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Film Morphology of High Effi ciency Solution-Processed 
Small-Molecule Solar Cells
 Morphological control over the bulk heterojunction (BHJ) microstructure of 
a high-effi ciency small molecule photovoltaic system is demonstrated using 
both thermal treatment and solvent additive processing. Single crystal X-ray 
diffraction is utilized to understand molecular interactions in the solid state 
and the BHJ morphology is examined using bright fi eld, high-resolution, and 
cross-section transmission electron microscopy techniques. Controlling the 
domain size, while maintaining good molecular order within the semicon-
ducting donor material, is found to be crucial in achieving high performance 
and over 90% internal quantum effi ciency exhibited under the optimized 
conditions. 
  1. Introduction 

 Solution-deposited organic solar cells are of keen interest as 
they have the potential to be fabricated via high throughput 
methods such as roll-to-roll coating and ink-jet printing. [  1–3  ]  
Optimization of their active layers requires convergence of a 
range of materials science and engineering expertise, including 
organic chemistry, emerging nanoscale characterization meth-
odologies, optical processes, and device physics. Two compo-
nents, electron donor (D) and acceptor (A) materials, are cast 
simultaneously from solution and upon drying, yield a bulk 
heterojunction (BHJ) composite fi lm. Several constraints must 
be managed within BHJ layers for effi cient charge generation 
and extraction; these include the formation of interpenetrating 
networks of donor and acceptor phases such that photogen-
erated holes and electrons can be collected at the appropriate 
electrodes, [  4  ]  internal order within these phases, which can 
affect charge carrier transport, [  5  ]  and nanoscale phase separa-
tion so excitons can reach critical D/A interfaces. [  6  ]  In an ideal 
situation, all these morphological requirements are gener-
ated at the point of fi lm formation. As such, BHJ structural 
control provides a signifi cant challenge within the context of 
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controlling self-assembly processes in 
soft matter. [  7  ]  

 Examination of the literature shows 
that the vast majority of solution deposited 
BHJ devices and studies take advantage of 
blends containing conjugated polymers as 
the donor component and fullerene deriv-
atives as the acceptor component. [  8  ]  How-
ever, devices with excellent power conver-
sion effi ciencies (PCEs) in which small 
molecules replace the conjugated polymer 
are beginning to emerge. [  9–18  ]  Part of the 
motivation behind using a small molecule 
system is their well-defi ned chemical 
structures, reduced batch-to-batch vari-
ability, and amenability to purifi cation techniques commonly 
used for organic synthesis. [  19  ,  20  ]  

 Recently, we introduced the new molecular donor, 
7,7 ′ -(4,4-bis(2-ethylhexyl)-4H-silolo[3,2-b:4,5-b ′ ]dithiophene-
2,6-diyl)bis(6-fluoro-4-(5 ′ -hexyl-[2,2 ′ -bithiophen]-5-yl)benzo[ c ]
[1,2,5]thiadiazole),  p -DTS(FBTTh 2 ) 2 , to control chemical pro-
cesses at interfaces. [  13  ,  21  ]  As shown in  Figure    1   a, the carbon-
fl uorine bond in the electronic backbone provides an electron-
withdrawing functionality without introducing basic hetero-
atoms, [  22  ]  rendering it inert towards the acidity of poly(3,4-eth
ylenedioxythiophene):poly(styrenesulfonicacid) (PEDOT:PSS). 
Furthermore, it was used in BHJ solar cells with phenyl-
C71-butyric acid methyl ester, PC 71 BM, producing one of the 
highest performance solution-processed molecular BHJ solar 
cells to date.  

 Achieving high PCE with  p -DTS(FBTTh 2 ) 2  requires appro-
priate processing conditions. These effects are shown in 
Figure  1 b; while a blend left as-cast from chlorobenzene gives 
a relatively modest PCE of 1.8%, thermal annealing leads to a 
simultaneous increase in open circuit voltage, ( V  OC ) fi ll factor, 
( FF ) and short circuit current density, ( J  SC ) resulting in an 
overall increase in PCE up to 5.8%. If the active layer is instead 
cast from a solution containing a 0.4% diiodooctane (DIO) by 
volume as a high boiling point solvent additive, [  23  ]  the effi ciency 
is further increased to 7.0%. The drastic changes in device per-
formance associated with the different processing conditions 
are most likely due to variations in the resultant morphologies 
and therefore investigation of these different BHJ microstruc-
tures is critical for understanding the high PCE of this system. 
In this contribution, we specifi cally address the question of BHJ 
morphology in the high effi ciency  p -DTS(FBTTh 2 ) 2 :PC 71 BM 
organic solar cells described in Figure  1 b and show that this 
5019wileyonlinelibrary.com
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     Figure  1 .     a) Molecular structure of  p -DTS(FBTTh 2 ) 2 . b) Solar cell perfor-
mance of  p -DTS(FBTTh 2 ) 2 :PC 71 BM system as a function of processing 
history, as-cast (blue), thermally annealed at 130  ° C (red), and with 0.4% 
DIO additive (green).  
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donor molecule can achieve remarkable levels of organization 
within the active layer.  

  2. Results and Discussion 

 We wish to address both thermal annealing and addi-
tion of solvent additives on the morphological structure of 
 p- DTS(FBTTh 2 ) 2 :PC 71 BM fi lms, as each method leads to sig-
nifi cant improvements in device effi ciency. Morphological 
characterization was performed on fi lms processed identi-
cally to those used for device fabrication, and while a general 
understanding of these processing techniques was desired, 
of particular interest were the optimum conditions, 130  ° C 
for the case of thermal annealing and 0.4% DIO for the sol-
vent additive process. As in device fabrication, the total con-
centration of the casting solution was held at 3.5 wt% and the 
0 wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G

     Figure  2 .     Normalized UV-visible absorption spectra of the a) neat  p- DTS(FB
with DIO all cast on PEDOT:PSS coated ITO substrates.  
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 p- DTS(FBTTh 2 ) 2 :PC 71 BM weight ratio kept at 3:2. The blend 
obtained by simply casting from chlorobenzene serves as the 
baseline system. 

  2.1. Morphological Characterization 

  2.1.1. UV-Visible Absorption 

 The infl uence of processing conditions on fi lm properties was 
fi rst examined through UV-visible absorption spectroscopy 
( Figure    2  ). The absorption of  p -DTS(FBTTh 2 ) 2  in chloroform 
gives a maximum (  λ   max ) at 615 nm and an absorption onset 
(  λ   onset ) at 680 nm (Figure  2 a). The value of   λ   onset  defi nes an 
optical bandgap of 1.8 eV. Thin fi lms of neat  p -DTS(FBTTh 2 ) 2  
show a red-shift in absorption, with   λ   max   =  688 nm and 
  λ   onset   =  780 nm, corresponding to a 1.5 eV bandgap. The 
appearance of vibronic structure at 688 nm and the red-shift 
in   λ   onset  of 100 nm suggests good molecular ordering within 
the fi lm. [  24  ,  25  ]   

 When  p -DTS(FBTTh 2 ) 2  is cast from a blend with PC 71 BM, 
(Figure  2 b, black)   λ   max  (620 nm) is similar to what is observed 
in solution. This feature, in combination with the loss in 
vibronic structure, suggests that PC 71 BM serves to break up 
some of the solid-state ordering seen in neat  p -DTS(FBTTh 2 ) 2 . 
As shown in Figure  2 b, the vibronic structure reappears 
upon thermal annealing and becomes more pronounced with 
increasing temperature. We can surmise at this point that 
thermal annealing allows intermolecular motion within the 
fi lm such that the molecular components can more readily 
achieve better organization. [  26  ]  

 Films cast from solutions containing DIO exhibit similar 
phenomenology as those that undergo thermal treatment 
(Figure  2 c). Just 0.25% additive by volume results in the 
reemergence of a vibronic peak at 670 nm, which, as described 
previously, is not evident in the blend cast from pure chlo-
robenzene. Subsequently, there is a clear, progressive increase 
in intensity of the vibronic peak and a red-shift of   λ   onset  as DIO 
increases up to 10%. Addition of large amounts of DIO yields 
slightly thinner fi lms, so the spectra in Figure  1  are normalized 
to the peak at 625 nm to more clearly highlight the progression 
in vibronic structure.  
mbH & Co. KGaA, Weinheim

TTh 2 ) 2  solution and fi lm b) BHJ annealed fi lms and c) BHJ fi lms processed 
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     Figure  3 .     Bright fi eld TEM images of  p -DTS(FBTTh 2 ) 2 :PC 71 BM fi lms a) as-cast from chloroben-
zene, b) thermally annealed at 130  ° C, c) cast from 0.4% DIO, and d) from 1.0% DIO. Scale 
bars all correspond to 200 nm.  

     Figure  4 .     High-resolution TEM images of  p -DTS(FBTTh 2 ) 2 :PC 71 BM 
fi lms showing lattice fringes (0.3 A  − 1 ) from in-plane stacking of the 
 p -DTS(FBTTh 2 ) 2  phase in a) thermally annealed, and b) 0.4% DIO pro-
cessed BHJ fi lms.  
  2.1.2. Transmission Electron Microscopy 

 We employed transmission electron microscopy (TEM) to 
understand the origin of the observed changes in optical prop-
erties upon thermal treatment or use of solvent additive, and 
the nature of the molecular order suggested by the UV-visible 
spectra. Each BHJ fi lm was imaged in bright fi eld mode with 
a small amount of defocus (5–10  μ m) and exposure times 
of 10–30 s to enhance the low contrast inherent to organic 
blends. [  27  ]  As seen in  Figure    3  a, the as-cast fi lm shows almost 
no discernible structure, even at relatively large defocus values 
and various exposure conditions. Thus, when cast from chlo-
robenzene,  p -DTS(FBTTh 2 ) 2  and PC 71 BM seem to be well 
mixed, with no signifi cant crystallization or phase separa-
tion observable. When these fi lms are annealed, however, one 
observes wire-like structures that propagate throughout the 
fi lm with characteristic widths of 40–50 nm and lengths of hun-
dreds of nanometers. These domains are assigned as regions 
of  p -DTS(FBTTh 2 ) 2  within the BHJ based on their high relative 
intensity (bright regions) compared to the surrounding fi lm. [  28  ]  
In addition, there appear to be larger scale phase fl uctuations 
evidenced by the variations in contrast across the fi lm, while 
any smaller scale structures that may exist between the wires 
lack signifi cant contrast.  

 A different picture is observed in the fi lm processed with 
0.4% DIO. Smaller  p -DTS(FBTTh 2 ) 2  domains are visible 
© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, WeinhAdv. Funct. Mater. 2013, 23, 5019–5026
with good contrast compared to the sur-
rounding. These grains have a characteristic 
size of about 30–40 nm and seem to form 
a continuous network throughout the fi lm 
(Figure  3 c). While the use of large values of 
defocus to induce contrast in organic fi lms 
can introduce small-scale features into an 
image which do not correspond directly 
with microstructure, [  29  ]  the structures seen 
in Figure  3  remain apparent and unchanged 
across all levels of defocus (Figure S1, Sup-
porting Information), helping to confi rm the 
features are morphological, and not a conse-
quence of imaging. 

 In fi lms formed from 1% DIO solutions, 
conditions that lead to deterioration of PCE 
to less than 1% (Figure S2, Supporting Infor-
mation), much larger scale wires are formed 
(Figure  3 d). The wires have widths close to 
100 nm and can be up to microns long (for 
a large-scale perspective of the wires, see 
Figure S3, Supporting Information). While 
0.4% DIO helps induce a network of small 
grains of  p- DTS(FBTTh 2 ) 2 , too much DIO 
results in signifi cantly larger  p- DTS(FBTTh 2 ) 2  
domains. 

 Further insight into the morphology can 
be gained through low-dose, high-resolution 
TEM. By adjusting the contrast transfer 
function through a small defocus (1–2  μ m), 
it is possible to directly image crystal lattice 
fringes within the fi lm. [  30–32  ]  This technique 
helps to understand the nature of crystal-
linity within the morphology seen using traditional bright fi eld 
TEM. The crystals are highly sensitive to the electron beam, so 
care needs to be taken to minimize the dosage and avoid deg-
radation. Images are obtained at a fl ux of 2.8 electrons Å  − 2  s 
and an exposure time of 4 s, approximately one third of the 
exposure time necessary for the fringes to disappear. A more 
detailed description of the image-taking process is described in 
the Experimental Section. 

 From  Figure    4  a, there is a clear correlation between the 
direction of the observed wires and the imaged lattice spacings 
5021wileyonlinelibrary.comeim
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     Figure  5 .     a) Cartoon schematic of multilayer stack, b) cross-sectional TEM of multilayer stack 
at 7  μ m defocus showing stack architecture, c) small section of a stack at 7  μ m defocus, and 
d) multilayer sample from stitched images at 5  μ m defocus.  
in the thermally annealed blend fi lm. Fringes 
run along the length of the wires, corre-
sponding to repeating 2.2 nm lattice planes 
across the width of the wires. It is also worth 
noting that additional lattice fringes with 
1.6 nm spacing are visible in some of the 
images taken, in the areas between the wires 
(Figure S4, Supporting Information). This 
crystal population likely leads to some of the 
observed diffraction contrast in the high-
resolution TEM images. However, these crys-
tallites are particularly sensitive to electron 
beam damage, and disappear within a few 
hundred counts, making the extent of this 
crystal population diffi cult to quantify.  

 The structures in the optimum 0.4% DIO 
processed fi lm (Figure  4 b) are not nearly 
as well resolved or as coherent as in the 
annealed fi lm. The same 2.2 nm spacing 
2

can be observed throughout the fi lm, although the imaged 
crystalline domains are much smaller. The lattices form much 
shorter wires, making grain-like structures reminiscent of 
those seen by conventional TEM. This gives a good indication 
that the features seen in bright fi eld TEM are due to crystalline 
 p -DTS(FBTTh 2 ) 2 . 

 One drawback of high-resolution TEM is that it is not sen-
sitive to all orientations of crystals within the fi lm; only lat-
tices normal to the electron beam can be imaged. [  27  ]  The 
resultant image is a projection of the crystallites throughout 
the fi lm which lie in-plane. Cross-sectional TEM was employed 
to examine the three dimensional nature of the BHJ mor-
phology. [  33–37  ]  A focused ion beam (FIB) was used to mill out 
a TEM lamellar, and using an Omni probe system, attach it to 
a TEM grid. The sample was then further thinned to a thick-
ness of approximately 75 nm in multiple etching steps working 
at a low voltage and using progressively lower operating cur-
rents. Particular care was taken to not expose the sample to any 
unnecessary dose of either the ion or electron beams to reduce 
the amount of FIB damage and implantation as much as pos-
sible, as these can cause diffi culty in the interpretation of cross-
sectional samples. [  38  ]  

 Rather than looking at the as-cast, annealed, and solvent 
additive conditions separately, all three BHJ fi lms were depos-
ited on top of each other in a stacked manner. The utility of 
such a stacked confi guration, beyond allowing the simulta-
neous preparation and imaging of all three systems of interest 
at once, is reduction in the ambiguity that might result from 
thickness variations, ion beam damage, or gallium implanta-
tion. [  36  ]  Any artifacts visible in one layer should also be present 
and equal in each of the other layers. In order to fabricate such 
samples, fi lms were prepared successively with thin titanium 
oxide layer spacers. [  37  ]  Before casting the successive BHJ layers, 
relatively thick layers of PEDOT:PSS were applied to each tita-
nium oxide layer to create a nearly equivalent architecture to 
that found in working devices. Detailed information on the 
preparation of these stacks can be found in the Experimental 
Section. It bears noting that the order in which the BHJ fi lms 
are deposited was chosen due to the thermal requirements of 
each fi lm, as any annealing steps affect all of the deposited 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag
layers. Thus, the fi rst layer was annealed prior to subsequent 
layer depositions. 

 The results from the cross-sectional TEM studies are shown 
in  Figure    5  . Differences between the three fi lm structures 
can be easily observed. The wire-type structures seen in the 
top-down images of the annealed fi lm, that is, Figures  3 b, 4 a, 
are also present in the cross-section. These wires do not 
seem to have a preferential orientation, but rather propagate 
throughout the fi lm oscillating vertically. We also bring atten-
tion to what seems to be a coating of  p -DTS(FBTTh 2 ) 2  directly 
atop the PEDOT:PSS layer in the annealed fi lm, that covers the 
entire width of the slice. While we cannot draw conclusions 
about the extent of this layer from such a small fraction of the 
fi lm, it was seen independently in two different FIB cross sec-
tional images.  

 Although the network within the  p- DTS(FBTTh 2 ) 2 :PC 71 BM 
fi lm processed with 0.4% DIO is not as easy to discern as the 
wire structures in the thermally annealed fi lm, it again cor-
relates well with the top-down images in Figures  3 c, 4 b. This 
particular  p -DTS(FBTTh 2 ) 2 :PC 71 BM blend exhibits fi ner-scale 
phase separation than in the annealed fi lm. The “rice-grain” 
structure seen in-plane in the top down TEM seems to extend 
vertically as well. The lack of discernible structure within the 
as-cast layer of the stack is further evidence that the materials 
are well blended when cast from chlorobenzene alone.  

  2.1.3. Single Crystal Structure 

 One of the promising features of discrete molecular systems, 
such as  p -DTS(FBTTh 2 ) 2 , compared to conjugated polymer 
counterparts is the possibility to obtain a complete picture of the 
distance and orientation between the optoelectronic units in the 
solid state via single crystal X-ray diffraction studies. Indeed, it 
was possible to grow suitable single crystals of  p -DTS(FBTTh 2 ) 2  
from a chloroform solution through vapor diffusion of hexane. 
The resulting crystal possesses a triclinic system with two mol-
ecules assigned to a unit cell, as shown in  Figure    6  . The conju-
gated backbone remains planar, with almost no twisting. Such 
a fl at conformation enables intramolecular interaction between 
the electron-poor fl uorinated benzothiadiazole (FBT) moieties 
 GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5019–5026
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     Figure  6 .     a) Molecular conformation of  p -DTS(FBTTh 2 ) 2  with C, N, S and F atoms shown in grey, blue, yellow, and green respectively. b) Unit cell 
showing 2.2 nm alkyl spacing c) viewed down (1,4,1) plane highlighting  π -stacking and hexyl stacking. d) Intermolecular  π -conjugated backbone overlap 
of adjacent molecules viewed perpendicular to the plane of the conjugated backbone. Alkyl chains (2-ethylhexyl) are simplifi ed as methyl groups for 
clarity.  

     Figure  7 .     Photocurrent vs. effective voltage for three processing condi-
tions as-cast (blue), thermally annealed at 130  ° C (red), and with 0.4% 
DIO additive (green).  
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and the electron-rich silyldithiophene (SDT) and bithiophene 
moieties, and extends the molecule’s conjugation length. 
Besides the intramolecular conformation,  p -DTS(FBTTh 2 ) 2  
packs in a slip-stack fashion (Figure  6 c) forming a two-
dimensional columnar array, which is favorable for intermo-
lecular charge transport, [  39  ,  40  ]  as opposed to the “herringbone” 
packing commonly observed in many conjugated small mol-
ecules such as oligothiophenes, [  41–43  ]  and diketopyrrolopyrrole 
derivatives. [  44  ,  45  ]   

 Intermolecular overlap of conjugated backbones geometri-
cally provides the capacity for  π -orbital interaction, critical for 
charge carrier hopping during transport. [  46  ]  Many conjugated 
molecules only show overlap at their end-groups or the edge 
of the conjugated backbone, leading to a small area with direct 
 π – π  overlap. A superior  π – π  overlapping area is observed 
between two adjacent  p -DTS(FBTTh 2 ) 2  molecules as shown in 
Figure  6 d (as highlighted by the red rectangle) in which nearly 
the entire conjugated backbone, including the DTS core, FBT 
units and two of the four thienyl units, have direct overlap with 
neighboring molecules. This overlap, intrinsic to the solid state 
arrangement of  p -DTS(FBTTh 2 ) 2 , may have merit for effective 
charge transport. 

 Since single crystal growth is an inherently different pro-
cess than casting a thin fi lm, grazing incidence wide-angle 
X-ray scattering was used to probe the crystallites within the 
thin fi lm (Figure S5, Supporting Information). The diffrac-
tion pattern was indexed according to the obtained crystal 
structure and the good correlation supports that the single 
crystal and crystallites within the spin coated thin fi lm are of 
the same polymorph. The  π -stacking within the crystal has a 
distance of 3.5 Å between two adjacent conjugated backbones 
that can be described by the (141) plane. There is an orthogonal 
spacing at 2.2 nm in the (001) direction, which describes the 
“alkyl stacking” corresponding to the ethyl hexyl side chains of 
the dithienosilole unit spaced between conjugated backbones. 
This corresponds well with the size of the spacing imaged via 
high resolution TEM. Additionally, a third spacing of 1.6 nm 
described by the (011) plane can be seen corresponding to the 
© 2013 WILEY-VCH Verlag GAdv. Funct. Mater. 2013, 23, 5019–5026
end capping hexyl stacking, which may be attributed to the 
second, more sensitive crystal population found in the some of 
the TEM images (Figure S4, Supporting Information).   

  2.2. Device Characteristics 

 Specifi c effects of the  p -DTS(FBTTh 2 ) 2 :PC 71 BM morphology on 
charge generation and collection were probed by examining the 
photocurrent within the devices. The results of these studies 
are provided in  Figure    7  . By plotting the photocurrent against 
the effective voltage, differences in charge generation and col-
lection between the as-cast, annealed, and optimized DIO con-
ditions become evident. The effective voltage, that is the voltage 
at which no photocurrent is generated less the applied voltage, 
 V  0  –V , determines the strength of the electric fi eld within the 
5023wileyonlinelibrary.commbH & Co. KGaA, Weinheim
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     Figure  8 .     a) Total, parasitic, and active layer absorption of optimized device and b) internal 
quantum effi ciency of optimized device.  
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device and thus the driving force for charge 
extraction. [  47  ]  In the case of the 0.4% DIO 
and annealing conditions, the photocurrent 
quickly increases and then begins to plateau 
at relatively low effective voltages,  ≈ 0.2 V; that 
is to say a very small driving force is needed 
for charge collection, suggesting good trans-
port within the fi lms and explaining the rela-
tively high FF. In contrast, the photocurrent 
in as-cast devices does not begin to saturate, 
until an effective voltage of  ≈ 4 V. The much 
stronger electric fi eld required to sweep out 
photogenerated charges suggests relatively 
poor charge transport within these devices 
and is consistent with the absence of phase 
separated and ordered domains to provide 
effective percolation pathways.  
 At suffi ciently high electric fi elds, we expect to collect 
nearly all of the generated charges within a device due to the 
strong driving force for extraction. [  47  ]  Thus, comparing the 
photocurrents at high effective voltages offers insight into 
the differences in photogeneration as a function of internal 
structure. In both the optimum DIO processed and as-cast 
fi lm, the photocurrent at 4 V is  ≈ 16 mA cm  − 2 , suggesting that 
photogeneration rates are quite similar, despite obvious dif-
ferences in morphology. In the thermally annealed device, 
on the other hand, photocurrent saturates at  ≈ 12 mA cm  − 2 . 
As these fi lms are all of similar thickness, slight variations 
described in the fi lm absorption cannot account for this sub-
stantial discrepancy in photocurrent. Rather, this is most 
likely evidence of a reduced photogeneration rate in the 
annealed fi lm, which may be due to the larger domains seen 
via TEM; some generated excitons cannot diffuse to a D/A 
interface to produce free charges. These large domains may 
thus limit the short circuit current and maximum achievable 
PCE in annealed devices. 

 To further quantify how effi cient the charge generation 
and extraction processes are in the optimum morphology, we 
have calculated the internal quantum effi ciency (IQE) of the 
0.4% DIO processed device. Following the technique devel-
oped by McGehee and colleages, [  48  ]  we determine the active 
layer absorption by subtracting the calculated parasitic absorp-
tion (due to PEDOT:PSS, Al, etc.) from the total device absorp-
tion, measured using a spectrometer fi tted with an integrating 
sphere, as shown in  Figure    8  a.  

 Under the optimum conditions, we fi nd that the IQE reaches 
nearly 100% for light at 445 nm and remains close to 90% 
effi cient across the entire spectral range as seen in Figure  8 b. 
Nearly all absorbed photons result in free charges, which are 
subsequently extracted, resulting in high short circuit current. 
Under ideal casting conditions, the device layer thickness was 
determined to be 100  ±  10 nm as measured by profi lometry. 
While  p -DTS(FBTTh 2 ) 2  has a relatively high optical density 
and covers a broad spectral range, solubility limitations pre-
vent thicker fi lm formation and thereby limit optical absorp-
tion of the active layer in devices. It can be seen in Figure  8 a 
that the active layer never absorbs more than 80% of incident 
photons across the spectral range. This suggests that the  J  SC  
in the optimum DIO processed devices is most limited by the 
wileyonlinelibrary.com © 2013 WILEY-VCH Verlag G
absorption of the fi lm rather than the charge generation or 
charge extraction processes.   

  3. Conclusions 

 Under the appropriate processing conditions, either by solvent 
additive or thermal annealing, the  p -DTS(FBTTh 2 ) 2 :PC 71 BM 
system can achieve high effi ciencies due to the ability to tune 
the nanoscale morphology. As-cast fi lms show almost no crys-
tallinity or phase separation, but rather a well-mixed blend of 
donor and acceptor. The result is the need for a large reverse 
bias applied to the devices to effi ciently sweep out charges, 
leading to both a low FF and low  J  SC , and thus a relatively low 
effi ciency. 

 Thermal annealing leads to a drastic increase in perfor-
mance; devices require a much lower effective voltage to sweep 
out the charges compared to the as-cast devices, leading to the 
increase in PCE to 5.8%. In the fi lm, the thermal treatment 
leads to growth of wire-like domains of  p- DTS(FBTTh 2 ) 2  with 
remarkable crystalline order as identifi ed with high resolu-
tion TEM. The lattice spacings imaged by TEM correspond 
well with spacings in the crystal structure of  p- DTS(FBTTh 2 ) 2  
obtained with single crystal X-ray diffraction. The crystal struc-
ture shows that the molecule remains fl at, and  π -stacks with 
a relatively large overlapping area between adjacent molecules. 
We propose that the overlap of the conjugated backbones ena-
bles more effi cient charge transport, explaining the increase in 
performance upon crystal growth. The saturated photocurrent 
in the annealed device is signifi cantly lower than in the as-cast 
devices due to a reduction in charge generation, likely from a 
loss in interfacial area. 

 Addition of DIO to the blend solution also results in crys-
tallization of p-DTS(FBTTh 2 ) 2  concomitant with an increase 
in PCE to 7.0%. Under ideal solvent additive conditions, 
the fi lms show an inter-connected network of crystalline 
 p -DTS(FBTTh 2 ) 2  domains with a characteristic size of 30 nm. 
The result is a high saturated photocurrent at very low effec-
tive voltages explaining both the high FF as well as extremely 
high internal quantum effi ciency at short circuit, reaching over 
90%. This demonstrates both effi cient charge generation and 
collection.  
mbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2013, 23, 5019–5026
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  4. Experimental Section 
  Transmission Electron Microscopy : Films were prepared for TEM in 

the same fashion as devices, atop PEDOT:PSS coated glass, however 
the PEDOT:PSS layer was not annealed and no cathode was deposited. 
The fi lms were then scored and fl oated off of the substrate in deionized 
water and collected on a copper mesh grid coated with ultra-thin carbon 
coating (Electron Microscopy Sciences). Low resolution bright fi eld 
images were taken on a FEI Tecnai G2 Sphera microscope operating 
at 200 kV. For good resolution, relatively long exposure times of 
10–30 s were needed under low defocus conditions. High resolution 
images were taken on a FEI Titan FEG High Resolution microscope, 
using C-Flat Carbon holey carbon grids for stability. To achieve high 
resolution images, a low-dose imaging procedure was applied in which 
the sample was allowed to mechanically stabilize. A 1  μ m defocus was 
applied to focus on the in-plane stacking within the fi lm. The beam was 
then shifted electronically off of the optical axis to an undamaged area of 
the fi lm for imaging. Using a 10  μ m aperture, exposure times of 4 s were 
used to achieve images with average signals of 50–200 counts. 

  Cross-Section Fabrication : Samples for cross-section analysis were 
prepared atop a silicon substrate with a 200 nm oxide coating. The 
annealed bulk heterojunction was deposited as in devices atop 
PEDOT:PSS and annealed at 130  ° C for 10 min in an inert atmosphere. 
A 30 nm TiOx layer was then deposited from an ethanol solution as 
described, and annealed at 70  ° C for 10 min in air. Two successive layers 
of PEDOT:PSS were then deposited and annealed in air at 70  ° C for 
10 min each. The additive processed fi lm was then cast and annealed at 
70  ° C as in devices. Again, a TiOx layer was deposited and annealed in air, 
two layers of PEDOT:PSS deposited, the fi nal BHJ fi lm cast, and 100 nm 
of aluminum deposited on top. A 20  μ m  ×  1  μ m  ×  5  μ m deep slice was 
then milled out using an FEI Helios FIB microscope operating at 30 kV 
and 0.92 nA, undercut, and transferred to a copper support using an 
in-situ Omni probe system. The slice was then further thinned using a 
30 kV ion beam operating at 93 pA. The fi nal thinning was performed 
with a 5 kV ion beam at 0.16 nA to a fi nal thickness of  ≈ 75 nm. 

  Device Fabrication : Devices were prepared on cleaned, UV/ozone 
treated Corning 1737 glass patterned with 140 nm ITO. A PEDOT:PSS 
(Clevios P VP Al 4083) layer was fi rst deposited and dried at 140  ° C 
in ambient atmosphere. Active layers were spun at 1750 RPM to give 
90–110 nm thicknesses (as determined using an Ambios XP-100 stylus 
profi lometer) from solutions of  p -DTS(FBTTh 2 ) 2  and PC 71- BM at a 
weight ratio of 3:2 in chlorobenzene with or without 0.4% diiodooctane 
by volume, at an overall concentration of 35 mg mL  − 1 . Solutions were 
heated for several hours at 80 ˚C and residual solids fi ltered prior to 
casting at 80  ° C. Films were allowed to dry for 30 min then heated 
to 70  ° C for 10 min under inert atmosphere to drive off residual 
solvent. Cathodes were deposited by sequential thermal evaporation 
of 10 nm of calcium followed by 100 nm of aluminum. Three different 
electrode areas were tested (4.5 mm 2 , 6 mm 2  and 15 mm 2 ), the largest 
illuminated through a 13.5 mm 2  aperture, to ensure current scaling. 
Device characteristics were measured under illumination by a simulated 
100 mW cm  − 2  AM1.5G light source using a 300 W Xe arc lamp with an 
AM 1.5 global fi lter. Solar-simulator irradiance was calibrated using a 
standard silicon photovoltaic with a protective KG1 fi lter calibrated by 
the National Renewable Energy Laboratory. 

  IQE Measurements : External quantum effi ciencies were determined 
using a 75W Xe source, monochromator, optical chopper, lock-in 
amplifi er, and a National Institute of Standards and Technology 
calibrated silicon photodiode was used for power-density calibration. 
Equivalent fi lms were also fabricated in which the entire top surface 
was covered with Ca/Al, rather than a patterned electrode. These fi lms 
were then used to determine the absolute total refl ectivity using a 
Perkin Elmer Lambda 750 UV/Visible light spectrometer fi tted with a 
60 mm integration sphere. Thickness measurements were obtained 
with an Ambios XP 100 profi lometer and optical constants were taken 
from the absorption spectra. Parasitic absorption was modeled using 
a transfer matrix model MATLAB program available online at http://
mcgeheegroup.stanford.edu/transfermatrix.  
© 2013 WILEY-VCH Verlag GmAdv. Funct. Mater. 2013, 23, 5019–5026
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