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The role of charge transfer (CT) states in organic photovoltaic systems has been debated in the 

recent literature. In this paper the device performances of two structurally analogous polymers 

PDTSiTTz (also known as KP115) and PCPDTTTz blended with PCBM are investigated, 

focusing on the effect the processing additive diiodooctane (DIO) has on morphology, charge 

photogeneration, and, in particular, the CT state characteristics. While DIO has a considerable 

beneficial effect for PCPDTTTz:PCBM photovoltaic devices, negligible effects are observed 

for PDTSiTTz:PCBM devices. An emissive CT state able to be quenched by DIO was observed 

for PCPDTTTz:PCBM, despite relatively small morphological changes. This is only the 

second instance of CT state quenching by a processing additive to be reported. Formation of an 

emissive CT state is therefore a loss pathway for PCPDTTTz:PCBM, which can be alleviated 

through the use of DIO to increase the proportion of CT states that dissociate into free charges. 

Conversely, the CT state of PDTSiTTZ:PCBM is weak and short-lived, with the DIO having 

little effect. The CT state dissociates more efficiently for this higher crystallinity system, 

leading to little evidence of emissive CT state recombination, and high charge photogeneration 

yields and device efficiencies. 

 

 

 

 

Introduction 

Organic photovoltaic devices based on a polymer/fullerene bulk 

heterojunction have demonstrated exceptional increases in 

power conversion efficiencies in recent years.1, 2 Numerous 

limiting factors have been identified in order to promote future 

increases in performance, such as poor charge transport,3, 4 low 

dielectric constants and concomitant high coulomb binding 

energies,5 bimolecular and geminate recombination processes,6, 

7 and active layer thickness limitations.8 In particular, the 

photophysics and energetics have received significant attention, 

principally since the observation of interfacial charge transfer 

(CT) states in organic photovoltaic blends.9-11  

 

These CT states form an intermediate state between the 

photogenerated exciton and the fully separated charge carriers.6 

The exact role of this CT state in charge carrier photogeneration 

and recombination has been much debated in the recent 

literature. For instance, it has been proposed that due to the 

energy offset of the donor and acceptor energy levels, initial 

exciton dissociation will create a CT state that is initially 

thermally ‘hot’.12 This ‘hot’ CT state can use the additional 

thermal energy to undergo dissociation into fully separated 

charge carriers. Alternatively, it can vibrationally relax and then 

undergo a variety of loss mechanisms, including radiative 

recombination back to the ground state. In this picture of CT 

state formation, this thermally-relaxed CT state forms a loss 

mechanism. 

 

However, several reports have argued with this viewpoint. It 

has been proposed that the extent of CT state delocalisation13, 14 

promotes dissociation into free charges. Furthermore, it has 

been suggested that sub-bandgap excitation directly into the CT 

state manifold is capable of generating free charge carriers, 

implying that an excess driving force for charge separation is 

unnecessary for charge photogeneration.15-17 At the same time, 
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the hot CT state picture has garnered support in the form of 

various time-resolved vibrational18 and absorption 

spectroscopy19 results. Howard et al.,20-22 amongst others,14, 23-25 

have shown for several polymer:fullerene systems that exciton 

dissociation creates two populations of charges: the formation 

of a CT state that constitutes a loss pathway via geminate 

recombination, and the direct generation of free charge carriers. 

 

In some polymer:polymer and polymer:fullerene systems, this 

CT state is emissive.9, 26-29 Emissive CT states are characterised 

by a broad, red-shifted long-lived photoluminescence (PL) that 

is present in the blend film but has no counterpart in either of 

the single component’s PL spectra. One system in particular 

that has been extensively studied in terms of its CT state is 

PCPDTBT blended with PCBM ([6,6]-phenyl C61-butyric acid 

methyl ester).27, 28, 30  

 

PCPDTBT:PCBM was also the first reported to display a 

processing additive effect. Peet et al. observed that photovoltaic 

devices of PCPDTBT:PCBM received a large boost in power 

conversion efficiency if the additive octanedithiol (ODT) was 

added to the solution during processing.31 Subsequent 

investigations revealed that this increase in efficiency was due 

to an improved phase separation and morphology,32 higher 

charge photogeneration yields,33 lower triplet yields,34 less 

geminate recombination,24, 25, 35 and higher charge carrier 

mobility.36 Interestingly, this additive had a further effect: it 

quenched the CT state emission of PCPDTBT:PCBM, lowering 

both the intensity and lifetime.27, 28 It was proposed that the 

improved nanomorphology in blends with the additive allowed 

a greater delocalisation of the CT states at the 

polymer/fullerene interface, decreasing their binding energy 

and allowing them to dissociate more easily, thus enhancing the 

charge carrier photogeneration yield. Formation of this 

emissive CT state was therefore suggested to be a loss 

pathway.19, 20, 30, 37 

 

Studies on Si-PCPDTBT, the silole analogue of PCPDTBT, 

revealed that no CT emission was observed in this polymer’s 

blends with PCBM.30, 38 Furthermore, this system outperforms 

PCPDTBT in terms of device characteristics, without the 

requirement for a processing additive. Indeed, the use of an 

additive with Si-PCPDTBT produces no discernible benefits. 

This was attributed to its enhanced crystallinity compared to 

PCPDTBT, leading to a higher charge carrier mobility, and thus 

the additive is unable to produce further improvements to the 

crystallinity.38  

 

In this paper we focus on a comparison of two polymers that, 

like PCPDTBT and Si-PCPDTBT, vary by only one atom in 

their molecular structure. Indeed, PDTSiTTz has the same 

donor unit as Si-PCPDTBT and its carbon analogue 

PCPDTTTz  has the same donor unit as PCPDTBT. The 

structures of PCPDTTTz (poly[2,6-(4,4-bis-(2-ethylhexyl)-4H-

cyclopenta[2,1-b;3,4-b’]-dithiophene)-alt-(2,5-bis 3-

tetradecylthiophen-2-yl thiazolo 5,4-d thiazole)-2,5diyl]) and 

PDTSiTTz (poly[(4,4’- bis (2-ethylhexyl) dithieno [3,2-b:2’,3’-

d] silole) -2,6-diyl-alt-(2,5-bis 3-tetradecylthiophen-2-yl 

thiazolo 5,4-d thiazole)-2,5diyl], also known as KP1158, 39, 40) 

are shown in Figure 1a.  

 

The effect of the processing additive 1,8-diiodooctane (DIO) on 

device performance is investigated for PCPDTTTz and 

PDTSiTTz blended with PCBM. The motivation behind this 

study is to investigate if the same charge transfer state 

behaviour is observed with Si atom substitution and/or use of 

processing additives, as compared to the previously studied 

PCPDTBT/Si-PCPDTBT. The purpose of this comparison is 

two-fold: firstly, to verify if emissive CT state formation is a 

loss pathway, as is the case for PCPDTBT:PCBM.19, 20, 30, 37 

Secondly, the polymer PDTSiTTz has an unusual but highly 

desirable characteristic: it displays non-Langevin (supressed) 

bimolecular recombination, leading to long-lived charge 

carriers.8 Its charge transfer characteristics are therefore of 

particular relevance.41 The additive DIO was chosen because it 

provided a larger beneficial effect for PCPDTTTz:PCBM 

compared to other additives such as ODT.  

 

It was discovered that while the DIO causes a large 

improvement in device efficiency for PCPDTTTz:PCBM, there 

are negligible (even detrimental) changes for PDTSiTTz:PCBM 

instead. Steady state and time-resolved photoluminescence 

measurements reveal an emissive charge transfer state for 

PCPDTTTz:PCBM. This CT state can be quenched when the 

DIO is added, and this is correlated with a higher charge carrier 

density. Conversely, an extremely weak CT emission is 

observed for PDTSiTTz:PCBM, which is not quenched by 

DIO. This may be because the CT state itself is less emissive in 

this higher crystallinity system, or could be because the CT 

state can dissociate more rapidly into charge carriers, leading to 

higher overall charge photogeneration yields and device 

efficiencies, as observed experimentally.  

 

This is only the second time that quenching of a 

polymer:fullerene CT state with a processing additive has been 

reported. Indeed, the similarities in the CT state behaviour of 

PCPDTTTz:PCBM and PCPDTBT:PCBM are very surprising 

considering the differences in the two polymers with respect to 

molecular structure and weight, structural order, bimolecular 

recombination kinetics, and band gap. This is an important 

result, particularly considering that PCPDTTTz:PCBM shows 

substantially smaller morphological changes compared to 

PCPDTBT:PCBM. This observation, in addition to the ability 

of the Si bridging atom to once again significantly alter the CT 

state behaviour compared to its carbon-based analogue, provide 

further insight into the role of CT states as a potential loss 

mechanism in organic photovoltaics.  

 

Results and Discussion 

JV curves 

Page 2 of 11Journal of Materials Chemistry A

Jo
ur

na
lo

fM
at

er
ia

ls
C

he
m

is
tr

y
A

A
cc

ep
te

d
M

an
us

cr
ip

t



Journal Name ARTICLE 

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

 

The JV curves of PCPDTTTz:PCBM and PDTSiTTz:PCBM 

devices, showing the effect of the additive DIO, are displayed 

in Figures 1b and 1c and summarised in Table 1. The overall 

effect of the diiodooctane additive for PCPDTTTz:PCBM 

photovoltaic devices is to improve the efficiency. This occurs 

as a result of a substantial increase in both short circuit current 

JSC and fill factor, FF, with JSC increasing from 3.6 to 7.1 mA 

cm-2 and the FF improving from 0.38 to 0.58 in the example 

shown. Furthermore, the additive removes the reproducible S-

shape kink in the JV curve. The cause of this double-diode kink 

is unknown, but is typically attributed to charge blocking, 

induced interfacial dipoles,42 space charges created by reduced 

surface recombination,43 and other detrimental effects. A drop 

in open circuit voltage VOC is present when the additive is used: 

such a decrease has been seen for other systems31, 44 and has 

previously been attributed to ordering of the active layer 

induced by the DIO45 and lowering of the energy of the charge 

transfer state.34  

 

Table 1. JV parameters of PCPDTTTz:PCBM and PDTSiTTz:PCBM 
devices, with and without DIO, correlated with the extracted charge density 
measured at 200 ns.  

System 
n (× 
1016 
cm-3) 

JSC 
(mA 
cm-2) 

VOC 
(V) 

FF 
Efficiency 

(%) 

PCPDTTTz:PCBM 2.3 3.6 0.69 0.38 0.95 
PCPDTTTz:PCBM 

/ DIO 
3.7 7.1 0.60 0.58 2.5 

PDTSiTTz:PCBM 4.9 9.5 0.60 0.64 3.6 
PDTSiTTz:PCBM 

/ DIO 
4.1 8.5 0.57 0.55 2.7 

 

 

Despite the decrease in VOC for PCPDTTTz:PCBM, the 

significant increases in JSC and FF compensate for this such that 

the overall impact is an increase in power conversion efficiency 

from only 0.95% to 2.5%. These are similar trends to those 

reported for PCPDTBT:PCBM.31 This increase in efficiency 

has typically been attributed to an enhancement in the solvation 

of the PCBM, leading to an improved morphology and phase 

separation44 with a consequently higher charge photogeneration 

yield, due to an enhancement in the dissociation of the charge 

transfer state.24, 25, 35 

 

The PDTSiTTz:PCBM photovoltaic devices (Figure 1b), 

however, do not show this trend. The DIO additive does not 

improve the efficiency; indeed, the efficiency is slightly lower 

in this particular example. All of the parameters show small 

decreases such that the overall efficiency decreases from 3.6% 

to 2.7%. However, results taken over a large number of devices 

(Supporting Information, Figure S1) show that the DIO has a 

negligible effect for thin active layer PDTSiTTz:PCBM devices 

and a small decrease in performance for thicker devices, as in 

the above example. It is worth noting that the efficiency of the 

PDTSiTTz device without additive is higher than the efficiency 

of the PCPDTTTz device with additive.30, 38 

 
Figure 1.  The generalised structure of the polymers studied here, where A = Si is 

PDTSiTTz and A = C is PCPDTTTz (a). JV curves of the encapsulated 

PCPDTTTz:PCBM (b) and PDTSiTTz:PCBM (c) devices, with and without DIO. All 

are 1:2 by weight. 

  

Morphology 

 

Two-dimensional GIWAXS (grazing incidence wide-angle X-

ray scattering) patterns are shown in Figure 2. For the as-cast 

PCPDTTTz:PCBM blend films without DIO (Figure 2a), there 

is a scattering peak observed at q~0.30 Å-1 that is much more 

intense along the qr axis. This corresponds to the lamellar 

stacking of PCPDTTTz semi-crystalline domains normal to the 

surface substrate, with a layer spacing of 25 Å. The π-π 

stacking peak is most intense along the qz axis and its position 

at q~1.7 Å-1 corresponds to a π-π stacking distance of 3.7 Å, a 

distance typical for conjugated polymers such as P3HT.46 In 

addition, the broad ring of scattering at 1.4 Å-1 corresponds to 

phase-separated, non-crystalline PCBM. The broad scattering 

profiles suggest a low degree of crystallinity for the polymer 

domain. For PCPDTTTz:PCBM blend films prepared with 
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DIO, (Figure 2b), the lamellar scattering ring is of uniform 

azimuthal intensity indicating a random orientation of domains. 

In addition, the rings of scattering are broader which indicates 

shorter-range positional correlations. 

 

Interestingly, there exists an additional scattering peak located 

at q~1.05 Å-1 for the two PCPDTTTz:PCBM films. These peaks 

are reasonably sharp and correspond to a length scale of ~6 Å. 

In the absence of DIO, these peaks are weaker and more 

powder-like. After the addition of DIO, these peaks become 

stronger and concentrated at polar angles (relative to the qr axis) 

of 90, 60, and 0°. This unusual and apparently regular angular 

distribution reflects the most prominent structural change that 

occurs with the introduction of DIO, although its exact origin 

cannot be explained on the basis of the present results. These 

sharp peaks are unlikely to originate from either a pure PCBM 

or PCPDTTTz phase, since these exhibit much broader 

diffraction features. It is possible that these peaks originate 

from a blend phase that incorporates both PCPDTTTz and 

PCBM, the presence of which is promoted by the DIO. 

Furthermore, the peak cannot be indexed from these pure 

phases.47 It is also important to note that these structural 

changes are considerably smaller than those observed for 

PCPDTBT:PCBM when an additive is used.30, 32 

 

 
Figure 2. Two-dimensional GIWAXS images for (a) PCPDTTTz:PCBM (b) 

PCPDTTTz:PCBM with DIO and (c) PDTSiTTz:PCBM films. Note that the black 

curves in each image are missing pixels introduced when converting CCD 

measured images to q-space images. 

 

For the PDTSiTTz:PCBM films the lamellar peak and π-π peak 

are observed at q~0.30 and 1.7 Å-1, respectively, the same 

positions as observed for the PCPDTTTz:PCBM films. 

However, the molecular order and crystallinity are better than 

both PCPDTTTz:PCBM films, as indicated by the stronger 

intensity and narrower radial widths of the peaks. Furthermore, 

a similar angular distribution is observed for PDTSiTTz:PCBM 

without DIO compared to that measured in PCPDTTTz:PCBM 

with DIO. 

 

Steady state absorption and photoluminescence 

 

The absorption spectra of PDTSiTTz and PCPDTTTz blends 

with PCBM, showing the influence of the processing additive 

DIO, are displayed in Figure 3. The spectrum of 

PDTSiTTz:PCBM shows no shifts in wavelength or relative 

intensity in the polymer absorption bands (590 and 640 nm) 

when fabricated with DIO. PCPDTTTz:PCBM has a very 

similar absorption spectrum compared to PDTSiTTz:PCBM, 

owing to their structural similarities, with polymer bands at 585 

and 630 nm. However, there is a small, reproducible red-shift 

of 3 – 7 nm for both polymer peaks when the DIO is employed. 

This shift is significantly smaller compared to 

PCPDTBT:PCBM, where the polymer absorption band 

redshifts by 60 nm with ODT.33 This implies that the increases 

in crystallinity and packing order in PCPDTTTz:PCBM with 

additive are substantially smaller than for PCPDTBT:PCBM 

(and may be virtually non-existent for PDTSiTTz), as observed 

in the GIWAXS data.  

 
Figure 3.  The steady state normalised absorbance (abs.) and photoluminescence 

(PL) for the PCPDTTTz:PCBM (a) and PDTSiTTz:PCBM (b) blends, showing the 

effect of the DIO. The gap at 800 nm in the PL spectra is due to the excitation 

wavelength harmonic. 

 

The steady-state photoluminescence (PL) spectra of the 

PCPDTTTz:PCBM and PDTSiTTz:PCBM blends are also 

shown in Figure 3. The PCPDTTTz:PCBM PL spectrum shows 

that the 670 nm PL band and longer wavelength shoulder at 715 

nm (both assigned to the polymer S1 state) are joined by an 

additional weak but broad PL band centred at 885 nm and 

extending beyond 1000 nm. This additional band, which is not 

present in the pristine polymer emission spectrum nor in that of 

pristine PCBM, is thus assigned to the PCPDTTTz:PCBM CT 

state, owing to its similar spectral behaviour compared to other 

polymer/fullerene systems.27, 28 It is worth noting that this CT 

emission is substantially weaker than the polymer emission 
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bands – unlike PCPDTBT:PCBM, where the CT state emission 

is relatively strong. This could be because of a lower emission 

quantum yield for the PCPDTTTz:PCBM CT state, a lower 

concentration of CT states, or both. Despite the weak intensity 

of this CT emission band, the DIO is able to quench a 

significant proportion of the band, such that any remaining 

intensity overlaps with the residual polymer emission tail. The 

PDTSiTTz:PCBM PL spectrum has a primary PL peak at 680 

nm with a prominent shoulder at longer wavelengths. No 

evidence of a red-shifted CT state emission peak is observed 

here, although any weak CT emission is likely to overlap with 

the tail of the polymer emission. Addition of DIO to the blend 

makes no significant difference to the PL spectrum. 

    

Charge photogeneration: charge extraction and TAS 

 

Charge extraction measurements were performed on the above 

devices in order to assess the charge photogeneration yields. 

This technique utilises a solar relay switch,8, 39 where charges 

are photogenerated in a photovoltaic device held at open circuit. 

Switching to short circuit after an adjustable delay time allows 

charge extraction to occur under the influence of the built-in 

field. The results measured at 200 ns (Table 1) show that the 

two PDTSiTTz:PCBM devices have the highest charge carrier 

densities, with a drop in charge density, n, when the additive is 

employed. PCPDTTTz:PCBM shows the opposite trend, where 

addition of DIO increases the charge carrier density by a factor 

of 60%. These results are entirely consistent with the measured 

short circuit currents: the PDTSiTTz devices have higher JSC 

and charge density values compared to PCPDTTTz, and the 

changes in charge density with addition of DIO mirror the 

changes in JSC in these particular devices.  

 

Transient absorption spectroscopy (TAS) is a very useful 

technique as it directly monitors the optical absorption of 

photogenerated transient species, offering insight into the 

identity, yield and dynamics of these transient species. For 

polymer:PCBM blends on the nanosecond-millisecond 

timescales (as utilised here), these are typically charge carriers 

– polymer polarons and fullerene anions – or, in less efficient 

blends, triplet states. This method is widely known and has 

previously been applied to numerous polymer:blend systems.12, 

25, 33, 48-54 Interestingly, it has been reported that the ∆OD 

(which is directly proportional to the charge carrier density) of 

the polymer polaron transient absorption band at 1 µs of a 

polymer:PCBM blend film is directly correlated with the JSC of 

the resultant photovoltaic device.55 Previously it has also been 

observed with PCPDTBT:PCBM that use of the additive ODT 

causes a large increase in charge photogeneration yield, as 

suggested by the increase in the ∆OD of the polymer polaron 

transient absorption peak at 1280 nm.33 This forms a large 

contribution to its increase in JSC and overall device 

performance when the additive is employed. 

 

Transient absorption spectroscopy was performed on 

PCPDTTTz:PCBM blend films with and without the DIO 

(Figure 4). PCPDTTTz:PCBM shows a substantial increase in 

signal amplitude, ∆OD, upon addition of DIO. This is evident 

in both the spectrum and the charge carrier decay dynamics. 

The transient absorption spectrum of PCPDTTTz:PCBM has a 

broad, weak band at approximately 1100 nm (Supporting 

Information, Figure S3), which becomes better resolved when 

the sample incorporating DIO is measured (Figure 4a). The 

spectrum of PCPDTTTz:PCBM with DIO shows a clear, strong 

band centred at 1050 nm, with a tail of a second band evident 

below 750 nm. This spectrum is very similar to that of 

structurally analogous PDTSiTTz:PCBM previously 

published56 and compared in Figure 4a. The 1050 nm peak can 

therefore be assigned to localised PCPDTTTz polymer 

polarons, while the tail below 750 nm can be assigned to 

delocalised PCPDTTTz polymer polarons. The substantial 

increase by a factor of almost four in the signal amplitude ∆OD 

of the PCPDTTTz localised polaron band when the DIO is 

used, as also evident from the dynamics presented in Figure 4b, 

indicates a large increase in charge photogeneration yield. This 

is consistent with both the charge extraction and JSC results. 

 

 
Figure 4.  Transient absorption spectrum of PDTSiTTz:PCBM and PCPDTTTz:PCBM 

(1:2, with DIO) blend films (a) and a comparison of the charge carrier dynamics 

for PCPDTTTz:PCBM and PDTSiTTz:PCBM (1:2) blend films with and without DIO, 

measured using 3 µJcm
-2

 532 nm excitation and a 1000 nm probe (b). 

 

Furthermore, it is evident from Figure 4b that the charge carrier 

dynamics of the PCPDTTTz:PCBM blend film, using a probe 
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wavelength of 1000 nm, do not alter significantly upon addition 

of DIO. Both decays follow a power law, ∆OD ∝ t − α, which is 

consistent with models depicting bimolecular recombination of 

dissociated charge carriers in the presence of an exponential 

distribution of localised states.57-60 This power law decay 

behaviour has been observed in P3HT, polyselenophenes, and 

MDMO-PPV, all blended with various fullerene derivatives. 

Typically an increase in crystallinity increases the gradient of 

the power law, α, (denoting fewer deep trap states) as was 

observed when both increasing the regioregularity of 

P3HT:PCBM61 and during its thermal annealing.57 However, 

this is not the case for PCPDTTTz:PCBM, for which the 

relatively fast decay of α = 0.61 does not change with DIO. 

This lack of change in α is consistent with the GIWAXS data 

on the PCPDTTTz:PCBM system, which show only small 

increases in packing order when the additive is employed. 

 

The transient absorption spectroscopy of PDTSiTTz:PCBM 

(1:2) blend films has been covered extensively in a previous 

publication,56 so in this paper only the comparison with 

PCPDTTTz:PCBM is highlighted. It is clear from Figure 4b 

that the ∆OD and thus charge photogeneration yield of 

PDTSiTTz:PCBM is significantly higher than that of 

PCPDTTTz:PCBM, even with the DIO. This observation is 

consistent with the JSC and charge extraction results.   

 

Time-resolved photoluminescence 

 

The charge transfer state observed for PCPDTTTz:PCBM was 

investigated further using time-resolved photoluminescence. 

This presented a number of challenges owing to the properties 

of PCPDTTTz, PDTSiTTz, and their blends with PCBM. 

Firstly, the emission of the pristine polymers has a substantially 

weaker quantum yield than either PCPDTBT or Si-PCPDTBT. 

All experiments were therefore done on encapsulated quartz 

samples to avoid any spurious signals. Furthermore, the 

emission extends over the 600 – 950 nm region, with the CT 

emission expected between 850 and 1050 nm, and thus both 

visible and infrared detection were required.  

 

The visible streak camera results for pristine PDTSiTTz and 

PCPDTTTz films (without PCBM) on encapsulated quartz are 

shown in the left column of Figure 5. The corresponding 

photoluminescence decays are displayed in Figure S3, and 

compared to that of PCPDTBT and Si-PCPDTBT films. 

Pristine PDTSiTTz and PCPDTTTz show a similar trend to the 

other polymer pair, with the silicon analogues PDTSiTTz and 

Si-PCPDTBT having a very similar monoexponential lifetime 

of ~ 290 ps while the carbon analogues PCPDTTTz and 

PCPDTBT have a shorter lifetime (130 ps for PCPDTTTz). 

 

The polymer:fullerene blends were firstly examined using a 

PCBM concentration of 25% by weight (Figures 5 and 6). This 

quantity was chosen in order to induce substantial exciton 

quenching with a blend nanomorphology, but still retain 

enough PL quantum yield to achieve a reasonable signal-to-

noise ratio. The addition of 25% PCBM to these polymers 

reduces the polymer S1 photoluminescence lifetime 

considerably, as expected for polymer exciton quenching. This 

is shown in Figure 6a for PCPDTTTz and in Figure 6b for 

PDTSiTTz (and the middle and right columns of Figure 5) 

using infrared detection; hence only the tail of the pristine 

polymer emission is measured. This was done in order to more 

accurately observe the CT state. Upon addition of PCBM, the 

lifetime measured at the polymer’s S1 band in the 800 – 830 nm 

range decreases to ~ 15 ps for both PCPDTTTz:PCBM and 

PDTSiTTz:PCBM, close to the instrument response. The 

polymer emission is not completely quenched by the PCBM at 

this relatively low concentration, hence the lifetime still has a 

long-lived component. Also apparent in the PL plots (top-right 

of Figure 5b, Figure 6a) is a clear CT state emission for 

PCPDTTTz:PCBM, with a red-shifted, long-lived, broad 

emission from ~ 900 – 1150 nm. The CT state PL decay  in 

Figure 6a can be fitted by two lifetimes: ~ 20 ps (residual 

polymer S1 emission) and ~ 750 ps (the CT state emission). 

Due to the overlap between the polymer S1 and CT state PL 

peaks, it is difficult to acquire an exact lifetime of the CT state 

emission.  

 

The CT state of PCPDTTTz:PCBM was examined further by 

assessing the dependence on PCBM concentration. The results 

are displayed in Figure S4, noting that the very efficient exciton 

quenching at high PCBM loadings leads to an extremely weak 

emission signal. The photoluminescence lifetime of the CT 

state clearly decreases as the concentration of PCBM increases, 

achieving ~ 360 ps with 67% PCBM. This is due to the CT 

state being more easily dissociated when large domains of 

PCBM are present: the increase in the blend’s overall dielectric 

constant reduces the coulomb attraction between the two 

charges at the interface, allowing more efficient dissociation 

into free charge carriers.9, 26, 62 

 

Unexpectedly, the CT state was also observed for PDTSiTTz 

(Figure 5 and 6b) at low PCBM concentrations of 25%, despite 

not being seen for its analogue Si-PCPDTBT. The 

PDTSiTTz:PCBM CT state is, however, extremely weak, with 

a lifetime of ~ 400 ps: almost half that of PCPDTTTz:PCBM’s 

at the same PCBM concentration. Although this could simply 

be that the PDTSiTTz:PCBM CT state has a lower quantum 

yield of emission than that of PCPDTTTz:PCBM, the higher 

charge photogeneration yields observed for PDTSiTTz:PCBM 

indicate that its CT state is able to dissociate into free charge 

carriers more easily. The PDTSiTTz:PCBM CT state is also 

almost completely absent at high PCBM loadings, suggesting 

that the dielectric constant effect62 is additional to the CT 

state’s ability to dissociate efficiently or that, in fact, a CT state 

does not form at all under high PCBM loadings.  
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Figure 5.  The streak camera results for the pristine PCPDTTTz (top row) and PDTSiTTz (bottom row) films on encapsulated quartz using both visible (left column) and 

infrared (middle column) detection, compared to the corresponding 3:1 blend films with PCBM (right column).  

   

 
Figure 6. The photoluminescence decays with time for pristine PCPDTTTz (a) and 

PDTSiTTz (b) and their 3:1 blends with PCBM, on encapsulated quartz and 

measured in the spectral ranges 800-830 nm (polymer emission) and 1000-

1100nm (CT state emission).   

 

Finally, the effect of DIO was investigated (Figure 7). In the 

case of PCPDTTTz:PCBM with low PCBM concentrations (5 – 

25 %), the CT state emission’s lifetime and intensity decreased 

when the DIO was used. Complete CT state quenching only 

occurred at the highest PCBM concentration of 67 %, with a 

reduction of the CT state lifetime to only 50 ps (although a 

small long-lived component still exists). In the case of 

PDTSiTTz:PCBM (1:2), the DIO has little quenching effect. A 

probable reason for this is a very low concentration of emissive 

CT states present in an already well phase-segregated blend. 

 

The results presented above indicate that for 

PCPDTTTz:PCBM, like PCPDTBT:PCBM, the emissive CT 

state appears to be a loss mechanism.27, 28 After the polymer S1 

state forms upon absorption of light, exciton dissociation at the 

polymer/fullerene interface leads to a CT state. Whether this 

CT state is simply one of many within a manifold of CT states, 

a vibrationally excited ‘hot’ CT state, or a relaxed CT state is 

unclear from the presented data. Regardless, this CT state can 

undergo full dissociation to create free charge carriers or 

recombine radiatively. In the case of PCPDTTTz:PCBM, it 

seems this latter process has a higher rate, thus leading to the 

observed CT photoluminescence, low charge photogeneration 

yields, and poor device performance. 
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Figure 7. The photoluminescence decays for PCPDTTTz:PCBM (a) and 

PDTSiTTz:PCBM (b) 1:2 blends, on encapsulated quartz and measured in the 

spectral range of 1000-1100 nm, showing the effect of the DIO. 

 

The conclusion that formation of an emissive CT state in 

PCPDTTTz:PCBM is primarily a loss pathway is particularly 

apparent from the addition of DIO to PCPDTTTz:PCBM, 

which reduces the CT state emission intensity and lifetime, 

increases the charge photogeneration yield and ultimately 

improves the device performance. This is most likely due to an 

enhancement in the rate of CT state dissociation, thereby 

reducing the percentage of excitons that follow the CT state 

emission pathway. Interestingly, this alteration in CT state 

behaviour for PCPDTTTz:PCBM when the additive is 

employed does not seem to be accompanied by a substantial 

change in structural order. This is very different behaviour to 

that observed for PCPDTBT:PCBM, for which significant 

morphological changes were measured with an additive. 

 

For PDTSiTTz:PCBM, the high charge photogeneration yields 

and very weak, short-lived CT state emission suggest that very 

few excitons follow the CT state emission pathway, unlike 

PCPDTTTz:PCBM. Instead, it appears that the CT state 

dissociation pathway is very efficient in this system. This is 

supported by the lack of effect of the DIO on the CT state, 

charge photogeneration and device performance, thereby 

indicating that CT state dissociation into free charge carriers is 

already a relatively efficient process. 

 

The observation of CT state emission as a loss pathway in 

systems such as PCPDTBT:PCBM and PCPDTTTz:PCBM 

does not conflict with results from groups such as Neher et al,15 

who suggest that it may also be possible to generate free charge 

carriers from a low-energy CT state.16, 17, 28 Our results indicate 

that it is the kinetic branching ratio between CT state 

dissociation and radiative recombination that directly influences 

the charge photogeneration yield (and, ultimately, the internal 

quantum efficiency) for PCPDTTTz:PCBM and 

PDTSiTTz:PCBM. As such, a short emissive CT state lifetime 

appears to be correlated with a higher charge photogeneration 

yield. This conclusion is likely to be extendable to other 

systems where an emissive CT state is possible, which are 

known to exhibit a variety of charge photogeneration yields and 

internal quantum efficiencies:15 possibly a result of differing 

kinetic branching ratios. The pertinent question, therefore, is 

what the lifetime of each CT state is, and thus the fraction that 

can dissociate into free charge carriers. An emissive CT state 

with a high rate of recombination back to the ground state will 

have a low charge photogeneration yield (and thus a low 

internal quantum efficiency), as observed for 

PCPDTTTz:PCBM. Note that non-emissive CT states are also 

possible, and a similar kinetic branching ratio invoking non-

radiative geminate recombination would still apply. 

 

PDTSiTTz and PCPDTTTz have very similar HOMO and 

LUMO energy levels, thus should have a similar CT state 

energy. It is therefore unlikely to be a difference in driving 

force of charge separation that is the cause of their different CT 

state dissociation behaviour. A difference in charge carrier 

mobility may play a role in the ability of the CT state to fully 

dissociate, as charge carriers with higher mobility are more 

likely to be able to escape the coulomb capture radius. 

PDTSiTTz:PCBM has indeed been reported to have a relatively 

high mobility,56 although the pertinent mobility would have to 

be measured on the femtosecond-picosecond timescales. As 

suggested by several authors,13, 14, 28, 63 the ease with which 

PDTSiTTz:PCBM’s CT state can dissociate into free charge 

carriers may be related to a more spatially delocalised CT state, 

lowering its binding energy.  

 

The similarities in the CT state behaviour of 

PCPDTTTz:PCBM compared to PCPDTBT:PCBM are quite 

remarkable considering the differences in molecular structure 

and weight, solubility, degree of order, crystal structure, 

bimolecular recombination kinetics, and band gap between the 

two. The quenching of a CT state through use of a processing 

additive is by no means a general phenomenon. However, the 

fact that it has been observed in this PCPDTTTz:PCBM system 

is an important result, particularly since the morphological 

changes observed are significantly smaller. The role of this 

bridging atom in excited state dynamics needs to be further 

investigated, particularly the modifications that occur when it is 

replaced by an Si atom. 

 

The observation of an emissive – but easily dissociable – CT 

state for PDTSiTTz:PCBM, while none at all was observed for 

Si-PCPDTBT:PCBM, is also an important finding. 
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Interestingly, PDTSiTTz:PCBM is known to be one of the few 

reported non-Langevin polymer/fullerene systems in the 

literature: it has bimolecular recombination that is reduced 

compared to that expected for diffusion-limited Langevin 

recombination, leading to long-lived charge carriers.8 One 

theory is that a species approximating the CT state must reform 

during bimolecular recombination;41 if this species can easily 

dissociate again, then relatively few charge carriers will follow 

the full recombination pathway back to the ground state – and 

the charge carrier lifetime would be much longer. This theory is 

consistent with the presented data indicating a relatively rapid 

dissociation of the CT state for PDTSiTTz:PCBM. 

 

Conclusions       

 

The device performance of two structurally analogous polymers 

PCPDTTTz and PDTSiTTz blended with PCBM was 

investigated, in particular with regards to the effect of the 

processing additive DIO. It was observed that the DIO had a 

significant beneficial effect for PCPDTTTz:PCBM 

photovoltaic devices, but negligible or even detrimental effects 

for PDTSiTTz:PCBM devices.  

 

GIWAXS results show that the substantial structural changes 

previously observed for PCPDTBT:PCBM with incorporation 

of an additive are not present for PCPDTTTz:PCBM. However, 

a well-ordered angular distribution was observed as an 

additional scattering peak, which may be due to some form of 

blend phase that increases in prominence when the DIO is used. 

Results for PDTSiTTz:PCBM show a substantially higher 

degree of crystallinity. 

  

Time-resolved charge extraction experiments and transient 

absorption spectroscopy results show that for 

PCPDTTTz:PCBM the addition of DIO improves the charge 

carrier photogeneration yield significantly. Steady state and 

time-resolved photoluminescence measurements revealed an 

emissive charge transfer state for PCPDTTTz:PCBM. This 

emission is mostly quenched when the DIO is employed, as 

was observed for PCPDTBT:PCBM. Indeed, this is only the 

second time that the presence of an emissive CT state that can 

be quenched by addition of DIO – and is correlated with an 

improved photovoltaic device performance – has been reported. 

In this case it appears that formation of an emissive CT state is 

a loss mechanism. The increase in device performance upon 

addition of DIO for PCPDTTTz:PCBM can therefore be 

assigned to a reduction in the emission of the CT state, which 

improves the charge photogeneration yield. 

   

Conversely, only an extremely weak CT emission was observed 

for PDTSiTTz:PCBM, which was not quenched by DIO. This 

lack of strong emission may be because the CT state in this 

higher crystallinity system can dissociate more efficiently into 

charge carriers, leading to a higher charge photogeneration 

yield and superior device performance.  

      

Experimental 

 

Device fabrication. Devices of PCPDTTz:PC61BM and 

PDTSiTTz:PC61BM (1:2 by weight) were fabricated using the 

same method as Peet et al.40 with an inverted Ag/hole-injecting 

layer (HIL)/active layer/ electron-injecting layer (EIL)/ITO 

structure, where the HIL and EIL are Konarka proprietary 

materials. The PC61BM (99.5% purity) was sourced from 

Solenne and the two polymers were provided by Konarka 

Technologies Limited, synthesised using the procedure in 

reference 40. No thermal annealing was performed. For those 

devices with 1,8-diiodooctane (Aldrich, 98% purity), a 2 % by 

volume quantity was added to the o-dichlorobenzene (Aldrich, 

anhydrous, 99% purity) solution prior to stirring overnight at 

120oC. The active layer thickness was 150 nm with an active 

area of ~ 17 mm2, which was doctor blade-coated using 

solutions at 70oC. Devices with DIO were dried in a low 

vacuum for 1 hour prior to coating layers on top of the active 

layer. Devices were fabricated in air, then transferred to a 

glovebox for epoxy encapsulation with a glass cover layer. 

Device efficiencies were measured with a Newport–Oriel AAA 

certified solar simulator operating at 100 mW cm-2. Solar 

simulator illumination intensity was calibrated using a standard 

silicon photovoltaic with a protective KG5 filter calibrated at 

the National Renewable Energy Laboratory. 

 

GIWAXS. The GIWAXS experiments were performed at the 

X9 undulator beamline at the National Synchrotron Light 

Source, Brookhaven National Laboratory, where the 14.0 keV 

photons (λ = 0.0886 nm) are focused to a spot with a height of 

80 µm and a width of 200 µm, at the sample position. The X-

ray incident angle was set to ~0.15°, an angle above the critical 

angle of the polymer so as to assure a full penetration into the 

film. The diffraction images reveal the sample’s out-of-plane 

structure (normal to the substrate) along the vertical axis (qz) 

and in-plane structure (parallel to the substrate) along the 

horizontal axis (qr). The scattering/sample chamber vacuum 

was maintained at ~10−2 torr at all temperatures to reduce 

thermal sample degradation, beam damage, diffuse scattering 

and X-ray absorption. 

 

Microsecond-millisecond transient absorption spectroscopy. 

The encapsulated thin blend films (spin-coated) were excited in 

transmission mode by a laser pulse (6 ns, 532 nm, repetition 

rate 10 Hz) from a Nd:YAG laser (Spectra-Physics, INDI-40-

10) with a pump wavelength of 532 nm, using a pump 

intensities of 3 µJ.cm-2 and a repetition frequency of 10 Hz. The 

Xe probe lamp (Edinburgh Instruments, Xe900) with a 

stabilised power supply, with a typical probe wavelength of 

1000 nm, adjustable using a monochromator. The probe light 

passing through the device was detected with a silicon (Femto, 
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HCA-S-200M-SI) or an InGaAs photodiode (Femto, HCA-S-

200M-IN). The signal from the photodiode was amplified 

(Femto, DHPVA-200) and collected with a digital oscilloscope 

(Tektronics, DPO4054), which was synchronised with a trigger 

signal of the pump laser pulse from a photodiode (Newport, 

818-BB-40).  

 

Charge extraction. The device, held at open circuit, was 

illuminated by the laser pulse as described above. After 200 ns, 

extraction of the photogenerated charges under the built-in field 

was accomplished by switching to short circuit using a 

nanosecond time-resolved switch. The photocurrent was then 

integrated to ascertain the charge density at this delay time. 

 

Time-resolved photoluminescence. Thin films were spin-

coated onto quartz substrates. Samples were excited by a 150 fs 

pulsed Kerr mode locked Ti-sapphire laser at 760 nm or 

frequency doubled at 380 nm. The steady state 

photoluminescence emission was measured with an Andor iDus 

InGaAs array detector. The spectra are corrected for the 

spectral response of the setup. Typical excitation power 

densities were ~1 mW on a focused laser spot of about 100 µm 

diameter. The time-resolved PL was recorded by two 

Hamamatsu streak cameras working in synchro-scan mode one 

near-infrared sensitive and the other visible sensitive. All the 

measurements were performed at room temperature. To avoid 

degradation, all samples were edge-sealed with a UV-curable 

epoxy in a N2-filled glovebox before the measurements. 
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