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ABSTRACT 

 

 Organic solar cells belong to a class of devices where the morphology of the active layer 

has a large impact on device performance.  However, characterization of the morphology of 

organic semiconductor mixtures remains a challenge.  We have utilized Grazing-Incidence 

Small-Angle X-Ray Scattering (GISAXS) and Energy Filtered Transmission Electron 

Microscopy (EFTEM) to characterize the morphology of polythiophene:fullerene mixtures as a 

function of processing conditions.  GISAXS has been used to determine the domain spacing 

within the active layer, whereas EFTEM has been used to generate images with high contrast 

between domains.  We have applied these methods to two promising polythiophene:fullerene 

systems, 1:1 mixtures of poly(3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]-phenyl-C61 butyric 

acid methyl ester (PCBM) and 1:4 mixtures of poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-

b]thiophene (PBTTT) and PC71BM.  In 1:1 P3HT:PCBM systems, domain compositions are 

found via EFTEM analysis, which are used in conjunction with DSC experiments to develop a 

theory for the mechanism of structural formation in polythiophene:fullerene blends.  Previously, 

it was thought that P3HT and PCBM were immiscible, but we show that a significant amount of 

the non-crystallized polymer forms a mixed amorphous phase with PCBM.  In 1:4 

PBTTT/PC71BM mixtures, we show how larger domains form at long annealing times, which 

leads to poor performance in solar cell devices.  Using the fact that large domains lead to poor 

performance as a guiding principle, quantitative structure-function relationships are explored for 

the 1:4 PBTTT/PC71BM and 1:1 P3HT/PCBM mixtures based on GISAXS results.  Furthermore, 

EFTEM and GISAXS have been useful in guiding our attempts to perturb the structure of the 

active layer in organic solar cells.  Preliminary results show that the electric field alignment of 

crystalline P3HT fibers in an amorphous P3HT/PCBM matrix is promising.  Finally, we have 

discussed the limitations of EFTEM as it is currently used and how it can be expanded upon 

using a Focused Ion Beam (FIB) to study cross sections of solar cells. 
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Chapter 1: Introduction  

 

 

Section 1.1: Motivation and Objectives 

 

 The discovery of organic semiconducting materials has created many opportunities to 

produce electronic devices at a potentially lower cost, one of which is the organic solar cell.
9-11

  

Organic solar cells are a zero-emissions alternative for electricity generation and have a 

promising future with device efficiencies increasing steadily over the past 10 years.
1
  As shown 

in Figure 1 ï 1,  photovoltaic energy production is currently dominated by inorganic solar cells, 

which have a  world record efficiency of 42.8% (University of Delaware)
12

, much higher than 

the organic solar cell record efficiency of 8.3% (Konarka).  However, inorganic solar cells have 

high energy production costs ($0.38 per kWH, assuming a 20 year lifespan) when compared to 

energy derived from coal ($0.006 per kWH), making them more difficult to commercialize.
13

  

The cost of solar energy must be reduced dramatically in order to compete with the combustion 

of hydrocarbons and organic solar cells are an ideal candidate to meet this goal.
9-11

  The 

semiconducting materials in the active layer of organic solar cells are soluble in various organic 

solvents, so applying the active layer is similar to printing and drying an ink, rather than 

processing high purity semiconductor substrates, which can be very energy intensive.
9-11

   

Another great advantage of organic solar cells is that they can function as flexible films, which 

can be attached to essentially any smooth surface, regardless of the curvature.
14

  Therefore, 

organic solar cells have the potential to compete in the same market as inorganic solar cells, but 

also may be used in new applications, such as supplying energy for small devices.  Organic solar 

cells also function well when incident light is angled
15

, which allows for simple applications that 
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do not involve solar tracking technology. 

 

Figure 1 ï 1:  Record solar cell efficiencies in research laboratories vs. year of design.  

Research efforts in the field of organic solar cells started gaining momentum 

approximately ten years ago, making it  one of the newest photovoltaic technologies.  While 

efficiencies are low compared to inorganic solar cells, organic solar cells offer major 

advantages such as inexpensive production methods, ability to function as flexible 

substrates, and better functionality for applications with angled light.
1
  

 

Optimizing the efficiency of an organic solar cell is a difficult problem because two 

materials, a polymer and a fullerene, are blended together to make up the active layer.  The 

resultant morphology of this semi-crystalline blend is complex but has a strong effect on device 

performance.  Thus, one way to approach the optimization of these devices is to study the 

morphology of the active layer, particularly in how it evolves at different processing 

conditions.
2,9-11,16-20

  In this thesis, we will outline the characterization methods that can be used 

to quantitatively and qualitatively describe the structure of the active layer in organic solar cells, 
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introduce a mechanism for how the structure of the active layer forms in polythiophene/fullerene 

blends, comment on the role of morphology in recently developed polymer/fullerene mixtures, 

and provide novel ideas for characterization and morphology control of the active layer in 

organic solar cells. 

 

Section 1.2: Background 

 

Section 1.2.1: The Photoconversion Mechanism of polymer/fullerene solar cells 

 

Figure 1 ï 2: Photoconversion mechanism of polymer/fullerene solar cells.  The polymer is 

referred to as a ñdonorò molecule and the fullerene is referred to as the ñacceptorò 

molecule. The conductive polymer will absorb a photon, which promotes an electron from 

a valence band to a conducting band, forming an exciton pair.  The exciton pair must 

diffuse through the polymer domain to the interface between the two materials where the 

exciton splits.  The electron is donated to the fullerene domain and the hole remains in the 

polymer domain.  The work functions of each material make it favorable for the electron to 

go from the conducting band of the polymer to the conducting band of the fullerene 

(ECB,donor > ECB,acceptor > EVB,donor) instead of recombining in the polymer domain.  Once the 

charges have separated, they must diffuse in opposite directions through their respective 

domains for charge collection.  If enough of these events occur, an electric current will be 

generated. 
21

 
 

1 2 

3 4 
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Optimizing the efficiency of each step in the conversion mechanism should create a 

higher electric current, but preventing the exciton pairs from recombining can be difficult.  The 

first step in Figure 1 ï 2 involves the promotion of an electron from the highest occupied 

molecular orbital (HOMO) level to the lowest unoccupied molecular orbital (LUMO) level in the 

polymer.  Visible light absorbance will dictate the number of electron-hole pairs (excitons) that 

can be generated at varying wavelengths of solar radiation and is mostly material dependent.  

However, exciton diffusion within the polymer domain (step 2) is strongly affected by the 

morphology of the active layer.  Excitons have a limited diffusion length that is on the order of 

10 nm so smaller domains are preferred.
 22-25

  The crystallinity of the polymer domains also plays 

an important role in this step.  Highly ordered crystalline domains are preferred because they 

have overlapping ˊ-orbitals that will allow charge transfer in more directions.
26

  In step 3, a large 

interfacial area between domains is thought to be preferred because it will reduce the exciton 

concentration at the polymer-fullerene interface.  In step 4, charge transfer can depend on the 

purity of each phase.  Any phase that is not pure will have adjusted electron/hole mobility 

characteristics, and thus will affect the performance of the device.  The domains should also be 

interconnected to allow a route to the charge collection interfaces.  Isolated domains will not 

contribute to the overall efficiency of the device.
21

  

 

Section 1.2.2: Current methods and challenges of characterizing the structure of the active 

layer in organic solar cells 

 

 Characterization of the phase separation in organic semiconductor mixtures has been a 

strong focus of recent work.
2,17-19,27-33

  In devices made from poly(3-hexylthiophene-2,5-diyl) 

(P3HT) and [6,6]-phenyl-C61 butyric acid methyl ester (PCBM), direct imaging of the composite 

films has been attempted through atomic force microscopy (AFM)
16,17,19

 and transmission 
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electron microscopy (TEM).
2,17,19,31

  P3HT and PCBM are primarily comprised of carbon and do 

not contain atoms with a significantly high atomic scattering factor.
34

  Thus, contrast is 

inherently weak between domains in TEM images and the origin of contrast is not clear in either 

TEM or AFM.  Furthermore, AFM is a surface-sensitive technique, and recent work has shown 

that P3HT selectively wets the air surface of P3HT:PCBM films.
35,36

 Morphological 

characterization of semiconductor mixtures utilized in organic photovoltaics remains a challenge, 

and consequently, the factors governing structural evolution remain poorly understood. 

 
 

Figure 1 ï 3:  Bright Field Image of a 1:1 P3HT:PCBM film annealed at 130 °C for 20 min 

from van Bavel et al.
2
 Scale bar: 200 nm  

 

There have been numerous reports in the literature of defocusing TEM images of 

P3HT:PCBM mixtures in an effort to create contrast between domains.
17,31

  Defocusing a TEM 

changes the transfer function of the microscope and limits its resolution.  If enough defocus is 

used, the oscillating portion of the transfer function may have influence on the length scale of 

interest, giving large intensity fluctuations in the image and the appearance of structure.
34

  

Defocusing is not a robust method for determining qualitative information about P3HT:PCBM 

mixtures and is a very poor measure of quantitative information.  Despite the difficulty in 

creating contrast between P3HT and PCBM domains, there have been some reports of in-focus 

bright field TEM images of highly ordered systems taken at low magnification.
2,37

  However, 



 

 6 

 

 

contrast is weak, the origin of contrast is not clear, and this method is not applicable to less 

ordered systems.  Figure 1 ï 3 shows a bright field image of a 1:1 P3HT:PCBM mixture, where 

low molecular weight (Mn = 19 kg/mol) and highly regioregular (98% H-T) P3HT is used, which 

may be the reason that well-defined P3HT crystals exists when limited thermal annealing is 

applied (130 °C for 20 min). 

 

Section 1.3: Thesis Overview 

 

In this thesis, we present methods for determining qualitative and quantitative 

information about polymer/fullerene mixtures, which leads to a better understanding of device 

functionality and also leads to ideas for optimizing the morphology in organic solar cells.  In 

Chapter 2, Energy Filtered Transmission Electron Microscopy (EFTEM) is presented, which 

gives high contrast TEM images without sacrificing resolution.  EFTEM is also used to 

determine domain composition.  Grazing-Incidence Small-Angle X-Ray Scattering (GISAXS), a 

method that is very useful for determining length scales within polymer/fullerene thin film 

mixtures is presented as well.  These two methods will be applied to the classic P3HT:PCBM 

mixture in tandem with differential scanning calorimetry (DSC) to create a theory for structural 

evolution in polythiophene/fullerene blends.   

In Chapter 3, EFTEM and GISAXS will also be used to describe the phase separation that 

occurs in mixtures of poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene (PBTTT) 

and PC71BM, which is thought to co-crystallize upon thermal annealing.  PBTTT/PC71BM 

structural data will be related to solar cell device performance.   
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In Chapter 4, we will show how GISAXS length scales are related to device efficiency in 

P3HT:PCBM bulk heterojunction solar cells.  A study on the importance of morphology recently 

developed polymer/fullerene mixtures is presented as well.  Finally, ideas on how to improve 

characterization and morphology control of the active layer in organic solar cells will be 

presented. 
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Chapter 2: The formation of mesoscale structure in polythiophene/fullerene blends 

 

Section 2.1: Overview 

 Here, we report the use of Energy Filtered Transmission Electron Microscopy (EFTEM) 

to generate high contrast images of the morphology in polythiophene/fullerene mixtures.  

Further, elemental maps depict the local elemental composition of the domains.  In conjunction 

with complementary data from Grazing-Incidence Small-Angle X-Ray Scattering (GISAXS), 

EFTEM images allow us to examine the morphology evolution.  Our approach, widely 

applicable to many organic semiconductor mixtures, enables characterization of the phase 

separation and morphology in thin films with varying degrees of long-range order.   

 We demonstrate that a significant amount of un-crystallized polymer exists as a 

homogeneous polythiophene/fullerene mixture among rod-like polythiophene crystals.  

Elemental analysis of the amorphous regions demonstrates partial miscibility of P3HT and 

PCBM.  By determining the interaction parameter, c, and the Flory-Huggins phase diagram, we 

predict miscibility for P3HT volume fractions greater than 0.42.  We find miscibility to suppress 

fullerene crystallization.  The combination of miscibility and suppression of fullerene 

crystallization at compositions near the optimum for solar cells (~0.6 volume fraction 

P3HT)
2,30,32

 suggests that the nanoscale morphology, and consequently the device performance, 

is driven by polymer crystallization from partially miscible blends.  

 

Section 2.2: Experimental Methods  

 Solutions of regioregular P3HT (96% H-T regioregular, Mn = 28 kg/mol, polydispersity = 

1.9, Merck), regiorandom P3HT (Mn = 30 kg/mol, polydispersity = 3, Sigma-Aldrich) and 
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PCBM (>99.5%, Nano-C) were made with anhydrous chlorobenzene (Sigma-Aldrich) in a N2 

glovebox.  Solutions were stirred for a minimum of 1 hr and heated to 100 °C for 10 seconds 

prior to use to ensure dissolution.   

 To simulate conditions relevant to organic solar cells, thin films of P3HT:PCBM were 

cast on 100 nm poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate), PEDOT:PSS, (Clevios 

P, H.C. Starck) films deposited on silicon wafers.  Silicon wafers were cleaned through 

sonication for 10 min in acetone and isopropanol followed by 10 min of UV-ozone treatment.  

Thin films (ca. 70 ± 10 nm) for TEM experiments were made by spin coating 15 mg/mL 

P3HT:PCBM solutions in a N2 glove box at 1000 rpm for 1 min.  Films were floated-off in 

distilled water and picked up with copper TEM grids.  Samples were dried for 24 hrs under 

vacuum and subsequently annealed on a calibrated digital hot plate in a N2 glove box.  Films 

were rapidly cooled to room temperature after annealing was complete by placing them on a 

metal surface.   

 TEM experiments took place at the National Center for Electron Microscopy, Lawrence 

Berkeley National Laboratory on a Zeiss LIBRA 200MC.  Bright field images, thickness maps 

and elemental maps were captured.  Sulfur and carbon elemental maps were obtained through the 

standard three-window method.
38

 

 Grazing-Incidence Small-Angle X-Ray Scattering (GISAXS) experiments were 

conducted on beam line 7.3.3 at the Advanced Light Source, Lawrence Berkeley National 

Laboratory (l = 1.24 Å).  In a similar manner as for TEM samples, P3HT:PCBM thin films (ca. 

152 ± 11 nm) were spun-cast on PEDOT:PSS/silicon substrates from 24 mg/mL solutions.  

Samples were annealed on the PEDOT:PSS/silicon substrate inside the N2 glove box.  GISAXS 

data was taken at angles above the critical angle for P3HT (0.135°) but below the silicon critical 
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angle (0.21°)
39

.  In-plane data was corrected for scattering from air and the substrate as described 

in Section 2.3.2.   

 Samples for Differential Scanning Calorimetry experiments (Q1000, TA Instruments) 

were made by mixing P3HT and PCBM together at various concentrations.  Scans were 

performed from 40 
o
C to 300 

o
C at 5 

o
C/min. 

 

Section 2.3: Structural Characterization of P3HT/PCBM Mixtures 

 

Section 2.3.1: Energy Filtered Transmission Electron Microscopy 

 

Figure 2 -1: Top: Bright field ( BF), carbon map (C), and sulfur map (S) for a 1:1 

P3HT/PCBM film annealed for 30 min.  The same region of the sample is shown and 

images were taken at zero defocus.  Bottom: Sulfur maps of 1:1 P3HT/PCBM films 

annealed at 25 °C, 100 °C, and 165 °C.  The image intensities of sulfur maps are 

proportional to the sulfur concentration and the light regions correspond to P3HT-rich 

domains.  Unannealed films (25 
o
C) show little structure, while films annealed at high 

temperatures, such as 190 
o
C, exhibit the presence of P3HT fibers in a PCBM-rich matrix.  

Scale bar: 200 nm. 
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Although P3HT:PCBM mixtures have been intensively studied,
2,3,11,31,33,36,40-49

 the extent 

of miscibility and the domain composition remain unknown.  By taking advantage of inelastic 

losses due to electron-sample interactions in the electron microscope, EFTEM allows for 

mapping of the local elemental composition through the standard three-window method.
38

  The 

active layers of polythiophene/fullerene solar cells are ideal candidates for elemental mapping 

due to the large differences in sulfur and carbon densities between P3HT and PCBM.  Indeed, 

the sulfur and carbon elemental maps show more contrast than the bright field image in Figure 2 

ï 1.  The intensity of the elemental maps is directly proportional to the elemental concentration 

within domains.
38

  The rod-like P3HT crystallites are clearly visible in the elemental maps as 

light and dark regions in the sulfur and carbon maps, respectively. 

 

 

Figure 2 ï 2: The structural evolution of 1:1 P3HT/PCBM mixtures as the annealing 

temperature approches the melting point of P3HT.  All films were annealed for 30 min.  

Fiber diameter and length increases with higher annealing temperature, whereas the 

volume fraction of pure crystalline P3HT decreases with higher annealing temperatures.  

Scale bar: 100 nm. 
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Elemental mapping is a powerful technique for examining the structural evolution in 

polythiophene/fullerene mixtures, as shown in the bottom panel of Figure 2 ï 1.  As cast films 

show little structure, while P3HT fibers are clearly visible for films annealed at 165 and 190 
o
C.  

Although increasing the annealing temperature increases the fiber length and fiber diameter, the 

concentration of fibers also decreases, as shown in Figure 2 ï 2.  The presence of fiber-like 

P3HT crystals throughout P3HT:PCBM mixtures suggests that the P3HT crystallization 

dominates the mesostructure formation process.  Furthermore, annealing films at 200 
o
C leads to 

films with no mesoscopic structure.  Thus, the EFTEM results suggest that P3HT and PCBM are 

miscible.   

Given that sulfur is only present in P3HT, the local concentration of P3HT can be found 

by 

 

  ( )
( )

( )yxI
t

yxt

I
yx HTP

HTP ,
,

, 3
3

f
f =

      (1) 

 

where ( )yxHTP ,3f  is the local volume fraction of P3HT, HTP3f  is the average concentration of 

P3HT, I  is the intensity averaged over the entire image, t(x,y) is the local sample thickness, t  is 

the average thickness of the sample, and I(x,y) is the local intensity of the elemental map.  Since 

TEM images are 2-D projections of the structure, ( )yxHTP ,3f  is integrated over the entire sample 

thickness.  In Figure 2 ï 2, various regions exist where either no P3HT fibers are present or only 

one fiber is present.  Thus, we can use equation 1 to compute the domain compositions of 

P3HT:PCBM films.  HTP3f  is taken to be the composition in solution prior to spin-coating; this 

has been verified in previous works by measuring the fluorescence-yield of Near Edge X-ray 
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Absorption Fine Structure experiments.
35,50

 t(x,y) and t  are obtained from thickness maps taken 

from the same region as the elemental maps.  After averaging results over 6 regions in 4 images 

in 1:1 P3HT/PCBM systems annealed at 190 °C for 30 min, we find that fP3HT is 0.45 ±0.04 for 

the PCBM-rich domains and fP3HT is 0.99 ±0.08 for the center of the P3HT fibers (assuming 

cylindrical fibers in a PCBM-rich matrix) for films annealed at 190 
o
C for 30 min.  We can 

confirm our estimate of the domain composition by independently computing the volume 

fraction of fibers visible in Figure 2 ï 2.  We find that the volume fraction of P3HT which forms 

fibers is 0.23 ±0.02 for films annealed at 190 °C for 30 min.  Thus, given that 
HTP3f  is 0.58 we 

can estimate that fP3HT in the PCBM-rich domains is 0.45 ±0.02, in excellent agreement with our 

results obtained from equation 1.  

 

Section 2.3.2: Grazing-Incidence Small-Angle X-Ray Scattering Data Reduction 

 In this work, we focus on the in-plane data at the specular reflection and assume the Born 

Approximation is valid.  Detector dark counts and empty-cell scattering are subtracted and data 

is normalized by the incident scattering intensity and the intensity of the scattered beam.  Since 

our samples are composed of P3HT:PCBM films on top of PEDOT:PSS we model our films as 

being composed of two distinct layers.  If the critical angle of the underlying layer (layer 1) is 

less than or equal to the critical angle of the top layer (layer 2), then the in-plane scattered 

intensity of the top layer, I2, is given by 

 

  I2 = I1+2 ï cA(ai) cB(ai) I1       (2) 
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where I1+2 is the total GISAXS intensity, I1 is the scattering from the PEDOT:PSS film on Si, ai 

is the angle of incidence, and cA(ai), cB(ai) are constants which depend on the incident angle.  

cA(ai) accounts for the variation in scattering volume as a function of X-ray penetration depth 

into the film, L(ai), and is given by: 
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where 

 

  
21)( tti +=La          (4) 

 

if  

  21)( tti +²La
         (5)

 

 

t2 is the thickness of the top film (layer 2, P3HT:PCBM in our case) and t1 is the thickness of the 

first layer (PEDOT:PSS).  ȿ )( ia is constrained to be less than t1 + t2 since the incident angles 

used in this work are larger than the critical angle of the P3HT:PCBM film (0.135
o
) but less than 

the critical angle of silicon (0.21
o
).

39
  Thus, our scattering geometry prevents X-rays from 

penetrating into the Si substrate.  cB(ai) in equation 6 accounts for the exponential decay of the 

intensity as a function of film depth:   
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where now if ȿ(ai) Ò t2, cB(ai) = 0, since the X-ray intensity decays to zero before reaching the 

underlying film (layer 1).  The penetration depth, L, is given by:
51
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k0 is 2ˊ/ɚ, ac is the critical angle, and b is lm/4p (m is the linear absorption coefficient).  ac and b 

for P3HT:PCBM films were calculated through standard methods.
51

  

 As an example of our procedure, Figure 2 ï 3a shows the in-plane GISAXS intensity 

versus scattering vector for a P3HT:PCBM film annealed at 190 °C for 30 min which was cast 

on PEDOT:PSS/silicon and for PEDOT:PSS cast on silicon.  Figure 2 ï 3b shows the data after 

subtraction of the substrate scattering.  Note that the scattering from the substrate is a small 

contribution to the total intensity from P3HT:PCBM films cast on PEDOT:PSS/silicon.   

 

 

 



 

 16 

 

 

0

0.4

0.8

1.2

1.6

0.1 1

PEDOT:PSS

1:1 P3HT/PCBM

 190 °C 30 min

I

q
xy

 (nm
-1

)

a)

0

0.4

0.8

1.2

1.6

0.1 1

I

q
xy

 (nm
-1

)

b)

 

Figure 2 ï 3: a) Raw GISAXS intensity vs. scattering vector for a PEDOT:PSS film and 1:1 

P3HT:PCBM film on top of a PEDOT:PSS film annealed at 190 °C for 30 min. b) 

Scattering curve for 1:1 P3HT:PCBM film annealed at 190 °C for 30 min after subtraction 

of the substrate scattering. 

 

 

Section 2.3.3: Grazing-Incidence Small-Angle X-Ray Scattering Results 

We can complement and confirm our measurements of morphological evolution in 

polythiophene/fullerene mixtures through GISAXS.  Grazing-incidence X-ray scattering has 

been demonstrated to be a powerful technique for studying polymer thin films.
3,18,46,52-54

  In 

GISAXS, the scattering is acquired in the reflection geometry with incident angles near the 

critical angle of the film to minimize the contribution of the substrate to the scattering 

intensities.
51,52

  With this technique, a quantitative measure of the mesostructure in organic 

semiconductor mixtures can be obtained. 



 

 17 

 

 

0.2

0.4

0.6

0.8

0.1 1

190 °C

165 °C

25 °C

I/
I 0

q
xy

 (nm
-1

)
 

Figure 2 ï 4: GISAXS intensity vs. scattering vector, q, for 1:1 P3HT:PCBM mixtures 

annealed at various temperatures for 30 min.  The solid lines are Teubner-Strey fits to the 

data.   
 

 

 Figure 2 ï 4 shows the GISAXS intensity as a function of the in-plane scattering vector, 

qxy, for films annealed at various temperatures for 30 min.  Consistent with the sulfur elemental 

map shown in Figure 2 ï 1, little structure is apparent after the film is cast prior to thermal 

annealing.  This suggests that the film-casting process briefly plasticizes the film and allows for 

limited crystallization of P3HT to occur.
3
  Annealing leads to the formation of structure, as 

evident in the increase in the scattering intensity at low q after thermal annealing.  The 

intensities, however, approach a finite value as q approaches zero, suggesting little macroscale 

phase separation is present after annealing.   

 Extracting structural parameters of the morphology from GISAXS intensities requires 

fitting to a model.  The morphologies visible in Figure 2 ï 1 are poorly ordered yet possess a 

characteristic length scale corresponding to the P3HT crystal dimension; visually, they resemble 

polymer microemulsions.
55

  As shown by the solid curves in Figure 2 ï 4, the use of the 

Teubner-Strey scattering function, originally developed for oil/water/microemulsions
56

 and later 

extended to polymer blends,
57,58

 describes the GISAXS data well over a wide q-range for 
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samples annealed at elevated temperatures.  The upturn in the intensities at low-q of the 

scattering data from as-cast films prior to thermal annealing is not captured by Teubner-Strey 

and is most likely due to macrophase separation or structures larger than 150 nm.  Thus, we 

assume that Teubner-Strey is an appropriate model for describing the mesostructure visible in 

Figure 2 ï 1 for unannealed P3HT:PCBM films.  Figure 2 ï 4 demonstrates that Teubner-Strey is 

an appropriate model for describing scattering from P3HT:PCBM films.   

 In order to quantify the structure in polythiophene/fullerene mixtures, we fit the Teubner-

Strey (T-S) scattering function to the GISAXS data.  T-S was originally developed for 

bicontinuous microemulsions and is given by:
56
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where a2, c1, and c2 are fitting parameters, q is the scattering vector, and Ibgd(q) is a background 

function employed in polymeric systems.  Ibgd(q) is speculated to account for the connectivity of 

polymer chains and is assumed to be of the form Ibgd(q) = (eq
2
+f)

-1
, where e and f are fitting 

constants.
 57,58

 Fitting the GISAXS data to T-S yields the domain periodicity, d, correlation 

length, ɝTS, and the amphiphilicity factor, f, through: 

 

  

2/1

2

1

2/1

2

2

4

1

2

1
2

-

ù
ù

ú

ø

é
é

ê

è
-öö

÷

õ
ææ
ç

å
=

c

c

c

a
d p        (9) 



 

 19 

 

 

  

 

2/1

2

1

2/1

2

2

4

1

2

1
-

ù
ù

ú

ø

é
é

ê

è
+öö

÷

õ
ææ
ç

å
=

c

c

c

a
TSx   (10)

 

  

22

1

4 ca

c
f =  

(11)

 

 

since T-S is consistent with a real-space pair-correlation function, g(r), given by: 
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Figure 2 ï 5: Domain spacings from GISAXS data of 1:1 P3HT:PCBM mixtures at various 

annealing conditions.  Note that films annealed at 165 
o
C and 190 

o
C appear to approach a 

steady state within the time scale of our experiments.  Lines are guides to the eye.  Error 

bars denote the standard deviation of multiple measurements.   
 

Using Teubner-Strey as a model for the scattering data, the morphology in terms of the 

domain spacing, d, can be quantified.  We examined films annealed at 100, 140, 165 and 190 
o
C 

for 5, 10, 30 and 60 min, as shown in Figure 2 ï 5.  At 100 and 140 
o
C, the domain spacing 

grows with time, suggesting coarsening of the structure.  At 165 and 190 
o
C, however, d 

increases quickly and then appears to approach a steady state.  The arrest of the structural 

evolution at elevated annealing temperatures suggests that P3HT and PCBM are miscible; further 

coarsening does not occur or is strongly suppressed.   

 

Section 2.3.4: GISAXS and EFTEM Comparison 

Comparison between GISAXS and EFTEM data is challenging.  In order to facilitate 

comparisons between the two techniques, we calculated the domain size from GISAXS data and 

compared these values to the fiber width measured from EFTEM experiments.  We find the 

domain size from g(r) by extrapolating the slope of g(r) from g(r) ~ 1 to the minimum value of 

g(r) as shown in Figure 2 ï 6.
59

  Sulfur and carbon maps were used to measure the diameter of 
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P3HT fibers.  As shown in Figure 2 ï 7, measurements of the domain size from GISAXS are in 

good agreement with the fiber width measured from elemental maps, which were analyzed by 

measuring the full-width half max of the scattering intensity.  The domain size of 12 nm is 

constant with annealing temperature until 190 
o
C, whereupon dc increases to approximately 17 

nm.   

 

Figure 2 ï 6:  g(r) for a 1:1 P3HT:PCBM film annealed at 190 °C for 30 min.  The blue 

lines illustrate the procedure for finding the domain size, dc. 
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Figure 2 ï 7:  Domain sizes from GISAXS and fiber diameters obtained from EFTEM 

elemental maps for 1:1 by mass P3HT:PCBM films annealed at various temperatures for 

30 min. The error bars denote the standard deviation over multiple measurements.   
 

 

Section 2.3.5: The Amphiphilicity Factor 
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Figure 2 ï 8: The amphiphilicity factor vs. temperature for 1:1 P3HT/PCBM mixtures 

annealed for 60 min according to the Teubner-Strey scattering model.   
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 The amphiphilicity factor is a direct result of the Teubner-Strey analysis and measures 

how closely the scattering data resembles a bicontinuous microemulsion.  Typically, ordered 

microemulsions will give an amphiphilicity factor between 0 and -1.  Physically, this is 

represented by a vanishing surface tension between domains in the oil/water/surfactant system.  

The Lifshitz line, where fa is 0, is the cutoff between what is considered to a good microemulsion 

(-1 < fa < 0) and a poor microemulsion (0 < fa < 1).
58,60,61

  Although the physical interpretation of 

Teubner-Strey does not apply to our system, we examined the amphiphilicity factor vs. 

temperature for 1:1 P3HT/PCBM mixtures annealed for 60 minutes.  For 25, 140, 165, and 190 

°C, the amphiphilicity factor is within the range of what is considered a good microemulsion.  

However, at 100 °C, the amphiphilicity factor characterizes the structure as a poor 

microemulsion.  Interestingly, the mixture at 100 °C also appears to have unique EFTEM results 

as well.  In this system, we find that there are three phases, a pure PCBM phase, a mixed 

P3HT:PCBM phase, and a pure P3HT phase, which are represented by the dark, grey, and light 

regions of the sulfur map in Figure 2 ï 1.  One explanation for a poor amphiphilicity factor is 

that the periodic behavior of the model is interrupted, which is evident in a three phase system. 

Thus, the amphiphilicity factor results are in agreement with the hypothesis that three phase 

systems form at lower annealing temperatures and two phase systems form at higher annealing 

temperatures. 

 

 

 

 

 



 

 24 

 

 

Section 2.4: Miscibility of P3HT/PCBM Mixtures 
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Figure 2 ï 9: Estimate of the miscibility from measurements of the melting point 

depression. Melting point depression of P3HT as a function of PCBM volume fraction, 

fPCBM, obtained from DSC experiments.  The solid line is from equation 13 with c = 0.86. 
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Figure 2 ï 10: Spinodal as a function of P3HT volume fraction, fP3HT, obtained by modeling 

P3HT:PCBM mixtures as polymer solutions with MWP3HT = 50,000 g/mol.  The dotted line 

denotes c = 0.86, and in combination with the spinodal indicates that homogeneous 

P3HT:PCBM mixtures are unstable for fP3HT < 0.42.   
 

 

We can obtain a direct measure of the chemical interactions by measuring the melting 

point depression of P3HT in P3HT:PCBM mixtures.  Through Differential Scanning 
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Calorimetry, we can obtain an estimate of the Flory-Huggins interaction parameter, c, using 

equation 13:
62
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where Tm is the melting point at a solvent (PCBM) volume fraction fs, Tm
0
 is the melting point of 

pure polymer, R is the ideal gas constant, DHf is the heat of fusion of polymer, vm is the monomer 

molar volume of polymer (vm,P3HT = 151 cm
3
/mol)

63
 and vs is the solvent molar volume (vs,PCBM = 

607 cm
3
/mol)

64
.  DHf is obtained from the melting endotherm.  Fitting equation 13 to the melting 

point data shown in Figure 2 - 9 with c as the only adjustable parameter yields c = 0.86 +/- 0.09.  

The error in c is estimated from the uncertainty of the fit.  In combination with the spinodal for 

polymer solutions shown in Figure 2 ï 10, c allows for the determination of the miscibility of 

P3HT:PCBM mixtures.  We find that for P3HT concentrations greater than 0.42 by volume, the 

mixtures are miscible.  Therefore, the structure present in 1:1 by mass mixtures (fP3HT = 0.58) 

utilized in both the experiments illustrated in Figures 2 ï 1, 2 ï 2, 2 ï 3, and 2 ï 4 and in organic 

solar cells commonly reported in the literature
9,65

 is not a result of phase separation in the 

polymer solution, but instead, must be a consequence of polymer crystallization.   
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Figure 2 ï 11: PCBM crystallization in regiorandom P3HT:PCBM films as a function of 

fP3HT.  The dotted line corresponds to fP3HT = 0.42.  PCBM crystallization is estimated from 

the area fraction of PCBM crystals visible in optical micrographs (inset, left).  The film 

shown in the optical micrograph (fP3HT = 0.37) was annealed at 190 
o
C for 30 min.  Sulfur 

elemental maps indicate that the films are homogeneous at nanometer length scales (inset, 

right).  The sulfur map shown is of a regiorandom P3HT:PCBM film with fP3HT = 0.58 

annealed at 190 °C for 30 min.  Note that Figure 4 predicts P3HT:PCBM mixtures to be 

miscible for fP3HT > 0.42.  Error bars denote the standard deviation of multiple 

measurements.   
 

Our results suggest that the crystallization of PCBM would be suppressed in mixtures of 

amorphous P3HT with PCBM if fP3HT > 0.42.  To test this hypothesis, we mixed regiorandom 

P3HT, which does not crystallize, with PCBM and examined the film morphology.  Figure 2 ï 

11 shows the PCBM crystallization as the area fraction of PCBM crystals visible in optical 

micrographs for films with varying composition.  For regiorandom P3HT concentrations above 

0.42, when the mixture is miscible, no evidence of microstructure is observed through elemental 

mapping even after annealing for 30 min at 190 
o
C (inset of Figure 2 ï 11).  Consistent with the 

Flory-Huggins phase diagram shown in Figure 2 ï 10, the crystallization of fullerene is strongly 

suppressed at fP3HT above 0.42.   
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Section 2.5: The mechanism of structure formation in P3HT/PCBM mixtures 
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Figure 2 ï 12: Grazing Incidence X-Ray Diffraction  for 1:1 P3HT/PCBM mixtures.
3
 The 

crystallinity of P3HT is plotted against the intensity of the PCBM peak for a 1:1 

P3HT/PCBM mixture.  PCBM intensity is proportional to crystallinity.  Annealing times 

include 0, 5, 10, and 30 min.  Data taken from ñCorrelating the scattered intensities of 

P3HT and PCBM to the current densities of polymer solar cellsò by Gomez et al. 

 

The results in Figures 2 ï 1, 2 ï 5, and 2 ï 10 leads to the conclusion that polymer 

crystallization drives the structure formation process in miscible polythiophene/fullerene 

mixtures.  As-cast films have little structure, as evident in Figures 2 ï 1 and 2 ï 5.  Annealing 

enhances molecular motion and allows polythiophene to crystallize.  Polymer crystallization 

depletes the concentration of polymer in the amorphous region, leading to macroscopic phase 

separation if enough polymer crystallization takes place.  This conclusion is consistent with the 

micron-sized fullerene clusters visible through optical microscopy of 1:1 by mass P3HT:PCBM 

mixtures after thermal annealing,
27

 the mesostructure visible in Figure 2 ï 1 through EFTEM, 

and recent evidence from dynamic secondary ion mass spectrometry that suggests P3HT and 

PCBM are not completely immiscible.
 
 Thus, our results provide an explanation for the 
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amorphous nature of micron-sized fullerene clusters often observed in 1:1 by mass 

polythiophene/fullerene mixtures 
3,18,53,66

 ï the formation of the fullerene clusters is not driven by 

the crystallization of fullerene, but rather by a combination of P3HT crystallization and the 

limited solubility of P3HT and PCBM.   

  The proposed mechanism for structural formation in P3HT:PCBM mixtures suggests 

that the crystallinity of P3HT and PCBM are correlated.  When a significant amount of P3HT 

crystallizes, the concentration of PCBM in the amorphous domain rises.  PCBM will precipitate 

out as a pure phase if the concentration rises above the miscibility limit.  Therefore, when P3HT 

is removed from the amorphous phase, a similar amount of PCBM should be removed as well.  

The Grazing Incidence X-Ray Diffraction (GIXD) results in Figure 2 ï 12 show a correlation 

between P3HT crystallinity and the intensity of the PCBM peak, which is proportional to PCBM 

crystallinity.
3
  Although these results are preliminary, they suggest that the proposed mechanism 

for structural formation in 1:1 P3HT:PCBM mixtures is correct.  Further GIXD studies will be 

needed to confirm this, where regioregular P3HT and regiorandom P3HT are mixed in varying 

proportions to control the crystallinity of P3HT in 1:1 P3HT:PCBM mixtures. 

 

Section 2.6: Summary and Conclusions 

 We have shown that the intricate mesoscopic structure of polythiophene/fullerene 

mixtures, critical for device performance, is driven by the crystallization of the polymer.  

Quantifying the chemical interactions between P3HT and PCBM through the Flory-Huggins 

interaction parameter enables the determination of the extent of miscibility between these two 

components.  By understanding the partial miscibility of P3HT:PCBM mixtures and knowing the 

volume fractions within each domain, we derive a mechanism for structure formation.  
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Crystallization of P3HT rejects PCBM and makes a pure P3HT phase.  This process enriches the 

amorphous mixed phase with PCBM.  If the volume fraction of PCBM rises enough, it 

precipitates out of the amorphous mixed phase and forms a pure PCBM phase.  By providing a 

description of the structure formation process in polythiophene/fullerene blends, our results may 

lead to strategies for controlling the morphology in organic semiconductor mixtures utilized in 

the active layer of solar cells.   
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Chapter 3: Impact of Mesoscale Morphology in 1:4 poly(2,5-bis(3-tetradecylthiophen-2-

yl)thieno[3,2-b]thiophene:PC71BM Solar Cells 

 

Chapter 3.1: Introduction and Background 

 

 Although P3HT/PCBM solar cells have been studied extensively and work well in the 

bulk-heterojunction architecture (~5% efficiency), they ultimately fall short of the goal of 10% 

efficiency for commercialization.
11

  Recent studies have shown that other polythiophenes and 

low band gap polymers have potential to reach higher efficiencies than are seen in the 

P3HT:PCBM system.
67

  However, advances in chemistry must be accompanied by advances in 

the understanding of morphology in polymer/fullerene mixtures because both aspects must work 

in tandem to optimize the performance of a solar cell.
11

  Therefore, it is important to study the 

morphology of many different types of polymer/fullerene systems.  This will aid in the discovery 

of the universal principals that lead to better device performance.  For instance, it is well 

established that domains on the order of 10 nm are necessary to prevent exciton recombination in 

organic solar cells.
22-25

  However, a quantitative understanding of this phenomenon is lacking.  

There are also many other aspects of the morphology that need to be studied such as the 

compositions within each domain, the interconnectivity of crystals, interfacial area for exciton 

charge separation, etc.  By studying a variety of polymer/fullerene systems, we can compare 

morphological characteristics and identify which are the most important for device performance.  

We have studied poly(2,5-bis(3-tetradecylthiophen-2-yl)thieno[3,2-b]thiophene (PBTTT) mixed 

in a 1:4 ratio with PC71BM.  The 1:4 ratio has been shown to give the highest efficiencies for the 

PBTTT/PC71BM mixture.
5,68,69
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Figure 3 ï 1: a) Molecular structure of PBTTT, PC 71BM, and bisPC71BM. b) Structures 

thought to be present in pristine crystalline PBTTT and PBTTT: PC71BM mixtures.  c) The 

extra side chain on bisPC71BM is thought to restrict access to the intercalation seen in 

PBTTT:PC 71BM mixtures.  Reproduced from ñTuning the Properties of Polymer Bulk 

Heterojunction Solar Cells by Adjusting Fullerene Size to Control Intercalationò by Cates 

et al.
5,68

  

 

PBTTT has high potential as a conductive polymer in solar cell applications because of 

its high charge carrier mobility (0.2 - 0.6 cm
2
V

-1
s

-1
).

68
  PBTTT also has very unique properties 

when it is mixed with PC71BM.  Figure 3 ï 1b illustrates intercalation between PBTTT and 

PC71BM, which has been shown to occur via X-Ray Diffraction (XRD) experiments in 1:4 

PBTTT/PC71BM thin films.
5,68,70

  The repeating configuration is a bimolecular crystal, where 

PBTTT and PC71BM are arranged in a well-ordered stable structure.  One reason for the stability 

of this structure is that the size of the PC71BM molecule is very close to the spacing between 

side-chains in PBTTT molecules.
68

  The presence of the PC71BM molecule in between side 

chains of PBTTT prevents interdigitation between PBTTT polymer chains and thus spaces the 

chains further apart.
5,68

  XRD is used to measure the increase in spacing and confirm the 

theoretical structures shown in Figure 3 ï 1b.  An increase in domain spacing is not observed 














































































