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Abstract 

The strength of dielectric screening is one of the most intriguing yet least studied contributing 

factors to the operation and performance limit of organic solar cell devices. Increasing the 

dielectric constant of semiconducting polymers may close the performance gap between 

inorganic and organic solar cell devices. Here, a dielectric constant of 16.7 is reported for a 

DPP-based low bandgap polymer DT-PDPP2T-TT and 7 for its 1:3 blend with [60]PCBM 

([6,6]-phenyl-C61-butyric acid methyl ester) using frequency and voltage dependent 

capacitance and charge extraction by linearly increasing voltage techniques. The charge 

mobility within the blend device (1.8×10-3 cm2V-1s-1) is found to be among the highest reported. 

Bimolecular recombination and charge carrier lifetime in efficient photovoltaic devices at large 
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active layer thicknesses are measured and compared to poly (3-hexylthiophene) (P3HT):PCBM 

(1:1 w/w) and poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-cyclopenta[2,1-b;3,4-b’]dithiophene)-alt-

4,7(2,1,3-benzothiadiazole)] (PCPDTBT):PCBM (1:2 w/w) devices. When normalized to 

mobility, the bimolecular recombination coefficient in DT-PDPP2T-TT:PCBM is a factor two 

lower than in P3HT:PCBM and an order of magnitude lower than in PCPDTBT:PCBM. The 

recombination mechanism is found to be close to diffusion-controlled Langevin recombination. 

The slower recombination and longest charge carrier lifetime are explained from a smaller 

coulomb capture radius, which, together with increased diffusion coefficient, leads to efficient 

charge extraction in photovoltaic devices with active layer thicknesses approaching 300 nm. 

 

1. Introduction 

Conjugated polymers as photoactive components in bulk heterojunction polymer solar cells 

have a dielectric constant (εr) in the range of 3-5.7.[1] The fullerene derivative [6,6]-phenyl-

C61-butyric acid methyl ester ([60]PCBM) has a dielectric constant of 3.9.[2] The highest 

reported dielectric constant in polymer: PCBM blends reported so far is 4.95.[3] The generally 

low dielectric constant is indicative of weak dielectric screening, which has several 

consequences related to the operation and performance of polymer solar cells. Firstly, the 

exciton binding energy between the photo-excited electron and hole is expected to be large. 

For example, using a modified Onsager theory where the electron-hole pair dissociation takes 

place when random energetic disorder (here taking an estimate of 100 meV) equals the 

Coulomb energy, the Coulomb capture radius is 4.8 nm at εr of 3 and when εr increases to 10 

the Coulomb capture radius decreases to 1.4 nm (Table S1). The dissociation probability P(E) 

is predicted to increase significantly over 2 magnitudes when dielectric constant increases, 

suggesting more efficient charge separation. Also, efficient charge separation requires that 
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the energy offset between the lowest oxidation potential of the conjugated polymer and the first 

reduction potential of the electron acceptor matches or exceeds the exciton binding energy, 

which can lead to significant energetic loss (up to 10% in case of 0.4 eV, [1d]) in the maximum 

obtainable power conversion efficiency. Such energetic loss is likely reduced with higher 

dielectric constant. Secondly, large Coulomb attraction force between the electron and hole 

pairs (geminate or non-geminate) leads to strong recombination requiring a larger driving force 

for charge extraction. Carrier loss due to recombination leads to reduced fill factor and open 

circuit voltage VOC, especially when large active layer thicknesses are used.[3] Thirdly, weak 

dielectric screening leads implies small polaron transport mechanism with strong electric field 

and temperature dependence of mobility. For example, mobility values tend to be low, on the 

order of 10-5 – 10-4 cm2V-1s-1,[4] further contributing to active layer thickness limitations 

(optimal thickness values around 80-100 nm for most polymer solar cells with a few 

exceptions,[5]). Fourthly, Koster et al. suggested that weak dielectric screening leads to a large 

singlet-triplet energy gap, which leads to additional recombination pathways to the lowest 

energy triplet state from the charge separated state.[1d] 

Enhancing dielectric screening by molecular design has been proposed to solve some of the 

most important limitations of polymer solar cells. Koster et al. suggested that organic materials 

with a dielectric constant above 9 could potentially close the performance gap between organic 

and inorganic semiconductors.[1d] However, there is no general design guideline successfully 

demonstrated that lead to significantly increased dielectric screening in semiconductive 

polymers. Side chain design with fluorine substitution and other polar segments were suggested 

as possible routes leading to moderate increases. 

Cho et al. synthesized a diketopyrrolopyrrole (DPP) based polymer PIDT-DPP-CN with 

dielectric constant of 5 (1000 Hz) by introducing a polar nitrile side-chain.[6] Comparing to the 
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counterpart with none-polar side-chain, increase in Voc, fill factor and efficiency was observed. 

A longer small-perturbation lifetime, attributed to reduced bimolecular recombination, was 

reported. Similar approach of side chain modification was used by Torabi et al. to increase 

dielectric constant without sacrificing mobility or solubility.[2] Lu et al. increased the dielectric 

constant of triophene-quinoxaline (TQ) from 4.5 to 5.7 (1000 Hz) by fluorination.[1e] The 

fluorinated copolymer FTQ showed a larger band gap and thus an increase in VOC. The highest 

dielectric constant of 15 reported for organic materials is from a macromolecule of 

hyperbranched copper phthalocyanine (HBCuPc) film, the high dielectric constant of which is 

suggested to benefit from long-range delocalization of polarons.[7]  

Reports of the effect of dielectric screening on charge separation, voltage loss and 

recombination are also scarce. Chen et al. attributed the VOC loss across seven different 

polymer:PCBM systems to two main sources: i) bimolecular recombination and ii) free energy 

loss of the photo-excited state due to strong exciton binding.[3] They reported that with 

dielectric constant between 3.36 and 4.95, the bimolecular recombination loss is similar for all 

systems (in the range of 0.1-0.2 eV), while the free energy loss due to weak dielectric screening 

is reduced significantly from 0.34 eV (εr=3.36) to below 0.01 eV (εr=4.95).  

As clear from the above literature review, there are very few studies comparing dielectric 

constant with bimolecular recombination strength in polymer solar cells, limited by the 

availability of polymers with strong dielectric screening. In this work, we report a dielectric 

constant 16.7 for a DPP-based low bandgap polymer DT-PDPP2T-TT (1-Materials, see Figure 

S1 for structure).[8] When mixed with [60]PCBM in 1:3 w/w ratio, a dielectric constant of seven 

is measured in the photovoltaic blend. The charge carrier mobility in the blend measured by 

photo-CELIV was found to be one of the highest reported in the literature (1.8×10-3 cm2V-1s-

1). These properties make the DT-PDPP2T-TT system an interesting candidate to study the 
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correlation between dielectric constant, mobility and bimolecular recombination. For this 

purpose, devices with over 4% efficiency were fabricated with high fill factor of 0.62 achieved 

at large active layer thickness of 267 nm. Bimolecular recombination coefficient and charge 

carrier lifetime are compared with well-known, low dielectric constant polymer: PCBM blends 

of P3HT:PCBM (1:1, w/w) and PCPDTBT:PCBM (1:2, w/w). These systems are selected for 

comparison because of the well-established recombination kinetics[9] as well as their low 

dielectric constant values, which provides a good contrast to the high dielectric constant of DT-

PDPP2T-TT:PCBM. The comparison reveals the benefit of stronger dielectric screening in the 

lowest bimolecular recombination coefficient normalized to charge mobility in DT-PDPP2T-

TT:PCBM, which is explained by smaller Coulomb capture radius. The dielectric constant of 

the polymer:fullerene blend found to be the average value of the polymer and PCBM. The 

increased dielectric constant of the polymer is currently unknown.  

 

2. Experimental Techniques 

Bias and frequency dependent capacitance: The parallel capacitance CP was obtained using 

impedance measurements over a voltage bias scan at a fixed frequency, assuming an equivalent 

circuit of a capacitor in parallel with a resistor. The parallel capacitance in this simple model 

has been shown to be an accurate estimation of the geometric capacitance at low frequencies 

below 10 kHz,[10] which is our range of interest. At higher frequencies, the series resistance (i.e. 

contact resistance, resistance of the external circuit) may affect the frequency dependency, 

producing a lower CP than the real value. The geometric capacitance is determined from the C-

2-Voltage plot by extrapolating the linear region at reverse bias to the y axis (𝑉 = 0) and the 

intercept corresponds to 𝐶𝑃
−2.  
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Charge Extraction by Linearly Increasing Voltage: A linear voltage ramp was applied to the 

devices at set frequency with a voltage ramp maximum altitude U and a pulse duration tpulse, 

while the device being covered in the dark to eliminate charge photogeneration. The current 

step response would reach 𝑗(0) = 𝐶𝑃𝑈 𝐴𝑡𝑝𝑢𝑙𝑠𝑒⁄  in the circuit time constant 𝜏𝑅𝐶  for an RC 

circuit, where A is the size of the active area and d is the active layer thickness. The time 

constant 𝜏𝑅𝐶  was controlled below 200 ns by applying different resistors depending on the 

device capacitance. 

Photogenerated Charge Extraction by Linearly Increasing Voltage: The devices were photo-

excited at open circuit using a nanosecond switch. After a certain delay time, the switch was 

opened and a ramp voltage pulse was applied to the device with variable bias altitude U and 

pulse duration tpulse. During the delay time an adjustable offset was applied to compensate for 

the charge leakage prior to extraction. The extraction current will reach a maximum ∆𝑗 after 

time tmax, from which the charge carrier mobility  could be calculated for samples with 

moderate conductivity (∆𝑗 ≤ 𝑗(0)):[11] 

𝜇 =
2𝑑2

3𝐴𝑡𝑚𝑎𝑥
2 [1+0.36

∆𝑗

𝑗(0)
]
                                                                                                                          (1) 

Time-Resolved Charge Extraction: For TRCE measurements the devices were photo-excited 

using a laser pulse at open circuit using a nanosecond switch.[12] After a certain delay time the 

switch was opened and the extraction transients at short circuit condition were recorded. After 

subtracting the dark response, the extracted charge density at a certain delay time was obtained 

from integration of the extraction transient. Time dependent bimolecular recombination 

coefficient  was calculated from charge carrier density and the first order derivative of carrier 

density versus time using the equation for bimolecular (second order) recombination: 

𝑑𝑛

𝑑𝑡
= −𝛽𝑛2                                                                                                                                         (2). 
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The charge carrier lifetime could also be calculated from : 

𝜏 =
1

𝑛𝛽
= −𝑛 (

𝑑𝑛

𝑑𝑡
)

−1

                                                                                                                          (3). 

 

The bimolecular recombination coefficient  is often compared to the Langevin recombination 

coefficient L: 

𝛽𝐿 =
𝑒𝜇

𝜀𝑟𝜀0
                                                                                                                                            (4). 

Bulk-generation Time-of-Flight: TOF is used to obtain the ratio between  and L.[13] This was 

achieved by measuring extraction transients at different excitation densities under a constant 

extraction bias. The integration of each extraction transient gave the extracted charge Qe under 

the specific excitation density. The extraction time te, which is the time required to deplete the 

reservoir under the applied bias, was determined by the difference of half-maximum decay time 

t1/2 at high and low excitation densities. The bimolecular recombination reduction factor was 

then calculated as  

𝜉 =
𝛽

𝛽𝐿
=

𝑡𝑡𝑟

𝑡𝑒
∙

𝐶𝑈0

𝑄𝑒
                                                                                                                                (5) 

where 𝑡𝑡𝑟 =
𝑑2

𝜇∙𝑈0
 is the transit time required for the carriers to travel through the sample 

thickness under the applied bias, and d is the active layer thickness. By selecting the resistance 

R, the circuit RC time constant was tuned so that the extraction transients were RC limited (Q-

TOF). 

 

3. Results 

3.1. Dielectric constant 
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Figure 1 shows the Cp
-2 plotted as a function of voltage for pristine and [60]PCBM blend 

devices using DT-PDPP2T-TT (chemical structure and device architecture illustrated in Figure 

S1) measured under a range of applied bias from -2 V to 2 V at 1 kHz. The inset shows a charge 

extraction by linearly increasing voltage (CELIV) transient measured at voltage pulse duration 

tpulse of 10 s and maximum voltage U of 2 V. From the frequency modulated bias dependent 

capacitance measurements the capacitance of the pristine and blend films are obtained (3.08 

nF and 1.38 nF, respectively). CELIV transient gives a geometric capacitance of 1.38 nF, 

identical to that obtained from the bias dependent capacitance plots. The dielectric constant is 

calculated using the obtained capacitance values assuming that the capacitance at 1 kHz arises 

from the geometric capacitance of the device  

𝐶 = 𝜀0𝜀𝑟
𝐴

𝑑
                                                                                                                                          (6). 

An average thickness of 289±7 nm for the pristine film and 267±8 nm for the blend film was 

obtained. The active area of the devices was 0.06 cm2 defined by the overlap of contacts 

between the edged indium thin oxide (ITO) and evaporated aluminium top contact. The 

dielectric constant for the above DT-PDPP2T-TT:[60]PCBM 1:3 w/w blend device gives a r 

of 6.79±0.14 and for the pristine polymer r =16.7±0.4 is obtained. 
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Figure 1. Voltage and frequency dependent capacitance measured using frequency modulated 

current-voltage measurements. (a) The 1/CP
2 plotted as a function of voltage bias for a 267 nm 

DT-PDPP2T-TT: PCBM 1:3 blend device as well as a 289 nm pristine film, measured using 

an 50 mV voltage modulation at 1000 Hz, and (b) dielectric constant calculated from CP using 

Equation 6 for DT-PDPP2T-TT: PCBM 1:3 w/w blend, PCPDTBT: PCBM 1:2 w/w blend as 

well as P3HT: PCBM 1:1 w/w blend, plotted as a function of frequency. The inset in (a) shows 

a dark CELIV curve of DT-PDPP2T-TT: PCBM measured at voltage pulse duration of 10 s 

and maximum voltage of 2V. 
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The effect of active layer thickness, different polymer batches and possible contribution from 

neighbouring pixels has also been considered. Five devices of DT-PDPP2T-TT:PCBM (1:3, 

w/w) with different thickness were fabricated and the dielectric constant is calculated for each 

device using bias dependent impedance and CELIV techniques. Two single-pixel devices were 

fabricated, where only one aluminium strip was evaporated leading to only one pixel (See 

Figure S1b). These results are summarized in Table S2. An average dielectric constant of 

7.29±0.75 for DT-PDPP2T-TT:[60]PCBM (1:3, w/w) blend was calculated. DT-PDPP2T-

TT:[70]PCBM (1:3, w/w) devices were also fabricated, giving a dielectric constant of 

6.85±0.88.  

Figure 1b shows the frequency dependence of the dielectric constant calculated from the 

capacitance as above in DT-PDPP2T-TT:PCBM (1:3, w/w) blend, compared with that of 1:2 

w/w PCPDTBT:PCBM blend and 1:1 w/w P3HT:PCBM blend. A weak frequency dependence 

of r is observed, where r decreased from 7.0 at 1 kHz to 5.9 at 500 kHz.  Similar frequency 

dependence is observed in PCPDTBT:PCBM as well as P3HT:PCBM blends.  

 

3.2. Charge carrier mobility 

Figure 2 shows photo-CELIV transients measured at various delay times (a) at 10 J cm-2 laser 

intensity and at various laser intensities (b) at a fixed 5 s delay time for a photovoltaic device 

based on the DT-PDPP2T-TT: [60]PCBM (1:3, w/w) device. No strong dependence of the time 

to reach maximum extraction current (tmax) on delay time or excitation density was observed. 

Carrier mobility was calculated from 22 recorded transients by varying, in addition to light 

intensity and delay time, the voltage pulse duration tpulse (10 s – 100 s) and maximum applied 

voltage U (0.1 V – 5 V). The average mobility value of (1.8±0.6)×10-3 cm2V-1s-1 was obtained. 
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The carrier mobility and dielectric constant in P3HT:PCBM and PCPDTBT:PCBM systems 

are summarized in Table 1, obtained using the same method as DT-PDPP2T-TT:PCBM. 

 

Figure 2. Photo-CELIV transients measured at (a) different delay times and (b) different 

excitation densities. Voltage pulse duration of 10 s and maximum voltage of 2 V is used for 

all transients. 

Table 1. Charge carrier mobility, dielectric constant and Langevin recombination coefficient 

for DT-PDPP2T-TT:PCBM, PCPDTBT:PCBM and P3HT:PCBM devices. 
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DT-PDPP2T-TT 1:3 1.8×10-3 7.3 4.7×10-10 

PCPDTBT 1:2 1.32×10-4 3.3 6.7×10-11 

P3HT 1:1 4.49×10-5 3.5 2.3×10-11 

 

3.3. Bulk-generation time-of-flight 

Figure S1c shows the current voltage curves of an ITO/PEDOT:PSS/DT-PDPP2T-

TT:PCBM/Al device, with active layer thickness of 267 nm. The internal as well as external 

quantum efficiency is plotted in Figure S1d. The measured photovoltaic parameters are 

displayed in Table S3. The power conversion efficiency of this device is 4% with short circuit 

current of 9.2 mAcm-2, open circuit voltage of 0.71 V and fill factor of 0.62. 

Bulk-generation time-of-flight (TOF) was carried out on the device using external resistors of 

1 k and 10 k. The recorded transients, the ratio between extracted charge and capacitive 

charge 
𝑄𝑒

𝐶𝑈0
⁄  and the time for the transient to decay to half its maximum magnitude 𝑡1 2⁄  

plotted as a function of excitation density are shown in Figure S2. Transients measured using 

1 k and 10 k both saturated with excitation density and neither show distinct feature of 

extraction time te. The 
𝑄𝑒

𝐶𝑈0
⁄  ratio reached 2.7 at the highest excitation density using a 1 k 

resistor, which is slightly higher than that using the 10 k resistor. The 𝑡1 2⁄  values for the 10 

k transients are approximately an order of magnitude higher than that of the 1 k ones, while 

both showing weak excitation density dependence. The reduction factor /L is calculated 

using Equation 5, giving values of 0.07 using a 1 k resistor and 0.015 using a 10 k resistor. 

 

3.4. Charge density decay 

Time-resolved charge extraction (TRCE) measurements using a nanosecond switch were 

conducted on the above photovoltaic device. Charge density obtained from TRCE under 
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different excitation densities plotted as a function of delay time is shown in Figure 3. A 

biphasic recombination behavior is observed, which consists of a strongly excitation density 

dependent phase from 500 ns to 10 s and an excitation density insensitive slow phase from 

10 s to 1 ms. The slow phase was fitted to power law (𝑛 ∝ 𝑡−𝛼) giving a power law gradient 

 of 0.16. Close to identical power law kinetics is observed for all excitation densities above 

0.1 J cm-2 for the slow phase. Increasingly faster recombination kinetics with increasing 

excitation density is observed for the fast phase. The charge density increases with increasing 

excitation density up to 100 J cm-2, where the charge density starts to saturate. The charge 

density values could be further correlated with Voc at each delay time by measuring 

corresponding photovoltage decay, see Figure S4. 

 

Figure 3. Charge density decay of DT-PDPP2T-TT:PCBM device measured at different delay 

times and under different excitation densities obtained from TRCE. 

 

3.5. Time-dependent bimolecular recombination coefficient 
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Figure 4a shows the obtained  plotted against delay time. The error bars show the variation 

with excitation density at the same delay time. The horizontal dash lines show the  values 

obtained from bulk-generation time-of-flight (TOF) measurements under resistance of 1 k 

and 10 k. The bimolecular recombination coefficient of DT-PDPP2T-TT:PCBM is compared 

with that of P3HT:PCBM (1:1, w/w) and PCPDTBT:PCBM (1:2, w/w) blend systems in Figure 

4a. P3HT:PCBM system shows a  of 1.07×10-12 cm3s-1 at 1 s, which is over an order of 

magnitude lower than that of DT-PDPP2T-TT:PCBM. PCPDTBT:PCBM and DT-PDPP2T-

TT:PCBM show very similar  values of 2.02×10-11 cm3s-1 and 1.95×10-11 cm3s-1 at 1 s, 

respectively. A distinct difference in the time dependence of  is observed between these three 

systems. The strongest time dependence is observed for the PCPDTBT:PCBM blend. At 10 s, 

the  of DT-PDPP2T-TT:PCBM is more than twice as large compared to that of 

PCPDTBT:PCBM. Much weaker time dependence is observed for P3HT:PCBM with  

decreasing only an order of magnitude over the 1 s to 1 ms timescale.  
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Figure 4. The time dependence of bimolecular recombination coefficient  in DT-PDPP2T-

TT: PCBM, PCPDTBT: PCBM and P3HT: PCBM devices. (a) plotted as a function of time, 

where the dash lines indicate  values obtained from TOF, and (b) normalized to charge 

mobility, plotted as a function of time.   
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PDPP2T-TT:PCBM device, which has the highest dielectric constant, has the lowest values of 

/throughout the investigated timescale. The P3HT:PCBM device has a  value twice as 

that of DT-DPP2T-TT:PCBM at 1 s, and the difference between the two systems increases at 

longer times due to the weaker time dependence in P3HT:PCBM. The PCPDTBT:PCBM 

device has / values approximately an order of magnitude larger than that of DT-PDPP2T-

TT:PCBM throughout the timescale of 1 s to 1 ms. 

 

3.6. Charge carrier lifetime 

The VOC dependent charge carrier lifetime  is compared between the polymer: PCBM blends 

of DT-PDPP2T-TT, PCPDTBT and P3HT in Figure 5. To check the lifetime dependence on 

active layer thickness, P3HT:PCBM devices with thickness in the range of 67 nm to 306 nm 

as well as DT-PDPP2T-TT:PCBM devices with 185 nm and 267 nm active layer are compared. 

At VOC above 0.55 V, the carrier lifetime dependence on thickness is within 10% deviation for 

both P3HT:PCBM and DT-PDPP2T-TT:PCBM systems and the thickness-dependence 

gradually increase at lower VOC. At the maximum VOC for each system, DT-PDPP2T-

TT:PCBM and P3HT:PCBM devices show similar  around 3 s, while for the 

PCPDTBT:PCBM device a shorter  of 1.3 s is observed. At VOC below 0.7 V, DT-PDPP2T-

TT:PCBM device showed the longest carrier lifetime throughout the investigated VOC range. A 

logarithmic dependence of  on VOC is observed for all three systems at VOC above 0.55 V. 

P3HT: PCBM showed the weakest VOC dependence of , while DT-PDPP2T-TT: PCBM 

showed the strongest. 
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Figure 5. Charge carrier lifetime plotted as a function of open circuit voltage for DT-PDPP2T-

TT:PCBM, PCPDTBT:PCBM and P3HT:PCBM devices of different active layer thicknesses. 

 

4. Discussion 
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checked to confirm that indeed the measured capacitance is the geometric capacitance of the 

sample described by Equation 6. Devices with five different active layer thicknesses in the 

range of 200 to 300 nm at the same blending ratio were fabricated, showing capacitance values 
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inversely proportional to thickness. To check parasitic capacitance effect from neighbouring 

device pixels on the same substrates due to, for example, current flowing through the highly 

conductive PEDOT:PSS hole contact layer outside the patterned ITO electrode, devices with 

only one pixel were fabricated. These experiments yielded the same dielectric constant within 

10% error. Applied bias-dependent capacitance measurements (Figure 1a) showed  that while 

the pristine polymer devices displays a constant capacitance value at increasing reverse bias, 

the capacitance of a blend film devices decreases as the reverse bias is increased.  No significant 

frequency dependence has been observed at applied biases between -2 V and 2 V (Figure 1b); 

therefore no significant dispersion in the RC time constant is observed. The more pronounced 

bias dependent capacitance in the donor: acceptor blend compared to the pristine polymer is 

hence attributed to double injection (electron and hole) and subsequent recombination, which 

decreases the measured capacitance. Small injection current (10 A) in the reverse bias was 

also observed in dark CELIV curves caused by the slight increase in the current response to a 

voltage ramp, while a purely capacitive current leads to a constant current. To minimise the 

effect of dielectric screening from reverse bias injection or leakage current, the capacitance in 

blend devices were taken at zero applied bias by extrapolation, a procedure frequently applied 

in the literature to obtained geometric capacitance.[14] 

The CELIV transients for each device is recorded under a wide range of maximum voltage 

altitude U between 0.2 V and 5 V and pulse duration tpulse between 10 s and 100 s, allowing 

the bias voltage ramp (dU/dtpulse) to vary over an order of magnitude. 

To summarise, a high dielectric constant of DT-PDPP2T-TT and DT-PDPP2T-TT:PCBM has 

been consistently obtained using two different techniques under every experimental conditions 

trialled. The dielectric constant value measured for the 1:3 w/w DT-PDPP2T-TT:PCBM blend 

is the approximate volume average of the dielectric constant value of the pristine polymer 
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(16.7) and [60]PCBM (3.9), assuming same material density. We have measured the dielectric 

constant value for a 1:3 w/w DT-PDPP2T-TT:[70]PCBM blend, which was also found to be 

the volume average of the two materials (assuming that the dielectric constant of [70]PCBM is 

the same as [60]PCBM).  

Volume-average dielectric constant in a bulk heterojunction blend has been reported before[15] 

while in annealed P3HT:PCBM, the measured dielectric constant was higher than the 

calculated volume average dielectric constant at PCBM concentration below 40%wt.[16] This 

lack of agreement was explained by the non-uniform distribution of spherical PCBM domains 

in P3HT:PCBM layer at low PCBM concentration, as well as a PCBM-rich phase near the 

PEDOT:PSS surface.[17] Furthermore, the deviation of dielectric constant from the calculated 

volume-average value has been correlated with the larger crystalline domain size of P3HT at 

low PCBM concentrations. Our observation of volume average dielectric constant suggests 

similar morphology of the polymer phase in the blend compared to the pristine film, diluted by 

lower dielectric constant PCBM molecules and crystallites. We preformed dielectric 

measurements on the same chemical structure polymer with lower molecular weight and found 

much smaller dielectric constant values than reported here. While we currently have no 

explanation of why this particular polymer and polymer:PCBM blend has high dielectric 

constant, the correlation with charge recombination and transport would be very interesting. 

The above discussion raises some interesting aspects of dielectric screening in donor:acceptor 

bends with a large asymmetry between dielectric constant values. A volume-averaged 

dielectric constant measured by low frequency dielectric spectroscopic techniques is may not 

be sufficient to describe localized (on the nm scale) dielectric screening of photo-excited and 

charge separated states, particularly in highly crystalline films with 10-20 nm domain size as 

it was reported for DT-PDPP2T-TT:PCBM.[5c] The specific arrangement at the interface 
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between the large dielectric constant polymer and fullerene, such as lamellar orientation, 

domain size and domain purity may all influence dielectric screening. As a specific example, 

dielectric screening in a DT-PDPP2T-TT-rich phase with high crystallinity will likely to be 

much stronger than in a PCBM-rich phase. Such special variation of dielectric screening 

strength should be more pronounced in DT-PDPP2T-TT:PCBM than in P3HT:PCBM, due to 

the four times larger difference between polymer and PCBM dielectric constant. Such an effect 

may help to confine charge carriers within ordered domains, screening from charge carrier traps 

located at the phase boundary, further affecting charge mobility and recombination dynamics. 

Clearly, further investigations are required in this area and DT-PDPP2T-TT:PCBM is a very 

good candidate for such studies. 

 

4.2. The effect of increased dielectric screening on recombination kinetics and device 

performance 

Figure 4b shows that when normalized to charge carrier mobility, DT-PDPP2T-TT:PCBM 

system has the lowest bimolecular recombination to mobility ratio. This could be explained by 

two different mechanisms in the framework of diffusion-controlled bimolecular recombination 

models. These are the effect of dielectric screening on i) coulomb capture radius; and ii) its 

possible effect on the bimolecular reduction factor . Firstly, increased dielectric screening in 

DT-PDPP2T-TT:PCBM (r=7.2 versus r=3.5 for P3HT:PCBM and r=3.3 for 

PCPDTBT:PCBM) leads to a smaller coulomb capture radius rc of 2 nm (4.4 nm for 

P3HT:PCBM, and 4.1 nm for PCPDTBT:PCBM (Table S1). In turn, the smaller radius leads 

to elongated beta as it takes longer for the electrons and holes to diffuse close to each other to 

be captured by their mutual Coulomb interaction. Note that faster charge transport leads to 

faster diffusion of the charges, which has been excluded in this analysis by normalizing the 
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measured  to mobility. The second mechanism is related to bimolecular recombination 

reduction factor , which itself may have multiple origins. Arkhipov et al. suggested that 

recombination at donor-acceptor interface is slowed by an energetic barrier, formed by the 

presence of interfacial dipoles in an ordered phase.[18] Recombination via tail states has been 

suggested as another mechanism for reduced bimolecular recombination, in which case the 

recombination rate is suggested to be activation-controlled rather than diffusion.[9a, 19] Another 

mechanism by Hilczer and Tachiya suggests that recombination of electron and holes leads to 

an intermediate CT state, which again can separate to free charges.[20] Therefore, electron and 

hole encounters do not always lead to charge annihilation.[21] Explanations based largely on the 

morphology, such as 2D Langevin recombination[22] has also been put forward suggesting 

reduced probability for charges to meet in highly ordered lamella or fibril-like structured 

P3HT:PCBM films. 

To separate the two possible origins, first the bimolecular reduction factor is calculated from 

bulk generation TOF measurements. For the DT-PDPP2T-TT:PCBM system, a reduction 

factor of 0.07 was obtained using a 1 kΩ resistor (Figure S2). This value is not as small as 

previously reported non-Langevin systems measured at similar conditions, for example 10-4 for 

P3HT:PCBM[13] and 0.02 for a silole-based polymer PDTSiTTz:PCBM.[23] Furthermore, the 

TOF transients decay closely following an exponential decay, without the appearance of a 

distinct extraction time te. The 
𝑄𝑒

𝐶𝑈0
⁄  ratio is close to 1, which has been observed in blends 

featuring Langevin-type recombination;[24] whereas for donor/acceptor blends with reduced-

Langevin recombination, this ratio could be as large as 30.[25] Photo-CELIV transients at 

saturated intensity also clearly suggest Langevin recombination, where the extracted charge 

equals the capacitive charge (
𝑄𝑒

𝐶𝑈
= 1.1) and tmax is related to transit time. Note that reduced 
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bimolecular recombination leads to photo-CELIV transients with extracted charge significantly 

larger than the capacitive charge, which could be easily observed in a large ∆𝑗/𝑗(0) ratio above 

ten.[26] Also, in systems with non-Langevin bimolecular recombination, the maximum 

extraction time tmax will be controlled by the extraction time rather than the transit time, thus 

decreasing tmax at longer delay times will be expected.[23b] In summary, our results indicate a 

bimolecular recombination process that is very close to diffusion controlled, Langevin-type[25] 

for the DT-PDPP2T-TT:PCBM. Consequently, the possible effect of stronger dielectric 

screening on the reduction factor will not be discussed further. 

In the case of diffusion dominated recombination, the diffusion coefficient D is determined 

only by the mobility of the charge carriers following Einstein’s relation:[27] 

𝐷 = 𝜇𝑘𝐵𝑇/𝑒                                                                                                                                      (7). 

This gives a diffusion coefficient of 4.6×10-5 cm2s-1 for DT-PDPP2T-TT: PCBM, and 3.4×10-

6 and 1.2×10-6 cm2s-1 for PCPDTBT: PCBM and P3HT: PCBM, respectively. Assuming even 

distribution of charge carriers within the active layer and using the obtained charge density 

values at 1 μs (1×1016, 3.5×1016 and 3×1017 cm-3 for DT-PDPP2T-T:PCBM, PCPDTBT:PCBM 

and P3HT:PCBM, respectively), the time it takes for charges to diffuse over a 5 nm distance is 

290 ns, 1.5 μs and 2.9 μs for DT-PDPP2T-TT:PCBM, PCPDTBT:PCBM and P3HT:PCBM, 

respectively. The calculated diffusion time in DT-PDPP2T-TT:PCBM device is a significantly 

shorter, agreeing with the high diffusion coefficient originated from high carrier mobility. We 

note that outside the column capture radius at open circuit voltage, charges are likely to follow 

some random path so the average diffusion distance for electrons and holes could be larger than 

the typical domain size. Nevertheless, an interesting observation is that only in DT-PDPP2T-

TT:PCBM system is the calculated diffusion time over 5 nm distance significantly shorter than 

the carrier lifetime of 4 μs. The carrier lifetime of 1.1 μs in PCPDTBT:PCBM is shorter than 
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the diffusion time and the charge lifetime of 3.1 μs in P3HT:PCBM is slightly longer, but 

comparable to the charge diffusion time. This is a clear indication that despite the fast charge 

diffusion in DT-PDPP2T-TT:PCBM devices, the probability for charges to meet and 

recombine is reduced. This is explained not by the reduction factor (see above), but by the 

smaller coulomb capture radius due to increased dielectric screening. 

The smaller β/μ explained by increased dielectric screening is therefore particularly beneficial 

for systems with high charge carrier mobility and showing Langevin-type recombination, such 

as the DT-PDPP2T-TT:PCBM. Enhanced dielectric screening balances the increased β caused 

by high mobility, as a result, DT-PDPP2T-TT:PCBM and PCPDTBT:PCBM show very similar 

β at 1 μs despite DT-PDPP2T-TT:PCBM having a mobility one order of magnitude higher. 

Higher mobility leads to faster diffusion-controlled recombination rate, but the decreased 

coulomb capture radius partially compensate for the faster diffusion. .Note that the longer 

charge carrier lifetime observed in DT-PDPP2T-TT:PCBM (Figure 5) compared to 

PCPDTBT:PCBM blend is due to the smaller β. Compared to P3HT:PCBM blend, on the other 

hand, the longer lifetime is attributed to the lower extracted charge carrier density at the same 

open circuit voltage. This could be explained by the much larger density of trap states in 

P3HT:PCBM blends used in this study, also evident from the rather low charge mobility, the 

shallow slope of Voc versus charge density and the highly dispersive nature of charge 

recombination kinetics at long delay time (Figure S3). To summarize, under current extraction 

conditions, charges diffuse under the gradient of the electrochemical potential faster than the 

recombination lifetime, explaining high fill factor at large active layer thicknesses compared 

to both PCPDTBT:PCBM and P3HT:PCBM blends. 
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A question arises whether the increased dielectric screening is responsible for the higher 

mobility in DT-PDPP2T-TT:PCBM. Mobility dependence on electric field in disordered 

mediate can be described by the Poole-Frenkel model 

𝜇(𝑇, 𝐸) = 𝜇0exp (−
𝐸0−𝛽𝑃𝐹𝐹

1
2

𝑘𝐵𝑇𝑒𝑓𝑓
)                                                                                                           (8) 

where 0 is the field-independent mobility, E0 is the zero-field activation energy, PF is the 

Poole-Frenkel coefficient and 𝑇𝑒𝑓𝑓
−1 = 𝑇−1 − 𝑇0

−1  where T is the temperature and T0 is the 

extrapolation intercept of temperature dependent mobility plots.[28] The 0 describes the 

mobility in the absence of disorder in an ideal matrix with no distribution of site energies. The 

electric field dependence arises from the variation of site energies and the effect of external 

field on the activation barrier for charge carrier hops.[29] 

If the dielectric constant increase is due to larger polarizability of the electronical conductivity 

by the delocalized segments of the conjugated chains, for example, due to larger bandwidth of 

interchain coupling, increased mobility due to larger, extended delocalization is expected, 

(increased 0). Furthermore, increased dielectric screening may affect the average 

electrochemical energy of the polarons in the conductive polymer, which in turn may affect the 

activation energy for charge carrier hops.  In both cases, the increase in dielectric screening 

and charge mobility are inherently linked. Increasing the dielectric constant is therefore 

partially counterproductive in systems with Langevin-type diffusion controlled bimolecular 

recombination, as the smaller Coulomb radius is partially compensated by the faster diffusion. 

Still, there are net befits as demonstrated in this manuscript.  

If the larger dialectic constant is due to the movement of oriented sidechain dipoles (as it is 

suspected in this case), delocalization within the electronically active conductive segments is 

not necessarily effected, therefore 0 is not changed. Variation of site energies, often termed 
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energetic disorder, may change instead. It was suggested that increased dielectric screening 

effectively smooths the energy landscape in a disordered system, leading to faster transport.[30] 

We note these arguments are based on a tridimensional uniform dielectric screening, which is 

unlikely to be the case. Charges primarily conducted within the polymer phase experience 

larger dielectric screening than charges at the interface, which may confine them within the 

phase and away from the interface. This could lead to faster transport as well as slower 

recombination. Studies of the effect of dielectric screening on charge transport and 

recombination in strongly reduced, non-Langevin recombination systems will be very 

interesting. 

 

5. Conclusion 

A dielectric constant of seven and a charge mobility of 1.8×10-3 cm2V-1s-1 is measured in a DT-

PDPP2T-TT:[60]PCBM polymer solar cell devices, both of these values are among the highest 

reported in the literature to date. The bimolecular recombination kinetics is studied in this blend 

and results are compared to PCPDTBT:PCBM and P3HT:PCBM blends. Bimolecular 

recombination coefficient close to PCPDTBT is observed at early timescales using charge 

extraction with nanosecond switch techniques, despite the order of magnitude higher charge 

mobility. The reduction factor  𝛽 𝛽𝐿⁄  of the observed recombination kinetics compared to 

recombination predicted by Langevin theory was found to be similar to that of P3HT:PCBM. 

The results reported here suggest that the increased dielectric screening reduces charge 

recombination explained by the smaller coulomb capture radius. The improved dielectric 

screening balances the faster diffusion arising from higher charge mobility, leading increased 

charge extraction efficiencies at large active layer thicknesses. The studies here raises some 

important questions, such as the origin of the improved dielectric constant in DT-PDPP2T-TT 
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and its fullerene blends as well as the effect of dielectric screening ion bimolecular 

recombination in non-Langevin type recombination systems.  

 

6. Experimental Section 

Device Fabrication and Current-Voltage Characterization: DT-PDPP2T-TT was purchased 

from 1-Material (OS0300, Lot# YY6278). PCPDTBT, P3HT and [60]PCBM were purchased 

from Solaris. Photovoltaic devices were fabricated as follows: pre-patterned indium tin oxide 

(ITO) substrates with active area of 0.06 cm2 were cleaned by sonicating in detergent, DI water, 

acetone and isopropanol, each for 15 min then blow dry with nitrogen and treated with UV-

Ozone for twenty minutes. Poly-(ethylenedioxythiophene): poly(styrene sulfonate) 

(PEDOT:PSS) (Clevios P, VP Al 4083) was spin coated on the substrates then subsequently 

annealed at 140°C for ten minutes to achieve a dry thickness of around 30 nm. The photoactive 

layer was deposited via spin coating the hot solution (DT-PDPP2T-TT:[60]PCBM with 1:3 

w/w ratio and pristine DT-PDPP2T-TT in chloroform with 7.5 vol% dichlorobenzene;  

PCPDTBT:[60]PCBM with 1:2 w/w ratio in chlorobenzene with 3 vol% diodooctane; 

P3HT:[60]PCBM with 1:1 w/w ratio in chlorobenzene). Active layer thickness was controlled 

via changing spin speed and measured using Dektak stylus profilometer. The above processes 

are carried out under ambient condition except polymer solution preparation, which was 

prepared in an Argon filled glovebox. Thermal annealing was carried out for P3HT device at 

110°C for ten minutes in glovebox. Aluminum counter electrode was deposited by thermal 

evaporation at ~1×10-6 mbar to achieve thickness around 100 nm. The complete devices were 

encapsulated with cover glass using UV-curable epoxy in glovebox for characterizations under 

ambient conditions. Current-Voltage characterizations were carried out using Solar cell I-V 

curve testing system model IV21L, PV measurements. 

Film thickness: Film thickness was measured using DEKTAK stylus profilometer. Each 

measurement was carried out over a scan length of 3000 m with a stylus force of 0.1 mg. For 

each sample multiple scans were carried out for an averaged thickness. 

Bias and frequency dependent capacitance: Voltage and frequency dependent capacitance was 

measured using a Zahner IM6 electrochemical workstation and a Solartron 1287 

electrochemical interface. AC oscillation amplitude of 5 mV was used. The voltage bias 

between -2 V and 2 V and frequency between 1 kHz and 500 kHz was applied. 
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Charge Extraction by Linearly Increasing Voltage: CELIV was carried out using a function 

generator (WF 1974, NF) and the extraction current is recorded using an oscilloscope over 50 

 impedance. 

Photogenerated Charge Extraction by Linearly Increasing Voltage: A pulsed laser (532nm, 

Spectra Physics Quanta Ray Lab 170) is used to generate charge carriers within measured 

devices. A Quanta Ray MOPO was used to tune the pump wavelength for photoexcitation. 

Excitation pulse of 650 nm was used for DT-PDPP2T-TT:PCBM and PCPDTBT:PCBM 

devices and 532 nm for P3HT:PCBM devices. The delay time between photoexcitation and 

voltage ramp application is controlled using a nanosecond switch (2 M impedance, Asama 

Lab) and a delay generator (Stanford Research DG535). The extraction current is recorded 

using an oscilloscope, using either the build-in 50  impedance on oscilloscope or a homemade 

13.5  resistor in parallel with the 1 M input impedance on oscilloscope, depending on the 

device capacitance. 

Bulk Generation Time-of-Flight: The device was photoexcited using a laser pulse same as 

above while biased by applying 2 V reverse bias using a function generator. The extraction 

currents were recorded using an oscilloscope. The circuit impedance is controlled by applying 

resistors in parallel to the 1 M input impedance of oscilloscope. The excitation density of the 

device is altered by using different neutral density filters, with the highest excitation density of 

1000 Jcm-2. 

Time-Resolved Charge Extraction: TRCE measurements were carried out as follows. A pulsed 

laser (532 nm, Spectra Physics Quanta Ray Lab 170) was used to generate charge carriers 

within measured devises. A Quanta Ray MOPO was used to tune the pump wavelength for 

photoexcitation. Excitation pulse of 650 nm was used for DT-PDPP2T-TT devices and 532 nm 

for P3HT devices. The devices were initially held at high impedance using a nanosecond switch 
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(2 M impedance, Asama Lab). After a controllable delay time using a digital delay generator 

(Stanford Research DG535), the switch is opened and the devices are at short circuit condition. 

The extracted current is measured using an oscilloscope as a function of time (input impedance 

50). The dark response is subtracted to remove the switch noise. 

Photovoltage decay: The devices were photoexcited at open circuit (1 M impedance). The 

voltage decay was recorded as a function of time. The extracted charge is then matched with 

VOC at each delay time. 
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A high dielectric constant of seven and charge mobility of 1.8×10-3 cm2V-1s-1 is reported 

for a low bandgap polymer DT-PDPP2T-TT:PCBM blend. Reduced bimolecular 

recombination normalized to mobility is observed, which is explained by smaller coulomb 

capture radius in a diffusion controlled recombination mechanism. 
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Table S1. Coulomb capture radius and charge dissociation probability calculated at different 

dielectric constant and film thicknesses  

Dielectric constant, εr Film thickness  

(nm) 

Coulomb capture radius, rc  

(nm) 

Dissociation probability P(E) 

 

3 100 4.8 1.1×10-4 

300 8.2×10-5 

7 100 2.1 2.1×10-2 

300 1.8×10-2 

10 100 1.4 6.7×10-2 

300 6.0×10-2 
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Figure S1. The chemical structure of DT-PDPP2T-TT and (a) device architecture used for DT-

PDPP2T-TT: PCBM devices, (b) single-pixel device architecture used for dielectric constant 

measurements, (c) current density-voltage characterizations of DT-PDPP2T-TT:PCBM, 

PCPDTBT:PCBM and P3HT:PCBM devices, and (d) internal/external quantum efficiency 

characterizations for the three devices measured in (c). 

 

Table S2. A list of device parameters for dielectric constant calculation.  

Acceptor Thickness 
(nm) 

Capacitance 
(nF) 

Dielectric 
constant 

[60]PCBM 200±12 1.99±0.09 7.47±0.33 

[60]PCBM 250±13 1.52±0.30 7.15±0.40 

[60]PCBM 267±8 1.35±0.05 6.79±0.14 

[60]PCBM 295±16 1.45±0.08a) 8.04±0.43a) 

[60]PCBM 300±11 1.24±0.14a) 7.02±0.75a) 

[70]PCBM 107±15 3.40±0.40 6.85±0.88 

a) Values measured from single pixel devices, where the counter electrode is only evaporated 

on a single pixel area (see Figure S1b) 
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Table S3. Photovoltaic performance parameters of DT-PDPP2T-TT:PCBM, 

PCPDTBT:PCBM and P3HT:PCBM devices. 

Polymer D:A 
ratio 

VOC 
(V) 

JSC 
(mA cm-2) 

JEQE 
(mA cm-2) 

Fill 
Factor 

Efficiency 

DT-PDPP2T-TT 1:3 0.71 9.16 9.1 0.62 4.0% 

PCPDTBT 1:2 0.64 8.89 9.0 0.42 2.4% 

P3HT 1:1 0.54 7.78 7.2 0.46 1.9% 

 

 

Figure S2. Bulk-generation time-of-flight results measured under external resistance of 1 k 

and 10 k. The obtained TOF transients under different excitation densities (increasing 

excitation density indicated by the direction of the arrow) are shown for (a) 1 k resistance 

and (b) 10 k resistance, and (c) the extracted Qe/CU0 and t1/2 are plotted as function of 

excitation density.  
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Figure S3. The open circuit voltage behavior with charge density for DT-PDPP2T-TT:PCMB, 

PCPDTBT:PCBM and P3HT:PCBM devices, shown at saturated excitation density. 
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