structure of ITIC is shown in Figure 3.2. We performed transient
experiments under varying active layer thicknesses, light intensities, cathode interfacial
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Figure 3.2: Chemical structure of the nonfullerene-acceptor molecule used in this chapter, ITIC.
[49]

Table 3.1: Active layer materials, interfacial layers, light intensities, and thicknesses used in this
study.

Donor:acceptor interfacial layer LED light intensity thickness
[sun] [nm]
0.5 130, 160, 250

LiF 0.2 160, 250
PBDB-T:ITIC 0.05 160, 250

Ca 0.5 130
PFN 0.5 130
w/o 0.5 130

PDCBT:ITIC LiF 0.5 100

layers, anddonormaterials. Thenon-fullerene acceptor solar cellswere fabricatedwith a
conventionaldevice structureof indiumtinoxide (ITO)/PEDOT:PSS/active layer/interfacial
layer/Al, where PBDB-T and PDCBT were used as donor materials, and Ca, LiF, and PFN
as interfacial layers. These data are summarized in Table 3.1.

In order tomeasure the recombination rate we performed TPVmeasurements under
open circuit (OC), using a small perturbation LED light intensity with a step function,
which causes exponential decay of VOC due to recombination of excess charge carriers.
[47] A high input impedance of the oscilloscope (1 MΩ) was used to provide OC. Figure
3.3 shows VOC decays of a PBDB-T:ITIC solar cell using LiF interfacial layer under LED
light intensities of around 0.5 sun, 0.2 sun and 0.05 sun. At lower LED light intensities the
recombination lifetime increases as less extra charge is present in the active layer when
applying the small perturbation.

The extraction rates weremeasured by performing a transient experiment. [48] First,
the device is under steady state condition at a higher light intensity. Then the light inten-
sity is slightly reduced, while the bias voltage is kept constant, which results in extraction
of the extra photogenerated charge carriers. Charge carrier extraction rate is calculated
by fitting a simple exponential fit to the decay of the current, carried out under different
applied voltages, [48] shown in Figure 3.4.

We have estimated the values of γpre for PBDB-T:ITIC and PDCBT:ITIC solar cells us-
ing the modified Langevin equation:
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Figure 3.3: TPV transients as a function of light intensity for PBDB-T:ITIC solar cell with LiF inter-
facial layer. Recombination lifetime ismeasured by fitting the exponentialVoc decay after applying
the small perturbation of light by reducing LED light intensity.

Figure 3.4: Experimental results for a PBDB-T:ITIC solar cell using LiF interfacial layer, showing (a)
extracted current under different applied voltages, (b) extraction rate, obtained by fitting a simple
exponential function to the decay of the extracted current.

γ = γpre
q

ε
(µn + µp), (3.6)

where q is the elementary charge, and ε is thedielectric constant. The recombination rate
coefficient γ ismeasured using Equation 3.2, with directlymeasured TPV recombination
rate krec, and generation rate calculated by G = JSC

qL . Considering the fairly balanced
mobilities of electrons and holes for the studied blends, [19, 41] it is assumed that µn +
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Figure 3.5: FF as a function of krec
kex

=
√
θ. The grey dots are simulated data as calculated by

[28]. Devices 1-4 correspond to PBDB-T:ITIC solar cells with varying interfacial layers, device 5 is
PDCBT:ITIC, devices 6-11arePBDB-T:ITIC solar cellswith various thicknesses and light intensities,
as shown in Table 3.2.

Table 3.2: Characteristics of all the studied devices, under LED illumination.

# Donor Interfacial d I krec kex
krec
kex

FF Voc Jsc µ γpre
material layer [nm] [sun] [µ s−1] [µ s−1] [%] [V] [Am−2] [m2V−1s−1]

1 PBDB-T LiF 130 0.5 0.38 5.05 0.076 0.58 0.86 73.6 9.3× 10−8 9.40× 10−3

2 PBDB-T Ca 130 0.5 0.38 5.05 0.076 0.60 0.85 75.0 8.1× 10−8 1.70× 10−2

3 PBDB-T PFN 130 0.5 0.62 4.67 0.134 0.55 0.78 73.1 8.5× 10−8 2.80× 10−2

4 PBDB-T - 130 0.5 0.40 3.15 0.127 0.57 0.67 71.8 4.7× 10−8 2.07× 10−2

5 PDCBT LiF 100 0.5 0.37 4.65 0.079 0.61 0.85 49.2 1.4× 10−7 6.54× 10−3

6 PBDB-T LiF 160 0.5 0.30 2.98 0.102 0.58 0.85 77.3 6.2× 10−8 1.03× 10−2

7 PBDB-T LiF 250 0.5 0.26 1.63 0.157 0.51 0.84 69.7 3.9× 10−8 2.03× 10−2

8 PBDB-T LiF 160 0.2 0.20 2.98 0.068 0.66 0.83 27.9 6.2× 10−8 1.30× 10−2

9 PBDB-T LiF 250 0.2 0.17 1.63 0.106 0.60 0.82 30.0 3.9× 10−8 2.13× 10−2

10 PBDB-T LiF 160 0.05 0.08 2.98 0.027 0.71 0.78 6.7 6.2× 10−8 8.50× 10−3

11 PBDB-T LiF 250 0.05 0.07 1.63 0.045 0.68 0.77 7.1 3.9× 10−8 1.62× 10−2

µp � 2µ, where µ is directly calculated from the extraction rate at open circuit, using the
formula [46]

kdiff = 8
µkbT

qL2
(3.7)

whereµ is the charge carriermobility, kb is theBoltzmann constant, andT is the absolute
temperature. It should be noted that at OC, the charge transport is diffusion limited. [48]

PBDB-T:ITIC devices with thicknesses of 130 nm, 160 nm and 250 nm (device num-
bers 1, 6 and7), using a LiF interfacial layer, are compared. At a constant light intensity, as
the device gets thick (250 nm), the recombination rate slightly reduces due toG getting
smaller, while the reduction of the extraction rate is more pronounced (Table 3.2). The
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stronger reductionofkex canbeunderstoodby comparing equation 3.1 and equation 3.2,
where the extraction rate varies with thickness to a larger extent than does the recombi-
nation rate. We should note that the 250 nmdevice has a slightly lowerVOC (see Table 3.2)
which may further reduce the extraction in this device. The overall picture of FF versus
measured krec

kex
values is plotted in Figure 3.5 (numbered symbols). As a consequence of

larger krec
kex

, the thickest device has a smaller FF .
Additionally, at a constant thickness, FF increases with decreasing light intensity

(see Table 3.2 and Figure 3.5, device numbers 7, 9 and 11), which is caused by a lower
recombination rate, while the extraction rate does not varywith light intensity (see Equa-
tion 3.1). It has been suggested that high FF s at low light intensity is indicative of trap-
assisted recombination. [50] However, considering Equation 3.2, the reduced recombi-
nation rate at lower light intensitiesmight be solely due to photogeneration of less excess
charge in the active layer at lower light intensity, and does not necessarily represent trap
assisted recombination as a dominate recombination process.

Further, kreckex
is varied by changing the interfacial layers of the non-fullerene acceptor

solar cells (devices 1, 2, 3 and 4). By inserting either Ca or LiF interfacial layers recombi-
nation rate stays almost the same as the reference device with no interfacial layer. This is
consistent with our previous study in Chapter 2, where we showed that in the solar cells
with γpre larger than 10−3, inserting an interfacial layer does not influence the recombi-
nation rate. [47] The reason is that in those solar cells (γpre > 10−3) the contribution of
electrodic induced charges in the measured recombination rate is negligible. Therefore,
the recombination rate corresponds to bulk recombination of photogenerated electrons
and holes, irrespective of the interfacial layer used. However, if the energy barrier of an
interfacial layer is toohigh for the electrons tobe extracted, the recombination ratemight
increase. As can be seen in Table 3.2, using PFN as an interfacial layer with high electron
extractionbarrier [51] causes 1.55 times larger recombination rate compared to the refer-
ence device with no interfacial layer. The increase of the recombination rate in this case
might be due to piling up of electrons near the PFN/active layer interface caused by the
large charge extraction barrier. [51]

Using PFN and either Ca or LiF, the extraction rate gets 1.48 and 1.6 times larger than
the reference cell with no interfacial layer (see Table 3.2). With the explanations men-
tioned above, the ratio of krec

kex
gets smaller when using Ca or LiF interfacial layer, leading

to a higher FF (Figure 3.5).
Finally, we compare the experimental data presented in Figure 3.5 with the data ob-

tained fromnumerical drift-diffusion simulations. [28] The experimental values of t (kreckex
)

in this chapter are in the range of 10−2 − 10−1, where a sharp decrease in the FF , both
in simulated and experimental data, is observed. As t gets larger, a plateau at low FF s is
expected. The simulated pattern clearly matches the experimental data of FF versus t,
verifying that it is the ratio krec

kex
which determines the FF in organic solar cells.

Having separately measured the rates of recombination and extraction, calculating
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the ratio krec
kex

, finding the relation between FF and krec
kex

and comparing it with the simu-
lated data, we proved that FF is governed by the ratio of krec

kex
. This direct proof was not

offered in [28], where sets of parameters were varied to investigate the behaviour of the
devices over a range of θ.

3.4 Conclusion

We have directly measured the rates of recombination and extraction of charges in non-
fullerene acceptor organic solar cells using ITIC, and found a negative correlation be-
tween FF and the ratio of the rates of recombination and extraction in these solar cells
(t). The results provide a clear understanding on how the extraction and recombination
vary with varying active layer thicknesses, light intensities, and interfacial layers. Our
demonstration of the relation between FF and t is supported by drift-diffusion simula-
tions of organic solar cells under various conditions, published earlier. [28] Theproposed
approach underlines the role of extraction and recombination rates in further enhance-
ment of FF , to obtain a better performance in non-fullerene acceptor solar cells.

3.5 Experimental procedures

Device fabrication: The solar cells were fabricated using poly[(2,6-(4,8-bis(5-(2-ethylhex-
yl) thiophen2-yl)benzo[1,2-b:4,5-b′]dithiophene)-co-(1,3-di(5-thiophene-2-yl)-5,7-bis (2-
ethylhexyl)benzo[1,2-c:4,5-c′]dithiophene-4,8-dione)] (PBDBT)andpoly[(4,4′-bis(2-butyl
octoxycarbonyl-[2,2′-bithiophene]-5,5-diyl)-alt-(2,2′-bithiophene-5,5′-diyl)] (PDCBT)as
donor, and3,9-bis(2-methylene-(3-(1,1-dicyanomethylene)-indanone)-5,5,11, 11-tetrakis
(4-hexylphenyl)-dithieno[2,3- d:2′,3′-d′]-s-indaceno[1,2-b:5,6-b′]dithiophe-ne (ITIC) as
acceptor (purchased from Solarmer Energy, Inc). Structured indium tin oxide (ITO) was
used as substrate. All substrates were cleaned with soap water for 5 minutes, followed
by rinsing with de-ionized water, and subsequently a 10 min treatment in an ultrasonic
bath in acetone and isopropyl alcohol, separately. Finally, the substrates were spin dried
and transferred into the oven at 140◦C for 10minutes, followed byUV-OZONE treatment
for 20 minutes. A 50 nm poly(3,4-ethylenedioxythiophene):poly (styrene sulfonate) (PE-
DOT:PSS) layer was then spin cast on the substrate, followed by 10 minutes oven drying
at 140◦C to remove the residual water. To fabricate PBDBT:ITIC solar cells a solution of
blend (1:1 by weight) in chlorobenzene with a concentration of 10 gL−1 was spin-coated
at 1000 rpm or 500 rpm for 50 s, yielding active layers of approximately 130 nm and 260
nm thick, respectively. The active layer was then annealed at 100◦C for 10 min. Finally,
an interfacial layer of either LiF (1 nm), Ca (10 nm), or PFN (5nm)was deposited followed
by Al (100 nm) evaporation through shadowmasks in a vacuum chamber at 10−6 mbar,
defining an active area of 10 mm2. For PDCBT:ITIC solar cell, the blend was spin cast
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from a chloroform solvent with a concentration of 10 gL−1, in N2 atmosphere. The sam-
ple was annealed for 10min at 160◦C. Finally, LiF (1 nm) and Al (100 nm) were thermally
evaporated.
Measurements: Current-voltage characteristics of the solar cells were measured using a
computer-controlled Keithley source meter in N2 atmosphere. For the transient experi-
ments, the samplewas illuminatedwithabiasedwhite light LEDwith rise/fall timeof and
frequency of 100Hz, with apulsewidth of 5ms. The rise/fall timeof LEDwas testedusing
aphotodiodewith< 200ns rise/fall time. Subsequent transient signalswere acquiredus-
ing a digital storage oscilloscope (Agilent DSO-X 3034A) with a 350 MHz bandwidth and
input resistance of 1 MΩ.
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