
 

 

 University of Groningen

Reducing losses in solution processed organic solar cells
Rahimichatri, Azadeh

DOI:
10.33612/diss.170159026

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Rahimichatri, A. (2021). Reducing losses in solution processed organic solar cells. [Thesis fully internal
(DIV), University of Groningen]. University of Groningen. https://doi.org/10.33612/diss.170159026

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.170159026
https://research.rug.nl/en/publications/03d2a108-8581-47c0-8a66-2080b1d31fca
https://doi.org/10.33612/diss.170159026


2

Chapter 2
Impact of electrodes on recombination in

solution processed organic solar cells

Summary

In this chapter, we study the impact of induced charges on the recombination in or-
ganic solar cells (OSCs). To this end, the net recombination lifetime of photogener-
ated charge carriers in the presence of electrodic induced charges (EICs) is measured
by means of conventional and newly developed transient photovoltage techniques.
Moreover, a new approach is introduced to exclusively measure the bulk recombi-
nation lifetime, i.e., in the absence of EICs; this approach is conducted by depositing
transparent insulating layers onboth sides of theOSCactive layer. We reveal that EICs
can only reduce the recombination lifetime of the photogenerated charges in OSCs
with veryweak recombination strength. This work supports that for OSCswith highly
reduced recombination strength, eliminating the recombination of photogenerated
charges and EICs is critical for achieving better performance.
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2.1 Introduction

The best single junction organic photovoltaic devices have reached power conversion
efficiencies of more than 18%, [1] The voltage loss in solar cells is attributed to the re-
combination of photoinduced charges in the absorber bulk, which reaches itsmaximum
at open circuit. [2] Due to the smaller field in the device near open circuit, the extraction
of charges is muchmore difficult than at short circuit. This effect results in much higher
charge carrier densities and a large charge carrier loss due to recombination. Therefore,
reducing recombination losses is of great importance to achievehigher efficiencyorganic
solar cells. [3–5] The two pathways of recombination are the bulk recombination of pho-
togenerated charges and the recombination of photogenerated charges with electrodic
induced charges (EIC recombination). Bulk recombination of photogenerated opposite
charge carriers occurs in thebulk of the active layer. EIC recombinationmay significantly
impact device performance and reduce the net recombination lifetime. To approach this
problem, it is necessary to separate andmeasure the two pathways of recombination. As
mentioned in Chapter 1, the bimolecular recombination rate (R) in organic solar cells
can be described by the equation [3]

R = γ(np− n2
i ), (2.1)

with the charge carrier densities for the electrons n and holes p, the intrinsic charge car-
rier density ni, and the bimolecular recombination coefficient γ, which is given by the
modified Langevin equation [6]

γ = γpre
q

ε
(µn + µp), (2.2)

where γpre is the Langevin prefactor, q is the elementary charge, ε is the dielectric con-
stant, and µn and µp are the mobility of electrons and holes, respectively.

Several methods have been used to determine the charge carrier mean lifetime and
the recombination rate coefficient γ in solar cells by means of time-resolved techniques
such as transient photovoltage (TPV), [7–10] transient photocurrent (TPC), [8] charge
extraction (CE), [7–9] impedance spectroscopy (IS) [10] and time delayed collection field
(TDCF)methods. [11–13] An analyticalmodel to analyze recombination losses as a func-
tion of light intensity has also been introduced. [14] Furthermore, the role of recombina-
tion at the interfaces and contacts has beenwidely studied either theoretically or experi-
mentally byusingdifferent electrode structures, etc. [7, 12, 15–21]Manybulkheterojunc-
tion solar cells have improved from theuse of hole/electronblocking layers. Awide range
of explanations on their effect have been proposed, including preventing recombination
of minority carriers at the interface between active layer and electrode, enhancement
in charge carrier mobility, increasing the built-in voltage and therefore a better charge
collection efficiency, greater stability, enhanced blocking phenomena due to formation
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of surface dipoles at anode (cathode) interfacial layer and acceptor (donor), etc. [22–27]
On the other hand, it has been reported that the presence of charge-injecting contacts
reduces the forward photocurrent due to the EIC recombinaton. [19, 28] However, a con-
clusive study on the role of blocking layers in reducing EIC recombination is lacking in
the literature.

To this end, we need to separate the contributions due to bulk and EIC recombina-
tion. To the best of our knowledge, no straightforward experimental way has been uti-
lized to differentiate between the bulk recombination lifetime and net recombination
lifetime (bulk plus EIC recombination). Therefore, the measured bimolecular recombi-
nation lifetimes include both bulk and EIC recombination, making it impossible to ex-
clusively measure the bulk recombination lifetime of the photogenerated charges.

Our approach can be illustrated by considering that the free charge carrier densities
(n, p) can be written as a sum of the density of photogenerated charges plus the density
of dark-injected charges:

n = nph + nd (2.3)

for electrons, and,

p = pph + pd (2.4)

forholeswith thephotogeneratedelectronsnph, photogeneratedholespph, dark-injected
electrons nd, and dark-injected holes pd. Therefore, using eqution 2.1, the contribution
of electrodes to the measured recombination rate is as follows:

R = γ(nphpph + (nphpd + pphnd + ndpd − n2
i )). (2.5)

It has been shown that, in the theoretical determination of the bimolecular recombi-
nation coefficient, the omission of such injected charges could result in overestimation
of γ. [15]

In the work done in this chapter, we physically isolate the active layer from the elec-
trodes by depositing an Al2O3 transparent insulating layer on both sides. Therefore, nd
and pd are not present in the active layer and make no contribution to the measured re-
combination lifetime. Bulk recombination lifetime ismeasured from the exponential de-
cay of the displacement current density after discharging the photocapacitor by a small
reduction in light intensity. The value ofγ is thenmeasuredusing awell-defined formula,
the derivation of which will be explained in section 2.2.1. We determined a good match
between the measured values of γpre for blends of P3HT:[60]PCBM, PDPP5T:[60]PCBM,
and PTB7:[70]PCBMwith the previously reported values of γpre for these materials. [29]

We further employed conventional and a newly developed transient photovoltage
techniques, tomeasure thenet recombination lifetimeof thephotogenerated charge car-
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riers in the presence of injected charges. A detailed explanation of the basic principles
and working mechanisms of our method will be given in section 2.2.1.

EIC recombination results in a shorter net recombination lifetime than a bulk recom-
bination lifetime. Our simulation studies show that EICs reduce the recombination life-
time in solar cells with a γpre of less than 10−3. A shorter net recombination lifetime in
an active layer with a highly reduced γpre might be related to the accumulation of photo-
generatedminority charges near the electrodes, which potentiates the injection of more
opposite charges under illumination, leading to increased recombination near the elec-
trodes. Finally, we conclude that the positive role of blocking layers in reducing EIC re-
combination is limited to the systems with extremely low γpre.

2.2 Theoretical background

2.2.1 Measurement of the bulk recombination lifetime and recombi-
nation coefficient

To measure bulk recombination lifetime of photogenerated charges, a new contactless
technique was developed in which the active layer is sandwiched between two insulat-
ing layers. As shown in Figure 2.1, the blocked devices weremade with device configura-
tion of ITO/Al2O3 (40 nm)/active layer/Al2O3 (40 nm)/Al (100 nm). In the TRDC experi-
ment (transport and recombination via the displacement current), we aimed tomeasure
the recombination lifetime via a small perturbation in the intensity of incident light. We
started by placing the photocapacitor under steady-state illumination. At time zero, the
light intensitywas slightly reducedusing awave formof a step function, and the resulting
displacement current wasmeasured. As the light intensity was abruptly reduced, the ex-
cess charge carriers recombine until a steady-state is reached at this lower light intensity
(Figure 2.1). This recombinationmeans that the polarization of the capacitor is reduced,
and hence a displacement current flows.

A simple analytical expression for the displacement current can be obtained as fol-
lows. Figure 2.2 illustrates the TRDC setup and steps involved during the experiment. At
time zero, we have a steady-state situation with the generation rate G + ∆G. As this is
steady-state, generation and recombination cancel, and we have R + ∆R = G + ∆G,
where∆R is the recombination of excess carriers. As the light intensity is reduced to G
and after sufficient time, we again have G = R = γnp, where γ is the bimolecular re-
combination rate constant, and n and p are the electron and hole densities, respectively,
of photogenerated charges at steady-state. At time zero, the densities of electrons and
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Figure 2.1: Schematic illustration of the displacement current after reducing the light intensity. (a)
Vapp larger than Vbi results in a negative displacement current, and (b) Vapp smaller than Vbi results
in a positive displacement current.

Figure 2.2: (a) Schematic illustration of the TRDC setup, (b) operating process of the technique. At
time zero, the light intensity is slightly reduced, and the resulting displacement current is mea-
sured. As the light intensity is abruptly reduced, the excess charge carriers recombine until a
steady-state is reached at this lower light intensity.

holes are slightly larger (due to more light) and we have

R+∆R = γ(n+∆n)(p+∆p) (2.6)
≈ γ(np+ p∆n+ n∆p). (2.7)

As the second order term (∆n∆p) is smaller than the other terms, it can be neglected
in the expression of Equation 2.6. Thus, using Equation 2.6, we canwrite the decay of the
charge carrier densities as

d(n+∆n)

dt
=

d∆n

dt
= G− (R+∆R) = G− γ(np+ p∆n+ n∆p). (2.8)

In addition, as the electrons and holes are generated (and recombine) as a pair, the
electron and hole concentrations are equal, such as n = p and ∆n = ∆p. During the
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Figure 2.3:Numerical drift-diffusion simulation graph of the displacement current density versus
time at various applied voltages, showing an exponential decrease after the rise at early times by
the reduction of light intenstiy.

experiment, n and p are constant due to the illumination G. By writing G = R, the
electron and hole densities can be written as n = p =

√
G
γ . Therefore, Equation 2.8

becomes

d∆n

dt
= −τ−1

TRDC∆n, (2.9)

where the lifetime can be expressed as a function ofG and γ as follows:

τ−1
TRDC = 2

√
Gγ. (2.10)

As a result, the current can be written in the same way, as it is proportional to the
decay of the charge carriers:

J ∝ exp(−2
√

Gγt). (2.11)

Therefore, we can fit a simplemono-exponential function to the decay of the current
to measure the recombination rate coefficient γ. Note that the lifetime in Equation 2.9
doesnotdependon theappliedvoltage. A simulatedplot of displacement currentdensity
under varying applied voltages is shown in Figure 2.3.

Figure 2.1 shows the reason that the sign of displacement current density switches
at different voltages. The built-in voltage (Vbi) pushes photogenerated electrons to the
cathode side and holes to the anode side. When the applied voltage (Vapp) is larger than
(Vbi) in the device, the excess photogenerated electrons (holes) are pushed toward the
interface between the active layer and the Al2O3 blocking layer at the anode (cathode)
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side. Therefore, the displacement current density is negative (Figure 2.1.a). In contrast,
when Vapp is smaller than Vbi, the displacement current density switches to positive, as
the charges recombine in the opposite direction by applying the perturbation of light in-
tensity (Figure 2.1.b). The larger thedifference is betweenVapp andVbi, themore charging
of the capacitor, which causes a larger displacement current flow. At voltages very close
to Vbi, the fields more strongly compensate each other, and therefore a very low ampli-
tude displacement current density is observed. The recombination lifetime (τTRDC) is
measured by fitting the mono-exponential decay of the displacement current density at
a range of applied voltages of around Vbi (-2 V to 2 V). The use of Equation 2.10 allows the
recombination coefficient γ to be calculated.

2.2.2 Transient photovoltage measurements

To investigate the effect of induced charges on the recombination lifetime in studied so-
lar cells, two different techniques were used. The transient photovoltage decay lifetime
of the solar cells (TPV) was measured under a small perturbation of LED illumination
intensity. The high input impedance of the oscilloscope (1 MΩ) was used to provide an
open circuit condition under LED illumination. Note that there is a possibility that the
standard 1 MΩ input impedance of the oscilloscope is not large enough to provide an
open circuit, which causes a current flow in the circuit andmight have an impact on the
measurements. In the modified version of TPV (TPV2), first, the charge decay was mea-
sured by monitoring the displacement current density transients over a capacitor (C)
placed in series with the solar cell under a constant applied bias (V ) and a pulsed light
LED. The illumination condition is the same as in the TPV and TRDCmethods. Then, the
capacitor was varied. In the limit ofC → 0, the displacement current over the capacitor
is zero, which assures a perfect open circuit in which the net recombination lifetime of
the solar cells can be determined.

Schematic representations of TPV and TPV2 setup are shown in Figure 2.4. Next,
we define the requirements of TPV2 by providing a detailed explanation of the working
mechanism of the method. At time 0, when the device is under steady state condition,
the light intensity is reduced. Therefore, the application of a small perturbation of LED
light intensity causes a decrease in VOC. The potential across the series capacitor (VC )
equals

VC = V − VSC = V − VOC, (2.12)

where VSC is the potential across the solar cell. The applied voltage on the whole device
(V ) is kept constant. Therefore, the potential drop across the series capacitor (∆VC) al-
ways equals∆VOC:

∆VC = ∆V −∆VOC = −∆VOC. (2.13)
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Figure 2.4: Schematics of (a) TPV, and (b) TPV2 setup. In TPV2, a capacitor (C) is placed in series
with the solar cell under a constant applied bias (V) and a pulsed light LED.

Since the series capacitance stays constant, the potential drop due to the reduced
light intensity causes charging of the capacitor, which linearly increases with∆VOC:

∆QC = C∆VC = −C∆VOC. (2.14)

Based on Equation 2.14, the slope of ∆QC versus C equals ∆VOC (see Figure 2.10),
which is in goodagreementwith thedirectmeasurement ofVOC of the solar cells at higher
and lower intensities (see Table 2.2). Corresponding J − V curves are also shown in the
supporting information (see Figure 2.11).

2.2.3 Light intensity dependent measurements

Measuring the light intensity dependent bulk-only (using TRDC) and net recombination
lifetimes (using TPV, and TPV2) enables a better understanding of the influence of re-
combination with injected charges on the recombination lifetime. VOC is related to light
intensity by the following equation: [25, 26]

VOC =
nkT

q
ln(

JSC
JS

+ 1) (2.15)

where JS is the dark saturation current density, JSC is the light generated current density,
n is the ideality factor and k is the Boltzmann’s constant. For the condition in which
the light intensity decreases from high to low, we can calculate∆VOC using the following
equation:

∆VOC =
nkT

q
ln(

G+∆G

G
) (2.16)

where G + ∆G and G correspond to generation rates at higher and lower illumination
intensities, respectively. Therefore, using Equation 2.14, we have
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Figure 2.5: Comparison between TRDC lifetimes, acquired for (a) blocked P3HT:[60]PCBM, and
(b) blocked PDPP5T:[60]PCBM devices under ∼ 0.5 sun LED light intensity. The mean lifetime
is derived from the mean value of the time constants from fitted exponential decays of the dis-
placement current densities versus time at various voltages. As an example, TRDC lifetime data for
P3HT:[60]PCBM are shown in Figure 2.15.

∆QC = −C
nkT

q
ln(

G+∆G

G
). (2.17)

According to Equation 2.17, varying G while keeping the ratio (G+∆G)
G constant al-

lows∆QC to remain constant. This means that by integrating the displacement current
over the light perturbation time (5ms), the same number of photogenerated charge car-
riers recombine (see Figure 2.12). Here, G was varied by using optical filters. G is cal-
culated by G = JSC

q.d , where JSC is the short circuit current density of the solar cell un-
der steady-state LED illumination at a lower intensity, and d is the thickness of the ac-
tive layer. ReducingG causes an increased bulk recombination lifetime of excess photo-
generated charges measured by TRDC, whereas the rate of recombination with injected
charges does not depend on the light intensity.

2.3 Results and discussion

2.3.1 Bulk recombination lifetimeand the recombinationcoefficient

Figure 2.5 shows TRDCdata on blocked P3HT:[60]PCBMand PDPP5T:[60]PCBMdevices
under a light intensity of ∼ 0.5 sun. LED light intenstiy was estimated by the ratio of
the value of JSC of the device under LED illumination to the value of JSC at 1 sun. Com-
plementary TRDC data as a function of LED light intensity together with all TRDC data
for P3HT:[60]PCBM (260 nm) are provided in Figures 2.13 and 2.14. The applied volt-
age on the device varied between -2 V and 2 V, with steps of 0.2 V. For each light inten-
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Table 2.1: TRDC parameters under various generation rates G, measured for blocked devices of
P3HT:[60]PCBM and PDPP5T:[60]PCBM.

Material d [nm] G [m−3s−1] τTRDC [µs] γ [m3s−1] γpre

1.50× 1027 10± 2.3 1.6× 10−18 1.21× 10−3

P3HT:[60]PCBM 130 6.00× 1026 18± 3.8 1.4× 10−18 1.06× 10−3

1.50× 1026 38± 8.9 1.2× 10−18 9.00× 10−4

1.07× 1027 15± 3.4 1.1× 10−18 8.30× 10−4

P3HT:[60]PCBM 260 4.30× 1026 25± 5.5 9.7× 10−19 7.30× 10−4

1.10× 1026 102± 26 2.3× 10−19 1.70× 10−4

3.38× 1027 1± 0.2 2.3× 10−16 6.31× 10−2

PDPP5T:[60]PCBM 150 1.35× 1027 2± 0.4 1.8× 10−16 5.06× 10−2

3.30× 1026 7± 2.0 6.7× 10−17 1.85× 10−2

sity, the TRDCmean lifetime is derived by averaging themeasured lifetimes frommono-
exponential decay fits of the displacement current densities versus time within the volt-
age range of |Vapp| >1 V, which are due to obtaining small amplitude signals close to zero
for the conditions where the field in the device is almost compensated by the built-in
field (see Figure 2.3). At very low light intensities of approximately 0.05 sun, the average
τTRDC values have larger standard errors, as shown inTable 2.1, whichmight be the reason
for variations among the values of γpre of a single device under different light intensities.

Table 2.1 shows the TRDC parameters of blocked devices under the various gener-
ation rates G. According to Equation 2.10, the lifetime is inversely proportional to the
square root of the generation rate, while the recombination coefficient γ is constant.
Confirming our theory, the lifetime increases with decreasing intensity. Having the ex-
perimental τTRDC values, we derive the values of γ by using Equation 2.10, which are in
good agreement with the values of γ for these materials reported in the literature. [29]
Taking the charge carrier mobilities of the studied systems from the literature, [29] we
calculate the Langevin recombination prefactors (γpre). At very low light intensities of
approximately 0.05 sun, the average τTRDC values have larger standard errors, as shown
inTable 2.1, whichmight be the reason for variations among the values of (γpre) of a single
device under different light intensities.
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Figure 2.6: TPV transients as a function of light intensity for (a) P3HT:[60]PCBM (130 nm), and
(b) PDPP5T:[60]PCBM (150 nm) solar cells. The lifetime ismeasured by fitting the exponential VOC
decay after applying a small perturbation of light by reducing the LED light intensity.

2.3.2 Transient photovoltage measurements

To determine the impact of EIC recombination on the net recombination lifetime in or-
ganic solar cells, two methods of TPV and TPV2 were used, as described in 2.2.2. Fig-
ure 2.6 and Figure 2.7 show the recombination lifetimes of the studied solar cells un-
der different light intensities using these techniques. The TPV transients (Figure 2.6)
show an exponential VOC decay under an LED light perturbation. For each device,∆VOC
was kept constant while the amplitude of small perturbation was reduced using opti-
cal filters. TPV exhibits a∆VOC decay of ∼ 0.02 V for P3HT:[60]PCBM, and ∼0.005 V for
PDPP5T:[60]PCBM. These values are consistent with the values of∆VOC measured with
the J − V responses of the devices under steady-state conditions at higher and lower
light intensities separately (see Table 2.2). The difference among the values of∆VOC for
differentmaterials is due to different ideality factors, which is confirmedwith the smaller
slope ofVOC versus light intensity for PDPP5T:[60]PCBMcomparedwith P3HT:[60]PCBM
(Figure 2.16). At lower light intensities, the lifetime increases due to the photogeneration
of less excess charge in the active layer. PDPP5T:[60]PCBMexhibits a smaller recombina-
tion lifetime than P3HT:[60]PCBMunder the applied light intensities. Comparing Figure
2.6 andFigure 2.7, as expected, the recombination lifetimesmeasuredwith bothTPV and
TPV2 show almost the same values.

2.3.3 Discussion

In Figure 2.8, themeasuredmean recombination lifetimes using all the describedmeth-
ods under different light intensities are compared. For P3HT:[60]PCBM, the values of
τTRDC are slightly larger than τTPV and τTPV2. However, the ratio τTRDC

τTPV
is not considerably

higher than the one specifically at the highest light intensity. The PDPP5T:[60]PCBM
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Figure 2.7: Recombination lifetimes using TPV2measured at aC = 0 condition (τTPV2) under light
intensities of 0.05 sun (black symbols), 0.2 sun (blue symbols) and 0.5 sun (red symbols) for (a)
P3HT:[60]PCBM (130 nm) and (b) PDPP5T:[60]PCBM devices.

Figure 2.8: Comparison of the measured recombination lifetimes using different methods versus
the LED light intensity for (a) P3HT:[60]PCBM and (b) PDPP5T:[60]PCBM devices.

device shows equal lifetimes with the ratio τTRDC
τTPV

of one. The light intensity dependent
measurements of the P3HT:[60]PCBM device reveal that at the lowest light intensity (∼
0.05 sun) the difference between the bulk recombination lifetime (τTRDC) and the net re-
combination lifetime (τTPV, τTPV2) is more pronounced, since EIC recombination stays
constant with light intensity, whereas the bulk recombination lifetime increases with de-
creasing intensity. The corresponding data of the PTB7:[70]PCBM devices are shown
in Figure 2.17 and exhibit very similar recombination lifetimes with or without the in-
clusion of induced charges. Considering our measured γ and the literature values of
µn+µp for PTB7:[70]PCBMandPDPP5T:[60]PCBM, [27]we estimate γpre values of 1.04×
10−2 and 6.3 × 10−2, respectively, which are one order of magnitude larger than γpre of
P3HT:[60]PCBM (see Table 2.3).

In Figure 2.9, the ratio τTRDC
τTPV

is plotted versus γpre for the devices tested in this study
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Figure 2.9: Ratio of bulk recombination to net recombination lifetimes versus γpre under∼0.5 sun
light intensity. Experimental points are compared with the simulations.

and are compared with the simulated data for a wide range of γpre. The devices tested in
our study have a γpre between 10−3 and 10−1, which is close to that ofmost of the state of
the art of solar cells. Our results show that inmost of the current solar cells, the influence
of EICs is negligible. However, according to the simulation, the EICs begin to play a role
if bulk recombination is further suppressed.

In solar cellswithhighly reducedbulk recombination strength, the shorternet recom-
bination lifetime comparedwith the bulk recombination lifetimemight be due to the ac-
cumulation of photogenerated minority charges near the electrodes (electrons near the
anode or holes near the cathode), which enhances the injection of additional opposite
charges (holes from the anode or electrons from the cathode) under illumination, lead-
ing to increased recombination near the electrodes.[22]

Therefore, for most of the current state of the art organic solar cells, EICs do not con-
siderably reduce device performance. However, note that producing organic solar cells
with potentially lower γpre values than 10−3, could result in EICs facilitating an increase
in net recombination. Therefore, the use of proper blocking layers becomes very crucial
to further improve device performance.

2.4 Conclusions

In this chapter, a new technique was introduced to discriminate the bulk recombination
of charges fromEIC recombination by isolating the active layer from the electrodes using
insulating layers of Al2O3 on both sides of the active layer. Transient TRDC decays were
used to measure the bulk recombination lifetime of the photogenerated charge carriers.
The net recombination lifetimes in the presence of electrodes were also measured using
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TPV and newly developed TPV (TPV2) methods and compared with TRDC lifetimes for
decent polymer:fullerene solar cells. We found that in current state of the art organic so-
lar cells, recombination with induced charges is not significant, as bulk-only and net re-
combination lifetimes show the same values. Finally, comparing our experimental data
with simulations, the results show that EIC recombination reduces the recombination
lifetime for a system with a γpre lower than 10−3. Therefore, in solar cells with highly
reduced recombination strength, the use of proper blocking layers could suppress the
recombination of photogenerated charges with EICs. The tool introduced in this chap-
ter can be used to study the contribution of recombination with induced charges near
the electrodes in the net recombination lifetime of organic solar cells with very weak bi-
molecular recombination strength.

2.5 Experimental procedures

Device preparation: In this work, two different device structures were fabricated: a BHJ
solar cell andablockeddevice. The solar cellswere fabricatedusingpoly(3-hexylthiophen-
2,5-diyl) (P3HT, RiekeMetals Inc.) andPDPP5Tas the donor, andPCBM(purchased from
Solenne) as the acceptor. Structured indium tin oxide (ITO) was used as the substrate.
All substrates were cleaned with soap and water for 5 min followed by rinsing with di-
ionized water and, subsequently, a 10-min treatment in an ultrasonic bath of acetone
and isopropyl alcohol, separately. Finally, the substrates were spin dried and transferred
into an oven at 140 °C for 10min, followedby aUV-OZONE treatment for 20min. A 50 nm
poly(3,4-ethylenedioxythiophene): poly (styrene sulfonate) (PEDOT:PSS) was then spin
cast on the substrate, followed by 10 min oven drying at 140 °C to remove the residual
water.

To fabricate the P3HT:[60]PCBM solar cells (130 nm, 260 nm active layer), a solution
of a P3HT:[60]PCBM blend (1:1 by weight) in chloroform with a concentration of either
10 gL−1 or 25 gL−1 was spin-coated at 300 rpmor 1000 rpm for 50 s, yielding active layers
of approximately 260 nm and 130 nm thick. The active layer was then annealed at 140 °C
for 5min. Finally, LiF (1 nm) andAl (100 nm)were thermally evaporated through shadow
masks in a vacuum chamber at 10−6 mbar, defining an active area of 10 mm2.

For the PDPP5T:[60]PCBM solar cells, the blend was spin cast from a chloroform/
ortho-dichlorobenzene (5 vol%) solution in N2 atmosphere. After drying of the poly-
mer:fullerene film at room temperature, a cathode of LiF (1 nm) and Al (100 nm) was
thermally evaporated.

PTB7:[70]PCBM solar cells were fabricated by spin casting a solution of PTB7:[70]
PCBM(1:1.5byweight) in1,2-dichlorobenzene fromPTB7 (16gL−1) andPCBM(24gL−1).
The solution was spin-coated at 600 rpm for 120 s, yielding an active layer of approxi-
mately 85 nm. Finally, a cathode of LiF (1 nm) andAl (100 nm)was thermally evaporated.
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The blocked deviceswere prepared by electron beamevaporation of aluminumoxide
(Al2O3)(40 nm) on the cleaned ITO substrate. The evaporation rate was set to 0.5 Ås−1.
During the transfer to the electron beam evaporation system, the devices were exposed
to air (approximately 10min). Thereafter, the active layer was spin-coated asmentioned
above, followed by the evaporation of the top blocking layer of Al2O3 (40 nm) by electron
beam evaporation. Finally, aluminum (100 nm) was deposited as the top contact.

Measurements: Current-voltage characteristics of the solar cells were measured us-
ing a computer-controlled Keithley source meter in a N2 atmosphere. For the transient
experiments, the sample was illuminated with a biased white light LED with a rise/fall
time of <200 ns and a frequency of 100 Hz with a pulse width of 5 ms. The rise/fall time
of the LED was tested using a photodiode with a <2 ns rise/ fall time. Subsequent tran-
sient signals were acquired using a digital storage oscilloscope (Agilent DSO-X 3034A)
with a 350MHz bandwidth and an input resistance of 1MΩ. In the TRDC experiments, a
homemade circuit containing operational amplifiers and voltage switcheswas used. The
transients were recorded by varying either the applied voltage or LED light intensity.

Simulations: TRDC and TPV simulations were obtained using a home-written tran-
sient drift-diffusion program that has already shown its ability to reproduce accurately
the transient behavior of blended organic materials. [30] In this model, the blend is con-
sidered tobe aneffectivemediumwhere thehighest occupiedmolecular orbital (HOMO)
of the effective semiconductor is taken as the HOMO value of the donor, and the low-
est unoccupied molecular orbital (LUMO) of the effective semiconductor is taken as the
LUMO value of the acceptor. The model describes the flow of the charge carrier con-
sidering the gradient of charge carrier concentration, diffusion, and the electrical field,
drift, as driving force (for more details see ref [2, 31]). The model also takes into account
charge carrier recombination using a reduced Langevin law, as it has been shown to be
the dominant recombination process in state of the art organic solar cells. [6, 14, 32, 33]
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Appendix

2.A Supplementary data

Figure 2.10: ∆QC versus C for (a) P3HT:PCBM, and (b) PDPP5T:PCBM solar cells under a small
perturbation using a capacitor in series with the solar cell at I=0.5 sun. The slope S of∆QC versus
C equals∆VOC.

Figure2.11: Current-voltage curves of the solar cells under (a) steady-statewhite light illumination
of LED with≈ 0.5 sun illumination intensity, and (b) dark conditions.
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Table 2.2: Current-voltage parameters of the devices in this study under steady-state LED illumi-
nation at a lower intensity. ∆VOC is the decay of the open circuit voltage from a higher to a lower
intensity. Themaximum error value of eachmeasured voltage is 4mV. The generation rate under a
lower light intensity (G) is calculated byG=JSC

q.d
, where JSC is the short circuit current density of the

solar cell under steady-state LED illumination at a lower intensity (ILED,lower), and d is the thickness
of the active layer.

Active layer d ILED,lower G VOC ∆VOC JSC FF Efficiency
[nm] [sun] [m−3s−1] [V] [V] [Am−1] [%] [%]

P3HT:[60]PCBM 130 0.5 1.50× 1027 0.543 0.025 30.4 0.67 1.11
P3HT:[60]PCBM 260 0.48 1.07× 1027 0.566 0.022 44.6 0.65 1.67
PDPP5T:[60]PCBM 150 0.53 3.4× 1027 0.545 0.003 81.3 0.59 2.59

Figure 2.12: ∆QC obtained by the integration of the transient displacement current at different
generation rates. ∆QC is unvaried at different generation rates (G), while the ratio G+∆G

G
is kept

constant. C=2.2 nF was placed in series with the solar cell.

Table 2.3: Values of the charge carrier mobilities, recombination rate coefficient (γ), and γpre
for the studied active layers. P3HT:[60]PCBM has one order of magnitude smaller γpre than both
PDPP5T:[60]PCBM and PTB7:[70]PCBM.

Active layer µn µp µn + µp γ γpre
[m2Vs−1] [m2Vs−1] [m2Vs−1] [m3s−1]

P3HT:[60]PCBM 1.8× 10−7 4× 10−8 1.84× 10−7 1.6× 10−18 1.21× 10−3

PDPP5T:[60]PCBM 3.1× 10−7 2.9× 10−7 6× 10−7 2× 10−16 6.3× 10−2

PTB7:[70] PCBM 3.50× 10−8 3× 10−8 6.5× 10−8 4× 10−18 1.04× 10−2
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Figure 2.13: TRDC plots acquired for (a) and (b) blocked PDPP5T:[60]PCBM (150 nm), and (c)
and (d) blocked P3HT:[60]PCBM (130 nm) under illumination intensities of 0.2 sun and 0.05 sun,
respectively. Themean lifetime is derived from themean value of the time constants from thefitted
exponential decays of the displacement current densities versus time at various voltages.
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Figure 2.14: TRDC plots of blocked P3HT:[60]PCBM (260 nm) under LED illumination intensities
of (a) 0.05 sun, (b) 0.2 sun and (c) 0.5 sun. The mean lifetime is derived from the mean value of
the time constants from the fitted exponential decays of the displacement current densities versus
time at various voltages.
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Figure 2.15: TRDC lifetime data of blocked devices P3HT:[60]PCBM (130 nm) under light inten-
sities of (a) 0.5 Sun, (b) 0.2 Sun, and (c) 0.05 Sun. The intercept of the fitted lines (red lines) are
the mean lifetime values. The lifetime values correspond to the mean lifetimes obtained from the
applied voltages of |Vapp|>1 V.

Figure 2.16: The VOC of the studied solar cells as a function of light intensity. The ideality factor n
is determined from the slope of VOC versus ln I . n is 1.4 for P3HT:[60]PCBM devices, while that of
PDPP5T:[60]PCBM device is 0.95.
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Figure 2.17: TRDC plots of blocked PTB7:[70]PCBM under the LED illumination intensity of 0.65
sun. The mean lifetime is derived from the mean value of the time constants from fitted expo-
nential decays of the displacement current densities versus time at various voltages (red lines). (b)
TRDC lifetime data for PTB7:[70]PCBM. The intercept of the fitted line (red line) is the mean life-
time value. (c) TPV transients as a function of light intensity for the PTB7:[70]PCBM device. The
lifetime ismeasured by fitting the exponential VOC decay after applying a small perturbation by re-
ducing LED light intensity. (d) The lifetime measured with TPV2 for the PTB7:[70]PCBM solar cell
placed in series with various capacitors.

151421-Rahimichatri_BNW.indd   47151421-Rahimichatri_BNW.indd   47 04-05-2021   12:0404-05-2021   12:04



2

42 2. Impact of electrodes on recombination in solution processed organic solar cells

Bibliography
[1] Q. Liu, Y. Jiang, K. Jin, J. Qin, J. Xu, W. Li, J. Xiong, J. Liu, Z. Xiao, K. Sun, S. Yang, X. Zhang, and L. Ding,

“18cells,” Science Bulletin , pp. 272–275, 2020.

[2] L. J. A. Koster, E. C. P. Smits, V. D. Mihailetchi, and P. W. M. Blom, “Device model for the operation of
polymer/fullerene bulk heterojunction solar cells,” Physical Review B 72(8), p. 085205, 2005.

[3] C. M. Proctor, M. Kuik, and T.-Q. Nguyen, “Charge carrier recombination in organic solar cells,” Progress
in Polymer Science 38(12), pp. 1941–1960, 2013.

[4] T. Kirchartz, K. Taretto, andU. Rau, “Efficiency limits of organic bulk heterojunction solar cells,” The Jour-
nal of Physical Chemistry C 113(41), pp. 17958–17966, 2009.

[5] P. W. M. Blom, V. D. Mihailetchi, L. J. A. Koster, and D. E. Markov, “Device physics of polymer: fullerene
bulk heterojunction solar cells,” Advanced Materials 19(12), pp. 1551–1566, 2007.

[6] P. Langevin, “Recombinaison et mobilites des ions dans les gaz,” Ann. Chim. Phys 28(433), p. 122, 1903.

[7] H. Ju, K. M. Knesting, W. Zhang, X. Pan, C. Wang, Y. Yang, D. S. Ginger, and J. Zhu, “Interplay between in-
terfacial structures and device performance in organic solar cells: a case studywith the lowwork function
metal, calcium,” ACS applied materials & interfaces 8(3), pp. 2125–2131, 2016.

[8] A.Maurano, C.G. Shuttle, R.Hamilton, A.M.Ballantyne, J.Nelson,W. Zhang,M.Heeney, and J. R.Durrant,
“Transient optoelectronic analysis of charge carrier losses in a selenophene/fullerene blend solar cell,”
The Journal of Physical Chemistry C 115(13), pp. 5947–5957, 2011.

[9] A. Foertig, A. Wagenpfahl, T. Gerbich, D. Cheyns, V. Dyakonov, and C. Deibel, “Nongeminate recombina-
tion in planar and bulk heterojunction organic solar cells,” Advanced Energy Materials 2(12), pp. 1483–
1489, 2012.

[10] P. P. Boix, J. Ajuria, R. Pacios, and G. Garcia-Belmonte, “Carrier recombination losses in inverted poly-
mer: Fullerene solar cells with zno hole-blocking layer from transient photovoltage and impedance spec-
troscopy techniques,” Journal of Applied Physics 109(7), p. 074514, 2011.

[11] A. Sánchez-Díaz, L. Burtone,M. Riede, and E. Palomares, “Measurements of efficiency losses in blend and
bilayer-type zincphthalocyanine/c60high-vacuum-processedorganic solar cells,”The Journal of Physical
Chemistry C 116(31), pp. 16384–16390, 2012.

[12] J. W. Ryan and E. Palomares, “Photo-induced charge carrier recombination kinetics in small molecule or-
ganic solar cells and the influence of filmnanomorphology,”Advanced EnergyMaterials 7(10), p. 1601509,
2017.

[13] C. G. Shuttle, B. O’Regan, A. M. Ballantyne, J. Nelson, D. D. Bradley, and J. R. Durrant, “Bimolecular re-
combination losses in polythiophene: Fullerene solar cells,” Physical Review B 78(11), p. 113201, 2008.

[14] J. Kniepert,M. Schubert, J. C.Blakesley, andD.Neher, “Photogenerationand recombination inp3ht/pcbm
solar cells probed by time-delayed collection field experiments,” The Journal of Physical Chemistry Let-
ters 2(7), pp. 700–705, 2011.

[15] J. Kniepert, I. Lange, N. J. Van Der Kaap, L. J. A. Koster, and D. Neher, “A conclusive view on charge gen-
eration, recombination, and extraction in as-prepared and annealed P3HT:PCBM blends: combined ex-
perimental and simulation work,” Advanced Energy Materials 4(7), p. 1301401, 2014.

151421-Rahimichatri_BNW.indd   48151421-Rahimichatri_BNW.indd   48 04-05-2021   12:0404-05-2021   12:04



2

Bibliography 43

[16] A. Paulke, S. D. Stranks, J. Kniepert, J. Kurpiers, C.M.Wolff, N. Schön, H. J. Snaith, T. J. Brenner, andD. Ne-
her, “Charge carrier recombination dynamics in perovskite and polymer solar cells,” Applied Physics Let-
ters 108(11), p. 113505, 2016.

[17] L. J. A. Koster, M. Kemerink, M. M. Wienk, K. Maturová, and R. A. J. Janssen, “Quantifying bimolecular
recombination losses in organic bulk heterojunction solar cells,” Advanced Materials 23(14), pp. 1670–
1674, 2011.

[18] S. Wheeler, F. Deledalle, N. Tokmoldin, T. Kirchartz, J. Nelson, and J. R. Durrant, “Influence of surface
recombination on charge-carrier kinetics in organic bulk heterojunction solar cells with nickel oxide in-
terlayers,” Physical review applied 4(2), p. 024020, 2015.

[19] O. J. Sandberg, A. Sundqvist, M. Nyman, and R. Österbacka, “Relating charge transport, contact proper-
ties, and recombination to open-circuit voltage in sandwich-type thin-film solar cells,” Physical Review
Applied 5(4), p. 044005, 2016.

[20] I. Zonno, B. Krogmeier, V. Katte, D. Lübke, A. Martinez-Otero, and T. Kirchartz, “Discriminating between
surface and bulk recombination in organic solar cells by studying the thickness dependence of the open-
circuit voltage,” Applied Physics Letters 109(18), p. 183301, 2016.

[21] A. Wagenpfahl, C. Deibel, and V. Dyakonov, “Organic solar cell efficiencies under the aspect of reduced
surface recombination velocities,” IEEE Journal of Selected Topics inQuantumElectronics 16(6), pp. 1759–
1763, 2010.

[22] D. J. Wehenkel, L. J. A. Koster, M. M. Wienk, and R. A. J. Janssen, “Influence of injected charge carriers on
photocurrents in polymer solar cells,” Physical Review B 85(12), p. 125203, 2012.

[23] S. R. Cowan, J. V. Li, D. C.Olson, andE. L. Ratcliff, “Contact-inducedmechanisms in organic photovoltaics:
A steady-state and transient study,” Advanced Energy Materials 5(1), p. 1400549, 2015.

[24] J. Reinhardt, M. Grein, C. Bühler, M. Schubert, and U. Würfel, “Identifying the impact of surface recom-
bination at electrodes in organic solar cells by means of electroluminescence and modeling,” Advanced
Energy Materials 4(11), p. 1400081, 2014.

[25] Y. Yoon, H. J. Kim, C. Cho, S. Kim, H. J. Son, M. Ko, H. Kim, D. Lee, J. Y. Kim, W. Lee, et al., “Carrier lifetime
extension via the incorporation of robust hole/electron blocking layers in bulk heterojunction polymer
solar cells,” ACS applied materials & interfaces 6(1), pp. 333–339, 2013.

[26] X. Zhang, W. Li, J. Yao, and C. Zhan, “High-efficiency nonfullerene polymer solar cell enabling by integra-
tion of film-morphology optimization, donor selection, and interfacial engineering,” ACS applied mate-
rials & interfaces 8(24), pp. 15415–15421, 2016.

[27] A. Singh, A. Dey, D. Das, and P. K. Iyer, “Effect of dual cathode buffer layer on the charge carrier dynamics
of rrp3ht: Pcbmbasedbulk heterojunction solar cell,”ACS appliedmaterials & interfaces 8(17), pp. 10904–
10910, 2016.

[28] A. W. Hains and T. J. Marks, “High-efficiency hole extraction/electron-blocking layer to replace poly (3,
4-ethylenedioxythiophene): poly (styrene sulfonate) in bulk-heterojunction polymer solar cells,” Applied
Physics Letters 92(2), p. 023504, 2008.

[29] S. Venkatesan, E. Ngo, D. Khatiwada, C. Zhang, and Q. Qiao, “Enhanced lifetime of polymer solar cells
by surface passivation of metal oxide buffer layers,” ACS applied materials & interfaces 7(29), pp. 16093–
16100, 2015.

151421-Rahimichatri_BNW.indd   49151421-Rahimichatri_BNW.indd   49 04-05-2021   12:0404-05-2021   12:04



2

44 2. Impact of electrodes on recombination in solution processed organic solar cells

[30] V. M. Le Corre, A. R. Chatri, N. Y. Doumon, and L. J. A. Koster, “Charge carrier extraction in organic solar
cells governed by steady-state mobilities,” Advanced Energy Materials 7(22), p. 1701138, 2017.

[31] S. Selberherr, Analysis and simulation of semiconductor devices, Springer Science &BusinessMedia, 2012.

[32] G. Lakhwani, A. Rao, and R. H. Friend, “Bimolecular recombination in organic photovoltaics,” Annual
review of physical chemistry 65, pp. 557–581, 2014.

[33] A. Foertig, J. Kniepert, M. Gluecker, T. Brenner, V. Dyakonov, D. Neher, and C. Deibel, “Nongeminate and
geminate recombination in ptb7: Pcbm solar cells,” Advanced Functional Materials 24(9), pp. 1306–1311,
2014.

151421-Rahimichatri_BNW.indd   50151421-Rahimichatri_BNW.indd   50 04-05-2021   12:0404-05-2021   12:04


	Chapter 2



