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Abstract

In the previous chapter, we have seen that a low dissociation probability of bound
electron–hole pairs can lead to a profound limitation of the photogenerated current
in PF10TBT:PCBM solar cells. A similar issue has been identified in polymer:fullerene
solar cells based on the small-bandgap absorber PCPDTBT. In this case, device per-
formance can be improved dramatically by adding small amounts of 1,8-octanedithiol
to the solvent. This chapter presents an analysis of the experimental photocurrent of
PCPDTBT:PCBM cells with the focus on the influence of the process additive. It is
found that, in contrast to devices that are spin coated from pure chlorobenzene, cells
that are processed with the additive do not produce a recombination-limited photocur-
rent. Modeling of the experimental data reveals that a strong reduction in the decay
rate of photogenerated bound electron–hole pairs can fully account for the marked in-
crease in short-circuit current density and fill factor. At short-circuit conditions, the
dissociation probability of bound pairs is found to increase from 48% to 70%.
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Contrary to inorganic materials, conjugated polymers have a tunable chemical structure
that allows optimization of solar cell performance already during synthesis. Engineering
of the optical bandgap is of particular interest, as small-bandgap materials enable harvesting
of lower-energy photons that are not absorbed by large-bandgap materials. As illustrated
in Figure 3.1, a polymer with a bandgap Egap = 2 eV can potentially absorb only 21% of
all incoming solar photons. If absorption is extended to λ = 1000 nm by switching to a
small-bandgap absorber, this number increases to 55%. Since the higher photocurrent is
compromised by an inevitable decrease in voltage, there must be a bandgap at which the
achievable efficiency is highest. Depending on the specific assumptions used in predictive
simulations, the optimum donor bandgap for polymer solar cells with PCBM as electron
acceptor is projected to be around 1.5 eV. [1–3]

One of the more promising small-bandgap polymers receiving a lot of attention is
PCPDTBT (see Figure 1.7). [4,5] The combination of an electron-deficient benzothiadia-
zole unit with a thiophene-based moiety results in a LUMO energy level of 3.6 eV, which is
lower than that of poly(3-hexylthiophene) (P3HT), whereas the HOMO level at 5.3 eV re-
mains closer to that of polythiophenes. [6] The two fused thiophene rings reduce the tilt an-
gle, which contributes to the low electrochemical bandgap of 1.7 eV. The optical bandgap
as derived from absorption measurements on thin films was reported to be 1.4− 1.6 eV,
depending on the chosen reference point.

Figure 3.1: Solar photon flux (solid line) and cumulative fraction of solar photons with λ >
280 nm (dashed line) versus wavelength λ and photon energy hν. The total integral number of
solar photons in the AM1.5G spectrum (280 nm< λ< 4000 nm) amounts to 4.3×1021 m−2s−1.
Dotted lines: fraction is 21% at Egap = 2 eV (λga p = 620 nm) and 55% at Egap = 1.24 eV (λgap =
1000 nm).



Figure 3.2: Absorption coefficients of PCPDTBT:PCBM (1:4 w/w) and PF10TBT:PCBM (1:4
w/w) as a function of wavelength and energy.

Figure 3.2 compares the absorption coefficient α of thin films of PCPDTBT:PCBM (1:4
w/w) and PF10TBT:PCBM (1:4 w/w), as calculated from the extinction coefficient k using
α = 4πk/λ. The extinction coefficient was determined together with the refractive index
n using variable-angle spectroscopic ellipsometry. Although not all high-energy photons
are absorbed as efficiently, the absorption of PCPDTBT clearly has an improved overlap
with the solar spectrum.

(a) (b)

Figure 3.3: (a) Experimental Jsc (symbols) and calculated Jsat (solid line) of PCPDTBT:PCBM
cells with varying layer thickness. (b) Internal quantum efficiency (symbols) calculated from
IQE= Jsc/Jsat. The dotted line is a guide to the eye.



PCPDTBT has been used as an electron donor to PCBM in bulk heterojunction solar
cells with a power conversion efficiency of 2.7%. [7] Substitution of PCBM with [70]PCBM
resulted in an increase of the efficiency to 3.2% due to enhanced absorption in the visible.
In both cases, however, device performance was mainly limited by a rather low fill factor
(FF < 0.5). A significant improvement in photovoltaic performance has been found for
devices that were processed from solutions containing small amounts of 1,8-octanedithiol
(ODT). [8] The observed increase in efficiency was ascribed to improved phase separation.

In this chapter, we investigate the effects of processing with ODT on the experimen-
tal photocurrent of PCPDTBT:PCBM solar cells. Using numerical device simulations,
we demonstrate that the observed differences arise from more efficient generation of free
charge carriers upon addition of ODT, caused by reduced geminate recombination of charge-
transfer states.

In order to obtain a frame of reference for the remainder of this chapter, we first consider
the photovoltaic properties of solar cells processed from 1:4 w/w mixtures of PCPDTBT
and PCBM in pure chlorobenzene. From J −V measurements on a series of devices with
varying layer thicknesses, we found a maximum efficiency of η= 2.0% at layer thicknesses
of 90− 100 nm. As depicted in Figure 3.3a, this thickness region coincides with the max-
imum of the measured short-circuit current density of 73 A/m2. Transfer-matrix calcu-
lations based on the optical constants that were measured on similar layers reveal a total
exciton generation rate Gtot = 9.5× 1020 m−2s−1 in a layer of 95 nm thickness. Under
the assumption that all generated excitons contribute to the photocurrent, the saturated
photocurrent Jsat = qGtot is calculated to be Jsat = 150 A/m2. In reality not all absorbed
photons result in carriers that can be extracted at the electrodes, i.e., the internal quantum

Figure 3.4: Fill factor of PCPDTBT:PCBM (1:4 w/w) solar cells for various thicknesses.



efficiency (IQE) is less than unity. The IQE is given by the ratio of Jsc to Jsat and is calcu-
lated to be as low as 49% for L= 95 nm. It can be seen in Figure 3.3b that the IQE decreases
strongly with increasing thickness already for L< 100 nm.

The inefficient conversion of absorbed photons to free charges has a strong impact on
the fill factor as well. Due to space-charge effects and recombination, it is usually expected
that the fill factor drops for very thick layers. [9] However, as shown in Figure 3.4, the
average fill factor of PCPDTBT:PCBM cells with a thickness of only 100 nm is already
as low as 0.41. Evidently, the low values of Jsc and FF strongly limit the efficiency of
PCPDTBT:PCBM cells.

In recent years, an increasing amount of reports have emerged that deal with ways to in-
fluence the morphological characteristics of bulk heterojunction films during processing.
Proposed methods include changing processing solvents, using solvent mixtures and pro-
cessing with additives. [10–15] In the case of PCPDTBT:[70]PCBM, an improved efficiency
of 5.5% was reported after addition of ODT to the blend solution prior to spin coating. [8]

Similar to the case of the low-molecular-weight PF10TBT:PCBM cells discussed in
Chapter 2, the inefficient dissociation mechanism in PCPDTBT:PCBM cells is most prob-
ably related to an inappropriate nanoscale morphology. Instead of forming pronounced
phase-separated domains, the polymer and fullerene exhibit excessive intermixing. [16]

(a) (b)

Figure 3.5: (a) External quantum efficiency spectra of PCPDTBT:PCBM solar cells spin coated
with ODT (filled circles, 1:2.5 w/w) and without (open circles, 1:4 w/w). Both cells are 97 nm
thick. The inset contains a close-up of the EQE spectra normalized at λ = 710 nm, which
displays the spectral shoulder that arises upon addition of ODT. (b) Experimental characteristics
of the same devices. See Table 3.1 for a summary of the photovoltaic performance.



Table 3.1: Photovoltaic performance of PCPDTBT:PCBM cells processed from chlorobenzene
with and without 1.75 vol % ODT.

D/A ratio ODT L [nm] Jsc [A/m
2] Voc [V] FF η [%]

1:4.0 no 97 73 0.65 0.43 2.0

1:2.5 yes 97 97 0.60 0.52 3.0

Relative difference: +33% -8% +21% +50%

Figure 3.5a shows the influence of processing with ODT on the external quantum
efficiency of two 97 nm thick PCPDTBT:PCBM solar cells. It was found experimen-
tally that a donor–acceptor weight ratio of 1:2.5 gives the highest efficiencies for cells pro-
cessed with ODT. The cell that was processed from pure chlorobenzene had the standard
PCPDTBT:PCBM weight ratio of 1:4. Upon addition of ODT, the maximum EQE dra-
matically increases from 31% to 41% at 710 nm and a slight shoulder appears around λ =
800 nm (Figure 3.5a). Such spectral broadening has been observed before using ultraviolet-
visible absorption spectroscopy and was attributed to stronger interchain interactions and
improved structural order. [8] From integration of the EQE spectra with the AM1.5 global
reference spectrum according to Eq. (1.8), an increase of the short-circuit current density
of 35% is expected. A similar increase of Jsc was observed in J −V measurements, which
showed Jsc = 73 A/m2, Voc = 0.65 V, FF = 0.43 and η=2.0% for the cell from pure chloro-
benzene, and Jsc = 97 A/m2, Voc = 0.60 V, FF = 0.52 and η=3.0% for the device processed
with ODT. These results are shown in Figure 3.5b and summarized in Table 3.1.

The influence of processing with ODT on the photocurrent Jph is shown in Figure 3.6.
For the cell processed from pure chlorobenzene, it is observed that Jph shows a square-root
dependence on voltage (slope S = 1

2 ) at moderate effective voltages. The photocurrent of
the cell processed with ODT, however, does not exhibit such a voltage dependence. A clear
enhancement of Jph at moderate effective voltages is observed when processing is performed
with the additive, reflecting the increase of both short-circuit current and fill factor.

As discussed in Chapter 2, a Jph ∝
p

V dependence can be caused by the formation of
space charge due to unbalanced charge transport or by a low mobility–lifetime (µτ) prod-
uct due to recombination or trapping. [17] Using intensity-dependent photocurrent mea-
surements, Lenes et al. have shown that the photocurrent of PCPDTBT:PCBM cells (1:4



Figure 3.6: Symbols: experimental photocurrent of PCPDTBT:PCBM solar cells (L= 100 nm)
processed from pure chlorobenzene (squares) and chlorobenzene containing 1.75 vol% ODT
(circles). Please note that V0 is slightly higher (circa 30 mV) than Voc. P denotes the average
dissociation probability of bound pairs under short-circuit conditions. Lines: numerical sim-
ulations of the photocurrent in which only the value of k f was changed (solid lines; without
ODT k f = 1.4× 107 s−1; with ODT k f = 3× 106 s−1). The dashed line represents a simulation
using the parameters of the 1:4 w/w, no ODT device, but with µh =µe = 7× 10−8 m2/Vs.

w/w) is recombination limited when no additive is used. [18] Modeling of the experimen-
tal photocurrent revealed a short lifetime of bound e–h pairs, leading to a low probability
of dissociation at the donor–acceptor interface. In time-resolved spectroscopic studies on
PCPDTBT:PCBM composites, Hwang et al. observed a relatively short-lived intermedi-
ate charge-separated state as well. [19] Charge-transfer recombination to the ground state
directly limits the amount of mobile carriers and is therefore considered an important loss
mechanism in this materials system.

The numerical simulation of the photocurrent of our 1:4 w/w PCPDTBT:PCBM solar
cell is shown together with the experimental data in Figure 3.6. Using the previously re-
ported hole and electron mobilities of the blend, [18] the photocurrent is described well with
an initial bound pair separation distance a = 2.1 nm and a decay rate of k f = 1.4× 107 s−1.
These values are in very good agreement with the results of Lenes et al. Note that com-
pared to other polymer:fullerene systems, for which k f values ranging from 104 to 106 s−1

have been found, [20–22] PCPDTBT:PCBM heterojunctions have an extremely high bound
pair decay rate.

It has been shown that charge transport in PCPDTBT:PCBM composites processed with-
out ODT is well balanced with low-field hole and electron mobilities µh = 3×10−8 m2/Vs



and µe = 7× 10−8 m2/Vs, respectively. [18] Space charge effects [23] are therefore insignif-
icant in pristine PCPDTBT:PCBM blends. In order to assess whether changes in charge
transport can play a role in the improvement of the photocurrent of solar cells processed
with ODT, we examined the dark current JD under forward bias. In most bulk hete-
rojunctions JD is dominated by electrons, as these are the fastest carriers. A fit of the
single-carrier space-charge-limited current of Eq. (1.2) to the dark current gave a field-
independent electron mobility µe = 7×10−8 m2/Vs for both cells. It is most probable that
this number indeed represents the electron mobility in PCBM. However, it simultaneously
forms an upper limit for µh , which was not measured separately. We therefore simulated
the Jph curve of a 97 nm thick PCPDTBT:PCBM cell under the extreme assumption that
µh =µe = 7×10−8 m2/Vs, leaving all other simulation parameters the same as reported by
Lenes et al. for pristine layers. The simulation, of which the results are shown in Figure 3.6,
produces a fill factor of 46% and a short-circuit current density of 88 A/m2 and clearly does
not provide a good fit to the data of the device processed with ODT. It is therefore highly
unlikely that the improved performance of ODT-processed devices is related to improved
hole transport. Instead, the considerable improvement in Jph is expected to be related to a
change in recombination losses. [18]

The only parameter that needs to be changed in order to fit the markedly different pho-
tocurrent of the solar cell processed with ODT is the bound pair decay rate k f . An almost

Table 3.2: Parameters used in the numerical simulation of the current–voltage characteristics
presented in Figure 3.7.

Parameter Symbol Value

1:4 w/w, no ODT 1:2.5 w/w, with ODT

Effective bandgap Egap 1.10 eV 1.02 eV

Electron mobility µe 7× 10−8 m2/Vs 7× 10−8 m2/Vs

Hole mobility µh 3× 10−8 m2/Vs 3× 10−8 m2/Vs

Effective density of states Nc 2.5× 1025 m−3 2.5× 1025 m−3

Generation rate Gmax 9.5× 1027 m−3s−1 9.5× 1027 m−3s−1

Relative dielectric constant εr 3.4 3.4

Initial bound pair distance a 2.1 nm 2.1 nm

Bound pair decay rate k f 1.4× 107 s−1 3.0× 106 s−1



Figure 3.7: Experimental and simulated J −V characteristics of PCPDTBT:PCBM solar cells
under illumination.

five-fold reduction of the bound pair decay rate k f to a value of 3× 106 s−1 can account for
the entire improvement of Jph upon addition of ODT. Table 3.2 displays all device parame-
ters that were used in the calculations. These results are in keeping with a study by Clarke
et al., who used transient-absorption spectroscopy to demonstrate that increased photogen-
eration of charges in PCPDTBT:[70]PCBM cells processed with ODT can be assigned to
reduced geminate recombination losses. [24]

At high reverse voltages, the photocurrent saturates as the dissociation probability P of
bound pairs approaches unity and all photogenerated charges are extracted at the electrodes.
In this regime, the saturated photocurrent density is given by Jsat = qGL, where q is the
elementary charge and G the amount of generated e–h pairs. Since both cells have the same
thickness and show saturation of the photocurrent at the same value of Jsat, it is evident
that they produce the same amount of bound e–h pairs. The sole difference is the efficiency
with which these are dissociated. Outside the saturation regime, P < 1 and the generation
rate of free carriers is equal to PG. Figure 3.6 can therefore be used to directly assess P
at short-circuit conditions, by comparison of Jph with Jsat. It follows that the addition of
ODT results in an increase of the dissociation probability from 53% to 70%.

Using the experimentally determined model parameters, we simulated the entire cur-
rent–voltage characteristics of PCPDTBT:PCBM cells processed with and without ODT.
This is shown in Figure 3.7. As predicted, [18] the lower value of k f accounts for both the
enhanced short-circuit current and the increase in fill factor from 0.43 to 0.52.

In conclusion, we have shown that the photocurrent of PCPDTBT:PCBM solar cells loses
its recombination-limited character when the polymer:fullerene layer is processed from
chlorobenzene containing 1.75 vol % 1,8-octanedithiol. Numerical device modeling re-



vealed a reduction of the decay rate of bound electron-hole pairs from 1.4 × 107 s−1 to
3.0× 106 s−1 due to the addition of ODT. The lower amount of geminate recombination
enables more efficient dissociation of bound pairs into free charge carriers, which results
in a higher short-circuit current density and fill factor. The average dissociation probabil-
ity under short-circuit conditions was found to increase from 53% for the device processed
from pure chlorobenzene to 70% for the cell processed with ODT.

Device preparation. PCPDTBT (Konarka) and PCBM (Solenne) were dissolved in a 1:2.5 weight ratio in pure

chlorobenzene, or chlorobenzene containing 1.75 vol% ODT (Aldrich). The photoactive layers were spin coated

under a nitrogen atmosphere on thoroughly cleaned glass substrates patterned with indium tin oxide on which

a thin layer of PEDOT:PSS (VP AI4083, H.C. Starck) was applied. After thermal deposition of a 1 nm LiF /

100 nm Al cathode at 10−6 mbar, the samples were kept under nitrogen atmosphere for current-voltage (IV) and

external quantum efficiency (EQE) measurements.

Characterization. IV measurements were performed in the dark and under illumination from a Steuernagel

SolarConstant 1200 metal halide lamp set to 1 sun intensity using a silicon refence cell and correcting for spec-

tral mismatch (M = 1.05). [25] EQE spectra were recorded versus a silicon reference, using a custom-built setup

comprising a lock-in amplifier, a transimpedance amplifier and a focused, chopped monochromatic beam from a

quartz tungsten halogen lamp and a range of narrow-band-pass filters.
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