
 

 

 University of Groningen

Organic Semiconductors for Next Generation Organic Photovoltaics
Torabi, Solmaz

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

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

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Torabi, S. (2018). Organic Semiconductors for Next Generation Organic Photovoltaics. [Thesis fully internal
(DIV), University of Groningen]. University of Groningen.

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

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

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

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

Download date: 25-05-2023

https://research.rug.nl/en/publications/6ae2d68e-67d7-4964-b721-60efbc11383b


CHAPTER 3
Strategy for enhancing the dielectric constant

Summary

In this chapter we introduce a strategy to enhance the dielectric constant of well-
known donors and acceptors without breaking conjugation, degrading charge carrier
mobility or altering the transport gap. The ability of ethylene glycol (EG) repeating
units to rapidly reorient their dipoles with the charge redistributions in the environment
is proven via density functional theory (DFT) calculations. Fullerene derivatives
functionalized with triethylene glycol side chains are studied for the enhancement of
εr together with poly(p-phenylene vinylene) and diketopyrrolopyrrole based polymers
functionalized with similar side chains. The polymers show a doubling of εr with
respect to their reference polymers with identical backbone. Fullerene derivatives
present enhancements up to 6 compared with phenyl-C61-butyric acid methyl ester as
the reference.
∗ This chapter has been originally published in Adv. Funct. Mater. 25 (1), 2014, pp 150-157. DOI:
10.1002/adfm.201402244
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Chapter 3. Strategy for enhancing the dielectric constant

3.1 Introduction

As discussed in chapter 1, the power conversion efficiency is one of the most important
features that should be improved for organic photovoltaics to realize large scale com-
mercialization. In contrast to inorganic photovoltaics where the absorption of light leads
to the formation of free charge carriers, in OPV excitons are created upon excitation by
light. This is mainly due to the low dielectric constant of current OPV materials where
electrons and holes cannot overcome their binding energy, which exceeds the thermal en-
ergy at room temperature. Taking this fact into account, bulk heterojunction solar cells
were designed in which exciton dissociation is facilitated at the interface of so called
donor-acceptor materials bearing favorable ionization potential-electron affinity for ex-
citon dissociation. [1,2] Upon the introduction of the BHJ concept, a turning point was
achieved in the progress map of OPV followed by impressive efficiency enhancements
approaching the value of 13%. [3] This improvement has been achieved due to the vast
amount of research dedicated to morphology, band structure and device design opti-
mization. Nevertheless, the dielectric constant enhancement of organic materials cap-
tured less attention in these optimization efforts, which demands more research being
devoted to this issue.
In a simulation study, Koster et al. [4] have predicted efficiencies of more than 20% by
taking an increased dielectric constant of up to 10 into account. The enhancement of εr
up to frequencies of GHz can diminish loss processes in OPV devices originating from
Coulomb interactions between oppositely charged carriers as follows:
a) Bimolecular recombination is reversely proportional to εr and occurs within ≈ µ s
timescale. [5] An increased εr in the ≈MHz range, therefore, leads to a reduced bimolec-
ular recombination rate hence improved charge carrier extraction. The reduced bimolec-
ular recombination enables the production of OPV devices with thicker films for better
light harvesting. [6] Moreover, the thicker films will be favorable for upscaling the OPV
technology for printing processes. b) Exiton lifetime is ca. 10−9 s in BHJs based on low
dielectric constant materials. [7] Increasing εr in the frequency range relevant to exiton
lifetime can lead to a reduced exciton binding energy. c) The lifetime of the charge trans-
fer exciton is in ≈ ns time domain. [8,9] A better screening for the charge transfer state
can result from increased εr. [10,11] d) The increased εr reduces the singlet-triplet energy
splitting which allows for smaller band offsets without relaxation to the triplet state. [12]

The smaller band offset leads to the increased open circuit voltage. To sum up, an en-
hancement of εr below the GHz range is adequate to address the major loss factors of the
photocurrent originating from Coulomb interactions considering the timescale of the
loss processes.
In optimized OPV cells ca. 100% internal quantum efficiency has been reported [13] how-
ever, it is worth noting that a significant open circuit voltage loss as a direct consequence
of the band offset between the donor and acceptor compounds is still required for cur-
rent low dielectric constant OPV materials. Moreover, the recombination in optimized
BHJ systems is minimized at the cost of the reduced thickness of the active layer, hence
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3.2. Materials

the loss of light absorption efficiency. [6]

Therefore, tailoring organic materials for enhanced εr is a viable route for efficiency en-
hancement of current OPV systems while potentially benefiting other applications of
organic semiconductors that currently suffer from their poor dielectric properties. In a
more ambitious perspective, the enhancement of εr for organic materials can rule out the
need for the BHJ structures upon a reduction of the exciton binding energy, directing the
progressive pathway of OPV to a new milestone.
To date, only very few attempts at increasing the dielectric constant of organic semicon-
ductors have been published. [14–17] Non-synthetic approaches such as physically mixing
organic semiconductors with high-εr molecules or ion doping seem to be straightfor-
ward yet less likely to keep the absorption, transport and morphology unaffected. In a
recent study, the physical addition of known high-εr molecules to a donor material has
led to a reduced exciton binding energy, at the cost of significantly lower mobility and
absorption. [16] Ion doping, another approach, can lead to an undesirable phase sepa-
rated morphology of the donor-acceptor network. [17] In addition, ionic polarizations are
not fast enough to screen Coulomb forces even within the timescale of the slowest loss
processes such as bimolecular recombination. Breselge et al. [14] introduced triethylene
glycol (TEG) side chains in a poly(p-phenylene vinylene) (PPV) derivative and showed
an enhancement of εr. When blended with a fullerene derivative, this polymer yielded
enhanced charge dissociation as compared with a less polar PPV derivatives. [15] How-
ever, the BHJ solar cell did not present efficiency enhancement reportedly due to the
incompatible polarities of the donor and acceptor leading to the formation of large do-
mains in the donor-acceptor network. [14] Therefore, in order to provide better mixing
for the donor-acceptor blend it is beneficial to functionalize both components with iden-
tical polarities. Moreover, when the whole medium consists of donors/acceptors with
enhanced εr, loss processes arising from Coulomb interaction become unfavorable.
Here we enhance εr of both fullerene derivatives and conjugated polymers through com-
patible functionalization approaches. For this purpose, we choose to use pendant groups
bearing higher polarities without modifying the -conjugated system, so as not to affect
the mobility or band gap. The dipoles in these pendant groups should be able to freely
rotate even at relatively high frequencies (≈GHz). We show that ethylene glycol repeat-
ing units fit these criteria and yield high dielectric constant organic semiconductors.

3.2 Materials

Molecular dynamic studies on poly(ethylene glycol) (PEG) have confirmed their high
chain flexibility and rapid motion of polar components. [18] EG and TEG yield εr values
in the range of 5–40 in the liquid phase at drive frequencies of 1-20 GHz. [19] According
to density functional theory (DFT) calculations (B3LYP/6-31G**) applied for a model
triethylene glycol (TEG) chain (Figure 3.1), using GAMESS-UK [20], rotation around the
H2C–CH2 and H2C–O bonds can be very fast at room temperature. The rotational pro-
files (Table 3.1) around these bonds show two low barriers of ca. 0.11 and ca. 0.08 eV
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Chapter 3. Strategy for enhancing the dielectric constant

Figure 3.1: Repeating units of EG. Indicated are the rotations around the H2C–CH2 and H2C–O
bonds and the axes of the direction of the dipole moment with respect to the molecule (θ, φ).
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Figure 3.2: a) The energy with respect to the minimum as a function of the dihedral angle of the
H2C–CH2 and H2C–O bonds, b) the angle θ of the dipole moment as a function of the dihedral
angle of the H2C–CH2 and H2C–O bonds and c) the angle φ of the dipole moment as a function of
the dihedral angle of the H2C–CH2 and H2C–O bonds.

for H2C–CH2 and H2C–O rotations and larger barriers of ca. 0.35 and ca. 0.29 eV respec-
tively (Figure 2a). The activation energy of 0.11 eV corresponds to a reaction rate of
0.95× 109s−1 at 175 K according to Equation 3.1 [21]

krate =
kbT

h
exp

(
−∆G

RT

)
, (3.1)

where krate is the reaction rate, kb, h and R are Boltzmann, Planck and gas constants re-
spectively, T is the temperature and ∆G is the Gibbs free energy difference. Thus the
rotation of angles φ between ca. 75◦ and ca. 285◦ of all bonds at low temperatures oc-
curs readily. Full rotation is still active at 175 K to overcome the barrier of 0.35 eV. The
reaction rates of 1.7×1011 s−1 and 1.7×107 s−1 correspond to the activation energies of
0.11 eV and 0.35 eV respectively at 298 K. Hence, at room temperature, rotations of φ
between ca. 75◦ and ca. 285◦ are active in GHz frequency-domain and full rotation in
MHz range occurs readily. During these rotations, the magnitude of the dipole mo-
ment barely changes, but the direction of this dipole moment changes considerably (Fig-
ure 3.2b,c). The swiftness and flexibility of TEG chains can provide easier reorientations
for dipole moments, and thus potentially increase εr when being added to donors or ac-
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3.2. Materials

Table 3.1: Rotational rates of H2C–CH2 and H2C–O bonds at T=175 K and T=298 K with B3LYP/6-
31G** and MP2/cc-pVTZ calculations. The difference between two calculations is insignificant.
All stationary points were characterized as either minima (zero imaginary frequencies) or transi-
tion states (one imaginary frequency).

H2C–CH2

B3LYP/6-31G**

φ◦ E G(175 K) G(298 K) ∆ E ∆G(175 K) ∆G(298) k(175K) k(298K)

[Hartree] [Hartree] [Hartree] [eV] [eV] [eV] [s−1] [s−1]

0.0 462.6921 462.5084 462.5275 0.35 0.37 0.39 0.1074×103 0.1653×107

72.1 462.7046 462.5210 462.5405 0.02 0.03 0.03

121.2 462.7011 462.5173 462.5362 0.11 0.12 0.15 0.9575×109 0.1689×1011

180.0 462.7052 462.5219 462.5418 0.00 0.00 0.00

MP2/cc-pVTZ

0.0 461.9832 461.7944 461.8110 0.35 0.36 0.38 0.1607×103 0.2520×103

72.0 461.9958 461.8074 461.8266 0.00 0.00 0.01

123.3 461.9922 461.8033 461.8219 0.10 0.12 0.14 0.1751×1010 0.3155×1011

180.0 461.9960 461.8076 461.8269 0.00 0.00 0.00

H2C–O

B3LYP/6-31G**

0.0 462.6944 462.5108 462.530 0.29 0.30 0.32 0.8226×104 0.25021×108

76.9 462.703 462.5201 462.5403 0.06 0.05 0.04

119.6 462.7023 462.518 462.5368 0.08 0.10 0.13 0.3695×1010 0.3263×1011

180.0 462.7052 462.5218 462.5417 0.00 0.00 0.00

MP2/cc-pVTZ

0.0 461.9855 461.7967 461.8153 0.29 0.30 0.31 0.1096×105 0.2962×108

78.5 461.9939 461.8053 461.8246 0.05 0.06 0.06

119.9 461.9926 461.8040 461.8226 0.09 0.10 0.12 0.1516×1010 0.6409×1011

180.0 461.9960 461.8076 461.8269 0.00 0.00 0.00
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Figure 3.3: Chemical structures of fullerene derivatives and polymers functionalized for enhance-
ment of εr and their reference compounds. R1=(CH2CH2O)3CH2CH3, R2=(CH2CH2O)2CH3 ,
R3=C8H17, R4=C10H21, R5=2-ethylhexyl, R6=(CH2CH2O)3CH3.

ceptors in the GHz range. The water solubility of EGs is another advantage which brings
about new possibilities towards water processable OPV. To follow the effect of EG side
chains on the dielectric constant of three important OPV materials, a set of fullerene
derivatives and polymers functionalized with TEG side chains were studied, namely PP,
PTEG-1, PTEG-2, 2DPP-OD-OD, 2-DPP-OD-TEG, MEH-PPV, PEO-PPV (see Figure 3.3).

Fullerene derivatives are known as very efficient acceptors in OPV and show excel-
lent electron transport properties. [22] In order to enhance the dielectric constant, TEG
side chains were added to C60, to obtain the fullerene derivatives PTEG-1 and PTEG-
2. [23] To differentiate the role of TEG on the dielectric constant of fullerene derivatives,
an analogous fullerene derivative (PP) without TEG side chains was synthesized. [23]

The influence of TEG side chains was studied for diketopyrrolopyrrole (DPP) and PPV
based polymers as well. The former shows very good ambipolar transport yielding field
effect mobility exceeding 10−2 cm2/Vs. [24,25] It also has an absorption spectrum extend-
ing to the near infrared region. The latter lies in a well-studied class of polymers for
a wide range of electronic applications. [26] 2DPP-OD-OD, the studied DPP based poly-
mer, was used as the reference compound for 2DPP-OD-TEG in which two of the side
chains of the monomer were TEG substituted. Poly[2-methoxy-5-(2-ethylhexyloxy)-1,4-
phenylenevinylene] (MEH-PPV) was used as the reference compound for PEO-PPV in
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3.3. Results and Discussions

Table 3.2: The relative dielectric constant of fullerene derivatives and polymers.

Fullerene derivatives εr tested capacitors#

PP 3.6±0.4 8
PTEG-1 5.7±0.2 6
PTEG-2 5.3±0.2 16
PCBM 3.9 ±0.1 8
Polymers εr tested capacitors#

2DPP-OD-TEG 4.8±0.1 10
2DPP-OD-OD 2.1±0.1 8
PEO-PPV 6±0.1 20
MEH-PPV 3±0.1 12

which 2-ethylhexyloxy side chain is replaced with TEG. The synthetic routes to prepare
PTEG-1, PTEG-2 and PP are reported in the reference 22. The synthetic routes of TEG
functionalized DPP and PPV based polymers are published in references 23 and 13 re-
spectively.

3.3 Results and Discussions

Table 3.2 lists εr values of all test materials determined via IS in the frequency range of
100 Hz to 1 MHz. The equivalent circuit of Figure 2.5c depicts the circuit elements that
modeled the impedance response of all tested samples with estimated error of less than
1% (Figure 3.4) .
The relative dielectric constant of tested materials were calculated from dividing the
fitted capacitance value to C0. To resolve the effectiveness of the functionalization of
donors and acceptors with EG side chains, they were studied comparatively to their
reference chemical structures, differing only in their side chains. PTEG-1 and PTEG-
2 presented relative dielectric constants up to ca. 6 while [60]PCBM as a widely used
acceptor in OPV and PP as the reference compound yielded εr ≈ 4. Likewise, the TEG-
functionalized polymers were compared to their reference polymer with identical back-
bone, but with hydrocarbon side chains. PEO-PPV proved εr enhanced to ca. 6 in com-
parison to its reference polymer MEH-PPV with εr ≈ 3. 2DPP-OD-TEG also showed the
enhancement of εr to a value more than twice as 2DPP-OD-OD with εr ≈ 2 . In general,
the fast change in the direction of the dipole moment can account for the high εr of ma-
terials with incorporated ethylene glycol chains. Figure 3.5 depicts εr versus frequency
calculated by Equation 2.16 while the series resistance of the contacts was subtracted
from Z∗(ω). As can be seen, εr is weakly dependent on the frequency, which means that
the obtained values are attributed to the polarization mechanisms of the materials rather
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C = 2.9 nF, Rs  = 63 Ω, Rp= 20 MΩ   C = 11.5 nF, Rs  = 35 Ω, Rp= 32 kΩ  

          
C = 3.5 nF, Rs  = 50 Ω, Rp= 2.7 MΩ  C = 6 nF, Rs  = 57 Ω, Rp= 2 MΩ  

          
C = 9.3 nF, Rs  = 40 Ω, Rp= 135 MΩ  C = 5.9 nF, Rs  = 71 Ω, Rp= 11 kΩ 

         
C = 9.4 nF, Rs  = 25 Ω, Rp= 3 MΩ  C = 2.4 nF, Rs  = 123 Ω, Rp= 2.8 MΩ  
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Figure 3.4: Experimental impedance and phase angle versus frequency (symbols), correlated
equivalent circuit fit (solid lines) and the fit values of the circuit elements depicted in Figure 2.5c
for a) [60]PCBM, b) PP, c) PTEG-1, d) PTEG-2, e) 2DPP-OD-OD, f) 2DPP-OD-TEG, g) MEH-PPV
and h) PEO-PPV. The inset shows the complex plain plot. One selected test capacitor for each
material is indicated. 38
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Figure 3.5: The relative dielectric constant of a) tested fullerene derivatives and b) polymers versus
frequency.

than space charge polarizations or ionic movements. However, 2DPP-OD-TEG shows a
frequency dependence at frequencies below 10 kHz which might be due to the presence
of ionic contributions. Nevertheless, ionic polarizations are less probable to remain ac-
tive at frequencies higher than 10 kHz where the value of εr is still higher than that of
the reference compound evident from Figure 3.5b. As is clear from the DFT calculations
in section 3.2, the reaction rate for the change in the dipole moment direction is strongly
temperature dependent for a model TEG chain. Speculated from these calculations the
temperature dependence of εr was studied for TEG-functionalized compounds. As can
be seen from Figure 3.6, εr of PEO-PPV and PTEG-2 is temperature dependent. However
the temperature dependence for 2DPP-OD-TEG and PTEG-1 is not detectable similar to
their reference compound. This might be due to the presence of steric effects in the solid
state and different molecular packing of each compound that can influence the dipole
moment alignments. The enhancements of εr were confirmed by the measurements up
to frequencies of MHz which can effectively diminish bimolecular recombination rate.
Referring to the literature values [19] and our DFT calculations, one may not expect a
drop of εr values at frequencies from 1 MHz up to GHz range (at room temperature).
Therefore, enhancement of εr is likely to contribute in diminishing the loss processes
occurring in the time domain of ns as discussed in section 3.1.
The electron mobilities of PTEG-1 and PTEG-2 were determined to be 2×10−7 m2/Vs
and 3.5×10−7 m2/Vs respectively with the apparent activation energy of ca. 0.2 eV
(Figure 3.8a,b) which are similar to that of [60]PCBM (µe-PCBM = 2 × 10−7 m2/Vs,
Eact-PCBM ≈ 0.2 eV). [27] For 2DPP-OD-TEG polymer the study of SCL transport yielded
mobility values for both electrons and holes as 2×10−8 m2/Vs with activation energy of

39



Chapter 3. Strategy for enhancing the dielectric constant

1 8 0 2 1 0 2 4 0 2 7 01
2
3
4
5
6
7

1 8 0 2 1 0 2 4 0 2 7 0 3 0 0

 M E H - P P V
 P E O - P P V
 2 D P P - O D - T E G

C m
 /C

0

T  ( K )

( a )

 P C B M
 P T E G - 1
 P T E G - 2

 

T  ( K )

( b )

Figure 3.6: Temperature dependence of the relative dielectric constant. a) PTEG-1 and PTEG-2
compared with PCBM b) 2DPP-OD-TEG and PEO-PPV compared with MEH-PPV. The lines are
guides to the eye.

0.2 eV (Figure 3.7d,c). Figure 3.8 depicts the Arrhenius plot of obtained mobilities for ex-
traction of the activation energy. An earlier study of the hole transport in PEO-PPV also
retrieved a similar value for the hole mobility as MEH-PPV (µh−MEH−PPV = 1.4×10−10

m2/Vs). [15,28] The absence of hysteresis in the current-voltage characteristics and the
quadratic dependence of the current to the voltage indicate a trap-free SCLC for the
tested compounds.

3.4 Conclusion

In this chapter the relative dielectric constants of conjugated polymers and fullerene
derivatives, previously restricted to the range of 2-4, were boosted to the range of ca. 5
to ca. 6 via functionalization with highly polar EG side chains. This enhancement was
realized without breaking conjugation, degrading charge carrier transport, introduction
of trap states and reducing solubility. Since loss processes originating from Coulomb
interactions between oppositely charge carriers are not beyond the ns timescale, there-
fore the applied strategy is an effective neat method for tailoring organic compounds
for a higher εr in the frequency range up to GHz. Additional to their great potential in
enhancing the performance of OPV devices through increased εr, the studied fullerene
derivatives and polymers can provide desirable morphologies in BHJ donor/acceptor
network owing to a higher miscibility resulting from their compatible polarities. In ad-
dition, the hydrophilic character of TEG side chains, can open up new possibilities for
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Figure 3.7: Steady state current voltage corrected for Vbi of a) Al/PTEG-2(192 nm)/Al,
b) Au/PEDOT:PSS/PTEG-1(145 nm)/LiF/Al, d) Al/2DPP-OD-TEG(80 nm)/Ba/Al electron-only
devices and c) Au/PEDOT:PSS/2DPP-OD-TEG (96 nm)/ MoO3/Al hole-only device at tempera-
tures ranging from 295 K-215 K in 20 K steps. Data (symbols) are fitted with Equation 2.17 (lines).
The gamma values (γ [V/m]1/2) for each fit are provided in the legend.
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TEG (symbols) and corresponding Arrhenius fit (lines) yield the activation energies ca. 0.2 eV.

solution processing from renewable solvents as a long term impact for tailoring state of
the art organic materials.

3.5 Experimental
Device fabrication: Commercially available glass substrates patterned with ITO in four different
dimensions (9 mm2, 16 mm2, 36 mm2 and 100 mm2) were used to function as bottom electrode
for capacitors. The substrates were cleaned by soap/water solution scrubbing, de-ionized water
flushing, sonication with acetone and isopropyl alcohol followed by oven drying and UV-OZONE
treatment. PEDOT:PSS (VP AI4083, H.C. Starck) was spin cast in ambient conditions and oven
dried at 140 ◦C for 10 minutes. All films (fullerene derivatives or polymers) were spun from chlo-
roform under N2 atmosphere. Metallic top contacts including interlayers (LiF(1 nm), Ba (5 nm),
MoO3 (10 nm)) were deposited at a pressure less than 106 mbar with thermal evaporation. Device
Characterization: Impedance spectroscopy was performed in the range of 100 Hz to 1 MHz using
a Solartron 1260 impedance gain-phase analyzer with an AC drive voltage of 10 mV. Current-
voltage characterization was conducted with Keithley 2400 source meter. All measurements were
performed in N2 at stable temperature.
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