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 Device performance and photoinduced charge transfer are studied in 
donor/acceptor blends of the oxidation-resistant conjugated polymer 
poly[(4,8-bis(2-hexyldecyl)oxy)benzo[1,2-b:4,5-b ′ ]dithiophene)-2,6-diyl-alt-
(2,5-bis(3-dodecylthiophen-2-yl)benzo[1,2-d;4,5-d ′ ]bisthiazole)] (PBTHDDT) 
with the following fullerene acceptors: [6,6]-phenyl-C 71 -butyric acid methyl 
ester (PC 71 BM); [6,6]-phenyl-C 61 -butyric acid methyl ester (PC 61 BM); and 
the indene-C 60   bis -adduct IC 60 BA). Power conversion effi ciency improves 
from 1.52% in IC 60 BA-based solar cells to 3.75% in PC 71 BM-based devices. 
Photoinduced absorption (PIA) of the PBTHDDT:fullerene blends suggests 
that exciting the donor polymer leads to long-lived positive polarons on the 
polymer and negative polarons on the fullerene in all three polymer fullerene 
blends. Selective excitation of the fullerene in PC 71 BM or PC 61 BM blends 
also generates long-lived polarons. In contrast, no discernible PIA features 
are observed when selectively exciting the fullerene in a PBTHDDT/IC 60 BA 
blend. A relatively small driving force of ca. 70 meV appears to sustain charge 
separation via photoinduced hole transfer from photoexcited PC 61 BM to the 
polymer. The decreased driving force for photoinduced hole transfer in the 
IC 60 BA blend effectively turns off hole transfer from IC 60 BA excitons to the 
host polymer, even while electron transfer from the polymer to the IC 60 BA 
remains active. Suppressed hole transfer from fullerene excitons is a poten-
tially important consideration for materials design and device engineering of 
organic solar cells. 
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  1. Introduction 

 Organic semiconductors are fi nding 
increasing applications in optoelectronic 
and electronic devices, such as organic 
solar cells (OSCs) [  1–5  ]  and organic fi eld-
effect transistors (OFETs). [  6,7  ]  For example, 
the power conversion effi ciency (PCE) 
of bulk heterojunction (BHJ) solar cells 
made from organic semiconductors is 
approaching 10%, [  3  ]  demonstrating the 
potential of organic solar cells as a means 
of utilizing solar energy. 

 Oxidation-resistant conjugated poly-
mers, typically those with very nega-
tive ionization energies, have attracted 
increased attention in OFET research, 
due to their enhanced durability and 
lengthened operation lifetime in air. For 
instance, using benzobisthiazole as the 
electron defi cient building block and var-
ious other electron rich moieties (dithie-
nosilole, dithienopyrrole, carbazole, and 
bithiophene), the ionization energy can be 
tuned by nearly 900 meV, yielding OFETs 
with remarkably stable (over 2 years in air) 
hole mobility, threshold voltage, and on/
off current ratio. [  4i  ]  Further exploring such 
oxidation-resistant conjugated copolymers 
for use in organic solar cells with extended 
operation lifetime is highly desirable. However, making the 
donor material more diffi cult to oxidize can complicate device 
operation as it can decrease the free energy available for driving 
photoinduced hole transfer from the acceptor material. 

 Fullerene derivatives have been widely used as the elec-
tron acceptors in organic solar cells and have yielded the 
highest power conversion effi ciencies so far. [  3  ]  High perform-
ance fullerene materials include [6,6]-phenyl-C 71 -butyric acid 
methyl ester (PC 71 BM), [6,6]-phenyl-C 61 -butyric acid methyl 
ester (PC 61 BM), and indene-C 60   bis -adduct (IC 60 BA). However, 
chemical modifi cation of fullerenes usually results in modifi ed 
ionization energy ( IE ) and electron affi nity ( EA ) values, as well 
as changes in fi lm morphology, both of which can affect the 
photovoltaic properties of solar cells. For example, in PC 71 BM, 
PC 61 BM and IC 60 BA, the value of  EA  varies between 3.8 and 
4.0 eV. [  8  ]  
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     Figure  1 .     Molecular structures of PBTHDDT donor polymer and three fullerene acceptors (PC 71 BM, IC 60 BA, PC 61 BM) used this study.  
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 In this paper, we study the use of an oxidation-resistant con-
jugated copolymer, poly[(4,8-bis(2-hexyldecyl)oxy)benzo[1,2-
b:4,5-b ′ ]dithiophene)-2,6-diyl-alt-(2,5-bis(3-dodecylthiophen-
2-yl)benzo[1,2-d;4,5-d ′ ]bisthiazole)] (PBTHDDT) [  4i  ]  in a series 
of polymer/fullerene blend solar cells. In addition to the tech-
nological interest associated with the use of polymers with 
increased oxidative stability, the use of PBTHDDT is of interest 
for fundamental studies because the  IE  of the polymer is 
quite negative relative to vacuum, and is similar to the energy 
released when transferring an electron to the half-fi lled highest 
occupied molecular orbital (HOMO) of the fullerene exciton 
(the excited state  EA ). We can thus use PBTHDDT/fullerene 
blends to examine the effects of modulating the driving force 
for photoinduced hole transfer on the photovoltaic behavior 
of BHJ polymer solar cells. We fi nd that solar cells based on 
PBTHDDT:PCBM have much higher power conversion effi -
ciencies (2.70–3.75% PCE) compared with that of ICBA-based 
devices (1.52% PCE). The photoinduced absorption (PIA) 
spectra of all the PBTHDDT:fullerene blends exhibit long-lived 
positive polarons in PBTHDDT and negative polarons on the 
fullerene when exciting the polymer. However, no induced 
absorption features are observed when selectively exciting 
IC 60 BA blended with PBTHDDT, suggesting that IC 60 BA exci-
tons do not effi ciently generate long-lived charges at the D/A 
interface. On the other hand, selective excitation of PC 71 BM 
or PC 61 BM blended with PBTHDDT does generate long-lived 
polarons. We explain these results by using the offset between 
the ionization energy of the polymer and the electron affi nity 
of the fullerene in its singlet excited state as the measure of 
the driving force for charge separation via photoinduced hole 
transfer. Specifi cally, we fi nd the driving force for photoinduced 
hole transfer to be insuffi cient to sustain long-lived charge sep-
aration from IC 60 BA excitons when paired with PBTHDDT.   

 2. Results and Discussion  

 2.1. Photovoltaic Properties 

 We show the molecular structures of poly[(4,8-bis(2-hexy-
ldecyl)oxy)benzo[1,2-b:4,5-b ′ ]dithiophene)-2,6-diyl-alt-(2,5-
bis(3-dodecylthiophen-2-yl)benzo[1,2-d;4,5-d ′ ]bisthiazole)] 
(PBTHDDT) and the three different fullerene derivatives, 
including PC 71 BM, PC 61 BM, and IC 60 BA, in  Figure    1  . PBTHDDT 
contains a benzobisthiazole as the electron defi cient moiety and 
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 1238–1249
a benzodithiophene as the electron rich moiety in the repeating 
unit.  

 We fi rst investigated the photovoltaic properties of BHJ 
solar cells made from PBTHDDT:fullerene blends, where the 
fullerene acceptor is either PC 71 BM, PC 61 BM, or IC 60 BA. The 
solar cells have the basic device structure of ITO/PEDOT:PSS/
active layer/LiF/Al, where the active layer is a spin-cast fi lm 
composed of PBTHDDT:fullerene blend with an optimal 
weight ratio of 1:2, and processed with 2.5 vol% 1,8-diiodooc-
tane (DIO). The solar cells were fabricated in a glovebox and 
tested under AM1.5 solar illumination at 1 sun (100 mW/cm 2 ) 
in ambient air. The current density ( J )–voltage ( V ) curves for 
these devices are shown in  Figure    2  a. The photovoltaic para-
meters of devices made from PBTHDDT:fullerene blends, 
including the open circuit voltage ( V  oc ), the short-circuit cur-
rent density ( J  sc ), and fi ll factors ( FF ) are collected in  Table    1  . 
 V  oc  increased slightly from 0.64 V in PBTHDDT:PC 71 BM 
devices to 0.69 V in PBTHDDT:PC 61 BM devices, but increased 
dramatically to 0.95 V in PBTHDDT:IC 60 BA solar cells. How-
ever, we observe a signifi cant reduction in  J  sc  and slight losses 
in  FF  as well in the IC 60 BA-based solar cells, compared with 
the PC 71 BM and PC 61 BM based devices. For example, a  J  sc  of 
3.45 mA/cm 2  in PBTHDDT:IC 60 BA solar cells represents a 
64% and 46% decrease compared to that of PBTHDDT:PC 71 BM 
(9.60 mA/cm 2 ) and PBTHDDT:PC 61 BM (6.39 mA/cm 2 ) solar 
cells, respectively. We observe a small decrease in  FF  to 0.50 for 
PBTHDDT:IC 60 BA solar cells ( ≈ 20% lower than that of PCBM-
based devices). As a result, average power conversion effi ciency 
(PCE) decreased from 3.75  ±  0.06% for PBTHDDT:PC 71 BM, 
and 2.70  ±  0.05% for PBTHDDT:PC 61 BM, to 1.52  ±  0.07% in 
PBTHDDT:IC 60 BA solar cells, with the major effi ciency loss 
due to comparatively low photocurrent generation.   

 The incident photon-to-electron effi ciency (IPCE) or photo-
current action spectrum of each PBTHDDT:fullerene solar 
cell system is shown in Figure  2 b. The photoresponse of 
PBTHDDT:PC 71 BM turns on at about 720 nm and peaks 
at 460–510 nm. The response above 600 nm is due almost 
entirely to the fullerene, as PBTHDDT has negligible absorb-
ance beyond 600 nm (Supporting Information, Figure S1). The 
photoresponse of PBTHDDT:PC 61 BM also begins at  ≈ 720 nm, 
but is much weaker over the region from  ≈ 720–580 nm due to 
the reduced absorption in the spherically symmetric fullerene 
relative to the PC 71 BM. Finally, the PBTHDDT:IC 60 BA solar 
cells exhibit the lowest overall photocurrent, and show less than 
1% IPCE over the region where only the fullerene absorbs ( λ   =  
600–720 nm). To more clearly illustrate the low photoresponse 
1239wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  2 .     a) Current density ( J )–voltage ( V ) characteristics, b) IPCE 
spectra of the PBTHDDT:fullerene (1:2) blend solar cells, and c) semi-
logarithmic scale IPCE spectra normalized to PBTHDDT absorption at 
560 nm.  
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from the IC 60 BA acceptor in this spectral region, Figure  2 c 
shows the IPCE values normalized to the PBTHDDT absorp-
tion at ca. 560 nm. 

 The maximum IPCE was 70% for PBTHDDT:PC 71 BM, 
57% for PBTHDDT:PC 61 BM, and 33% for PBTHDDT:IC 71 BA 
devices. The expected  J  sc  (calculated from the IPCE spectrum) 
is 9.00 mA/cm 2  for PBTHDDT:PC 71 BM, 6.13 mA/cm 2  for 
PBTHDDT:PC 61 BM, and 3.25 mA/cm 2  for PBTHDDT:IC 71 BA. 
40 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag 
These  J  sc  values calculated from the IPCE spectra are slightly 
(4.1–6.3%) lower than the  J  sc  obtained in  J – V  measurements. 
This small discrepancy could be due to spectral mismatch 
between the simulated light source and the AM1.5 solar 
spectrum or to degradation of the solar cells during meas-
urement since the IPCE data was collected following the  J–V  
measurement. 

 For comparison with the PBTHDDT devices, we fabri-
cated BHJ solar cells based on P3HT:fullerene (1:1 w/w) 
blends, and characterized their photovoltaic performance 
under similar conditions. We present the  J – V  characteris-
tics of our P3HT:fullerene BHJ solar cells in Figure S2 (Sup-
porting Information) and summarize their photovoltaic prop-
erties in Table S1 (Supporting Information). Average PCEs of 
3.70  ±  0.04%, 3.15  ±  0.05%, and 4.32  ±  0.09% were achieved 
in P3HT:PC 71 BM, P3HT:PC 61 BM, and P3HT:IC 60 BA solar 
cells, respectively. The increasing trend in PCE as PC 61 BM, 
PC 71 BM, and IC 60 BA are used as the electron acceptor in BHJ 
solar cells agrees well with previous observations. [  4f  ,  k  ]  Briefl y, 
the enhancement in PCE in P3HT:PC 71 BM compared to that 
of P3HT:PC 61 BM is primarily due to the enhanced absorption 
in the visible region and optimized nanoscale morphology in 
P3HT:PC 71 BM fi lms. [  9  ]  P3HT:IC 60 BA solar cells have a higher 
 V  oc  (0.79 V) than that of P3HT:PCBM devices (0.61 V), while 
the other photovoltaic parameters ( J  sc  and  FF ) are similar to 
those of P3HT:PCBM devices, resulting in higher overall power 
conversion effi ciency. [  4f  ,  8b  ]  

 We further compared the photovoltaic properties of BHJ solar 
cells based on the same fullerene acceptor. PBTHDDT:PC 71 BM 
and P3HT:PC 71 BM solar cells showed similar photovoltaic 
parameters ( V  oc ,  J  sc , and  FF ), and similar photovoltaic effi ciency 
(3.75% vs 3.70%). Using PC 61 BM as the acceptor in BHJ solar 
cells, we observe a 14% decrease in PCE for PBTHDDT:PC 61 BM 
devices, compared with that of P3HT:PC 61 BM solar cells, with 
the slight decrease in PCE being largely attributable to a com-
parable decrease in the  J  sc  due to the slightly bluer absorption 
onset of PBTHDDT relative to P3HT. The observed increase 
in  V  oc  in PBTHDDT:IC 60 BA devices is understandable consid-
ering the increased diagonal energy offset  Δ  E  DA   =   IE [Donor]–
 EA [Acceptor] of that blend. [  10  ]  The decrease of  J  sc  and  FF  
in PBTHDDT:IC 60 BA solar cells, compared with those of 
P3HT:IC 60 BA solar cells, is critical in explaining the observed 
difference in photovoltaic properties. We therefore focused a 
detailed study on the morphology, optical and photophysical 
properties of PBTHDDT:fullerene blend fi lms to look for the 
reason for the reduction in  J  sc  and  FF  when ICBA is used as the 
electron acceptor instead of PCBM.   

 2.3. Morphology   

 Figure 3   shows bright-fi eld transmission electron microscope 
(BF-TEM) images of the nanomorphology of PBTHDDT:fullerene 
blend fi lms ( ≈ 80 nm thick) directly peeled off from the solar 
cells. The images were taken at a slightly defocused condition to 
enhance the phase contrast between polymer and fullerene, with 
fullerene-rich domains often appearing darker under BF-TEM 
due to their higher density than the polymer-rich domains. [  11  ]  
The TEM images of PBTHDDT:PC 61 BM and PBTHDDT:IC 60 BA 
GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1238–1249
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   Table  1.     Device metrics and energies offsets of PBTHDDT:fullerene blend solar cells. Energy differences are calculated in eV from the average of fi lm 
CV, solution, CV, and PES data. 

Blend a)   V  oc  
[ V ]

 J  sc  
[mA/cm 2 ]

 FF    η   max  
[% PCE]

  η   ave  
[% PCE]

 Δ  E  Hole  b)   Δ  E  Elec  b)   Δ  E  DA  c)  

PBTHDDT:PC 71 BM 0.64 9.60 0.63 3.83 3.75  ±  0.06  − 0.133  − 0.403  − 1.68

PBTHDDT:PC 61 BM 0.69 6.39 0.62 2.72 2.70  ±  0.05  − 0.066  − 0.376  − 1.70

PBTHDDT:IC 60 BA 0.95 3.45 0.50 1.62 1.52  ±  0.07 0.110  − 0.250  − 1.83

    a) 1:2 wt:wt blend ratio;  b) See  Equation 2 ;  c)  Δ  E  DA   =   IE [Donor]– EA [Acceptor].   
blends showed similar nanomorphology (Figure  3 c,d), con-
taining long fi brillar nanostructures. A low density of bright 
features were observed in the PBTHDDT:IC 60 BA blend fi lms 
(Figure  3 e,f), possibly suggesting the presence of larger aggre-
gates in this blend. Similar aggregates were not observed in 
either P3HT:IC 60 BA (Supporting Information Figure S3e,f) or 
PBTHDDT:PCBM (Figure  3 a–d) blend fi lms. Overall, however 
we observe similar morphology by TEM imaging among all 
three of our PBTHDDT:fullerene blends. We also used atomic 
force microscopy (AFM) to characterize the surface topog-
raphy of the active layer on the actual solar cells. We present 
topographical AFM images for a 5  μ m  ×  5  μ m region of each 
PBTHDDT:fullerene blend fi lm in  Figure    4  . All the blend fi lms 
showed similar surface topography with surface features less 
than 50 nm in height. The root-mean-square roughness ( R  q ) 
among these blend fi lms was comparable, with values as fol-
lows: PBTHDDT:PC 71 BM (3.89 nm), PBTHDDT:PC 61 BM 
(4.05 nm), and PBTHDDT:IC 60 BA (3.54 nm). From these data 
we are unable to identify an obvious large-scale source of 
© 2013 WILEY-VCH Verlag Gm

     Figure  3 .     TEM images of PBTHDDT:fullerene (1:2) blend fi lms. a,b) PBTHD

Adv. Funct. Mater. 2013, 23, 1238–1249
morphological variation that could explain the large effi ciency 
differences between the different PBTHDDT/fullerene blends. 
Therefore, as we discuss in the following sections, we turned 
to optical spectroscopy to examine the photophysical and ener-
getic differences between the fi lms.     

 2.4. Photophysical Properties of Polymer:Fullerene Blends   

 Figure 5   compares the absorption spectra of PBTHDDT:PC 71 BM, 
PBTHDDT:PC 61 BM, and PBTHDDT:IC 60 BA blend fi lms. The 
optical densities near 450 nm for the PBTHDDT:IC 60 BA and 
PBTHDDT:PC 61 BM blends are comparable (ca. OD  =  0.24). As 
expected, they are both lower than that of PBTHDDT:PC 71 BM 
blends (ca. OD  =  0.35). The difference in optical density between 
the PC 71 BM blend and the PC 61 BM or IC 60 BA blends is due 
to the enhanced absorbance of PC 71 BM in the visible region of 
the spectrum (Supporting Information Figure S1). However, 
despite the similar optical density in PBTHDDT:PC 61 BM and 
1241wileyonlinelibrary.combH & Co. KGaA, Weinheim
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     Figure  4 .     AFM topographical images (5  μ m  ×  5  μ m) of PBTHDDT:fullerene blend solar cells.  
PBTHDDT:IC 60 BA blend solar cells, the measured IPCE for the 
IC 60 BA device in this spectral region is 75% lower than that of 
the PC 61 BM device.  

 We employed spectroelectrochemical measurements and 
photoinduced absorption (PIA) spectroscopy to understand 
the different photocurrent responses in our PBTHDDT:IC 60 BA 
solar cells. Polaron optical signatures arising from photoin-
duced radicals are commonly observable in the PIA spectra for 
polymer:fullerene blends. [  12  ]  To identify the expected spectral 
signature for PBTHDDT  +   radical cation (polaron spectrum) 
 Figure    6  a shows a differential absorption ( Δ  OD   =   OD  Oxidized  – 
 OD  Neutral ) spectrum for an electrochemically-oxidized neat fi lm 
of PBTHDDT on ITO (open circle trace in Figure  6 a). The  Δ  OD  
spectrum exhibits a distinct oxidatively induced absorption fea-
ture corresponding to absorption by the polymer cation at  λ   =  
790 nm labeled PBTHDDT  +  .  

 The PIA experiment is a pump-probe technique that measures 
the optical absorption of long-lived excited states (e.g., polarons or 
triplets with lifetime,   τ  , on the order of microseconds to millisec-
onds) resulting from excitation by a frequency modulated mono-
chromatic excitation source. We plot the normalized differential 
transmittance data ( Δ  T / T ) in terms of the differential thin fi lm 
absorption coeffi cient as  Δ   α d   =  –ln[1  +   Δ  T / T ]. The solid black 
trace in Figure  6 a representing the PIA spectrum (right y-axis) for 
a neat fi lm of PBTHDDT (excitation at  λ   =  455 nm), exhibits a 
signifi cantly different spectral fi ngerprint than the oxidized form 
of the polymer collected by spectroelectrochemical methods, sug-
gesting that few if any polarons are formed upon photoexcitation 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

     Figure  6 .     a) Spectroelectrochemical differential absorption (open circles) 
of a PBTHDDT fi lm ( Δ  OD   =   OD  Oxidized  –  OD  Neutral ) showing an electro-
chemically induced PBTHDDT  +   polaron absorption peak at  λ   =  790 nm. 
The photoinduced absorption (PIA) spectrum (solid line, excited at 455 nm) 
on the right ordinate ( Δ   α d   =  –ln[1  +   Δ  T / T ]) for a pristine fi lm of PBTHDDT 
exhibits a peak at  λ   =  1170 nm consistent with polymer triplet absorption. 
 Δ  OD  measured in transmission mode on ITO in CH 3 CN:(C 4 H 9 ) 4 N(ClO 4 ). 
b) PIA spectra for PBTHDDT:fullerene blends (PC 61 BM blend  =  fi lled cir-
cles, PC 71 BM blend  =  open squares, and IC 60 BA blend  =  fi lled triangles) 
when both components are excited at 455 nm. Peaks consistent with 
PBTHDDT polarons at  λ   =  850 nm are labeled PBTHDDT  +  . Inset depicts 
the spectral region for  λ   >  900 nm, where peaks consistent with fullerene 
anion generation are observed at  λ   =  1030 nm (PC 61 BM  −  , fi lled circles) and 
 λ   =  1340 nm (PC 71 BM  −  , open squares). The weak feature at  λ   =  1010 nm 
(fi lled triangles) is consistent with IC 60 BA  −   generation. All  Δ   α d  recorded 
at 80 K under 455 nm excitation modulated at 200 Hz.       Figure  5 .     UV-vis absorption spectra of PBTHDDT:fullerene blend fi lms.  
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     Figure  7 .     a) Photoinduced absorption ( Δ   α d ) spectra scaled by the 
photon flux absorbed (  Φ   Abs ) by selectively exciting the fullerene at 
630 nm in PBTHDDT:fullerene blends (PC 61 BM blend  =  circles, IC 60 BA 
blend  =  triangles, PC 71 BM  =  squares). b)  Δ   α d /  Φ   Abs  spectra collected 
when both blend components are simultaneously excited at 455 nm 
for each PBTHDDT:fullerne blend using the same symbols as in 
a). c) Modulation frequency dependence of the differential transmit-
tance (– Δ  T / T   ≈   Δ   α d ) monitored at 850 nm (PBTHDDT  +   polaron peak) 
for the PC 61 BM (circles) and IC 60 BA (triangles) blends in a) under 
455 nm excitation. Decay parameters (  τ  ) according to the inset model 
were obtained from dispersive fits (dashed lines) to the data as a 
function of modulation frequency  f   =    ω  /(2 π ). All PIA data were col-
lected at 80 K.  
of the neat fi lm. At 80 K, the neat fi lm exhibits a broad PIA fea-
ture that peaks at ca.  λ   =  1180 nm. The intensity of this NIR fea-
ture increases by two orders of magnitude upon cooling from 
room temperature to  T   =  80 K and exhibits non-dispersive decay 
with increasing modulation frequency. Based on the tempera-
ture dependence, frequency dependence, and the absence of any 
such feature in the spectroelectrochemical data in Figure  6 a we 
assign this PIA signal at  λ   =  1180 nm to  T  1  –  T  n  absorption by 
PBTHDDT triplet excitons, probably generated via intersystem 
crossing from the S 1  singlet state excited by 455 nm light. 

 The PIA spectra for PBTHDDT:fullerene blends under 
455 nm excitation are presented in Figure  6 b. Note that the 
polymer and each of the fullerenes absorb 455 nm light. Thus, 
the resulting PIA features arise from processes involving excitons 
created on either the donor or the acceptor. Between the wave-
length range  λ   =  700 nm and 900 nm the PIA signals for each 
blend are qualitatively similar, exhibiting sharp induced absorp-
tion features peaking at  λ   =  850 nm (slightly red shifted from 
the PBTHDDT  +   peak we observe by spectroelectrochemistry). 
Given the resemblance of the PIA signals observed in this 
spectral region to that obtained for the electrochemically oxi-
dized polymer in Figure  6 a, we assign this feature to a posi-
tive PBTHDDT  +   polaron on the polymer backbone. Fullerene 
anion peaks are also apparent in the PIA spectra for PC 71 BM 
(1340 nm) [  13  ]  and PC 61 BM (1030 nm) [  14  ]  (see inset Figure  6 b). In 
the IC 60 BA-based blend an extremely weak feature near 1010 nm 
may also suggest the presence of fullerene anion resulting when 
the sample is illuminated with 455 nm excitation. We note that 
no discernible polymer triplet features appear at 1180 nm in any 
of the blends examined in Figure  6 b, suggesting that polymer 
excitons are quenched prior to intersystem crossing and charge 
recombination to the polymer triplet state is negligible. 

 Although the optical densities (Figure  5 ) are nearly equivalent at 
the excitation wavelength ( λ   =  455 nm) for the PBTHDDT:IC 60 BA 
blend and the PBTHDDT:PC 61 BM blend, the PIA signature cor-
responding to PBTHDDT  +   polarons in the IC 60 BA blend ( Δ   α d   =  
1.3  ×  10  − 4 ) is more than a factor of 2.5 lower than that observed for 
the analogous fullerene methyl ester blend (PBTHDDT:PC 61 BM, 
 Δ   α d   =  3.6  ×  10  − 4 ). This result suggests fewer long lived charges 
are being formed per absorbed photon, and is in qualitative agree-
ment with the lower photocurrent density and IPCE measured 
for the corresponding IC 60 BA devices. 

 Upon direct excitation of the fullerene, the PBTHDDT:IC 60 BA 
blends produce less photocurrent than the PBTHDDT:PC 61 BM 
blend (Figure  2 c), despite the fact that the two different active 
layers show nearly equal absorption amplitude at 630 nm 
(Figure  5 ). Based on this observation we hypothesized that 
photoinduced hole transfer from IC 60 BA singlet excitons to 
PBTHDDT may not be occurring, which would indicate that 
charge generation in the PBTHDDT:IC 60 BA may primarily 
involve polymer exciton dissociation, with minimal harvesting 
of fullerene excitons. 

 To test this hypothesis, we compared the PIA signal measured 
for PBTHDDT:IC 60 BA to that measured for PBTHDDT:PC 61 BM 
while selectively exciting the fullerene component at 630 nm. 
The PBTHDDT polymer is completely transparent at this wave-
length; therefore, PIA signals in the blend measured under 
630 nm excitation originate uniquely from photoexcitation of 
the fullerene.  Figure    7  a shows the resulting PIA data, with the 
1243wileyonlinelibrary.com© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinheimAdv. Funct. Mater. 2013, 23, 1238–1249
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signal magnitudes scaled by the absorbed photon fl ux at the 
excitation wavelength (  Φ   Abs  with unit of mol cm  − 2  s  − 1 ). Impor-
tantly, selectively exciting PC 61 BM in the polymer blend leads 
to a signifi cant population of PBTHDDT  +   polarons ( Δ   α d /  Φ   Abs   ≈  
2000 cm 2  s mol  − 1  at 850 nm) in the PIA spectrum, indicating that 
PC 61 BM excitons reaching the PBTHDDT interface can undergo 
effi cient charge transfer quenching. However, when we selectively 
excite the fullerene in the PBTHDDT:IC 60 BA blend at 630 nm 
(triangles in Figure  7 a) we observe no discernible induced 
absorption features. For comparison, we have plotted  Δ   α d /  Φ   Abs  
in Figure  7 b for the PBTHDDT:PC 61 BM blend collected using 
455 nm (circles) and note that the PBTHDDT  +   polaron signal 
magnitude obtained from selectively exciting PC 61 BM is com-
parable to that obtained from concomitant excitation of both 
blend components. Assuming a similar peak intensity ratio 
for excitation of the fullerene in the PBTHDDT:IC 60 BA blend, 
we would expect to observe a PBTHDDT  +   PIA feature with 
signal magnitude  Δ   α d /  Φ   Abs   ≈  720 cm 2  s mol  − 1  appearing at 
850 nm when the IC 60 BA in the blend is excited with 630 nm 
light. However, we observe instead an extremely weak and 
poorly resolved feature in Figure  7 a (triangles) at 850 nm 
( Δ   α d /  Φ   Abs   ≈  315 cm 2  s mol  − 1 ) approaching the noise fl oor of our 
instrumentation ( Δ   α d /  Φ   Abs   ≈  100 cm 2  s mol  − 1 ). We may take this 
as an upper limit for the relative dissociation effi ciency of IC 60 BA 
excitons compared to PC 61 BM excitons at the PBTHDDT inter-
face, suggesting that the photoinduced hole transfer effi ciency of 
IC 60 BA excitons is less than 20% that of PC 61 BM excitons.  

 Finally, we plot the dependence of the normalized 
PBTHDDT  +   PIA signal intensity as a function of modula-
tion frequency in Figure  7 c for PBTHDDT:IC 60 BA (trian-
gles) and PBTHDDT:PC 61 BM (circles). The two traces exhibit 
nearly identical characteristic roll-off behavior that may be 
fi t using the simple dispersive decay model [  15  ]  presented in 
the inset of Figure  7 c, with nearly equivalent lifetime fi tting 
parameters of   τ    ≈  0.40 ms in both blends. [  16  ]  Thus, the signifi -
cantly lower PBTHDDT  +   signal obtained when exciting the 
PBTHDDT:IC 60 BA blend at 455 nm in Figure  7 a cannot be 
attributed to faster recombination in the PBTHDDT:IC 60 BA 
compared to the PBTHDDT:PC 61 BM blend. 

 These data suggest that a portion of the polymer excitons in 
all of the polymer:fullerene blends examined here leads to long-
lived positive polarons on the polymer and negative polarons 
on the fullerene. While PC 71 BM and PC 61 BM excitons appear 
to undergo hole transfer at the D/A interface, generating long-
lived charges in the PBTHDDT:PCBM blends, excitons on the 
IC 60 BA do not appear to effi ciently produce long-lived charges 
at the D/A interface. We next examine this result in the context 
of the expected driving forces for photoinduced charge separa-
tion via electron and hole transfer in these blends.   

 2.5. Driving Force for Photoinduced Charge Transfer 

 To identify qualitative trends in the energy landscape resulting 
from PBTHDDT with different fullerene acceptors we compare 
energies tabulated from cyclic voltammetry (CV for thin fi lm 
and solution samples measured in this work and compared 
against solution values taken from literature) [  8b  ,  17  ]  with those 
derived from photoemission spectroscopy (PES). 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
 Importantly, rather than using the common approximation 
of frontier orbital energies [  18  ]  to estimate the driving force for 
photoinduced charge separation we instead follow the estab-
lished electrochemical convention [  19  ]  of calculating the exited 
state oxidation potential (the potential required to oxidize the 
material in its excited state) of the donor and the excited state 
reduction potential (the potential required to reduce the mate-
rial in its excited state) of the acceptor. We extend this conven-
tion to the solid state  IE , and the  EA  of ground state materials 
compared to those in the excited state as previously proposed. [  20  ]  
Using the value of the singlet exciton energy  E  g  Opt  we estimate 
the electron affi nity of the excited state ( EA  (M * /M-) ) as given by 
 Equation 1 a. Similarly, we calculate the excited state ioniza-
tion energy ( IE  (M + /M * ) ) of the donor according to  Equation 1 b. 
We note that this convention is similar to the effective HOMO 
and effective lowest unocupied molecular orbital (LUMO) con-
vention used by Veldmann et al. [  21  ]  in that it accounts for the 
binding energy of the exciton. However, our convention dif-
fers with regard to the driving force for generating separated 
charges being defi ned as the energy associated with a par-
ticular exciton undergoing dissociation with a ground-state 
charge acceptor rather than splitting the exciton binding energy 
between the HOMO and LUMO of each material and adding 
the coulomb energy to calculate the energy of the bound charge 
transfer state.

 
E A(M∗/M−) = E A(M/M−) − E Opt

g   (1a)   

 
I E(M+/M∗) = I E(M+/M) + E Opt

g   (1b)    

 Following this convention, in  Scheme    1   we illustrate that an 
acceptor material under illumination with energy  h ν    ≥   E  g  Opt  
will engage in spontaneous charge separation via hole transfer 
to the donor if the value of  EA  (M * /M-)  for the acceptor is more 
negative than the value of  IE  for the donor material. We assume 
the energy difference  Δ  E  Hole  calculated from  Equation 2 a to sat-
isfactorily approximate the change in free energy ( Δ  G ) [  22  ]  for 
charge separation via photoinduced hole transfer. A similar 
analysis can be applied using  Equation 2 b to calculate  Δ  E  Elec  to 
assess whether a given donor exciton is likely to undergo charge 
separation via electron transfer to a given acceptor:

  
�EHole = E A(M∗/M−)

[
Acceptor

] − I E(M+/M) [Donor]
  (2a)   

 
�EElec = E A(M/M−)

[
Acceptor

] − I E(M+/M∗) [Donor]
  (2b)    

 Using this convention, in  Figure    8   we plot the estimated 
energies related to the driving forces for photoinduced charge 
separation in our different PBTHDDT/fullerene blends. The 
CV oxidation/reduction waves, ultraviolet photoemission 
spectroscopy (UPS), and inverse photoemission spectroscopy 
(IPES) traces used to estimate energies relative to vacuum in 
Figure  8  are presented in Figure S4 and S5, respectively, in the 
Supporting Information. As previously observed [  4i  ]  PBTHDDT 
exhibits an irreversible oxidation wave in thin fi lm as well as 
solution, thus we must regard the  IE  plotted in Figure  8  based 
on the CV data as a lower limit, with the true value possibly 
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 1238–1249
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     Scheme  1 .     The driving force for charge separation proceeding through 
photoinduced hole transfer indicated by the large white arrow labeled 
h  +   from the acceptor to the donor is related to the difference in the 
excited state electron affi nity ( EA  (M * /M-)   =  white lines) of the acceptor 
exciton (heavy-weight white line) and the ground state ionization 
energy ( IE  (M + /M)   =  black lines in the lower “hole transfer” panel) of 
the donor (heavy-weight black line in the lower panel). Charge separa-
tion via hole transfer will occur spontaneously in donor/acceptor pairs 
for which  IE  (M + /M) [Donor] is more positive than  EA  (M * /M-) [Acceptor]. 
The analogous electron transfer process indicated by the large black 
arrow labeled e  −   will be spontaneous when the excited state ionization 
energy ( IE  (M + /M * )   =  black lines in upper “electron transfer” panel) of 
the donor (heavy-weight black line) is more positive than the ground 
state electron affi nity ( EA  (M/M-)   =  dark grey lines) of the acceptor (heavy-
weight dark grey line). Light-weight solid lines follow the same shading 
scheme, with the black light-weight lines in the upper and lower panels 
depicting  IE  (M + /M*)  and  IE  (M + /M) , respectively. The grey light-weight 
lines in the upper and lower panels depict  EA  (M/M-)  and  EA  (M*/M-) , 
respectively.  

     Figure  8 .     Excited state electron affi nity values ( EA  (M * /M-)   =  heavy-weight bl
from each fullerene exciton to the “donor” polymer PBTHDDT (ground sta
( IE [Donor] more positive than  EA  (M * /M − ) [Acceptor]). The analogous electron 
energy ( IE  (M + /M * )   =  black lines and defi ned numerically in the text) of the don
of the acceptor. “Film CV” denotes energies tabulated from thin fi lm cyclic v
voltammetry with PC 71 BM from ref.  [  17a  ]  and PC 61 BM, IC 60 BA from ref.  [  8
spectroscopy (UPS) and inversion photoemission spectroscopy (IPES). Li
Green and blue light-weight lines depict  EA  (M/M-)  and  EA  (M*/M-) , respectively

Adv. Funct. Mater. 2013, 23, 1238–1249
being slightly more positive. Photoelectron spectroscopy meas-
urements yielded a featureless spectrum for PBTHDDT where 
the density of states showed an exponential decay into the band 
gap. Therefore, an onset of the density of states is very hard to 
place. The reason for this lies most likely in the long hydro-
carbon side chains attached to the polymer that commonly 
dominate the photoemission spectra and tend to shield the  IE  
and  EA  features. Given the potential inaccuracies in estimating 
absolute  IE  values for PBTHDDT using a single method, we 
present self-consistent estimates for each material using three 
methods (fi lm CV, solution CV and fi lm PES) in Figure  8 , 
arriving at qualitatively equivalent conclusions based on each 
method. We calculated the energy changes relevant for charge 
separation ( Δ  E  Hole  and  Δ  E  Elec  calculated from  Equation 2  and 
tabulated in Table  1 ) in PBTHDDT solar cells from the  IE  and 
 EA  values in  Tables    2   and   3  .    

 From the values plotted in Figure  8  we conclude that charge 
separation by forward electron transfer from photoexcited 
PBTHDDT to each of the fullerenes should be spontaneous, 
( IE  (M + /M * ) [Donor]  >   EA  (M/M − ) [Acceptor] giving  Δ  E  Elec   <  0 based 
on  Equation 2 b). On the other hand, we anticipate sponta-
neous hole transfer from photoexcited PC 71 BM to PBTHDDT 
( IE  (M + /M) [Donor]  >   EA  (M * /M − ) [Acceptor] giving  Δ  E  Hole   <  0), but 
not from IC 60 BA to PBTHDDT ( IE  (M + /M) [Donor]  <   EA  (M * /M − )  
[Acceptor] giving  Δ  E  Hole   >  0). Since the value of  IE  (M + /M) [Donor] 
is nearly equal to  EA  (M * /M − ) [Acceptor] for PC 61 BM paired with 
PBTHDDT, the energy difference for hole transfer among each 
method is negative, with an average value of only  Δ  E  Hole   =  
 − 0.070 eV, suggesting that, while photoinduced hole transfer 
will be spontaneous, the driving force is relatively small. We 
arrive at qualitatively identical conclusions based on the solu-
tion electrochemical data for PBTHDDT (Supporting Infor-
mation Figure S4) compared against the solution reduction 
potentials of PC 71 BM, PC 61 BM, and IC 60 BA previously reported 
literature values. [  8a  ]  
1245wileyonlinelibrary.combH & Co. KGaA, Weinheim

ue lines) relevant for estimating whether photoinduced hole transfer (h  +  ) 
te ionization energy  IE   =  heavy-weight red lines) will occur spontaneously 
transfer process (e  −  ) will be spontaneous when the excited state ionization 
or is more positive than the ground state electron affi nity ( EA   =  green lines) 
oltammetry, “Solution CV” denotes energies tabulated from solution cyclic 
b  ] , and “PES” denotes energies tabulated from ultraviolet photo emission 
ght-weight black and red lines depict  IE  (M + /M*)  and  IE  (M + /M) , respectively. 
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   Table  2.     Energies relevant to charge separation via hole transfer. 

Material  IE  (M + /M)  from Film 
CV 

 EA  (M * /M − )  from Film 
CV b)  

 IE  (M + /M)  from Solution 
CV 

 EA  (M * /M − )  from Solution 
CV a,b) 

 IE  (M + /M)  from 
PES 

 EA  (M * /M − )  from 
PES b)  

PBTHDDT  − 5.58 –  − 5.63 –  − 5.31 –

PC 71 BM –  − 5.78 –  − 5.72 –  − 5.42

PC 61 BM –  − 5.61 –  − 5.68 –  − 5.43

IC 60 BA –  − 5.49 –  − 5.46 –  − 5.24

    a) Energies in eV tabulated based on ref.  [  17a  ] ;  b) Excited state EA calculated based on Equation 1a.   
 Importantly, the CV and PES data can account for the experi-
mental device and PIA data (dramatically reduced photocurrent 
and PIA signal when selectively exciting IC 60 BA) only when the 
state conventions are used. As seen from the positions of the 
thin lines in Figure  8 , a simple analysis based on the position 
of the ground state  EA / IE  values (or HOMO/LUMO levels as 
is sometimes casually referred to in the OPV literature), sug-
gests that each of the fullerene blends examined here should 
form a staggered type-II heterojunction with PBTHDDT and 
thus should support both excited-polymer-to-fullerene electron 
transfer, and excited-fullerene-to-polymer hole transfer. In con-
trast, use of the excited state  EA / IE  values also predicts that the 
photoexcited polymer should transfer an electron to all three 
fullerenes, but correctly predicts that only the photoexcited 
PC 61 BM and PC 71 BM (but not IC 60 BA) should transfer a pho-
toexcited hole back to the polymer. 

 While we have focused on the primary loss in EQE above, 
there is also a difference in  FF  between the PC 61 BM and IC 60 BA 
blends. There are several possible origins for this  FF  differ-
ence in the context of our fi ndings. First, the value of  EA  (M * /M-)  
for IC 60 BA is slightly more positive than that of  IE  (M + /M)  for 
PBTHDDT, suggesting that photogenerated charges in the 
IC 60 BA blend might have an additional thermodynamically 
plausible pathway for charge recombination (i.e. free charges 
may recombine to form IC 60 BA singlet excitons). Free charges 
engaging in this additional recombination process would lead 
to diminished FF for PBTHDDT:IC 60 BA devices compared with 
PCBM devices. However, attempts to test this hypothesis via 
photoluminescence have been inconclusive, since we observe 
overlapping fl uorescence from both blend components in all 
three PBTHDDT blends that we have examined. Moreover, 
as discussed above, in both PC 61 BM and IC 60 BA blends we 
46 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

   Table  3.     Energies relevant to charge separation via electron transfer. 

Material  IE  (M + /M * )  from Film 
CV b)  

 EA  (M/M − )  from Film 
CV 

 IE  (M + /M * )  from Solutio
CV b)  

PBTHDDT  − 3.50 –  − 3.55

PC 71 BM –  − 3.97 –

PC 61 BM –  − 3.84 –

IC 60 BA –  − 3.77 –

    a) Energies in eV tabulated based on ref.  [  8b  ]  and  [  17a  ] ; b)Excited state IE calculated ba
observe a nearly identical polaron lifetime (based on the modu-
lation frequency dependence in our photoinduced absorption 
measurements). These results could thus also be consistent 
with the result of differences in fi eld dependent charge car-
rier separation/geminate recombination rates arising from the 
lower driving force for electron transfer from the polymer to 
IC 60 BA compared to PC 61 BM. 

 Finally, we note that Förster resonant excitation transfer 
(FRET) from the donor polymer to the fullerene has been 
observed for many polymer:fullerene systems, [  23  ]  when the sin-
glet excited state of the donor is higher in energy than that of 
the acceptor. Since the S 1  energy of the PBTHDDT is roughly 
360 meV above that of IC 60 BA, it is likely that the FRET process 
from PBTHDDT to IC 60 BA competes with exciton dissocia-
tion from the polymer. Although we cannot observe distinct 
transient species indicative of this FRET process in our quasi-
steady state photoinduced absorption measurement, we believe 
it is likely that the origin of the poor overall polaron generation 
and low photocurrent in these IC 60 BA devices arises from sin-
glet excitation transfer from the polymer to the fullerene and 
extremely poor fullerene exciton dissociation. This is refl ected 
in the IPCE of PBTHDDT:IC 60 BA being 53% lower and the PIA 
signal being 63% lower than the PBTHDDT:PC 61 BM when both 
the polymer and the fullerene are excited at 455 nm, despite the 
two blends exhibiting identical decays with increasing modula-
tion frequency.    

 3. Conclusions 

 We have investigated the impact that modulating the driving 
force for photoinduced hole transfer has on the photovoltaic 
mbH & Co. KGaA, Weinheim

n  EA  (M/M − )  from Solution 
CV a) 

 IE  (M + /M * )  from 
PES b)  

 EA  (M/M − )  from 
PES 

–  − 3.23 –

 − 3.91 –  − 3.61

 − 3.91 –  − 3.66

 − 3.74 –  − 3.52

sed on Equation 1b.   
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properties of bulk heterojunction solar cells using an 
oxidation-resistant copolymer semiconductor, PBTHDDT, 
and various fullerene derivatives. We found that solar cells 
based on PBTHDDT:PC 71 BM, PBTHDDT:PC 61 BM and 
PBTHDDT:IC 60 BA blends showed average effi ciency of 
3.75%, 2.70%, and 1.52% PCE, respectively. At a coarse level 
we observe similar nanoscale features among the different 
PBTHDDT:fullerene blends by TEM and AFM imaging. 
While these data do not address molecular level packing and 
orientation effects, they suggest that large-scale morpholog-
ical changes are unlikely to be the source of the signifi cant 
observed variation in photovoltaic performance. Photophysical 
studies of the PBTHDDT:fullerene blends showed that all 
the PBTHDDT:fullerene blends generated long-lived positive 
polarons in PBTHDDT and negative polarons on the fullerene 
upon photoexcitation of the polymer. While fullerene excitons 
in PBTHDDT:PC 71 BM and PBTHDDT:PC 61 BM blends appear 
to undergo photoinduced hole transfer at the donor/acceptor 
interface to generate long-lived polarons, selective excitation of 
the fullerene in PBTHDDT:IC 60 BA blends does not effi ciently 
produce long-lived charges. Thus, at least part of the low photo-
current observed in the PBTHDDT:IC 60 BA blend solar cells is 
attributable to the low quantum yield for charge generation/
separation of IC 60 BA excitons. We attribute this low dissocia-
tion effi ciency to the small driving force for hole transfer at 
the polymer/IC 60 BA interface being insuffi cient to sustain 
effi cient charge separation. Comparing these results with the 
CV and PES data, we fi nd they are consistent in a state energy 
level picture but not a simplifi ed frontier orbital picture. While 
our analysis is based purely on thermodynamic parameters, we 
point out that kinetic factors can also play an important role in 
determining overall charge separation effi ciency in some sys-
tems, as previous authors have suggested. [  22  ,  24  ]  

 Although the fullerene itself is not responsible for the bulk 
of the light absorption in this blend, energy transfer from 
the polymer to the fullerene has been proposed in many sys-
tems, [  25  ]  and poor fullerene exciton dissociation could thus 
represent a signifi cant loss mechanism. Neglecting undetected 
morphological changes, our results would suggest that the effi -
ciency of fullerene exciton dissociation at the polymer/fullerene 
interface drops by  ≈ 80% when PC 61 BM is replaced with IC 60 BA 
in PBTHDDT:fullerene blends. These results provide an impor-
tant guide for materials design and device engineering in bulk 
heterojunction polymer solar cells.   

 4. Experimental Section  
 Materials : The synthesis and characterization of poly[(4,8-bis(2-

hexyldecyl)oxy)benzo[1,2-b:4,5-b ′ ]dithiophene)-2,6-diyl-alt-(2,5-bis(3-
dodecylthiophen-2-yl)benzo[1,2-d;4,5-d ′ ]bisthiazole)] (PBTHDDT,  M  n   =  
19.94 kDa, PDI  =  2.84) were reported elsewhere. [  4i  ]  Regioregular poly(3-
hexylthiophene) (P3HT) ( M  w   =  35.40 kDa, PDI  =  2.45) was purchased 
from Rieke Metals. The fullerenes, [6,6]-phenyl-C 71 -butyric acid methyl 
ester (PC 71 BM,  > 99.0%), [6,6]-phenyl-C 61 -butyric acid methyl ester 
(PC 61 BM,  > 99.5%), and indene − C 60  bisadduct (IC 60 BA,  > 99%) were 
purchased from Nano-C, American Dye Sources, Inc., and Luminescence 
Technology Corp., respectively. Anhydrous  ortho -dichlorobenzene 
(ODCB), and 1,8-diiodooctane (DIO) were obtained from Sigma Aldrich. 
All commercial products were used without further purifi cation. 

  Characterization of Energy Levels : CV was carried out on an EG&G 
Princeton Applied Research potentiostat/galvanostat (Model 273A), 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 1238–1249
and the data were analyzed using a Model 270 electrochemical analysis 
system software. A three-electrode cell was used, with platinum wires as 
both counter and working electrodes, and Ag/Ag  +   (Ag in 0.1  M  AgNO 3  
solution, Bioanalytical System, Inc.) as a reference electrode. A thin fi lm 
of each semiconductor was coated onto a platinum electrode from a 
concentrated solution in chloroform and dried in vacuum. Solution CV 
was performed with 10 mg of solute in a 0.1  M  solution of TBAPF 6  in 
benzene/acetonitrile (11.3 mL/3.8 mL) under N 2 . Using the ferrocenium/
ferrocene (Fc  +  /Fc) redox couple as an internal standard, the redox 
potential values were obtained in reference to a Ag/Ag  +   electrode. All 
solutions were purged with N 2  for 20 min before each experiment. Solid 
state  IE  and  EA  values were estimated from CV (relative to SCE) using 
the relationship of,  EA   =   eE  red  onset   +  4.4 eV and  IE  using the relationship 
 IE   =   eE  ox  onset   +  4.4 eV. [  26  ]  

 UPS measurements were performed under ultrahigh vacuum 
conditions using the He(I) photon line (21.22 eV) from a He discharge 
lamp. The energy resolution of the measurement was 0.15 eV. A 
 − 5 V bias was applied to the sample to facilitate the observation of 
the slow electron cutoff. IPES measurements were conducted in the 
isochromat mode, detecting photons with an energy of  ≈ 10 eV. For the 
measurements, the energy of the exciting electrons produced by a low 
energy electron gun was swept from  ≈ 5 to 15 eV. Degradation of the 
sample was minimized by varying the position of the electron beam on 
the surface, so that no single spot was exposed for longer than 2 min. 
The overall IPES instrumental resolution is 450 meV, estimated from 
the width of a metal Fermi edge. The substrates prepared for UPS and 
IPES measurements consisted of ozone treated indium tin oxide (Thin 
Film Technology) covered by approximately 20 nm of PBTHDDT or each 
fullerene derivative. The  IE  and  EA  were derived by fi tting the onset of 
the density of states by a linear slope and measuring the intersection of 
this fi t with the background signal. 

  Device Fabrication and Characterization : ODCB solutions of 10 mg/mL 
PBTHDDT, 20 mg/mL P3HT, and 60 mg/mL fullerene (PC 71 BM, PC 61 BM, 
or IC 60 BA) were prepared and stirred until complete dissolution. All 
solutions were passed through 0.45  μ m fi lters before use. Blend 
solutions of PBTHDDT:fullerene and P3HT:fullerene were prepared by 
mixing respective solutions at desired weight ratio. 

 Solar cells were fabricated on ITO-coated glass substrates (10  Ω /, 
Shanghai B. Tree Tech, China). The substrates were cleaned sequentially 
with acetone, deionized water, isopropyl alcohol in an ultrasonic bath, 
and dried in a vacuum oven. A 40 nm PEDOT:PSS (Clevios P VP AI 4083) 
layer was spin-coated on top of the ITO and dried at 150  ° C for 10 min 
under vacuum. The blend solution, which is either PBTHDDT:fullerene 
(containing 2.5 vol% DIO) or P3HT:fullerene blend, was spin-coated on 
top of PEDOT:PSS to make a BHJ active layer of  ≈ 80 nm in the glovebox. 
The active layer was then dried in vacuum for 2 h (PBTHDDT:fullerene) 
or aged in a Petri dish for 30 min and annealed at 175  ° C for 10 min 
(P3HT:fullerene). The substrates were then loaded in a thermal evaporator 
(BOC Edwards, model 306) to deposit a cathode composed of 1.0 nm LiF 
and 80 nm Al under high vacuum (8  ×  10  − 7  Torr). Four solar cells, each 
with an active area of 9 mm 2 , were fabricated per ITO substrate. 

 Current–voltage characteristics of the non-encapsulated solar cells 
were obtained using an HP4155A semiconductor parameter analyzer in 
ambient laboratory air. The 1 Sun illumination (AM1.5 at 100 mW/cm 2 ) 
was provided by a fi ltered Xe lamp and calibrated by using a Si diode 
calibrated at the National Renewable Energy Lab (NREL, USA). Incident 
photon-to-current effi ciency (IPCE) was measured using a QEX10 solar 
cell quantum effi ciency measurement system (PV Measurements, Inc.). 

  Characterization of Morphology : AFM imaging was performed on the 
same solar cell devices using a Dimension 3100 SPM (Veeco) instrument 
operating in tapping mode. Thin fi lms of the active layers were obtained 
by scratching edges of the thin fi lms, soaking with water, and peeling 
them off from the device substrates, and they were then supported on 
TEM grids (Electron Microscopy Sciences) for BF-TEM imaging. An 
FEI Tecnai G 2  F20 TEM at 200 kV was employed. Images were slightly 
defocused to enhance the phase contrast between the polymer and 
fullerene, and were acquired with a CCD camera and recorded with 
Gatan DigitalMicrograph software. 
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  UV-Vis Absorption and PIA Spectra : UV-vis absorption spectra of 
neat polymer or fullerene fi lms were recorded with a Perkin-Elmer 
model Lambda 900 UV/vis/near-IR spectrophotometer using glass 
substrate. UV − vis absorption spectra of blend fi lms were recorded 
on the blend fi lms spin-coated on top of PEDOT/ITO substrates, 
following the same processing conditions as the solar cells. PIA 
spectra were collected as previously described [  27  ]  using conventional 
lock-in detection methods [  28  ]  employing either a 455 nm or 630 nm 
LED excitation source modulated at 200 Hz. Measurements were 
performed in transmission mode on glass substrates in a Janis cryostat 
at 80 K. Spectroelectrochemical measurements were performed at room 
temperature on PBTHDDT fi lms deposited on ITO substrates immersed 
in acetonitrile:tetrabutylammonium perchlorate solution with a silver 
reference electrode in a Cary UV-vis-NIR spectrophotometer.   
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