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We report the performance and photophysics of a low band-gap, high p-type mobility 

diketopyrrolopyrrole-based copolymer for used in bulk heterojunction devices in combination 

with PC71BM. We show that the short lifetime of photogenerated excitons in the polymer 

constitutes an obstacle towards device efficiency by limiting the diffusion range of the exciton 

to the donor-acceptor heterojunction. We employ ultrafast transient-probe and fluorescence 

spectroscopy techniques to examine the excited state loss channels inside the devices. We use 

the high boiling point solvent additive 1,8-diiodooctane (DIO) to study the photoexcited state 

losses in different blend morphologies. The solvent additive acts as compatibiliser between the 

donor and acceptor material and leads to smaller domain sizes, higher charge formation yields 

and increased device efficiency. 

Broader context  

Organic solar cells have long been regarded as low-cost alternatives for silicon-based solar cells, but are suffering under low 

power conversion efficiencies. In order to increase device efficiencies, advances in the understanding of the materials and the 

loss mechanisms are essential. One of the major trends is the development of low band-gap polymers, which capture a larger 

part of the solar irradiation spectrum. However, few low band-gap material systems have achieved external quantum 

efficiencies higher than 60%. An important loss-channel is that of non-radiative decay losses during exciton diffusion to the 

interface. This loss mechanism is particularly strong for low band-gap polymer systems and therefore has wide-ranging 

ramifications for the trend towards even lower band-gap polymers. This investigation, which puts particular emphasis on 

analysing and quantifying the loss mechanisms in the devices, sets an example of how the morphological impact of solvent 

additives in organic solar cells can be examined and used to reduce these losses.  
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Introduction 

Power conversion efficiencies of at least 10% are generally 

regarded as requirement for the commercialization of organic 

solar cells. This generally requires a low band-gap materials 

system and active layer thicknesses above 100 nm to capture a 

large part of the solar spectrum. The short exciton diffusion 

lengths in conjugated polymers of only 5-10 nm 1 has led to the 

development of bulk hetero-junctions.2, 3 These intermixed 

donor-acceptor blends can be easily obtained by depositing a 

film from a solution containing both materials.  

The right morphology roughness in these films is crucial to 

allow both efficient charge separation at the interface and 

efficient charge extraction from the device. Feature sizes larger 

than the exciton diffusion length will result in some excitons 

decaying to the ground state rather than reaching the BHJ 

interface, thus reducing the overall device efficiency. Inversely, 

too fine morphologies are detrimental to percolation pathways 

which are required for efficient charge carrier extraction from 

the device. The optimal morphology thus depends on the 

exciton diffusion length and the charge carrier mobility in each 

of the two materials as well as the overall film thickness. The 

exciton diffusion length for emissive materials can be obtained 

by measuring the exciton quenching for different polymer film 

thicknesses on an exciton scavenging substrate.1, 4 Exciton 

diffusion in conjugated polymers takes place by two separate 

processes, short-range electron tunnelling processes and Förster 

type resonant energy transfer (FRET).5, 6 The efficiency of both 

mechanisms depend on the singlet exciton lifetime. The singlet 

exciton lifetime is therefore an important parameter for the 

efficiency of OPV systems. While the trend towards low band-

gap polymers allows the absorption of a wider solar radiation 

spectrum, lowering the band-gap also has the detrimental effect 
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of shorter exciton lifetimes. According to the energy gap law 

the non-radiative decay rate by multi-phonon processes 

increases exponentially with a reduction of the band-gap.7-9 As 

an example case to demonstrate the implications of the energy 

gap law on the trend towards low band-gap polymers, we have 

chosen a diketopyrrolopyrrole-based (DPP) polymer blended 

with PC71BM. The clear separation of the absorption spectra of 

the polymer PTDPPQz and the PC71BM allows us to selectively 

excite either the polymer or the PC71BM and to assess the 

excited state processes that occur after photoexcitation. In order 

to examine the extent to which morphology control can be used 

to overcome the shortfalls of a short exciton lifetime, we varied 

the domain sizes with the use of small amounts of high boiling 

point solvent additives. In recent years, the use of mixed 

solvent 10, 11 and high boiling point solvent additives 12 have 

emerged as a promising and versatile method to control the 

morphology during the spin-coating process. Generally, solvent 

additives are used with the purpose of coarsening the 

morphology,10, 13-17 for example by pre-aggregating the material 

with the lower solubility. The solvent additive thus performs 

the same blend-coarsening role as thermal annealing. Some of 

the blends coarsened by this method have shown a reduction in 

the geminate recombination losses 13, 14 and an increased charge 

carrier mobility.10, 14 The reduction in geminate recombination 

has been attributed to an ‘interface modification’ where a 

locally ordered interface between donor and acceptor is 

formed.13 More recently, solvent additives have also been used 

to modify the BHJ in the opposite direction, towards a finer 

morphology.18-21 The observation that the same solvent additive 

can lead to completely opposite effects shows the complexity of 

the system and the interplay between solubilities between 

fullerene derivatives, polymers and solvents. Therefore solvent 

additives are often used on a trial-and-error basis. 

Results 

Device Performance  

We investigated the influence of the high boiling point solvent 

additive 1,8-diiodooctane (DIO) on a donor-acceptor system 

comprising PC71BM and the low band-gap 

diketopyrrolopyrrole-based (DPP) polymer shown in the inset 

of Figure 1 (b). DPP-based polymers have recently emerged as 

a promising new material class, and have achieved device 

efficiencies in the range of 6-7% PCE.17, 22-24 In the material 

system studied here, the addition of small quantities (2.5 vol. 

%) of the solvent additive DIO to the main solvent led to 

remarkable increases in the device efficiency by more than a 

factor of three. A detailed description of the polymer synthesis 

can be found in the supplementary information. Standard solar 

cells with different polymer to PC71BM ratios and different 

active layer thicknesses were fabricated under nitrogen 

atmosphere. For both the devices made with and without 

solvent additive, the highest efficiencies were achieved using a 

1:4 polymer:PC71BM ratio and an active layer thickness of 

approximately 80 nm. These films were achieved by spin-

coating from a 12 mg/ml chlorobenzene solution at 1200 rpm. 

Higher polymer concentrations led to visibly inhomogeneous 

films due to the poor solubility of the polymer. For the devices 

with DIO, 2.5% by volume of the high boiling point solvent 

additive was added to the solution before spin-coating. The 

films were then left under approx. 10-5 mbar vacuum for at least 

one hour to remove the remaining solvent additive. The 

absorption spectra of the polymer, the PC71BM and the blends 

are shown in Figure 1 (a). 

 
Figure 1: (a) Steady state absorption spectra of the polymer film, a PC71BM film 

and 1:4 polymer:PC71BM films prepared without and with the solvent additive 

DIO, as well as the polymer photoluminescence spectrum. The polymer 

absorption spectrum was rescaled for better comparison. (b,c) EQE spectra, JV- 

and dark current curves of the devices prepared with 2.5% solvent additive DIO 

and without additives. The inset of (b) shows the chemical structure the DPP-

polymer. 

For the devices, a 100 nm aluminium electrode was evaporated, 

after which they were characterized in a home-built PV testing 

rig under an AM 1.5 solar simulator. The external quantum 

efficiency (EQE) curves and the photocurrent curves are shown 

in Figure 1 (b) and (c). The devices made without and with the 

solvent additive DIO showed an average power conversion 

efficiency of 0.6% and 2.1% respectively, while the short-

circuit current was increased from 2.2 to 6.6 mAcm-2. We note 

that the strongest increase in the EQE curves where observed 

between 400 and 600 nm, the spectral region where mainly the 

PC71BM absorbs.  

In the following sections, we investigate the effect of the DIO 

on the blend morphology, as well as the excited state dynamics 

and loss mechanisms in these devices. We use scanning 

electron microscopy (SEM) to examine changes in the 

morphology, photoluminescence (PL) quenching measurements 

to investigate which fraction of excited states reach the donor-
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acceptor interface and broadband transient absorption to probe 

the overall evolution of the excited states population over time.  

Photocurrent Contributions of Polymer and PC71BM 

The general understanding of OPV systems is based on the 

excitation of the polymer domains and the subsequent electron 

transfer from the “electron donor” polymer to the “electron 

acceptor” PC71BM. The charge generation after excitation of 

the PC71BM domains is rarely considered as a major 

contribution to the device performance. In the system studied 

here, the devices with and without the solvent additive DIO 

both show a higher EQE for the PC71BM absorption region 

(Figure 1 b). Especially for the device prepared with DIO, the 

PC71BM absorption is the dominant feature in the EQE 

spectrum. In order to quantify the contributions to the 

photocurrent by absorption in the polymer and the PC71BM 

domains, the photocurrent spectra are examined as shown in 

Figure 2 (solid lines). These spectra were obtained by 

multiplying the solar irradiation spectrum (AM 1.5) in photon 

flux intensity with the external quantum efficiency spectrum. 

The dotted and dashed lines show the contributions of the 

PC71BM and polymer absorption to JSC respectively. These 

spectra were obtained by comparison of the absorption spectra 

of PC71BM, the polymer and the blends. In both devices the 

larger contribution to JSC comes from the PC71BM absorption 

which accounts for 56% and 64% of the photocurrent generated 

for the devices prepared without and with DIO. We note that in 

the device prepared with DIO, almost 2/3 of the photocurrent is 

contributed by the PC71BM absorption.  

 
Figure 2: The solid lines show the spectral composition of the short-circuit current 

under solar illumination AM 1.5 for devices prepared with DIO (red lines) and 

without DIO (black line). The relative contribution by the PC71BM (dotted line) 

and polymer (dashed line) are also shown. 

In order to probe if the stronger PC71BM contribution to the 

photocurrent is caused by phenomena before or after excitons 

are split at the donor-acceptor interface, we measured the 

voltage dependence of photocurrent generated in fullerene-

derivative and in polymer phases. Work by Brenner et al. has 

suggested differences in the nature of fullerene exciton-

produced and polymer exciton-produced interfacial electron-

hole pairs for some polymer-PCBM systems.25 Figure 3 a) 

shows the three different excitation spectra used to probe the 

photo response in different regions of the absorption spectra, 

i.e. to excite predominantly the PC71BM, the polymer domains 

or both materials and the corresponding JV-curves are shown in 

Figure 3 b). The intensity of the three excitation spectra were 

adjusted by optical density filters in a way to obtain identical 

short-circuit currents for all three excitation spectra. The losses 

due to non-geminate recombination of charges will therefore be 

comparable for all three excitation spectra. The photocurrent 

curves were found to be almost identical for excitation of the 

PC71BM and the polymer. The identical bias-dependence under 

different excitation spectra indicates that the same charge pair 

states are created after exciting the polymer and the PC71BM. 

This further suggests that the subsequent geminate 

recombination losses are the same for excitation of both 

materials (under the assumption that interfacial states are 

connected to the electrodes by conduction pathways). 

 
Figure 3: JV-curves under illumination in different spectral regions (with DIO). a) 

shows the different illumination spectra and (b) the corresponding JV-curves.   

Morphological Investigation and Blend Formation 

To directly visualize the effect of DIO on the morphology of 

the blend, we employed scanning electron microscopy (SEM) 

measurements. It is well documented that the contrast obtained 

by SEM between polymer:fullerene domains is very poor. To 

overcome this limitation, we selectively removed the PC71BM 

from the films before the measurements. The PC71BM was 

removed by a modified procedure following Friedel et al.,26 and 

as described in the supplementary information. The SEM 

images of the blends prepared without and with DIO are shown 

in Figure 4 a) and b). The film prepared from a dichlorobenzene 

solution without solvent additives shows macro-scale phase 

separation resulting in domain sizes on the scale of ~100 nm, 

whereas a finely intermixed morphology was obtained for the 

blend prepared with 2.5% DIO in chlorobenzene.  

The crystallinity of the DPP polymer is strongly affected by the 

addition of PC71BM which reduces the ordering in the polymer. 

As shown in X-ray studies in the supplementary information, 

the size and crystallinity of the polymer domains further 

decrease under the addition of DIO. By contrast, the 

crystallinity of the PC71BM domains tends to increase by 

processing with DIO. Similar findings have previously been 

attributed to the better solubility of PC71BM in DIO and the 
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improved aggregation of PC71BM after evaporation in this high 

boiling point solvent.10, 19 

 
Figure 4: Scanning Electron Microscopy images of the polymer domains after 

selectively dissolution of the PC71BM part for films prepared (a) without (b) and 

with the solvent additive DIO. 

In the majority of publications which investigate the role of 

solvent additives, the solvent additive is reported to enhance the 

solubility contrast between the two materials, therefore causing 

one of the materials to fall out of solution leading to coarser 

morphologies. We believe that in the system studied here, the 

solvent additive DIO rather acts as a compatibilizer i.e. 

common solvent between the two materials. Both the polymer 

and the PC71BM are soluble in chlorobenzene, though the 

polymer solubility is much lower with around 15mg/ml as 

compared to 110 mg/ml for PC71BM.27 The additive DIO is a 

good solvent for PC71BM and a residual amount of the solvent 

remains within the film after spin coating, leaving the polymer 

film in a swollen state and helping the PC71BM to finely 

intermix and percolate.  

When only chlorobenzene is used as a single solvent, the blend 

behaves as an incompatible system and phase-separates on a 

macroscopic length-scale. The polymer and PC71BM form large 

domains as seen in Figure 4 a). The tendency to phase separate 

and the only low solid state solubility of PC71BM within the 

polymer has been confirmed in crystallisation experiments with 

different contents of PC71BM (see supporting information) 

where films were annealed for extended times towards their 

thermodynamic equilibrium.  

The film formation process changes entirely when 2.5 volume 

% DIO is added to the solution. During spin-coating the 

chlorobenzene evaporates much faster (within seconds) 

compared to DIO (which can partialy remain in the film for 

several hours), therefore gradually increasing the volume 

fraction of DIO. After the majority solvent has evaporated, a 

binary, non-miscible system is left behind in which the polymer 

is no longer soluble but still swollen by the remaining 

DIO.  The important role of the DIO, which is a good solvent 

for PC71BM is therefore to act as a compatibilizer distributing 

the PC71BM within the polymer. This ultimately leads to the 

formation of a much finer interdispersed morphology. Other 

crystalline polymer – fullerene systems such as P3HT:PCBM 

show that the length scale of phase separation is then 

determined by the intrinsic size of crystalline polymer lamellae 

leading to  finely interdispersed network on the 10 nm 

scale.28 A schematic of the proposed mechanism by which the 

solvent additive prevents a large scale phase separation is 

shown in the supplementary information. After spin-coating the 

DIO can finally be removed from the blend by placing the 

samples under vacuum for approximately 30 minutes. 

 Another high boiling point solvent additive which acts in the 

opposite way was 1,8-octanedithiol (ODT). When 5 volume % 

of ODT was added to the solution an even stronger phase 

separation occurred compared to the blend without solvent 

additives, leading to large domains which were clearly visible 

under a standard optical microscope (∼1 μm).   

In order to obtain further information regarding the purity of the 

domains as seen in the SEM images, photoluminescence (PL) 

quenching measurements were taken for both the polymer and 

PC71BM. The results are shown in Figure 5. To measure the 

polymer PL quenching (solid symbol), the samples were 

excited using a 795 nm cw laser and the PL was detected using 

an integrating sphere and spectrometer. To account for different 

sample thicknesses, the difference in the laser absorption was 

factored in as described in literature.29 The polymer 

photoluminescence quantum efficiency is very low.  We 

measured this to be 0.06 (±0.03) % and was significantly 

quenched in the blends. With the addition of 50% (80%) of 

PC71BM by weight the PL intensity decreased by around 20% 

(30%) for the blends without DIO and by around 40% (50%) 

for the blends with DIO. As expected, the polymer PLQE 

decreases with increased PC71BM concentration and with the 

addition of DIO. We note that even with the 1:4 polymer:PC71-

BM ratio and solvent additive, only about 50% of the excited 

states seem to be quenched at the interface. We will discuss this 

in detail in the following section.  

 
Figure 5: Photoluminescence efficiencies for the blends normalized to the PL 

intensities of the pure films. The solid symbols show the polymer PL after 

excitation under excitation at 790 nm and the open symbols show the PC71BM PL 

under excitation at 532 nm. For all measurements the PL was integrated over the 

entire emission spectra.  

The PC71BM PL quenching measurements (open symbols) 

were taken under laser excitation at 470 nm where the polymer 

shows little absorption. . We found that even for the very coarse 

blend prepared without solvent additive, the PL intensity 

decreased by 75% compared with the PL intensity of a PC71BM 

only film and after correction for the PC71BM absorption. As 

the PC71BM exciton diffusion length (∼5-10 nm) 30 is much 

shorter than the ~100 nm domain sizes seen in the SEM images, 

these results strongly suggest polymer impurities in the 

PC71BM domains, which help to quenching the PC71BM 

excitons. In the films prepared with DIO an even larger part of 

around 80% of excitons is quenched.  

Short-time TA with Excitation of Polymer 

In order to study how the additives affect the excited states 

dynamics, broadband sub-picosecond transient absorption (TA) 

measurements were carried out using the setup described in 

literature 31 with the following further improvements: The 

detection system was replaced by a dual line camera with two 

Page 4 of 10Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t



Energy & Environmental Science ARTICLE 

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5  

visible-near infrared photodiode arrays (Stresing 

Entwicklungsbüro, Hamamatsu G11608-512 PDAs) and a new 

homebuilt infrared noncollinear optical parametric amplifier as 

described in literature 32 was used to probe the near-infrared 

region at 1100-1600 nm. In TA measurements under medium-

strong to strong excitation intensities, bimolecular 

recombination processes can create additional decay channels 

and lead to a faster decay. To avoid these well-known 

bimolecular decay processes, measurements were carried out in 

the linear excitation regime, where the excited state kinetics are 

independent of the excitation intensity whenever possible. The 

TA spectra in Figure 6 a) and c), as well as all short-time 

kinetics (Figure 7 and Figure 8) were found to be in the linear 

excitation regime. Bimolecular processes by exciton-exciton 

quenching and bimolecular charge recombination can therefore 

be ruled out in the interpretation of the results.  

Figure 6 shows the broadband TA spectra of (a) a DPP-polymer 

film, (b) a PC71BM film and (c) a 1:4 polymer:PC71BM blend 

prepared without solvent additives. The spectra of the polymer 

film (a) after excitation at 800 nm with 2.5 μJcm-2 show a clear 

ground-state bleach (GSB) at 600-850 nm and a broad excitonic 

photoinduced absorption (PIA) above 850 nm. We note that the 

very narrow spectral features with widths less than 50 nm are 

caused by artefacts in the measurement and henceforth ignore 

them. As shown later, the polymer excitons are very short-lived 

with a lifetime of 35 ps and most of the signal has disappeared 

after 100 ps.  

 
Figure 6: Broadband sub-picosecond TA spectra of (a) the DPP-polymer film 

excited at 800 nm, (b) a PC71BM film excited at 530 nm and (c) a 1:4 polymer-

PC71BM blend prepared without solvent additive and excited at 800 nm. The 

excitation fluence was 2.5 μJcm-2 for (a), 6 μJcm-2 for (b) and 1-2 μJcm-2 for (c). 

TA spectra were measured in 3 consecutive measurements with broadband probe 

spectra ranging from approximately 500-800 nm, 800-1050 nm and 1100-1600 

nm. In (c) the spectra were rescaled according to the slightly different excitation 

intensities in the different probe ranges.  

The spectra of the PC71BM film shown in Figure 6 (b) after 

excitation at 530 nm with 6 μJcm-2 pulses show a faint GSB 

below 580 nm, followed by a broad PIA spectrum. Because of 

the much lower excited state cross-section of PC71BM, the 

signal intensity was almost one order of magnitude weaker than 

that of the polymer film, despite higher excitation fluence. As a 

consequence of the weak signal strength the TA spectra are 

significantly noisier than that of the polymer film. Over the 

timescale of around 1 ns the TA spectrum flattens significantly, 

which has been attributed to the intersystem-crossing of singlet 

excitons to triplet states.33  

The TA spectra of a 1:4 DPP-polymer:PC71BM blend prepared 

without DIO and excited at 800 nm are shown in Figure 6 (c). 

The most prominent features in these spectra are the strong 

polymer GSB, centred at 800 nm and a broad PIA beyond 850 

nm. Because of the excitation at 800 nm, where only the 

polymer absorbs, the initial TA spectrum (averaged between 

0.5-2 ps) closely resembles the TA spectra of the pure polymer 

film (a) with a continuously sloped PIA band. At later delay 

times, the PIA band gradually broadens to a broad negative 

signal. The broad, flat PIA band is consistent with previous 

observations of charge formation in polymer-PCBM blends.34 

Over time, the GSB at 800 nm gradually recovers but does not 

shift spectrally. Both the polymer excitons and the charge pairs 

between the polymer and the PC71BM cause a GSB (positive 

signal) in this spectral region. Measuring the signal intensity at 

this wavelength therefore allows probing the combined 

population of polymer excitons and charge pairs over time. 

Figure 7 shows the normalized TA kinetics of the GSB 

(averaged over 750-830 nm) of the polymer only film and of 

different 1:4 polymer:PC71BM blends after excitation at 800 

nm.  

 
Figure 7: Transient Absorption kinetics of the polymer GSB (averaged over 750-

820 nm) for the polymer only film and for blends with PC71BM. Excitation 

wavelength was 800 nm. 

The fastest decay can be observed for the polymer-only film, 

which decays to about 3% within 200 ps and remains flat 

thereafter. These 3% long-lived flat signals are caused by a 

temperature-induced artefact, which is common, but rarely 

identified in TA measurements in the GSB region.35 In the first 

200 ps the decay of the polymer-only film follows an almost 

perfect mono-exponential decay with a 35 ps time constant.  
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Table 1 : Parameters for the bi-exponential fit of the TA kinetics shown in 

Figure 7.  
 

 

The polymer-PC71BM blends all show much slower decay 

kinetics and follow a clear trend towards slower decays for 

finer morphologies. Besides blends with various amounts of 

DIO, the figure also shows kinetics of blends prepared with the 

solvent additives Bromoanisole and ODT. The blend prepared 

with ODT shows large-scale phase separation which exceeds 

those of the blends without additives and shows the fastest 

decay kinetics of all blends. All the kinetics can be well fitted 

with a double exponential decay, where the time constant of the 

first component is set to the polymer exciton lifetime of 35 ps. 

The fitting parameters are shown in Table 1. The first decay 

component, with stronger amplitude in the coarse blends 

therefore represents the polymer excitons which decay back to 

the ground state before reaching the polymer:PC71BM interface. 

As expected, the films processed with the solvent additive DIO, 

which showed the finest morphology, exhibit the weakest fast 

decay component. However, the amount of DIO added does not 

have any effect on the decay kinetics. As all polymer excitons 

decay with a 35 ps lifetime within 200 ps, we assign the 

remaining signal thereafter to interfacial charge-transfer (CT) 

states and free charges.36 We note that all the blend kinetics 

show a further strong decay between 200 ps and 2 ns. As these 

measurements were carried out in the linear excitation regime, 

bimolecular charge recombination can be ruled out and the 

second exponential decay component is assigned to geminate 

recombination of CT-states.  

In the coarsest blend, prepared with 5% ODT, almost 70% of 

excitons decay before reaching the heterojunction within the 

first 200 ps. This fraction drops to around 50% for the blend 

prepared without additive and around 40% with DIO, with 

again, no significant variations with the amount of DIO added. 

The high fraction of excitons which decay with the polymer 

exciton lifetime corresponds well with the values observed 

from the polymer quenching measurements. In the same order, 

the amount of long-lived charges (>2 ns) increases from around 

10% to 20% and 35%. The amount of CT-states which 

recombine geminately within 2 ns remains relatively unchanged 

at about 25%.  

However, when only the excited states which reach the donor-

acceptor interface are considered, the ratio of free charges to 

CT-states increases significantly in the blends with DIO. This 

suggests that excitons have a higher chance of forming free 

charges which can be extracted from the device implying a 

finer and more defined morphology. 

A comparison between the domain sizes in the SEM images 

(Figure 4) and the exciton diffusion length suggests that not all 

polymer excitons are quenched at interfaces between two pure 

domains. The size of the polymer domains in the blend 

prepared without additive is around 100 nm and far exceeds the 

~5 nm exciton diffusion length for the polymer. This implies 

that a large fraction of the ~50% excitons are quenched at 

defect sites, such as isolated PC71BM molecules within the 

polymer domains. Excitons diffusing to these isolated PC71BM 

molecules can be dissociated but as the electrons cannot escape 

from the interface fast geminate recombination occurs. In the 

coarsest blends (with 5% ODT), over two thirds of the longer-

lived (>200 ps) excited states recombine geminately.  

Holcombe et al. have shown that the local morphology at the 

interface is an important parameter in the charge separation 

efficiency,37 and both ODT 13 and DIO 14 have been observed to 

reduce geminate recombination in systems where they lead to 

coarser morphologies. The data presented here suggest that the 

changes in geminate recombination can also be explained by an 

increased ratio of excitons which are quenched between two 

pure domains and those quenched at isolated PC71BM 

molecules for the improved morphology obtained with DIO. 

The most significant improvement in device performance of the 

solvent additive therefore originates from the increased charge 

formation yield rather than from a reduction of geminate 

recombination. We also note that the amount of long-lived 

excited states correspond well with the ~30-35% internal 

quantum efficiency of the blends without additives and with 

2.5% DIO at 800 nm.  

Short-time TA with PC71BM Excitation 

In order to also probe the hole transfer from the PC71BM 

domains to the polymer, further broadband TA measurements 

were taken with excitation at λ=530 nm. As illustrated in Figure 

1 (a), this wavelength mainly excites the PC71BM domains 

(~90%) and only a small fraction (8-10%) of the initial 

excitation is created inside the polymer domains. Figure 8 a) 

shows the kinetics averaged over 750-820 nm, a region where 

the polymer GSB overlaps with the PC71BM PIA. As 

mentioned previously, the polymer excited state cross-section is 

around 30 times stronger than that of the PC71BM, causing the 

PC71BM PIA (negative signal) to be hidden behind the stronger 

polymer GSB (positive signal). Consequently, the kinetics are 

convoluted by two components, originating from the excitation 

of the polymer and PC71BM domains respectively: (i) a fast 

decay of the polymer excitons, which is especially visible for 

the coarse blend prepared without additives and (ii) a slow 

signal increase as PC71BM excitons diffuse to the interface and 

are separated into charge pairs which causes an increase of the 

polymer GSB.  

The first component is largely identical to the kinetics 

measured by exciting only the polymer domains at λexc=800 nm 

(Figure 7). The kinetics of the second component can therefore 

be isolated by subtraction of the λexc=800 nm kinetics for the 

same blends. The scaling factor of the subtracted kinetics was 

determined by comparison of the excitation fluences in the two 

TA measurements and the absorption of the polymer domains 

at 530 nm and 800 nm. The isolated kinetics of the second 

component are shown in Figure 8 (b). 

 A1 t1 (ps) A2 t2 (ps) y0 

no additives 53% 35 27% 1000 20% 
2.5% DIO 43% 35 24% 1000 33% 

5% DIO 42% 35 24% 1000 34% 

7.5% DIO 43% 35 22% 1000 35% 
5% ODT 68% 35 23% 1000 9% 

7% Bromoanisole 50% 35 23% 1000 27% 
polymer only 96% 35.3 - - 3% 
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Figure 8 a) TA kinetics at the polymer GSB position (averaged over 750-820 nm) 

under excitation at 530 nm. The decay of the polymer only film (excited at 800 

nm) is shown for comparison. Figure (b) shows the same kinetics after subtraction 

of the rescaled decay kinetics with excitation at 800 nm.  

The hereby obtained kinetics were fitted with single 

exponential functions A + (1-y0⋅e
t/τ1) in order to extract the 

timescales and yield for the diffusion-limited hole-transfer from 

the PC71BM to the polymer. These corrected kinetics show that 

only a small fraction of charges are formed ultrafast (<1 ps) and 

that the majority of charge formation happens over the time-

scale of tens of ps to 2 ns. The data further shows a faster 

charge formation rate and a higher charge formation yield for 

the blends with finer morphology, prepared with DIO. We 

attribute the faster and more efficient charge transfer to the 

shorter diffusion length required for the PC71BM excitons to 

reach the polymer-PC71BM interface. We note that the GSB 

kinetics in Figure 8 (b) show a signal rise up to ~2 ns, which is 

longer than the PC71BM singlet exciton lifetime of ~770 ps.33 

This surprisingly slow hole-transfer suggests that the charge 

formation is mainly limited by the exciton diffusion to the 

interface. It is likely that an even finer morphology would 

further increase the charge formation but possibly at the 

detriment of charge percolation pathways. Unlike in the 

measurements with λexc=800 nm, the charge formation yield 

and rate seem to steadily increase with higher concentrations of 

DIO. This would imply that the PC71BM domain sizes further 

decrease with higher concentrations of DIO.  

A more quantitative approach can be used to estimate the 

charge formation yield in the TA measurements. In a first step, 

the absorption cross-section of the polymer exciton is 

calculated from the measurements at λexc=800 nm: Based on the 

GSB signal intensity of 3*10-4 at the peak position of the GSB 

(700-800 nm), the employed excitation fluence (2.5 μJcm-2 at 

λexc=800 nm) and the absorption of the film, a GSB cross-

section of 4.6*10-17 cm-2 at 800 nm is obtained. In the TA 

kinetics of the hole-transfer from PC71BM to the polymer in 

Figure 8 a) the GSB signals rise to ∼4.5 ⋅10-4 at 2 ns for the 

blends prepared with DIO. A comparison with the polymer 

exciton GSB cross-section, as well as the excitation fluence (15 

μJcm at λexc=530 nm) and the film absorption at this 

wavelength suggests that this signal only corresponds to ∼24% 

of the initial excitations. This would imply that 75% of the 

initial excitations in the PC71BM domains do not end up in 

longer-lived charges. We note that this calculation assumes 

equal GSB cross-sections for the DPP-polymer excitons and a 

charge pair with a positive charge on the polymer. If the GSB 

of a charge pair would only have half the strength of an exciton, 

then the long-lived GSB would represent ∼48% of initial 

excitations, rather than the ∼24%. The low yield of charge 

formation is comparable with IQE values obtained for the 

devices prepared with DIO. This suggests that the majority of 

charges formed can also be extracted and that the device 

performance is mainly limited by the charge formation and not 

by charge extraction from the device.  

We note, however, that the charge formation efficiency of < 

50% calculated here is below the 75-80% photoluminescence 

quenching obtained for the blends with excitation of the 

PC71BM domains (Figure 5). This discrepancy is likely caused 

by impure PC71BM domains which lead to efficient exciton 

quenching and short-lived CT-states, rather than free charges 

which can diffuse away from the BHJ interface. A similar 

explanation has been proposed in the previous discussion of the 

TA measurements with excitation of the polymer domains at 

800 nm. 

Long-time TA Measurements  

While the short-time TA measurements up to 2 ns provide 

useful information about the charge formation processes, they 

do not cover the ns-s time-range over which charges are 

extracted from the device. In order to probe the dependence of 

the free charge recombination dynamics on the charge density, 

nanosecond to microsecond TA measurements were carried out 

at different excitation fluences. Figure 9 a) shows the TA 

kinetics averaged over the polymer GSB region (750-850 nm) 

after excitation at 532 nm for blends prepared with DIO and 

without solvent additives. To better visualize the two 

recombination regimes the kinetics were normalized at 500 ns 

after excitation. The first decay regime shows a strong 

excitation fluence dependence, with a faster and more 

pronounced decay at high fluence. These fluence dependent 

decay kinetics are a common observation for measurements at 

high initial excitation densities and we assign them to the 

geminate recombination of free charges in agreement with 

previous literature.38, 39 The non-geminate recombination of 

free charges continues until about 500 ns, when a charge 

density level is reached at which non-geminate recombination 

become less significant. From about 500 ns onwards the 

recombination kinetics were found to be independent of the 

initial excitation intensity and blend morphology. Previous 

studies by other groups have assigned a slower, intensity 

independent decay on the same time-scale to bimolecular 

recombination of charges in the presence of an exponential tail 

of trap sites. In these studies the trap-assisted recombination 

was found to follow power-law decays (ΔT/T α t-α) with 

exponents in the range of 0.4-0.5.39 A power-law fit of our data 
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up to a delay time of 20 μs returned an exponent of only 

α=0.14, much lower than previous values for trap-assisted 

recombination. We therefore argue that the slower 

recombination regime is merely a continued recombination of 

free charge carriers, which have escaped the interface after the 

charge carrier density has dropped to a level below which the 

morphology can support.  

 
Figure 9: a) Nanosecond TA kinetics of the GSB recovery averaged over 750-850 

nm and normalized to 1 at a delay time of 500 ns under 532 nm excitation. b) 

Charge yield measured as the GSB intensity at 800 nm at 1 μs after excitation 

plotted over the excitation fluence for films prepared with and without the solvent 

additive DIO. The flat trend-line at low fluence represents the regime where no 

non-geminate recombination occurs over the first 1 μs. The inverse power-law 

trend-lines at high fluence represent the regime, where the charge density at 1 μs 

is independent of excitation fluence caused by fast non-geminate recombination 

of charge carriers up to the maximum carrier density which the blend can support.   

To illustrate the threshold for the non-geminate recombination 

of free charges, the GSB signal intensity at 1μs per excitation 

fluence is plotted over the excitation fluence in Figure 9 (b). In 

the linear regime up to excitation fluences of ∼2 μJcm-2 the 

charge density is below the threshold of excitation-fluence 

dependent non-geminate recombination. Above ∼2 μJcm-2 the 

charge density at 1 μs is independent of the initial excitation 

fluence, indicated by the trend-lines with inverse power-law. 

The right-hand axis indicates the charge density at 1μs as a 

fraction of the initial number of photoexcitations. These values 

were calculated based on the GSB cross-section of 4.6*10-17 

cm-2 at 700-800 nm as discussed earlier.  

The two blends show similar excitation fluence dependences. 

However, the total charge density at any given fluence is about 

three times higher for the blend with the finer morphology, 

prepared with DIO. This suggests that the finer morphology 

allows the blend to support a higher density of charges before 

fast non-geminate recombination occurs. This is another 

indication that the increased device performance is caused by 

the improved morphology and not by a modification of the 

interface.  

Discussion: 

The short exciton lifetime has direct consequences for the 

efficiency of exciton diffusion and charge separation. Exciton 

diffusion in conjugated polymers takes place by two separate 

processes, short-range electron tunnelling processes and Förster 

type resonant energy transfer (FRET).5, 6 40 The latter 

mechanism requires a spectral overlap between the donor 

molecule emission spectrum and the acceptor molecule 

absorption spectrum. The strength of this transfer integral and 

thus the FRET efficiency depend on the energy landscape 

inside the polymer domains as well as on the fluorescence 

efficiency of the polymer.5 The exciton diffusion length 

increases with the square root of the exciton lifetime which is 

therefore an important parameter for efficient exciton 

dissociation.4 According to the energy gap law, the non-

radiative decay rate by multi-phonon processes increases 

exponentially with a reduction of the band-gap.7-9 As a direct 

consequence of its low band-gap, the decay of the DPP-

polymer singlet excitons is significantly faster than the exciton 

lifetime of higher band-gap, high performance OPV polymers. 

Based on the singlet exciton lifetime of 35 ps and the 

photoluminescence quantum efficiency of 0.06% we obtain 

radiative and non-radiative decay rate of 1.7*107 s-1 and 

2.9*1010 s-1 respectively.41 The radiative decay rate is in the 

same range as that of rr-P3HT (5*107 s-1), whereas the non-

radiative decay rate is almost by a factor of 20 higher than that 

of rr-P3HT at 1.6*109 s-1.42 The comparatively low radiative 

decay rate of the DPP-polymer suggest that the exciton also 

reaches a state with weak radiative coupling to the ground state, 

similar to the H-aggregate states in rr-P3HT.43 The comparison 

between the DPP-polymer and P3HT shows that the single 

most important reason for the short exciton diffusion length is 

the high non-radiative decay rate in the low band-gap polymer. 

We note that this is not specific to the material studied here, but 

rather represents a general trend with low band-gap polymers. 

Unless the shorter exciton lifetime can be compensated by 

higher exciton diffusion by short-range tunnelling processes, 

the exciton diffusion length will be reduced, possibly below the 

common range of 5-10 nm of most emissive conjugated 

polymers.1 The shorter exciton diffusion length of low band-

gap polymers which arises from the short exciton lifetimes 

could have wide-ranging ramifications for the design of low 

band-gap OPV systems. As the exciton diffusion length 

shortens, only excitons very close to the PC71BM domain 

interface can dissociate efficiently into charge-pairs. The trend 

towards lower band-gaps will therefore require finer donor-

acceptor morphologies to maintain the same charge separation 

efficiencies. On the other side, finer morphologies generally 

reduce the efficiency of charge extraction from the device. The 

trend towards low band-gap polymers will therefore make it 

more critical and more challenging to optimise the bulk 

heterojunction morphology.  

We consider that the exciton lifetime and associated exciton 

diffusion length are important parameters which impact the 

efficiency of OPV devices. Most existing models only consider 

energetic parameters, which might be one reason why OPV 

performances are often very unpredictable for new materials.44 
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Conclusions 

We quantitatively analysed the device performance, excited 

state dynamics and loss mechanisms in DPP-polymer:PC71BM 

solar cells, prepared either with and without the high boiling 

point solvent additive DIO. The solvent additive was identified 

to act as compatibilizer between the two materials and hence 

prevents large-scale phase separation and increases device 

efficiency. The finer BHJ morphology was found to increase 

the fraction of polymer excitons which travel to the donor-

acceptor interface and are separated into free charges. However, 

even in the improved devices with a much finer morphology, 

less than 50% of polymer excitons reach this interface. The 

very short polymer exciton lifetime, as a consequence of the 

low band-gap and the energy gap law, has been identified as 

one of the reasons for the incomplete exciton quenching. A 

significant fraction of the polymer excitons which are separated 

at the donor-acceptor interface were found to geminately 

recombine, constituting a significant loss channel of around one 

quarter of all photoexcited states. As a consequence of the low 

conversion efficiency of polymer excitons into free charges, the 

polymer is outperformed by the PC71BM, which is responsible 

for almost 2/3 of the generated photocurrent. We have 

identified the much longer PC71BM exciton lifetime as one of 

the reasons for its strong contribution to the photocurrent.  

Further, we have shown that the intrinsic short lifetime of low 

band-gap polymer poses an obstacle towards further 

improvements of the device efficiency. Development of 

polymers with even lower band-gap should therefore include 

other approaches, such as ways to increase the exciton diffusion 

rate or in the design of optimized morphologies with smaller 

feature sizes.  
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