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We utilize a combined computational and experimental approach to

study the influence of block copolymer additives on the morphological and

device characteristics of organic solar cells based on the conjugated poly-

mer/fullerene bulk heterojunction morphology. Our study is motivated by

the question whether such block copolymer additives can be utilized to influ-

ence the phase separation morphologies, interfacial properties, and, therefore,

the device efficiencies of such organic photovoltaic devices. Towards this ob-

jective, we split our project into 3 parts: 1.) We utilize Single Chain in

Mean Field simulations to investigate the influence of block copolymers on the

morphological and interfacial characteristics of the polymer/fullerene blend.

Based on these simulations, we identify a design rule for the formation of the

equilibrium, cocontinuous donor/acceptor morphologies that are believed to be

v



desirable for efficient charge collection in organic photovoltaics. We utilize this

design rule to identify a large collection of blend formulations that give rise

to bicontinuous phases, and identify which of these select blend formulations

result from comparable volume mixtures of donors and acceptors, which typ-

ically yield high device efficiencies in organic photovoltaics. 2.) Based on the

predictions from (1), in experiments, we design thermally-stable morpholo-

gies with nanoscale domain sizes and percolating donor/acceptor pathways.

We demonstrate the manner in which the experimental results agree with the

simulations and, hence, establish the validity of our simulation method for pre-

dicting phase behavior. 3.) We develop a kinetic Monte Carlo-based method

to predict the device performance characteristics of arbitrary donor/acceptor

morphologies and couple the morphology and device-level simulations in se-

quence to identify the blend formulations and resulting morphological features

that give rise to the best device performance overall. We demonstrate that,

by appropriately tuning the HOMO and LUMO energy levels of the block

copolymer additive, an energy cascade can be exploited to further improve

charge separation and device efficiencies. In total, our project constitutes a

predictive framework for designing new additive-based organic photovoltaic

blend formulations with optimized device properties.

vi



Table of Contents

Abstract v

List of Tables x

List of Figures xi

Chapter 1. Introduction 1

1.1 Outline of Dissertation . . . . . . . . . . . . . . . . . . . . . . 7

1.1.1 Influence of Block Copolymer Compatibilizers on the Mor-
phologies of Semiflexible Polymer/Solvent Blends . . . . 7

1.1.2 Achieving Bicontinuous Microemulsion Like Morpholo-
gies in Organic Photovoltaics . . . . . . . . . . . . . . . 8

1.1.3 Rational Design of Thermally Stable, Bicontinuous Donor/Acceptor
Morphologies with Conjugated Block Copolymer Additives 8

1.1.4 Design of Bicontinuous Donor/Acceptor Morphologies for
Use as Organic Solar Cell Active Layers . . . . . . . . . 9

1.1.5 A Kinetic Monte Carlo Model with Improved Charge In-
jection Model for the Photocurrent Characteristics of Or-
ganic Solar Cells . . . . . . . . . . . . . . . . . . . . . . 10

1.1.6 Exploiting the Combined Influence of Morphology and
Energy Cascades in Ternary Blend Organic Solar Cells
Based on Block Copolymer Additives . . . . . . . . . . 11

Chapter 2. Influence of Block Copolymer Compatibilizers on
the Morphologies of Semiflexible Polymer/Solvent
Blends 12

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.2 Model Details . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

2.2.1 Intramolecular Interactions . . . . . . . . . . . . . . . . 19

2.2.2 Intermolecular Interactions . . . . . . . . . . . . . . . . 21

2.2.3 SCMF Simulations . . . . . . . . . . . . . . . . . . . . . 23

vii



2.2.4 Numerical Details . . . . . . . . . . . . . . . . . . . . . 23

2.2.5 Quantitative Morphological Characteristics . . . . . . . 26

2.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 34

2.3.1 Acceptor Cylinders Suspended in Donor . . . . . . . . . 39

2.3.2 Donor Cylinders Suspended in Acceptor . . . . . . . . . 49

2.3.3 Lamellae . . . . . . . . . . . . . . . . . . . . . . . . . . 57

2.3.4 Influence of the Simulation Box Size . . . . . . . . . . . 62

2.3.5 Guidelines for Tuning the Blend Composition and Molec-
ular Chemistries to Achieve Desirable Morphological Char-
acteristics . . . . . . . . . . . . . . . . . . . . . . . . . . 65

2.4 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . 68

Chapter 3. Achieving Bicontinuous Microemulsion Like Mor-
phologies in Organic Photovoltaics 70

Chapter 4. Rational Design of Thermally Stable, Bicontinu-
ous Donor/Acceptor Morphologies with Conjugated
Block Copolymer Additives 86

Chapter 5. Design of Bicontinuous Donor/Acceptor Morpholo-
gies for Use as Organic Solar Cell Active Layers 105

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

5.1.1 Design Rule for Bicontinuous Microemulsion Phases . . 111

5.2 Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114

5.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 118

5.3.1 Design of BµE Phases for the Case of χAS << χBS . . . 121

5.3.2 Design of BµE Phases for the Case of χBS << χAS . . . 129

5.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 135

Chapter 6. A Kinetic Monte Carlo Model with Improved Charge
Injection Model for the Photocurrent Characteris-
tics of Organic Solar Cells 138

6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 138

6.2 Methodology . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144

6.2.1 First Reaction Method . . . . . . . . . . . . . . . . . . . 144

6.2.2 Parameter Selection . . . . . . . . . . . . . . . . . . . . 155

viii



6.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 158

6.3.1 Comparison to Experiment . . . . . . . . . . . . . . . . 158

6.3.2 Comparison to Previous KMC Methods . . . . . . . . . 167

6.3.3 Effect of Select Parameters on JV Characteristics . . . 169

6.4 Summary and Outlook . . . . . . . . . . . . . . . . . . . . . . 179

Chapter 7. Exploiting the Combined Influence of Morphology
and Energy Cascades in Ternary Blend Organic So-
lar Cells Based on Block Copolymer Additives 181

7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181

7.2 Methods and Model Specifics . . . . . . . . . . . . . . . . . . . 183

7.2.1 Ternary Blend System . . . . . . . . . . . . . . . . . . . 184

7.2.2 Ideal Columnar System . . . . . . . . . . . . . . . . . . 187

7.2.3 Kinetic Monte Carlo Simulations . . . . . . . . . . . . . 188

7.3 Results and Discussion . . . . . . . . . . . . . . . . . . . . . . 190

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 200

Chapter 8. Summary and Future Works 202

8.1 Summary of Research . . . . . . . . . . . . . . . . . . . . . . . 202

8.2 Recommendations for Future Work . . . . . . . . . . . . . . . 203

8.2.1 Solvent Vapor Annealing for Targeted Morphologies . . 203

8.2.2 Reverse Coarse-Graining and Chain-Based Device Simu-
lation Methods . . . . . . . . . . . . . . . . . . . . . . . 205

Bibliography 207

ix



List of Tables

4.1 Contact Angles, Surface Energies, and Solubility Parameters . 92

4.2 Flory-Huggins Interaction Parameters for Homopolymer/BCP/Solvent
Blend System . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

4.3 Material Characterization . . . . . . . . . . . . . . . . . . . . 93

4.4 Secondary Materials Characterization . . . . . . . . . . . . . . 98

6.1 Constant Model Parameters . . . . . . . . . . . . . . . . . . . 156

6.2 Tuning Model Parameters . . . . . . . . . . . . . . . . . . . . 157

6.3 Base Case OSC Properties . . . . . . . . . . . . . . . . . . . . 166

6.4 Effect of Energy Barrier Set Selection on OSC Properties . . . 173

6.5 Effect of Injection Rate Prefactor Set Selection on OSC Properties177

6.6 Effect of Distribution of Site Energies Selection on OSC Properties179

7.1 Kinetic Monte Carlo Parameters . . . . . . . . . . . . . . . . . 190

x



List of Figures

1.1 Schematic of device active layer (Panel A) and schematic of
device energy diagram (Panel B). . . . . . . . . . . . . . . . . 2

1.2 Schematic of device energy diagram with block copolymer ad-
ditive at the donor/acceptor interface. The energy levels of the
block copolymer are selected to give rise to an “energy cascade”
that stabilizes electrons in the acceptor phase (lowest LUMO)
and holes in the donor phase (highest HOMO). . . . . . . . . 5

2.1 Phase diagrams from 2D SCMF simulations: (1A) Lp/L = 0.05,
f = 0.75; (1B) Lp/L = 0.5 and Lp/L = 1.0, f = 0.75; (2A)
Lp/L = 0.05, f = 0.25; (2B) Lp/L = 0.5 and Lp/L = 1.0,
f = 0.25; (3A) Lp/L = 0.05, f = 0.5; (3B) Lp/L = 0.5, f =
0.5; (3C) Lp/L = 1.0, f = 0.5. Homopolymer concentration
runs from the bottom left (φHomo = 0.0) to the top middle
(φHomo = 1.0). BCP concentration runs from the top middle to
the bottom right. Solvent concentration runs from the bottom
right to the bottom left. In each diagram, the phases indicated
are for χ = 2.5. The lines are provided to guide the eye; they do
not represent true phase boundaries. The dotted lines partition
the diagrams into different phases. All cases within the solid
lines result in domain sizes within the range of 1.9Rg < 〈D〉 <
7.4Rg over a large range of χ’s. . . . . . . . . . . . . . . . . 36

2.2 Differentiating qualitative morphological characteristics of ac-
ceptor cylinders suspended in donor at low and high rigid-
ity. All pictures are from the base parameter combination:
φHomo/φBCP/φSolv = 0.8/0.1/0.1, f = 0.25. The alphabetical
categories identify the differentiating parameter combinations:
(A) Lp/L = 0.05, χ = 2.0; (B) Lp/L = 1.0, χ = 1.6. The
numerical categories identify the field plotted: (1) distribution
of B block links; (2) distribution of AB links; (3) distribution
of chain-terminating B block links. In this figure, as well as in
all other figures illustrating compositional fields, the colorbars
indicate the range of densities for all pictures within a given row. 40

xi



2.3 Morphological characteristics of acceptor cylinders suspended
in donor at high rigidity. All data are from the base parame-
ter combination: φHomo/φBCP/φSolv = 0.8/0.1/0.1, Lp/L = 1.0,
f = 0.25. (A) and (B) plot the distribution of solvent particles
and the distribution of A block links, respectively. The numeri-
cal categories identify the χ value: (1) χ = 1.0; (2) χ = 1.3; (3)
χ = 1.8. (C), (D), and (E) are the quantitative morphological
characteristics. Error bars indicate 1 standard deviation from
the mean. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

2.4 Quantitative morphological characteristics of acceptor cylinders
suspended in donor for (A) different semiflexible chain rigidities
and (B-C) different semiflexible block ratios. All data are from
the blend composition φHomo/φBCP/φSolv = 0.8/0.1/0.1. In
(A), f = 0.25, 〈Dcyl〉 is indicated by solid points, and 〈δcyl/Dcyl〉
is indicated by open points connected by lines. Lp/L = 1.0
for (B-C). In (B), 〈ψcyl,SA〉 is indicated by solid points and
〈ψcont,HB〉 is indicated by open points connected by lines whereas
in (C), 〈Dcyl〉 is indicated by solid points and 〈Dcont〉 is indicated
by open points connected by lines. . . . . . . . . . . . . . . . 45

2.5 Quantitative morphological characteristics of acceptor cylinders
suspended in donor at varying blend compositions. In (A) and
(B), we vary the solvent composition at a constant BCP com-
position while in (C) and (D), we vary the BCP composition
at a constant solvent composition. (A) and (C) are the do-
main size curves; 〈Dcyl〉 is indicated by solid points and 〈Dcont〉
is indicated by open points connected by lines. (B) and (D)
are the interfacial overlap parameters; 〈ψcyl,SA〉 is indicated by
solid points and 〈ψcont,HB〉 is indicated by open points connected
by lines. All data are from the base parameter combination:
Lp/L = 1.0, f = 0.25. The plot legends indicate the blend
compositions. . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

2.6 Differentiating qualitative morphological characteristics of donor
cylinders suspended in acceptor at low and high rigidity. All pic-
tures are from the base parameter combination: φHomo/φBCP/φSolv =
0.1/0.45/0.45, f = 0.5. The alphabetical categories identify
the differentiating parameter combinations: (A) Lp/L = 0.05,
χ = 2.1; (B) Lp/L = 1.0, χ = 1.6. The numerical categories
identify the field plotted: (1) distribution of AB links; (2) dis-
tribution of chain-terminating B block links; (3) distribution of
chain-terminating homopolymer links. . . . . . . . . . . . . . . 49

xii



2.7 Morphological characteristics of donor cylinders suspended in
acceptor at high rigidity. All data are from the base parameter
combination: φHomo/φBCP/φSolv = 0.1/0.45/0.45, Lp/L = 1.0,
f = 0.5. (A) and (B) plot the distribution of solvent particles
at χ = 0.8 and χ = 2.4 respectively. (C), (D), and (E) are the
quantitative morphological characteristics. Error bars indicate
1 standard deviation from the mean. . . . . . . . . . . . . . . 51

2.8 Quantitative morphological characteristics of donor cylinders
suspended in acceptor for (A) different semiflexible chain rigidi-
ties and (B) different semiflexible block ratios. All data are
from the blend composition φHomo/φBCP/φSolv = 0.1/0.1/0.8.
f = 0.5 for all (A) plots and Lp/L = 1.0 for all (B) plots. The
numerical category identifies the quantities plotted. (1) Domain
sizes - 〈Dcyl〉 is indicated by solid dots and 〈Dcont〉 is indicated
by open dots connected by lines. (2) Interfacial overlap param-
eters - in (A2), 〈ψcyl,AD〉 is indicated by solid dots and 〈ψcyl,HB〉
is indicated by open dots connected by lines; in (B2), 〈ψcyl,HB〉
is indicated by solid points while 〈ψcont,AS〉 is indicated by open
points connected by lines. . . . . . . . . . . . . . . . . . . . . 53

2.9 Select quantitative morphological characteristics of donor cylin-
ders suspended in acceptor at varying blend compositions. All
data are from the base parameter combination: Lp/L = 1.0, f =
0.5. (A) Cylinder domain number density - the blend composi-
tion for the φSolv = 0.1 point for both series is φHomo/φBCP/φSolv =
0.1/0.1/0.8. In the solid blue series, φHomo varies and φBCP is
a constant. In the open red series, φBCP varies and φHomo is a
constant. (B & C) Domain size and interfacial width per do-
main size quantities - (B) corresponds to the solid blue series in
(A) whereas (C) corresponds to the open red series in (A). The
domain size values are indicated by solid points and are plotted
on the primary vertical axis whereas the interfacial width per
domain size values are indicated by open points connected by
lines and are plotted on the secondary vertical axis. The plot
legend indicates the blend composition. . . . . . . . . . . . . 55

2.10 Differentiating qualitative morphological characteristics of Type
1 and Type 2 lamella. All pictures are from the blend compo-
sition φHomo/φBCP/φSolv = 0.1/0.8/0.1. The alphabetical cat-
egories identify the field plotted: (A) distribution of B block
links; (B) distribution of homopolymer links; (C) distribution
of chain-terminating B block links. The numerical categories
identify the differentiating parameter combinations: (1) Lp/L =
0.05, f = 0.5, χ = 2.5; (2) Lp/L = 1.0, f = 0.25, χ = 1.2. . . 57

xiii



2.11 Qualitative morphological characteristics of Type 1 lamella. All
pictures are from the base parameter combination: φHomo/φBCP/φSolv =
0.1/0.8/0.1, Lp/L = 0.05, f = 0.5. The alphabetical categories
identify the field plotted: (A) distribution of B block links; (B)
distribution of homopolymer links; (C) distribution of solvent
particles. The numerical categories identify the χ value: (1)
χ = 1.0; (2) χ = 1.8; (3) χ = 2.5. . . . . . . . . . . . . . . . . 59

2.12 Quantitative morphological characteristics of Type 1 and Type
2 lamella. All data are from the base parameter combination
indicated in the caption to Figure 2.11. Errorbars indicate 1
standard deviation from the mean. . . . . . . . . . . . . . . . 60

2.13 Quantitative morphological characteristics of cylinder morpholo-
gies at various simulation box sizes. All donor cylinders in ac-
ceptor data are from the parameter combination: φHomo/φBCP/φSolv =
0.1584/0.1584/0.6832, Lp/L = 1.0, f = 0.5. All acceptor
cylinders in donor data are from the parameter combination:
φHomo/φBCP/φSolv = 0.8/0.1/0.1, Lp/L = 1.0, f = 0.25. (A)
plots the cylinder domain number density (the dashed lines indi-
cate linear regressions). (B) plots the domain size quantities for
donor cylinders in acceptor - 〈Dcyl〉 is indicated by solid points
and 〈Dcont〉 is indicated by open points connected by lines. (C)
plots 〈Dcyl〉 against 〈δcyl/Dcyl〉 for acceptor cylinders in donor. 63

3.1 Schematic of phase behavior for a ternary blend system of ho-
mopolymers A and B with a diblock copolymer AB. φH =
φA + φB is the total homopolymer volume fraction and the
strength of compositional interactions is measured by the Flory
Huggins parameter, χ. The regions labelled LAM, DIS, and 2P
or 3P are regions of thermodynamically stable lamellar, disor-
dered, and 2-phase or 3-phase coexistence, respectively. The
thermally-induced channel of BµE forms due to fluctuations at
the Lifshitz point (L) (i.e., the intersection of the mean field
microphase-to-macrophase transition line and the Scott line).
The Scott line is a special instance of the mean field spinodal line
that results for a specified ratio φA/φB. By varying φA/φB, a
mean field microphase-to-macrophase transition plane and spin-
odal plane form. The intersection of these two planes form a
line that we refer to as the mean field locus line. This schematic
was adapted from Fredrickson and Bates [30]. . . . . . . . . . 73

xiv



3.2 Phase diagrams for polymer/BCP/solvent blend system in case
of all flexible polymer materials (Lp/L = 0.05). Panels A and B
plot the ternary phase diagrams for f = 0.5 and f = 0.25 with
χN = 50 for both cases. These two diagrams were adapted
from Chapter 2. The solid lines approximately partition the
diagram into different phases. We searched for BµEs along the
trajectories indicated by the four arrows in Panels A and B.
Panel C is the location of the BµE channels for the cases in-
dicated by the four arrows and at values of χN just above the
χNspinodal: (1) f = 0.5, φhomo/φsolv = 1, χN = 20; (2) f = 0.5,
φhomo/φsolv = 3, χN = 16; (3) f = 0.25, φhomo/φsolv = 1/3,
χN = 29; (4) f = 0.5, φhomo/φsolv = 1/3, χN = 24. In Panel
C, φBCP = 1− φhomo − φsolv. . . . . . . . . . . . . . . . . . . 78

3.3 Phase behavior and interfacial characteristics of a polymer/BCP/solvent
blend system in case of a semiflexible donor polymer. For all
cases, φhomo/φsolv = 1, f = 0.5, and φBCP = 1 − φhomo − φsolv.
Panel A plots the phase behavior resulting from the SCMF sim-
ulations in the case of µ = 4χ. For these simulations, we reduce
χN as we increase Lp/L in order to remain near to the compo-
sitional order-disorder transition. Panel B plots the interfacial
characteristics resulting from 1D SCFT calculations in the case
of χN = 26 and µ = 2χ. . . . . . . . . . . . . . . . . . . . . . 82

3.4 Distribution of solvent particles in bicontinuous microemulsion
morphologies for cases of increasing polymer chain rigidity: (A)
Lp/L = 0.05 and χN = 20, (B) Lp/L = 0.2 and χN = 18,
(C) Lp/L = 0.5 and χN = 16, (D) Lp/L = 1.0 and χN =
14. In all cases, φhomo/φsolv = 1, f = 0.5, and φBCP = 1 −
φhomo − φsolv. The colorbar on the left indicates the range of
volumetric densities for Panels A and B and the colorbar on
the right indicates the range of volumetric densities for Panels
C and D. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

3.5 Donor domain primary eigenvalue, 〈λ1〉, of morphologies at
varying chain rigidities. In all cases, φhomo/φsolv = 1, f = 0.5,
and φBCP = 1 − φhomo − φsolv. The arrows indicate φcrit

BCP for
each value of Lp/L. . . . . . . . . . . . . . . . . . . . . . . . 84

xv



4.1 Schematic of phase behavior for a ternary blend system of ho-
mopolymer, BCP, and solvent (PCBM). The regions labelled
MICRO, MACRO, and DIS are regions of thermodynamically
stable microphase (lamellar or droplet), macrophase (2-phase or
3-phase coexistence), and compositionally disordered morpholo-
gies, respectively. The strength of compositional interactions is
measured by the Flory Huggins parameter, χ. φi indicates the
volumetric blend composition of component i where i indicates
the homopolymer (i = PTB7), BCP (i = PTB7-b-PNDI), or
solvent (i = PCBM). For a given ratio φPTB7/φPCBM, a mean
field spinodal line and microphase-to-macrophase transition line
exist in [1 - φPTB7-b-PNDI = φPTB7+φPCBM, χN ] space (these are
shown as the blue and red lines in the schematic). The mean
field locus line is defined as the intersection of the spinodal
plane and the microphase-to-macrophase transition plane that
results by varying φPTB7/φPCBM. This schematic was adapted
from Fredrickson and Bates [30]. . . . . . . . . . . . . . . . . . 91

4.2 Phase behavior of homopolymer/BCP/solvent blend resulting
from 2D SCMF simulations. (A) Phase diagram, (B-E) volu-
metric densities of component units in case of BµE-like mor-
phology: (B) PNDI, (C) PCBM, (D) PTB7 block of BCP, (E)
PTB7 homopolymer. . . . . . . . . . . . . . . . . . . . . . . 95

4.3 Cross-sectional TEM images of thermally annealed thin films
with φPTB7/(φPTB7+φPCBM) = 0.65: (A) φPTB7-b-PNDI = 0.3, (B)
φPTB7-b-PNDI = 0.4, (C) φPTB7-b-PNDI = 0.5, (D) φPTB7-b-PNDI =
0.6. In all cases, φPTB7-b-PNDI = 1.0−φPTB7−φPCBM. The scale
bar is 1µm. The insets show the volumetric density of PNDI
resulting from SCMF simulations to match the experiments. . 99

4.4 GISAXS profiles of thermally annealed thin films. In all cases,
φPTB7/(φPTB7+φPCBM) = 0.65 and φPTB7-b-PNDI = 1.0−φPTB7−
φPCBM. GISAXS intensities are offset for clarity. Characteristic
features apparent in the profiles are indicated by solid triangles. 100

4.5 Results from simulations and TEM experiments based on the
materials listed in Table 4.4. Panel A summarizes the results
from simulations on a ternary phase diagram. Panels B-F are
cross-sectional TEM images of thermally annealed thin films
based on the blend compositions indicated by diamonds in Panel
A: (B) φPTB7 = 0.5, (C) φPTB7 = 0.375, (D) φPTB7 = 0.25, (E)
φPTB7 = 0.125, (F) φPTB7 = 0.0. In all cases, φPCBM = 0.5
and φPTB7-b-PNDI = 0.5 − φPTB7. The scale bar is 1µm. The
insets show the the volumetric density of PCBM resulting from
SCMF simulations to match the experiments. We elect to show
the volumetric density of PCBM in these figures because there
is no PNDI in the blend for case B. . . . . . . . . . . . . . . . 103

xvi



5.1 Schematic of phase behavior for a ternary blend system of ho-
mopolymer B, solvent S, and BCP AB. The strength of composi-
tional interactions is measured by the Flory-Huggins parameter,
χ. The regions labeled LAM or DROP, DIS, and 2P or 3P are
regions of thermodynamically stable lamellar or droplet, disor-
dered, and 2-phase or 3-phase coexistence, respectively. For a
given ratio φhomo/(φhomo+φsolv), a mean field spinodal line and
microphase-to-macrophase transition line exist in [1 - φBCP =
φhomo+φsolv, χN ] space. By varying φhomo/(φhomo+φsolv), these
lines become planes in full [φhomo/(φhomo+φsolv), 1 - φBCP , χN ]
space. The intersection of these two planes form a line that we
refer to as the mean field locus line. The simulation results from
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Chapter 1

Introduction

Organic solar cells based on polymer/fullerene bulk heterojunction (BHJ)

morphologies constitute an emerging approach to a low cost, highly scalable

source of renewable energy [10, 166]. Yet, one of the major challenges limiting

the applicability of these solar cells is their lower device efficiencies relative

to their inorganic counterparts [34]. In this context, the mesoscale morphol-

ogy of the photoactive layer has been suggested to play an important role in

determining the efficiency of BHJ organic solar cells [97]. Many studies have

suggested that by tuning these morphologies to fit some “ideal” characteris-

tics, performance characteristics comparable to inorganic photovoltaics can be

achieved [15, 18, 97, 112].

The device active layer of an organic solar cell consists of electron-

donating and electron-accepting materials. In this dissertation, we investigate

conjugated polymer/fullerene organic solar cells where the conjugated polymer

is the electron-donating material (i.e., the “donor”) and the fullerene molecule

is the electron-accepting material (the “acceptor”). To construct the device,

the donors and acceptors are typically mixed in solution and deposited between

two electrodes to form the device active layer (see Figure 1.1). When the device
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Figure 1.1: Schematic of device active layer (Panel A) and schematic of device
energy diagram (Panel B).

is exposed to light, photon absorption takes place, and an electron is excited

from the highest occupied molecular orbital (HOMO) to the lowest unoccupied

molecular orbital (LUMO) of the donor phase. The bound electron-hole pair

then diffuses to the donor/acceptor interface where the energy offset between

the LUMO of the donor and the LUMO of the acceptor splits the exciton into

positive and negative charge carriers. These free carriers then transport to

their respective electrodes via continuous donor or acceptor pathways where

they are collected thus constituting current.

A number of morphological characteristics must be tuned to optimize

the mechanism of photocurrent described above. Some of these characteristics

include:

1. The donor domains should be several tens of nanometers in size. In

most polymer donors, the exciton will diffuse only ≈10 nm before it re-

combines. This distance is referred to as the exciton diffusion length.

Domains approaching small multiples of the exciton diffusion length are
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required to maximize exciton dissociation and minimize inefficiencies as-

sociated with exciton recombination.

2. The donor and acceptor domains should be cocontinuous. Free electrons

and holes are isolated primarily to the acceptor and donor domains, re-

spectively. Accordingly, continuous donor and acceptor pathways that

percolate from one electrode to the other are required for charge trans-

port from the site of exciton dissociation to the electrodes. Islands and

bottlenecks give rise to charge build-up and charge recombination, thus

limiting the overall device efficiency.

Not surprisingly, there is a significant interest in developing generalized

approaches to optimize the morphological characteristics described above. Tra-

ditional methods for controlling morphology include the selection of an appro-

priate solvent for a given combination of donors and acceptors [94, 131, 152] fol-

lowed by solvent/thermal annealing steps [118, 119, 131, 180]. Through careful

control of the experimental parameters, such as the rate of solvent evaporation

during the film deposition step [92, 155] or the heating time and temperature

associated with the thermal annealing step [131, 180], most strategies aim to

kinetically trap a favorable morphology with cocontinuous, nanoscale, phase-

separated domains [170]. However, in many situations, thermal annealing over

longer times can modify such kinetically trapped morphologies [159, 160, 181]

thereby negatively impacting the device performance and demonstrating the

long-term instability of OSCs [159, 170]. Accordingly, there is a need to develop
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thermodynamic strategies that can accommodate the morphological character-

istics desired of polymer-based donor-acceptor mixtures.

In other contexts, block copolymer compatibilizers have long served

as a popular approach to control the equilibrium domain sizes and morphol-

ogy in flexible polymer blends [90, 104, 139, 156]. Indeed, by rationally select-

ing the block ratio, molecular weight, and interactions of each block of the

block copolymer with the constituents of the host matrix, many studies have

demonstrated that significant control can be exercised on the domain sizes and

morphologies of polymer blend systems [86, 133, 173, 174]. These successes in

flexible polymer blends motivate the question whether a similar approach may

be suitable for morphological control in the kinds of semiflexible conjugated

polymer/fullerene blends that typically constitute the active layer of organic

solar cells.

In the above context, we note that additives, block copolymers included,

can also be chosen strategically to influence the photoelectronic properties of

donor-acceptor thin films [1, 51, 63, 64, 96, 98]. For instance, conjugated poly-

mer additives can be utilized to expand the photon absorption spectrum [1]

and to increase the open-circuit voltage [64]. Moreover, a properly designed

donor-b-acceptor block copolymer additive should distribute preferentially to

the interface between donor and acceptor domains where it can reduce the

interfacial tension and give rise to smaller equilibrium domain sizes. The en-

ergy levels of the BCP can then be selected to yield an “energy cascade” that

can stabilize electrons and holes away from the interface thus reducing charge
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Figure 1.2: Schematic of device energy diagram with block copolymer additive
at the donor/acceptor interface. The energy levels of the block copolymer are
selected to give rise to an “energy cascade” that stabilizes electrons in the
acceptor phase (lowest LUMO) and holes in the donor phase (highest HOMO).

recombination and increasing the device efficiency (see Figure 1.2) [36]. Such

energy cascades have been achieved previously using fullerene and dye sensi-

tizer additives [4, 46], but the optimization of such cascades are more limited

and difficult in such kinetically-determined morphologies as compared to the

self-assembled, equilibrium morphologies that result from ternary blends based

on BCP additives.

In this dissertation, we utilize a combined simulations and experiments-

based approach to study the influence of block copolymer additives on the

morphological and device characteristics of ternary blend organic solar cells

based on the conjugated polymer/fullerene bulk heterojunction morphology.

Our work is unique in two ways:

1. Whereas most other works consider only kinetically-determined mor-

phologies, we study equilibrium morphologies. The majority of the liter-

ature is devoted to kinetically-determined morphologies, such as those
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that result from spin-casting. In contrast, we investigate equilibrium

morphologies that better represent the structures that form only after

thermal and/or solvent annealing. A major benefit of investigating equi-

librium morphologies is that because their structures are dictated by

thermodynamics, such morphologies do not depend on kinetic parame-

ters of phase separation/crystallization or on interactions with the host

solvent during spin-casting. Accordingly, our results can be generalized

to a large range of donor and acceptor molecules.

2. Whereas most other groups follow an Edisonian approach to material

design, we follow a much more systematic approach based on simula-

tions and experiments. The optimization of an organic solar cell is a

highly multidimensional problem. Typical strategies involve Edisonian

manipulation of the blend formulation and processing conditions fol-

lowed by device testing and morphological analysis, an inefficient and

time-consuming approach that yields information specific only to a par-

ticular blend. In contrast, we follow a theoretically-based approach in

which we utilize the simulations as a means to guide the experiments.

Thereby, we identify the blend formulations required to target the de-

sired morphological and device characteristics in a much more efficient

manner.

Below, we detail our contributions, which are organized into chapters.
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1.1 Outline of Dissertation

1.1.1 Influence of Block Copolymer Compatibilizers on the Mor-
phologies of Semiflexible Polymer/Solvent Blends

J. Phys. Chem. B, 2014, 118, (16), 4425-4441

We study the influence of block copolymer compatibilizers on the do-

main and interfacial characteristics of the equilibrium morphological struc-

tures of semiflexible polymer/solvent blends. Our study is motivated by the

question whether block copolymer compatibilizers can be used to influence

the phase separation morphologies resulting in conjugated polymer/fullerene

blends. Towards this objective, we use single chain in mean field MC simula-

tions for the phase behavior of semiflexible polymer/solvent blends and study

the influence of BCP compatibilizers on the morphologies. Our results reveal

a range of blend compositions and molecular chemistries that result in equi-

librium structures with domain sizes on the order of 5 to 20 nm. To elucidate

the morphological characteristics of these structures, we first present a series

of ternary phase diagrams and then present results demonstrating that the

blend composition, semiflexible chain rigidity, BCP composition, and compo-

nent miscibility each provide unique handles to control the phase separation

morphologies and interfacial characteristics in such blends.
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1.1.2 Achieving Bicontinuous Microemulsion Like Morphologies in
Organic Photovoltaics

ACS Macro Lett., 2015, 4, (2), 266 - 270

It is believed that the optimal morphology of an organic solar cell may

be characterized by cocontinuous, interpenetrating donor and acceptor do-

mains with nanoscale dimensions and high interfacial areas. One well-known

equilibrium morphology that fits these characteristics is the bicontinuous mi-

croemulsion achieved by the addition of block copolymer compatibilizers to

flexible polymer-polymer blends. However, there does not exist design rules

for using block copolymer compatibilizers to produce bicontinuous microemul-

sion morphologies from the conjugated polymer/fullerene mixtures typically

used to form the active layer of organic solar cells. Motivated by these consider-

ations, we use single chain in mean field simulations to study the equilibrium

phase behavior of semiflexible polymer + flexible-semiflexible block copoly-

mer + solvent mixtures. Based on our results, we identify design rules for

producing large channels of morphologies with characteristics like that of the

bicontinuous microemulsion.

1.1.3 Rational Design of Thermally Stable, Bicontinuous Donor/Acceptor
Morphologies with Conjugated Block Copolymer Additives

ACS Macro Lett., 2015, 4, (9), 867-871

We use a combination of simulations and experiments to investigate the

equilibrium morphologies formed by a ternary blend of PTB7 + PTB7-b-PNDI
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+ PCBM. Using coarse-grained simulations, we identify the blend composi-

tions that are most likely to result in donor/acceptor morphologies resem-

bling the bicontinuous microemulsion phase. Experimentally, we probe these

compositions through transmission electron microscopy and grazing-incidence

X-ray scattering measurements. We demonstrate that all-conjugated block

copolymer additives can be used to produce thermally stable, cocontinuous

donor/acceptor morphologies at higher additive contents and longer annealing

times than previously reported. These results demonstrate that conjugated

BCP compatibilizers can be used as a means to achieve equilibrium, cocontin-

uous morphologies in donor/acceptor blends.

1.1.4 Design of Bicontinuous Donor/Acceptor Morphologies for
Use as Organic Solar Cell Active Layers

J. Polym. Sci. Part B, 2016, 54, (9), 884-895

We utilize simulations to study the bicontinuous donor/acceptor mor-

phologies that result for different parametric conditions. Using such results,

we provide guidelines for how to blend polymer materials to give rise to bicon-

tinuous phases with the smaller and more compositionally pure domains that

are desirable for organic photovoltaic applications. We also identify which of

these bicontinuous phases result from comparable volume mixtures of donors

and acceptors (such equal volume mixtures typically yield high device effi-

ciencies). Our results can be generalized to treat a large range of donor and

acceptor monomers.
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1.1.5 A Kinetic Monte Carlo Model with Improved Charge Injec-
tion Model for the Photocurrent Characteristics of Organic
Solar Cells

J. Appl. Phys., 2013, 113, 234502

We develop a kinetic Monte Carlo model for photocurrent generation in

organic solar cells that demonstrates improved agreement with experimental

illuminated and dark current-voltage curves. In our model, we introduce a

charge injection rate prefactor to correct for the electrode grid-size and elec-

trode charge density biases apparent in the coarse-grained approximation of

the electrode as a grid of single occupancy, charge-injecting reservoirs. We use

the charge injection rate prefactor to control the portion of dark current at-

tributed to each of four kinds of charge injection. By shifting the dark current

between electrode-polymer pairs, we align the injection timescales and expand

the applicability of the method to accommodate ohmic energy barriers. We

consider the device characteristics of the ITO/PEDOT/PSS:PPDI:PBTT:Al

system and demonstrate the manner in which our model captures the device

charge densities unique to systems with small injection energy barriers. To

elucidate the defining characteristics of our model, we first demonstrate the

manner in which charge accumulation and band bending affects the shape and

placement of the various current-voltage regimes. We then discuss the influ-

ence of various model parameters upon the current-voltage characteristics.
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1.1.6 Exploiting the Combined Influence of Morphology and En-
ergy Cascades in Ternary Blend Organic Solar Cells Based
on Block Copolymer Additives

Under Review

In Chapter 4, we demonstrated that donor-b-acceptor block copolymer

compatibilizers can be utilized in donor-acceptor blends of conjugated ho-

mopolymer donors and PCBM acceptors to target equilibrium morphologies

containing the interconnected, cocontinuous structures that are desired for ef-

ficient bulk heterojunction devices. In this chapter, we utilize a combination

of morphology and device-level simulations to demonstrate that, by tuning

the photoelectronic properties of the block copolymer additives, the device

characteristics of such ternary blend systems can be made to outperform the

idealized morphologies envisioned in donor-acceptor systems. Explicitly, we

propose that, by appropriately choosing the HOMO and LUMO energy lev-

els of the block copolymer additives, an energy cascade can be exploited to

reduce charge recombination and increase fill factors. The resulting device per-

formance of such ternary blends reflect the combined influence of morphology

and energy cascades, and, in some instances, can outperform even the idealized

columnar morphologies proposed for bulk heterojunction devices. Together,

our results suggest that the use of block copolymer additives in ternary blend

systems may represent a unique strategy to exploit the combined influence of

photoelectronic properties and morphology on the device characteristics.
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Chapter 2

Influence of Block Copolymer Compatibilizers

on the Morphologies of Semiflexible

Polymer/Solvent Blends

The work presented in this chapter was adapted from [Dylan Kipp

and Venkat Ganesan. Influence of Block Copolymer Compatibilizers on the

Morphologies of Semiflexible Polymer/Solvent Blends. The Journal of Physical

Chemistry B, 2014, 118, (16), 4425-4441]. All work is an original contribution

by Dylan Kipp. Venkat Ganesan provided technical guidance and mentoring.

2.1 Introduction

Organic solar cells based on polymer/fullerene bulk heterojunction (BHJ)

morphologies constitute an emerging approach to a low cost, highly scalable

source of renewable energy [10, 166]. Yet, one of the major challenges limiting

the applicability of these solar cells is their lower device efficiencies relative

to their inorganic counterparts [34]. In this context, the mesoscale morphol-

ogy of the photoactive layer has been suggested to play an important role in

determining the efficiency of BHJ organic solar cells [97]. Many studies have

suggested that by tuning these morphologies to fit some “ideal” characteris-
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tics, performance characteristics comparable to inorganic photovoltaics can be

achieved [15, 18, 97, 112]. However, morphology optimization in organic mate-

rials remains a highly multidimensional problem, and the correlations between

structure and performance are, as of yet, poorly understood [47]. Further,

even in the event that an “ideal” morphology can be envisioned, identifying

the physiochemical characteristics of the organic system that lead to such a

morphology in BHJ devices remains an outstanding challenge.

When a conjugated polymer (electron donor) is blended with a fullerene

molecule (electron acceptor) to form the active layer of an organic solar cell, the

BHJ morphology formed is characterized by a bicontinuous, interpenetrating

network of donor and acceptor domains [47, 97]. The phase separation of

these films, which is governed by thermodynamics and significantly influenced

by kinetic effects, typically leads to polydisperse domain sizes on the order

of nanometers to tens of nanometers or greater [17, 97]. In other contexts,

we note that block copolymer (BCP) compatibilizers have long served as a

popular approach to control the equilibrium domain sizes and morphology in

flexible polymer blends [90, 104, 139, 156]. Indeed, by rationally selecting the

block ratio, molecular weight, and interactions of each block of the BCP with

the constituents of the host matrix, many studies have demonstrated that

significant control can be exercised on the domain sizes and morphologies of

polymer blend systems [86, 133, 173, 174]. These successes in flexible polymer

blends motivate the question whether a similar approach may be suitable for

morphological control in the kinds of semiflexible polymer/fullerene blends
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that typically constitute the active layer of organic solar cells.

In considering the morphologies formed by conjugated polymer/fullerene

blends, we note that the conjugation endows the polymeric units with a nat-

ural rigidity that is expected to have a significant effect on the morphologies

[58, 59, 79, 80]. For instance, experiments on melts of rod-coil BCPs have sug-

gested an extremely rich phase behavior arising from the interplay between

the liquid crystalline ordering of the rod-like units and the compositional mi-

crophase separation transition between the blocks [87]. Indeed, morphologies

such as layered smectic, bicontinuous cubic, hexagonal columnar, and “wavy”

and “zig-zag” lamella have all been achieved in experiments and in simulations

[85, 140–142, 145]. However, in comparison to the numerous studies in the

context of pure BCP melts, the morphologies of semiflexible polymer/solvent

blends , especially in the presence of BCP compatibilizers, have not yet been

studied.

Various Monte Carlo (MC) and molecular dynamics (MD) methods

have been developed to study the mesoscale morphologies of organic solar cells

(OSCs). For instance, Lee et al. [83], Huang et al. [53, 54, 146], Jankowski

et al. [57], and Lee et al. [81, 82] have developed and used explicit coarse-

graining of atomistic models to study BHJ blend films comprising poly(3-

hexylthiophene) (P3HT) and the methanofullerene derivative PCBM. Although

such methods provide valuable information, they are computationally expen-

sive and, therefore, are only typically used to study small length/time scales

and limited parameter spaces.
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However, a number of studies have suggested that it may be possible

to glean useful insights into the universal features of BHJ blend films at a

coarse-grained level by considering only the most relevant interactions govern-

ing the behavior of the polymeric materials on the mesoscopic scale [100, 177].

In this context, polymer self-consistent field theory (SCFT) has emerged as a

popular method that takes advantage of such coarse grained models to eluci-

date the equilibrium features of polymeric systems [88, 129, 164]. In the SCFT

method, the statistical features of an interacting system of polymer molecules

are modeled by considering an equivalent noninteracting system in the pres-

ence of psuedo-chemical potential fields, themselves determined from the spa-

tially inhomogeneous density distribution in a self-consistent manner. We have

demonstrated the use of SCFT to characterize the equilibrium morphologies

of conjugated block copolymers [129, 138, 150, 169] as well as the interfacial

properties of polymeric systems [66, 171]. By decoupling the two body inter-

molecular interactions and replacing them by interactions with the potential

fields, SCFT greatly reduces the required computations and allows for the

study of larger length scales and a wider range of parameter values. However,

the application of SCFT to BHJ blend films suffers from two broad limitations:

1.) SCFT methods do not capture field fluctuations, which are particularly

influential in determining the equilibrium morphologies of microemulsions and

blend mixtures containing solvent; 2.) the coarse-grained model of the conju-

gated, semiconducting polymer that constitutes the electron-donating phase

should include a bending potential that influences the polymer conformations.

15



However, incorporating semiflexibility in the SCFT method results in a frame-

work that requires the solution of a computationally expensive 5 dimensional

diffusion equation (3 space dimensions and 2 orientation dimensions) at every

timelike step [31, 60, 61, 161–163].

Single chain in mean field (SCMF) simulation is an alternative method-

ology that embeds the statistical features of an SCFT framework within a

Monte Carlo framework [20, 122, 134]. In such a methodology, the particle po-

sitions of an interacting system of molecules are evolved in a MC framework,

but, in a manner similar to the SCF approach, the interacting system is re-

placed by a noninteracting system under the influence of potential fields that

are determined from the component densities. SCMF is much better suited

for treating the kinds of blends used for OSC applications specifically because

it does indeed capture fluctuations and because it incorporates the bending

potential in a computationally efficient manner.

In this chapter, we utilize the SCMF method to study the equilibrium

morphologies of polymer:block copolymer:fullerene blends. The system we en-

vision is a mixture such as P3HT:P3HT-b-PS:PCBM, and as a coarse-grained

model of such a system, we consider a mixture of semiflexible homopolymer,

semiflexible-flexible block copolymer, and solvent. The semiflexible block of

the copolymer is considered to be chemically identical to the semiflexible ho-

mopolymer (although this assumption can be relaxed). Depending on the iden-

tities of the polymer and fullerene molecules, the size of the fullerene relative to

the size of the repeating unit of the polymer can vary, but the two are typically
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on a similar scale [97]. We coarse-grain the model homopolymer into a number

of segments that each incorporate many repeating units of the actual polymer

molecule, and we consider the model homopolymer segment to be the smallest

refinable scale. Hence, we can treat the fullerene component as a simple sol-

vent particle with volume equal to that of the homopolymer segment without

any loss of information. We include the enthalpic interactions between the

various components via a Flory-Huggins-like interaction and the orientational

interactions amongst the semiflexible segments via a Maier-Saupe interaction

[45]. While our model does not capture the crystalline nature of the polymer

components, it does capture the liquid crystallinity effects via the Maier-Saupe

interaction. In incorporating the liquid crystallinity of the semiflexible compo-

nents, the model can manifest the expulsion of solvent from the homopolymer

rich domains even when considering small florry-huggins-like interactions be-

tween the solvent and polymer components. This expulsion of solvent is similar

to what is seen in experiments for the case of growing P3HT crystals pushing

PCBM away from the growth fronts [97]. Hence, we believe that our model

is appropriate for use in treating mixtures such as P3HT:PCBM. In a recent

work by Daoulas and coworkers [32], the authors developed a coarse-grained

model of P3HT that incorporates two kinds of orientational interactions: one

that encapsulates the enthalpic π − π stacking interactions and another that

encapsulates the entropic conformational packing of side-chains. It is possible

that this level of treatment could lead to qualitative effects on the mesoscopic

length scales we address that are not captured by our model. However, two
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kinds of orientational interactions could also be incorporated in our model if

desired. The strength of our current method is that it considers a more general

model of the donor material, which depends on a smaller number of parame-

ters (namely the semiflexible chain rigidity and Maier-Saupe parameter) that

can more easily be fit to represent a host of donor materials.

In addition to scanning the composition space, we study the effects of

two additional coarse-grained parameters on the resulting equilibrium mor-

phologies, viz., the rigidity of the semiflexible chains and the composition of

the BCP. In our work, we identify which blend compositions and molecular

chemistries result in domain sizes on the order believed to be desirable for

high organic solar cell device performance [24, 154]. We consider each of these

different regimes and study the morphological characteristics, both qualitative

and quantitative, of the resulting structures (the quantitative characteristics

we study include the domain size, interfacial overlap, and interfacial width).

Specifically, we provide results characterizing the influence of the blend com-

position and the molecular chemistries on the morphological characteristics.

Some of the morphologies formed in the simulations exhibit character-

istics that typically indicate non-equilibrium behavior (e.g., the formation of

polydisperse domain sizes, lack of long range order at low block copolymer

blend compositions, etc.). However, truly equilibrium morphologies are diffi-

cult to achieve in simulations even when using the SCFT methods (especially

when modeling systems including semiflexible chains). To alleviate any con-

cerns, we have run multiple instances of each of the simulations, and the small
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spread in the resulting morphological quantities and qualitative features in-

dicate that the simulations are statistically significant. Therefore, we believe

that our morphologies capture the behavior likely to be seen in experiments.

The rest of this chapter is arranged in three sections. In Section 2.2, we

describe the coarse-grained model of the system, the resulting SCFT frame-

work, and the SCMF method for the equilibrium morphologies. We also de-

scribe the numerical details and the discretization scheme used to approximate

the quantitative characteristics of the resultant morphologies. In Section 2.3,

we first present the full ternary phase diagrams and identify the blends that

lead to morphologies with domain sizes on the order of 5 to 20 nm. We then

consider each morphology observed in the diagrams and address the qualita-

tive and quantitative characterstics of the morphology as a function of the

ternary composition space, the flexible block ratio, and the rigidity of the

semiflexible components. In Section 2.3.5, we develop guidelines for tuning

the blend composition and molecular chemistries to achieve desirable morpho-

logical characteristics. In Section 2.4, we summarize our findings and present

conclusions.

2.2 Model Details

2.2.1 Intramolecular Interactions

We wish to build a model suitable for treatment of the kinds of blends

typically used in photovoltaic applications. To that end, we model the conju-

gated polymer as a linear, semiflexible chain which includes a stretching po-

19



tential that captures chain connectivity and a bending potential that captures

chain semiflexibility. We model the semiflexible-flexible block copolymer with

similar intramolecular potentials. We explicitly model the fullerene molecule

as a solvent monomer with volume equal to that of the polymer monomers

(albeit, this equal volume assumption can be relaxed).

We discretize the contour of the linear, semiflexible homopolymer into

N segments. Similarly, we discretize the contour of the linear block copolymer

into N = NA+NB segments; the flexible A block comprises the first NA = fN

segments and the semiflexible B block comprises the second NB = (1 − f)N

segments, where f denotes the volume fraction of the flexible block of the

diblock copolymer. All segments along the length of a given polymer chain

are connected by a harmonic spring potential [44]:

HS =
κS
2

N−1∑

i=1

(∣∣Ri+1
α −Ri

α

∣∣− b
)
2, (2.1)

where Ri
α denotes the position of particle i of the αth chain, b denotes the

bond length, and κS denotes the spring constant. In this study, we consider

the simplest case and use a single bond length and spring constant to describe

all bonds, irrespective of whether they are present in the homopolymer or the

block copolymer. To account for polymer semiflexibility, a bending potential

is applied to all bonds of the homopolymer and B block chains [44]:

HB =
κB
2

N−2∑

i=N0

∣∣ui+1
α − ui

α

∣∣2 , (2.2)
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where ui
α = (Ri+1

α −Ri
α) /

∣∣Ri+1

α −Ri

α

∣∣ represents the ith unit bond vector

of the αth chain, κB is the bending rigidity, and N0 is the index of the first

semirigid bond vector of a given polymer (N0 = 1 for the homopolymer chains

while N0 = fN + 1 for the block copolymer chains). Again, we consider the

most simple case and use a single bending rigidity to describe all semirigid

bonds. In the continuum semiflexible limit, the bending rigidity is related to

the persistence length by LP = κBb/kBT (we report results with reference to

this persistence length).

2.2.2 Intermolecular Interactions

We modify the SCFT framework developed in previous articles [77, 138,

148] to include semiflexible homopolymer and solvent in addition to the previ-

ously studied semiflexible-flexible diblock copolymer. We consider the case in

which the B block is chemically identical to the homopolymer. We treat the en-

thalpic interactions between flexible A block segments (labeled with subscript

’A’), semiflexible B block and homopolymer bonds (labeled with subscript

’B’), and solvent particles (labeled with subscript ’S’) via Flory-Huggins-like

interactions that drive compositional segregation (χij represents the strength

of i− j interactions) [29]. We also capture the liquid crystalline nature of the

semiflexible chains via attractive orientational interactions in the form of a

Maier-Saupe potential that favors the formation of parallel orientation of the

B units (µ represents the strength of orientational interactions) [45]. Finally,

we enforce the incompressibility of the system through the incorporation of
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a potential that penalizes deviation of the cumulative local density from the

overall blend density ( κC is the inverse compressibility of the mixture) [20].

In decoupling the quadratic enthalpic and orientational interactions

within a SCFT framework, five fluctuating chemical potential fields emerge.

Application of the SCFT framework for the saddle point values of the potential

fields leads to the following set of coupled equations [138]:

wA(r) = χABN
(
φB(r)− φB

)
+ χASN

(
φS(r)− φS

)
, (2.3)

wB(r) = χABN
(
φA(r)− φA

)
+ χBSN

(
φS(r)− φs

)
, (2.4)

wS(r) = χASN
(
φA(r)− φA

)
+ χBSN

(
φB(r)− φB

)
, (2.5)

M(r) = µNS(r), (2.6)

π(r) = κCN (φA(r) + φB(r) + φS(r)− 1) , (2.7)

where φi(r) and φi represent the local and overall blend volume fraction of the

ith component and S(r) is the orientational order parameter describing the

semiflexible B units.
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2.2.3 SCMF Simulations

The SCMF framework embeds the statistical features of the SCFT

framework into a Monte Carlo method [19, 20, 52, 55]. In practice, the mutual

intermolecular interactions between segments are decoupled and replaced in-

stead by the interactions of the segments with psuedo chemical potential fields.

As a consequence of SCFT, such fields are to be determined in a self-consistent

manner through their relationship to the inhomogeneous composition and ori-

entation order parameter fields. Simple translational MC moves are selected at

random for each segment and accepted according to the Metropolis criterion,

pacc = min[1, e−∆HS−∆HB−∆wA−∆wB−∆wS−∆M−∆π] [20]. In our simulations, we

update the psuedo chemical potential fields after every MC Step (MCS) [20].

2.2.4 Numerical Details

We used the SCMF framework detailed above to explore the morpholo-

gies of mixtures spanning the entire homopolymer:BCP:solvent composition

space. For the sake of computational and analytical tractability, we utilized

two-dimensional variation of the composition and orientation order parameter

fields (although the positions of the molecules are evolved in three dimensions).

The particle-to-mesh scheme utilized is one in which each coarse-grained par-

ticle/bond interacts with its 4 nearest neighbor grid points. We employed

cubic box sizes with box lengths (Λ) in the range of Λ = 8 Rg to Λ = 24 Rg,

where Rg2 = Nb2/6 stands for the unperturbed radius of gyration of a Gaus-

sian chain containing N segments. For all box sizes, we model at least 40,000
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particles, which leads to a total segment density in the range of 70 to 640

segments per Rg2. In all cases, we selected N = 20 and κS = 100kBT/b
2. To

account for the possible presence of metastable states and kinetic trappings,

we evolved different randomly oriented initial configurations for each param-

eter combination. We also simulated a range of box sizes so as to minimize

effects arising from possible mismatch between the box size and the period of

different morphologies.

We chose the various interaction parameters (χij and µ) such that they

were in proportion to a parameter χ (χ > 0). We selected χBS = χAB = χ to

establish incompatibility between the semiflexible chains and solvent particles,

and between the semiflexible chains and the flexible block of the BCP. We

selected χAS = 0.3χ to establish the relative compatibility between the flexible

block of the BCP and the solvent particles. Finally, we selected µ = −4χ to

focus on blends with strong orientational interactions. We set κC = 20 to

ensure that the system did not collapse within the range of χ values explored.

We ran a series of numerical experiments spanning the parameter space

of composition, semiflexible chain rigidity, and flexible block ratio. In each sim-

ulation, we evolve the system from χstart = 0.1 to χend = 2.5 in increments of

χinc = 0.1. We run 2×105 MCS’s at every χ in order to ensure that the system

has equilibrated. Further, we run 5 different starting configurations for each

parameter set in order to establish statistical measure on the morphological

quantities of interest (see Section 2.2.5).

For the sake of calculating the potential fields, we discretize the simu-
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lation box into a simple square grid with cell size ∆L. The box volume V is

divided into Ngrid = V
Λ(∆L)2

grid points. The unit densities and orientational

order parameters at each grid point are calculated from the unit coordinates:

φα,m =





1
∆L2ρoΛ

∑nBCP+nH

i=1

∑N
s=1 γα(s)Γ(ri(s), gm), α = B

1
∆L2ρoΛ

∑nBCP

i=1

∑fN
s=1 Γ(ri(s), gm), α = A

1
∆L2ρoΛ

∑nS

i=1 Γ(r(i), gm), α = S,

(2.8)

Sm =
1

∆L2ρoΛ

nBCP+nH∑

i=1

N∑

s=1

γB(s)Γ(ri(s), gm)[ui(s)ui(s)−
I

3
], (2.9)

where ni is the molecule (i = BCP or H) or particle (i = S) count, ρo =

nHN+nBCPN+ns

V
denotes the segment number density, gm is the position of the

mth grid point, and ri(s) is the position of the sth segment of the ith polymer

chain (r(i) is the position of the ith solvent particle), and ui(s) is the sth

bond vector of the ith polymer chain. Corresponding discretized potential

fields (wA,m(r), wB,m(r), wS,m(r), Mm(r), πm(r)) are calculated in turn from

the values φα,m and Sm using Equations 2.3-2.7. In the above, γα(s) = 1 if

the sth segment is of type α and γα(s) = 0 otherwise. Γ(ri(s), gm) is the

characteristic function of the grid and is calculated as

Γ(ri(s), gm) =

{∣∣∣1− gxm−rxi (s)

∆L

∣∣∣
∣∣∣1− gym−ryi (s)

∆L

∣∣∣ ,
∣∣∣g

x
m−rxi (s)

∆L

∣∣∣ < 1&
∣∣∣g

y
m−ryi (s)

∆L

∣∣∣ < 1

0, Otherwise
,

(2.10)

where the superscripts x and y indicate the 2 directional components of the

grid point and unit positions.
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2.2.5 Quantitative Morphological Characteristics

Organic photovoltaics invoke a number of photoelectrical processes that

determine their overall efficiency. In order to dissociate into an electron and

hole, a newly photogenerated exciton must find contact between the donor and

acceptor materials within a distance commensurate with the exciton diffusion

length [154]. Once dissociated, the interfacially bound electron and hole pair

is subjected to the competition between geminate recombination and pair sep-

aration to free charges [35, 182]. Free charges migrate to the electrodes unless

they become trapped in a morphological bottleneck, in which case they buildup

and recombine with an opposite charge via nongeminate recombination [137].

In order to evaluate the morphologies resulting in our simulations in

the framework of the photovoltaic process described above, we calculate the

domain size, interfacial overlap, and interfacial width to characterize the mor-

phologies. The effects of the morphological quantities on the photovoltaic

process are coupled. For instance, either a small donor domain size or a large

degree of acceptor/donor overlap is required to ensure a high exciton dissoci-

ation efficiency [17]. Further, high acceptor/donor overlap promotes exciton

dissociation, but also reduces hole mobility in the donor domain, which can

lead to an increase in charge recombination. Presently, the connections be-

tween the morphological features and the photovoltaic processes are not com-

pletely understood. Therefore, we assess the morphological features resulting

in our simulations on a qualitative basis (see Section 2.3.5) and, in some in-

stances, compare the features to quantitative rules of thumb (e.g. the optimal
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domain size is believed to be on the order of 5-20 nm) [97, 154].

To calculate the morphological quantities, we divide the simulation box

into equal-sized squares of area, a = (∆L)2. We compute the parameter,

λm =
φB,m

φA,m + φB,m + φS,m
, (2.11)

where m denotes the grid point number. A square is assigned as a donor

phase if λm < 0.5 and as an acceptor phase otherwise. Subsequently, we use

the Hoshen-Kopelman algorithm [48] to identify and count the domains in our

morphologies. We also count the number of square-square interfaces between

the acceptor and donor domains, which we use to calculate the interfacial

circumference. We report the interfacial circumference in a per system area

(CInt/Λ
2) basis to characterize our morphologies.

In the simulation results discussed later, we demonstrate the formation

of cylindrical morphologies. To characterize the size of such structures, we

assume that the cylindrical domain is perfectly round. By combining the

equations for the area and circumference of a circle, we arrive at the following

expression for the individual cylinder domain size:

Dcyl =
4Acyl

Ccyl

, (2.12)

where Acyl =
∑ηcyl

i=1 ∆L
2 is the area of the cylinder domain and Ccyl =

∑ηint

i=1 ∆L

is the circumference of the cylinder domain. ηcyl denotes the number of squares
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belonging to a single cylinder domain and ηint denotes the number of square-

square interfaces between the cylinder domain and the surrounding continuous

domain. The discretization of domains into squares can potentially result in

jagged edges, high ηint values, and artificially low cylinder domain sizes. With

exceptions for this discretization error, Equation 2.12 approximates a smaller

domain size for highly elongated cylinders (higher Ccyl) vs more perfectly cir-

cular cylinders (lower Ccyl) of the same Acyl, reflecting that elongated cylinders

have a smaller domain size at their smallest width. Using Equation 2.12, we

calculate a distribution of cylinder domain sizes as well as the area-averaged

cylinder domain size, 〈Dcyl〉, representing the collection of individual cylinder

domains of a given morphology.

For a collection of monodisperse cylinders, an approximation for the

continuous domain size can be calculated assuming that the cylinders are or-

ganized on a regularly spaced square grid (a better approximation than the

one we describe here could also be envisioned using, for instance, Voronoi tes-

sellations [3]). In such a geometry, the shortest distance between neighboring

cylinders is

Dcont =
Λ

√
νcyl

−Dcyl, (2.13)

where νcyl is the number of cylinders in the simulation box. More realistically,

the cylinders of our simulations are often quite polydisperse. We find that

we can best approximate the continuous domain size surrounding our cylinder

domains using an averaged quantity derived from the monodisperse case:
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〈Dcont〉 =

∑νcyl
i=1


 Λ

√

4Acyl,tot

πD2

cyl,i

−Dcyl,i




νcyl
, (2.14)

where Acyl,tot is the sum total area of all cylinder domains. 〈Dcont〉 is the linear

average of continuous domain sizes each calculated assuming that the sum of

νcyl cylinder areas are divided into monodisperse cylinders with domain size

equal to each value in the simulation distribution of cylinder domain sizes. We

report 〈Dcont〉 to characterize our cylinder morphologies.

In simulations where a lamella morphology is formed, we approximate

the donor and acceptor lamella domain sizes assuming that the entire donor

and acceptor areas are organized into regularly spaced, alternating, semi-

infinite sheets. The width of such a domain is easily calculated as

Dlam =
2Alam

Clam
, (2.15)

where Alamand Clam are the total area and interfacial circumference of either

the acceptor or donor domains. We report the donor domain size (Ddon) and

the acceptor domain size (Dacc) calculating using Equation 2.15 to characterize

our lamella morphologies.

To characterize the interfacial area between donors and acceptors, we

calculate a simple interfacial overlap parameter as

ψij(m) = φi,mφj,m. (2.16)
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ψij(m) is the interfacial overlap parameter between components i and j at

grid point m. We report the linear average (over all grid points of either the

donor or acceptor domains) acceptor-donor overlap parameters to characterize

our cylinder (〈ψcyl,AD〉 and 〈ψcont,AD〉) and lamella (〈ψdon,AD〉 and 〈ψacc,AD〉)

morphologies.

In our simulations, we observe that the BCP segregates to the interface

between the acceptor and donor domains such that the flexible block is in the

acceptor domain and the semiflexible block is in the donor domain. We can

envision two scenarios for the identity of the flexible block. In the first, the

flexible block is a nonconducting material (such as polystyrene). In this case,

the flexible block would insulate the acceptor domains, thereby decreasing the

exciton dissociation efficiency and the electron mobility. Hence, there would

be a motivation to minimize the composition of the flexible block in the BCP

and the overall amount of BCP in the blend.

In the second scenario, the flexible polymer block could be doped with

heteroatoms in order to create a second acceptor material [143]. In this case,

exciton dissociation and electron hopping would occur also along the flexible

polymer chains. We speculate that for morphologies characterized by small

acceptor-donor overlap, exciton dissociation might occur more favorably at

the diblock copolymer AB links (which may act as a molecular bridge between

domains). Exciton migration from the bulk of the donor domains to the AB

link and charge migration (after exciton dissociation) back to the bulk of the

donor and acceptor domains would necessarily include transfer events between
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the homopolymer and donor copolymer block as well as between the fullerenes

and acceptor copolymer block. Therefore, increased homopolymer-B block

contact in the donor domains and solvent-A block contact in the acceptor

domains might be desirable to maximize exciton dissociation and limit charge

recombination in the case of electron-accepting flexible chains.

Motivated by the above considerations, we report the linear average

solvent-A block overlap parameters (〈ψcyl,SA〉, 〈ψcont,SA〉, and 〈ψacc,SA〉) and

homopolymer-B block overlap parameters (〈ψcyl,HB〉, 〈ψcont,HB〉, and 〈ψdon,HB〉)

to characterize our morphologies. In general, the solvent-A block contact and

homopolymer-B block contact demonstrate more interesting behaviors than

does the acceptor-donor contact within either domain.

We also study the interfacial widths (δ) between the solvent and A

block chains in the acceptor domains and between the homopolymer and B

block chains in the donor domains. As was the case for the domain sizes, the

interfacial widths can be estimated from the discretization of the simulation

box into squares. The area of an interface between components i and j situated

inside a cylinder domain (Ξcyl,ij) can be calculated as

Ξcyl,ij =

ηcyl∑

m=1

ϕij(m)∆L2, (2.17)

where ϕij(m) = 1 if φi,mφj,m > 0.05 and ϕij(m) = 0 otherwise. We select

φi,mφj,m = 0.05 as the minimum value required to indicate interfacial area

between components i and j. Similar expressions can be used to calculate the
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area of an interface in the continuous (Ξcont,ij) and lamella (Ξlam,ij) domains.

From this point forward, we drop the indices i and j in order to avoid notational

clutter (all interfacial quantities are implied to exist between components i and

j).

Again assuming that the cylinder domains are perfectly circular, the

interfacial width (δcyl) inside a cylinder is now easily calculated as the solution

to the quadratic expression:

(
πD2

cyl

4Acyl

)
(Acyl − Ξcyl) = π

(
Dcyl

2
− δcyl

)
2. (2.18)

To derive Equation 2.18, we assume an annular interfacial area that spans

from the circumference of the cylinder towards the center of the cylinder (any

lost interfacial area is assumed to lie in the center of the cylinder). The

term
πD2

cyl

4Acyl
is a correction factor used to modify the expression to account

for the discretization error in the calculation of Dcyl (
πD2

cyl

4Acyl
= 1.0 in cases

free of discretization error). The quantity δcyl has the desired limits; namely

that it falls in the range of 0 ≤ δcyl ≤ Dcyl

2
corresponding to the range of

0 ≤ Ξcyl ≤ Acyl. Therefore, we report the area-averaged cylinder interfacial

width per domain size, <
δcyl
Dcyl

>, to characterize our cylinder morphologies.

When the continuous phase is very densely packed with cylinders, it

is difficult to identify what area of interface should belong to the outside of

each cylinder domain. Therefore, we alot the continuous phase interfacial

width to the individual cylinders on a cylinder-area basis. Then we calculate
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the outside interfacial width (δout,ij) for each cylinder as the solution to the

quadratic expression:

(
πD2

cyl

4Acyl

)(
Acyl + Ξcont

(
Acyl

Acyl,tot

))
= π

(
Dcyl

2
+ δout

)2

. (2.19)

To derive Equation 2.19, we assume an annular interfacial area that spans from

the perimeter of each cylinder towards the bulk of the continuous phase. We

would like to compare the outside interfacial width not to the cylinder domain

size, but to the continuous domain size of a given morphology. Therefore,

we utilize the following expression to calculate a continuous domain bulk size

(by bulk, we mean the area without overlap between components i and j)

corresponding to the outside interfacial width of each cylinder:

Dbulk =
Λ√

4(Acyl,tot+Ξcyl,tot)
π(Dcyl+2δout)2

−Dcyl − 2δout. (2.20)

Dbulk is the size of the bulk of the continuous domain in a morphology of

monodisperse cylinders with diameter Dcyl and outside interfacial width δout.

Finally, we calculate a continuous domain interfacial width (δcont) for the same

morphology of monodisperse cylinders:

δcont =

Λ
√

4Acyl,tot

πD2

cyl

−Dcyl −Dbulk

2
. (2.21)
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We report the linear average continuous interfacial width per domain size,
〈

δcont

Dcont

〉
, to characterize our cylinder morphologies. Unlike the correspond-

ing quantity for the cylinder domains,
〈

δcont

Dcont

〉
can rise to values above 0.5,

indicating in our simulations that the shortest distance between neighboring

cylinders is entirely occupied by interface, and that the interface is spreading

into the bulk of the continuous domain.

Using the same assumptions described as for the lamella domain size

derivation, the interfacial width for lamella domains (δlam) is

δlam =
Ξlam

Clam
. (2.22)

2.3 Results and Discussion

In Figure 2.1, we present the ternary phase diagrams for 3 different

values of Lp/L and 3 different values of f . Our three Lp/L values span the

range from fully flexible (Lp/L = 0.05) to fully rod-like (Lp/L = 1.0) chains.

Similarly, our three f values span the composition range of the diblock copoly-

mer. Interestingly, we see that the compositional phase boundaries appear to

depend heavily on f , but only weakly on the semiflexible chain rigidity. Based

on our simulations, we identified each mixture as belonging to one of five

broadly-defined morphologies: 1.) donor cylinders suspended in a continuous

acceptor domain, 2.) acceptor cylinders suspended in a continuous donor do-

main, 3.) lamellae, 4.) macroscopic phase separation, 5.) homopolymer and
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BCP cylinders suspended in a continuous solvent domain. We considered the

mixture to macrophase separate if the mixture separates into 2 domains or

less. Due to the likely nonequilibrium nature of the resulting structures, we

do not characterize the morphological features of such macrophase separated

systems.

The phases indicated in the ternary diagrams are for χ = 2.5. However,

in most cases, we do not observe multiple phase transitions with increasing χ

(i.e., the phases indicated are representative of all χ’s above the composi-

tional order-disorder transition). The few cases that do transition through

multiple phases (for example, from disordered to cylinders to lamella) with

increasing χ include small semiflexible chain rigidities and blend compositions

approaching the compositional phase boundary between the donor cylinders

in acceptor and the lamella. For instance, we observe that for Lp/L = 0.05

and f = 0.25, the blend compositions of φHomo/φBCP/φSolv = 0.1/0.45/0.45

and φHomo/φBCP/φSolv = 0.0/0.5/0.5 transition from disordered to lamella to

donor cylinders in acceptor as χ increases.

The current BHJ paradigm pictures an “ideal” morphology involving

a bicontinuous, interpenetrating network of donor and acceptor domains with

size on the order of the exciton diffusion length, but greater than the Coulomb

capture radius [47, 97]. Although many studies have suggested that the opti-

mal domain size lies somewhere in the range of 5-20 nm [97, 154], the effects

of the domain size, interfacial overlap, and orientational ordering on the pho-

tovoltaic processes are coupled, and recent experiments indicate that the best

35



(1A) 

(1B) 

(2A) 

(2B) 

(3A) 

(3B) 

(3C) 

Figure 2.1: Phase diagrams from 2D SCMF simulations: (1A) Lp/L = 0.05,
f = 0.75; (1B) Lp/L = 0.5 and Lp/L = 1.0, f = 0.75; (2A) Lp/L = 0.05,
f = 0.25; (2B) Lp/L = 0.5 and Lp/L = 1.0, f = 0.25; (3A) Lp/L = 0.05,
f = 0.5; (3B) Lp/L = 0.5, f = 0.5; (3C) Lp/L = 1.0, f = 0.5. Homopolymer
concentration runs from the bottom left (φHomo = 0.0) to the top middle
(φHomo = 1.0). BCP concentration runs from the top middle to the bottom
right. Solvent concentration runs from the bottom right to the bottom left. In
each diagram, the phases indicated are for χ = 2.5. The lines are provided to
guide the eye; they do not represent true phase boundaries. The dotted lines
partition the diagrams into different phases. All cases within the solid lines
result in domain sizes within the range of 1.9Rg < 〈D〉 < 7.4 Rg over a large
range of χ’s.
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morphologies may be characterized by a hierarchy of compositionally pure,

smaller domains suspended in compositionally mixed, larger domains [17, 97].

For the purposes of this work, we have identified the various blend regimes with

equilibrium domain sizes on the order of 1.9 − 7.4 Rg. For a P3HT molecule

with molecular weight of 50 kg/mol, this range on the domain size corresponds

to an absolute range of 5− 20 nm [83]. We find at least one of these so-called

’target regimes’ in each of the morphology types (1) - (3) seen in the phase

diagrams and listed above.

Similar to the compositional phase boundaries, the compositional target

regime boundaries depend heavily on f and, to a lesser extent, on Lp/L. Most

notably, only a very small target regime is observed in the case of f = 0.75

(see Figures 2.1-1A and 2.1-1B), since a large number of the blend composi-

tions with f = 0.75 result in so-called ’Homopolymer and BCP Cylinders in

Acceptor’ morphology type. For this type of morphology, we observe a single

homopolymer domain (indicating macroscopic phase separation) and a second

domain of BCP cylinders suspended in solvent. These results indicate that the

donor domain size could be quite large for these blends, as the homopolymer

phase separates to a single domain. In the cases of f = 0.5 and f = 0.25, the

range of blend compositions that meet the target domain size is much larger,

and a number of the target regimes grow with increases in Lp/L (e.g., compare

the target regimes in Figures 2.1-2A and 2.1-2B).

We observe, further, that the target regimes are typically located in

the bottom left and top right of the phase diagrams (i.e., in the vicinity of
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small to intermediate φBCP with φHomo 6= φSolv) and that the bulk of the blend

compositions with domain sizes outside of the target range are typically located

near the compositional phase boundaries. In the vicinity of φHomo = φSolv and

small φBCP , we observe that, in comparison to the target domain size, the

cylinder domains are too large. However, as we increase φBCP at a constant

φHomo/φSolv ratio, we transition instead to a condition in which the continuous

domains are too small. At high values of φBCP , this second condition effects

even those blend compositions with high and low φHomo/φSolv ratios.

Of course, the compositional target regime boundaries depend also on

the polymer molecular weight, and the selection of the polymer molecular

weight could be used as a strategy for moving/expanding the various target

regimes. However, we note that the two limits of cylinder domains that are too

large and continuous domains that are too small both depend on the selection

of Rg. So if one increases the molecular weight of the polymer chain to increase

the size of the continuous domain, this would lead to the limit of cylinder

domain sizes that are instead too large. If, instead, one decreases the molecular

weight of the polymer chain to decrease the size of the cylinder domain, it may

lead to a continuous domain that is too small. The two scenarios in which one

can effectively use the polymer molecular weight to achieve the target domain

size are the cases corresponding to lamallae (at any blend composition) and

cylinder morphologies with either φHomo = 0.0 or φSolv = 0.0. In such cases

that are indicated as outside of the target regimes in Figure 2.1, the size of

either the cylinder or one of the lamella domains is too small and can be
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increased by increasing the molecular weight of the polymer chain (without

concomitantly increasing the size of the opposite domain to too large a size).

In the following three sections, we focus on elucidating the characteris-

tics of the morphology types (1) - (3) as well as how the characteristics depend

on the component immiscibility, semiflexible chain rigidity, flexible block ra-

tio, and blend composition. In Section 2.3.5, we utilize the insights gleaned

from these parameter studies to develop overall guidance on how to tune the

blend composition and molecular chemistries to target specific morphological

features within the various target regimes identified above.

2.3.1 Acceptor Cylinders Suspended in Donor

Qualitative Morphological Characteristics and Morphology Evolu-
tion with Increasing χ

In the homopolymer rich regions of the composition space and for

f = 0.5 and f = 0.25, we observe cylindrical acceptor domains suspended

in a continuous donor domain. In Figure 2.2, we illustrate the qualitative

morphological characteristics of the acceptor cylinders and the morphological

changes that take place as the rigidity of the semiflexible chains increases. We

observe that increasing the bending rigidity causes the cylinders to transition

from rounded circles (Figure 2.2A1) to elongated arrowheads (Figure 2.2B1).

The individual arrowhead cylinders line up and connect in rows. The AB links

congregate along the length and away from the ends of each cylinder (Figure

2.2B2). The B block chains stretch out past the ends of the cylinders where

they pack together in the intercylinder area (Figure 2.2B3).

39



(A1) (B1) 

(B2) (B3) 

Figure 2.2: Differentiating qualitative morphological characteristics of accep-
tor cylinders suspended in donor at low and high rigidity. All pictures are from
the base parameter combination: φHomo/φBCP/φSolv = 0.8/0.1/0.1, f = 0.25.
The alphabetical categories identify the differentiating parameter combina-
tions: (A) Lp/L = 0.05, χ = 2.0; (B) Lp/L = 1.0, χ = 1.6. The numerical
categories identify the field plotted: (1) distribution of B block links; (2) dis-
tribution of AB links; (3) distribution of chain-terminating B block links. In
this figure, as well as in all other figures illustrating compositional fields, the
colorbars indicate the range of densities for all pictures within a given row.
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Figure 2.3: Morphological characteristics of acceptor cylinders suspended in
donor at high rigidity. All data are from the base parameter combination:
φHomo/φBCP/φSolv = 0.8/0.1/0.1, Lp/L = 1.0, f = 0.25. (A) and (B) plot
the distribution of solvent particles and the distribution of A block links, re-
spectively. The numerical categories identify the χ value: (1) χ = 1.0; (2)
χ = 1.3; (3) χ = 1.8. (C), (D), and (E) are the quantitative morphological
characteristics. Error bars indicate 1 standard deviation from the mean.
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We now use Figure 2.3 to discuss the evolution of the acceptor cylinders

with increasing χ in the case of high semiflexible chain rigidity (Lp/L = 1.0).

Figures 2.3A-B illustrate the morphological characteristics representative of

different regions along the χ range, and Figures 2.3C-E summarize the man-

ner in which the quantitative characteristics change with increasing χ. For the

parameter combination selected in this set of experiments, the orientational

order-disorder transition (ODT) separating the orientationally disordered and

ordered states occurs at χ = 0.3. At χ = 0.9, small acceptor cylinders emerge.

We display results for the morphological characteristics for χ’s above this pri-

mary compositional ODT separating the homogeneous and phase-separated

states. In this case, the primary compositional ODT drives the phase separa-

tion of solvent away from the homopolymer and B block links.

Increasing χ leads to larger cylinders and decreased acceptor-donor

overlap. In the range of 0.9 < χ < 1.3, the cylinders grow (compare Figures

2.3A1 to 2.3A2) as a result of solvent redistribution from the continuous do-

main to the cylinder domains. At χ = 1.3, a secondary compositional ODT

occurs that promotes the phase separation of solvent away from the A block

segments. Accordingly, and in contrast to the behavior observed at low χ,

further increases in χ in the range of χ > 1.3 leads to the redistribution of

solvent from both the continuous domain and the smallest cylinders to the

largest cylinders (hence driving the cylinder size polydispersity seen in Figure

2.3A3). The solvent redistribution from the smallest cylinders to the largest

cylinders occurs in order to minimize contact between the A block and solvent
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segments. At χ = 1.7, the largest of the acceptor cylinders have reached a

critical domain size (at this size, the A block chains no longer reach to the

very center of the cylinders). Beyond this χ, the solvent completely phase

separates to a single component solvent domain at the center of the largest

cylinders where they experience no enthalpic penalty arising from contact with

the A block segments (Fig. 2.3B3).

In our simulations, the size of the continuous domain shrinks when

the cylinder domains grow in area or in number. Accordingly, increasing χ

initially (over the range of 0.9 < χ < 1.3) results in a significant decrease in the

continuous domain size due to growth of the cylinder areas, but subsequently

(over the range of 1.3 < χ < 2.5) results in a much smaller decrease in the

continuous domain size as some cylinders grow while others shrink or combine.

Increasing χ leads to an increase in the interfacial circumference per system

area up until χ = 1.7, beyond which it decreases. In general, we note that the

interfacial circumference per system area shows trends opposite those displayed

by the size of the continuous domain.

More generally, each of the transitions occurring in the evolution of

the acceptor cylinders is indicated by an associated change in the evolution

of the morphological quantities. For instance, the transition from the first to

the second cylinder growth mechanism occurs at the χ value corresponding

to the maximum in the 〈ψcyl,SA〉 curve; solvent-A block contact increases as

the cylinders swell uniformly and then subsequently decreases as the solvent

concentrates at the center of the largest cylinders. The reduction in interfacial
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width in the cylinder domains (δcyl) with increasing χ in the range of 1.0 < χ <

1.7 occurs at the perimeter of the cylinders and is due to interfacial stretching

as the cylinders swell with solvent. The sharp change in slope at χ = 1.7

demarks the point where a single component solvent phase begins to form in

the center of the largest cylinders.

Effects of Changing Lp/L, f , and the Blend Composition on the
Quantitative Morphological Characteristics

Increasing the rigidity of the semiflexible chain leads to a decrease in

both the compositional and orientational ODTs (the orientational ODT oc-

curs at χ = 1.8 and χ = 0.3 in the case of Lp/L = 0.05 and Lp/L = 1.0

respectively), but otherwise has only a small effect on most of the morpholog-

ical quantities. In Figure 2.4A, we display the 〈Dcyl〉 and the 〈δcyl/Dcyl〉 as a

function of χ for three values of Lp/L. In the simulation results, we observe

that increasing Lp/L results in interfacial thinning at the ends of the cylinders

(where the AB link density is decreased) and interfacial thickening at the cen-

ter of the cylinders (where the AB link density is increased). Since the phase

separation of the solvent from the A block at the center of the cylinders is the

mechanism underlying cylinder growth at higher χ’s, the preceding results are

consistent with the changes in the cylinder domain sizes with changing kB.

For instance in the case of Lp/L = 0.05, the sudden transition at the center of

the cylinders manifests in a step change in the 〈Dcyl〉 curve at χ = 2.1.

Increasing the volume fraction of the flexible block of the diblock copoly-
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Figure 2.4: Quantitative morphological characteristics of acceptor cylinders
suspended in donor for (A) different semiflexible chain rigidities and (B-C)
different semiflexible block ratios. All data are from the blend composition
φHomo/φBCP/φSolv = 0.8/0.1/0.1. In (A), f = 0.25, 〈Dcyl〉 is indicated by solid
points, and 〈δcyl/Dcyl〉 is indicated by open points connected by lines. Lp/L =
1.0 for (B-C). In (B), 〈ψcyl,SA〉 is indicated by solid points and 〈ψcont,HB〉 is
indicated by open points connected by lines whereas in (C), 〈Dcyl〉 is indicated
by solid points and 〈Dcont〉 is indicated by open points connected by lines.
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mer leads to an increase in solvent-A block contact in the cylinder domains

and a decrease in homopolymer-B block contact in the continuous domain (see

Figure 2.4B). Also, increasing f leads to an increased number of cylinder com-

binations with increasing χ at low χ values. As a result, we observe smaller

cylinder domain number densities as well as larger continuous domain sizes

(compare the two cases presented in Figure 2.4C). Acceptor cylinders in cases

with high f values grow at a smaller slope with increasing χ, especially at

high χ’s where the larger length of the A block chains and the smaller cylinder

domain number densities limit solvent redistribution from the smaller to the

larger cylinders. The effect of the larger A block chains is so strong that, in

our simulations, we never observe the solvent to phase separate from the A

block chains at the center of the largest cylinders in the case of f = 0.5.

In our simulations, we observe that changing the blend composition

leads to more significant changes to the morphological quantities than does ei-

ther increasing the rigidity of the semiflexible chains or the flexible block ratio.

Using Figure 2.5, we illustrate the manner in which select morphological quan-

tities change as we move across the composition space. We performed studies

where the solvent concentration was increased at a constant BCP concentra-

tion (Figures 2.5A and 2.5B) and where the BCP concentration was increased

at a constant solvent concentration (Figures 2.5C and 2.5D). We observe that

decreasing the homopolymer concentration (regardless of the protocol) results

in smaller continuous domain sizes and an associated increase in both inter-

facial circumference per system area and continuous domain homopolymer-B
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Figure 2.5: Quantitative morphological characteristics of acceptor cylinders
suspended in donor at varying blend compositions. In (A) and (B), we vary
the solvent composition at a constant BCP composition while in (C) and (D),
we vary the BCP composition at a constant solvent composition. (A) and
(C) are the domain size curves; 〈Dcyl〉 is indicated by solid points and 〈Dcont〉
is indicated by open points connected by lines. (B) and (D) are the interfa-
cial overlap parameters; 〈ψcyl,SA〉 is indicated by solid points and 〈ψcont,HB〉
is indicated by open points connected by lines. All data are from the base
parameter combination: Lp/L = 1.0, f = 0.25. The plot legends indicate the
blend compositions.
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block contact. However, the mechanisms underlying such changes are some-

what distinct and are discussed below.

Increasing the solvent concentration results in larger cylinder domains

that transition more rapidly with changing χ. We see evidence of such behavior

in the 〈Dcyl〉 curves (which exhibit steeper slopes at low χ in cases where φSolv

is high), and in the 〈ψcyl,SA〉 curves (which peak at lower χ values in cases

where φSolv is high). As increasing the solvent concentration results in cylinder

domains that are more swollen with solvent, solvent-A block contact within the

cylinders (as measured by both the 〈ψcyl,SA〉 and the 〈δcyl/Dcyl〉) is reduced for

all χ values. In contrast, increasing the BCP concentration results in a larger

domain number density of cylinders that transition less rapidly with changing

χ. Cylinders formed from high BCP blends experience packing effects that do

not manifest for low BCP blends, and so cylinders from high BCP blends are

shortened with thicker widths and more rounded ends. Increasing the BCP

concentration increases the rate of cylinder combinations with increasing χ

at low χ values, thus again explaining the plateau in the 〈Dcont〉 curve for

high BCP blends. Of the two compositional handles, it is clear that the BCP

concentration is more effective for control on homopolymer-B block contact in

the continuous domain.
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(A1) 

Figure 2.6: Differentiating qualitative morphological characteristics of donor
cylinders suspended in acceptor at low and high rigidity. All pictures are
from the base parameter combination: φHomo/φBCP/φSolv = 0.1/0.45/0.45,
f = 0.5. The alphabetical categories identify the differentiating parameter
combinations: (A) Lp/L = 0.05, χ = 2.1; (B) Lp/L = 1.0, χ = 1.6. The
numerical categories identify the field plotted: (1) distribution of AB links;
(2) distribution of chain-terminating B block links; (3) distribution of chain-
terminating homopolymer links.

2.3.2 Donor Cylinders Suspended in Acceptor

Qualitative Morphological Characteristics and Morphology Evolu-
tion with Increasing χ

In the solvent rich regions of the composition space and for each of

the three flexible block ratios explored, we observe cylindrical donor domains

suspended in a continuous acceptor domain. In Figure 2.6, we illustrate the

qualitative morphological characteristics of the donor cylinders and the manner

in which the morphologies change as we increase the rigidity of the semiflexible

chains. We observe that increasing Lp/L causes the cylinders to elongate into

pucks. In such morphologies, the AB links congregate at the ends of each puck

(Figure 2.6B1), the B block chains stretch from the ends towards the center
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of the puck where they form innercylinder bilayers (Figure 2.6B2), and the

homopolymer chains interdigitate with the B block chains and stretch from

one end of the puck to the other (Figure 2.6B3). The orientational order

direction for these morphologies is local to each puck.

Figures 2.7A-B display the morphologies for Lp/L = 1.0 at different χ’s

and Figures 2.7C-E summarize the corresponding changes in the characteristic

quantities with increasing χ. For the parameter combination selected in our

simulation, cylinders begin to emerge from the homogeneous phase starting

at χ = 0.7 (corresponding to both the compositional and the orientational

ODT) and become well defined by χ = 0.9. Further increases in χ result

in larger cylinder domain sizes that grow due to the orientational interactions

arising from packing the semirigid chains into well ordered structures (compare

Figures 2.7A and 2.7B). The positive slope in the 〈Dcont〉 curve reflects that as

the cylinders pack, they become more regularly shaped and spaced, resulting

in an increase in the average distance between neighboring cylinders. Finally,

the maximum in the CInt/Λ
2 curve is seen to occur near the point of cylinder

emergence (cylinder formation causes the interfacial circumference to grow

while cylinder packing causes the interfacial circumference to shrink).

Increasing χ reduces the acceptor-donor contact in both the cylinder

and the continuous domains. In the cylinder domains, increasing χ results in a

partial segregation of the homopolymer into the center of the puck (away from

the B Block chains concentrated along the lengthwise edges). Increasing χ also

causes the solvent to redistribute from the cylinders to the continuous domain

50



���

���

���

��� ���

Figure 2.7: Morphological characteristics of donor cylinders suspended in ac-
ceptor at high rigidity. All data are from the base parameter combination:
φHomo/φBCP/φSolv = 0.1/0.45/0.45, Lp/L = 1.0, f = 0.5. (A) and (B) plot
the distribution of solvent particles at χ = 0.8 and χ = 2.4 respectively. (C),
(D), and (E) are the quantitative morphological characteristics. Error bars
indicate 1 standard deviation from the mean.
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(increasing solvent-A block contact) and the semirigid chains to pack more

densely (increasing homopolymer-B block contact). At higher χ’s, increasing

χ causes the solvent to phase separate from the A block chains in the bulk of

the continuous domain (Figure 2.7B), which results in a decrease in solvent-A

block contact.

Effects of Changing Lp/L, f , and the Blend Composition on the
Quantitative Morphological Characteristics

In cases where the donor blend concentration is small and cylinder pack-

ing effects are unimportant, increasing the semiflexible chain rigidity results

in a larger number density of smaller cylinders and a concomitant decrease

(increase) in the continuous domain size (interfacial circumference per system

area). In Figure 2.8A1, we illustrate a subset of these trends. These trends

suggest that the semiflexible chain rigidity may be an effective handle for con-

trol of the phase separation of donor cylinder in acceptor blends. However

in approaching phase boundaries, packing effects become important, and we

observe that increasing the semiflexible chain rigidity frustrates the packing

of the elongated puck shapes leading to a polydisperse collection of small and

large cylinders. We discuss the parametric effect of blend composition later in

this section.

As a second effect, increasing the semiflexible chain rigidity significantly

decreases the orientational ODT. The orientational ODT causes the semiflex-

ible chains to extend/interdigitate and the solvent to expel from the cylinder
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Figure 2.8: Quantitative morphological characteristics of donor cylinders sus-
pended in acceptor for (A) different semiflexible chain rigidities and (B) dif-
ferent semiflexible block ratios. All data are from the blend composition
φHomo/φBCP/φSolv = 0.1/0.1/0.8. f = 0.5 for all (A) plots and Lp/L = 1.0
for all (B) plots. The numerical category identifies the quantities plotted. (1)
Domain sizes - 〈Dcyl〉 is indicated by solid dots and 〈Dcont〉 is indicated by open
dots connected by lines. (2) Interfacial overlap parameters - in (A2), 〈ψcyl,AD〉
is indicated by solid dots and 〈ψcyl,HB〉 is indicated by open dots connected by
lines; in (B2), 〈ψcyl,HB〉 is indicated by solid points while 〈ψcont,AS〉 is indicated
by open points connected by lines.
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domains. As a consequence, we observe that the orientational ODT brings

on a sharp decrease in cylinder domain acceptor-donor contact as well as an

increase in homopolymer-B block contact. We illustrate these trends in Figure

2.8A2, where the orientational ODT occurs with the compositional ODT in

the higher rigidity cases and at χ = 1.9 in the case of Lp/L = 0.05.

Increasing the semiflexible block ratio results in smaller cylinders, a

larger continuous domain size, and a smaller interfacial circumference per sys-

tem area (Figure 2.8B1). We observe that the cylinder number density does

not appear to strongly depend on f and hence we conclude that f serves as a

weaker handle for control of the phase separation of donor cylinders compared

to Lp/L. However, the selection of f again appears to be a strong handle

on homopolymer-B block and solvent-A block contact within their respective

domains (Figure 2.8B2). We observe that as f increases and B block segments

are replaced by A block, solvent-A block contact within the continuous domain

increases whereas homopolymer-B block contact within the cylinder domains

decreases.

Using Figure 2.9, we illustrate the manner in which select morpho-

logical quantities change as we span the ternary composition space. In the

case of donor cylinders suspended in acceptor, we performed studies where the

homopolymer concentration was increased at a constant BCP concentration

(Figure 2.9B) and where the BCP concentration was increased at a constant

homopolymer concentration (Figure 2.9C). We observe that decreasing the sol-

vent concentration (regardless of the method) results in larger cylinder domain
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Figure 2.9: Select quantitative morphological characteristics of donor cylinders
suspended in acceptor at varying blend compositions. All data are from the
base parameter combination: Lp/L = 1.0, f = 0.5. (A) Cylinder domain
number density - the blend composition for the φSolv = 0.1 point for both series
is φHomo/φBCP/φSolv = 0.1/0.1/0.8. In the solid blue series, φHomo varies and
φBCP is a constant. In the open red series, φBCP varies and φHomo is a constant.
(B & C) Domain size and interfacial width per domain size quantities - (B)
corresponds to the solid blue series in (A) whereas (C) corresponds to the open
red series in (A). The domain size values are indicated by solid points and are
plotted on the primary vertical axis whereas the interfacial width per domain
size values are indicated by open points connected by lines and are plotted on
the secondary vertical axis. The plot legend indicates the blend composition.
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sizes, a smaller continuous domain size, and a larger interfacial circumference

per system area. However, the mechanism responsible for these changes differs

between the two protocols.

Of the two compositional handles, the hompolymer concentration is

more effective for control on the cylinder domain quantities (Figure 2.9B). In-

creasing the homopolymer concentration causes the cylinder domains to swell

with homopolymer, which leads to an increased aggregate donor domain area,

a smaller number density (Figure 2.9A) of larger cylinders, and a reduction

in the total interfacial circumference. As a result of the increase in the size

of the cylinders, the ratio of the cylinder circumference per cylinder area de-

creases, which results in decreased acceptor-donor contact within the cylinder

domains (such contact only takes place at the perimeter of the cylinders at

higher χ’s). Homopolymer-B block contact also decreases within the cylinder

domains since the cylinders resulting from higher homopolymer concentration

blends are composed primarily of homopolymer and are devoid of B block

except at their perimeters.

Changing the BCP concentration appears to be a more effective strat-

egy for controlling the continuous domain characteristics (Figure 2.9B). Up to

a critical concentration (and corresponding critical continuous domain size),

increasing the BCP concentration leads to an increased cylinder number den-

sity (see Figure 2.9A). Above the critical BCP concentration, increasing the

BCP concentration causes neighboring cylinders to combine and reduces the

cylinder number density. In decreasing the continuous domain size and increas-
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(A1) (A2) 

(B1) (B2) 

(C2) (C1) 

Figure 2.10: Differentiating qualitative morphological characteristics of Type
1 and Type 2 lamella. All pictures are from the blend composition
φHomo/φBCP/φSolv = 0.1/0.8/0.1. The alphabetical categories identify the
field plotted: (A) distribution of B block links; (B) distribution of homopoly-
mer links; (C) distribution of chain-terminating B block links. The nu-
merical categories identify the differentiating parameter combinations: (1)
Lp/L = 0.05, f = 0.5, χ = 2.5; (2) Lp/L = 1.0, f = 0.25, χ = 1.2.

ing the A-block concentration of the blend, increasing the BCP concentration

also increases solvent-A block contact within the continuous domain.

2.3.3 Lamellae

Broadly, we observe two different types of lamella in the BCP rich

regions of the composition space. In Figure 2.10, we illustrate the key mor-

phological differences between them. The first type of lamella (which we refer

to as “Type 1” lamella) appears on the f = 0.5 ternary diagram at low Lp/L
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values and transitions to donor cylinders suspended in acceptor as Lp/L in-

creases. Type 1 lamella are marked by continuous, alternating acceptor and

donor sheets (Figure 2.10A1). The A and B block segments fill the bulk of the

sheets while the solvent and homopolymer swell their respective domains.

The second type of lamella (which we refer to as “Type 2” lamella)

appears on the f = 0.25 ternary diagram at high Lp/L values and transitions

from acceptor cylinders in donor to lamella as Lp/L increases. Type 2 lamella

are marked by discontinuous acceptor sheets (Figure 2.10A2) intermittently

broken and separated at their ends by dense pockets of homopolymer (Figure

2.10B2). The discontinuous acceptor sheets alternate with continuous donor

sheets of primarily B block chains, which form a smectic monolayer (Figure

2.10C2). In Type 2 lamella, the homopolymer chains interdigitate with the B

block chains. The majority of the homopolymer congregates and forms bridges

between neighboring donor domains at break points in the acceptor sheets.

Qualitative Morphological Characteristics and Morphology Evolu-
tion with Increasing χ

Using Figures 2.11 and 2.12, we describe the evolution of Type 1 and

Type 2 lamella with increasing χ. Figure 2.11 illustrates the morphological

qualities characteristic of different regions along the evolution of the Type 1

lamella, and Figure 2.12 provides the morphological quantities for both kinds

of lamella.

Increasing χ causes the Type 1 lamella to progress through 3 regimes.
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(A1) (A2) 

(B1) (B2) 

(C2) (C3) 

Figure 2.11: Qualitative morphological characteristics of Type 1 lamella. All
pictures are from the base parameter combination: φHomo/φBCP/φSolv =
0.1/0.8/0.1, Lp/L = 0.05, f = 0.5. The alphabetical categories identify the
field plotted: (A) distribution of B block links; (B) distribution of homopoly-
mer links; (C) distribution of solvent particles. The numerical categories iden-
tify the χ value: (1) χ = 1.0; (2) χ = 1.8; (3) χ = 2.5.
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Figure 2.12: Quantitative morphological characteristics of Type 1 and Type
2 lamella. All data are from the base parameter combination indicated in
the caption to Figure 2.11. Errorbars indicate 1 standard deviation from the
mean.
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Each stage corresponds to specific trends apparent in the morphological quan-

tities presented in Figure 2.12. In the first regime (0.7 < χ < 1.0), the

lamella emerge from the homogeneous phase, and there is an associated sharp

increase or decrease in each of the morphological quantities. In the second

regime (1.0 < χ < 1.8), increasing χ results in a reduction of the interfa-

cial circumference, which arises from the lamella transitioning to more regular

characteristics (compare Figure 2.11A1 to Figure 2.11A2). The BCP chains

necessarily pack more tightly and stretch out as the interfacial circumference

per system area decreases. As a result, both the acceptor and donor do-

main sizes grow, and acceptor-donor contact decreases whereas homopolymer-

B block and solvent-A block contact increases at the edges of the donor and

acceptor domains respectively.

In the beginning of the second stage, there is a length-wise periodicity

in the width of the donor sheets that flattens out as χ increases (compare

Figures 2.11A1 and 2.11A2). We observe that the homopolymer chains tend

to congregate at donor domain branch points (Figure 2.11B2) and along the

length of the donor sheets where the domain width is locally large (Figure

2.11B1). In contrast, the solvent swells the acceptor domains more evenly

(Figure 2.11C2). These differences constitute the underlying reason why the

δdon/Ddon curve shows lower values compared to the δacc/Dacc curve.

At χ = 1.8, the orientational ODT drives the solvent remaining in

the donor domains into the acceptor domains (compare Figures 2.11C2 and

2.11C3). Such effects result in an increase in the lamella spacing as we further
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increase χ (1.8 < χ < 2.5). The associated increase in the acceptor domain size

is larger than the increase in the donor domain size, reflecting the redistribution

of the solvent between the two domains. As a consequence, there is also a sharp

change in acceptor-donor, homopolymer-B block, and solvent-A block contact

in the respective domains (this explains the inflection points in the various 〈ψ〉

curves at χ = 1.8).

For the parameter values we selected for our simulations, the Type 2

lamella immediately emerge with many of their final morphological characteris-

tics (e.g., see Figure 2.12D). Consequently, increasing χ has much less influence

in such morphologies. The qualitative effects of changing χ on the morpholog-

ical quantities are generally the same for Type 2 and Type 1 lamella, with the

exception that increasing χ initially leads to a decrease in the 〈δdon/Ddon〉 curve

as the homopolymer evacuates the bulk of the donor sheets and congregates

very densely in the area between broken acceptor sheets.

2.3.4 Influence of the Simulation Box Size

We observe that there is a noticeable influence of the box sizes on

morphologies composed of acceptor cylinders in donor and donor cylinders in

acceptor. However, such effect are restricted primarily to the quantitative as-

pects and not the qualitative trends. In Figure 2.13, we display results that

illustrate the box size bias typical for the two kinds of cylinder morpholo-

gies (acceptor cylinders in donor and donor cylinders in acceptor). In either

case, we observe that increasing Λ leads to a smaller number density of larger
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Figure 2.13: Quantitative morphological characteristics of cylinder morpholo-
gies at various simulation box sizes. All donor cylinders in acceptor data are
from the parameter combination: φHomo/φBCP/φSolv = 0.1584/0.1584/0.6832,
Lp/L = 1.0, f = 0.5. All acceptor cylinders in donor data are from the pa-
rameter combination: φHomo/φBCP/φSolv = 0.8/0.1/0.1, Lp/L = 1.0, f = 0.25.
(A) plots the cylinder domain number density (the dashed lines indicate linear
regressions). (B) plots the domain size quantities for donor cylinders in accep-
tor - 〈Dcyl〉 is indicated by solid points and 〈Dcont〉 is indicated by open points
connected by lines. (C) plots 〈Dcyl〉 against 〈δcyl/Dcyl〉 for acceptor cylinders
in donor.
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cylinder domains. In decreasing the cylinder number density, increasing χ also

leads to a larger continuous domain size and a smaller interfacial circumference

per system area. In Figure 2.13B, we provide the domain size dependency on

the Λ selection for the case of donor cylinders, but the trend is typical of the

acceptor cylinder case as well. In the case of acceptor cylinders, increasing

χ leads to a combination of the neighboring cylinders, and we see that the

influence of the box size grows as χ increases (Figure 2.13A).

In Figure 2.13A, we see that the donor cylinder domain number den-

sity curve can be fit to a linear trend vs. Λ−1. This linear trend suggests

that the true morphological quantities can be obtained through extrapolation

of the various quantity curves to Λ−1 = 0. However, the acceptor cylinder

domain number density curves can not be fit as closely to linear trends, we

believe, because the cylinder growth mechanisms are more complex in this

case. Further, there is a significant box size dependency in one of the primary

quantity trends for the case of acceptor cylinders. That is, the one quantity

trend influenced by the selection of Λ is the 〈δcyl/Dcyl〉 in the case of acceptor

cylinders suspended in donor. In Figure 2.13C, we provide evidence that sol-

vent phase separation from the A block chains to its own phase in the center

of the cylinders is more pronounced for the larger box sizes. We see that the

precipitous drop in the 〈δcyl/Dcyl〉 curve, which indicates the solvent phase

separation transition, is less pronounced in the case of Λ = 18Rg as compared

to the case of Λ = 24 Rg, and that the drop off does not occur in the case of

Λ = 12Rg. We conclude that solvent can only phase separate at the center of
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the cylinders if said cylinders are able to grow large enough.

2.3.5 Guidelines for Tuning the Blend Composition and Molecular
Chemistries to Achieve Desirable Morphological Character-
istics

In this section, we utilize the insights gleaned from the previous sec-

tions to develop a combined approach for tuning the blend composition and

molecular chemistries to achieve desirable morphological characteristics.

In the case of an insulating flexible block of the BCP, the primary

objective in picking the blend formulation should be to achieve the targeted

5-20 nm domain size with the minimum amount of insulating material. The

simulation results (see Figures 2.1A and 2.1B) indicate that blend formulations

with small f and φBCP result in the desired domain spacing either at high

φHomo (acceptor cylinders suspended in donor) or at high φSolv (donor cylinders

suspended in acceptor). Hence, experimental studies should focus on these

kinds of blend formulations. The optimal χ will result from a tradeoff. On

the one hand, domain compositional purity increases with increasing χ, which

should lead to higher charge mobilities and fewer charge recombinations. On

the other hand, acceptor-donor overlap decreases with increasing χ, which

should lead to less efficient exciton dissociation. Perhaps most importantly,

increasing χ to values far above the compositional ODT causes the flexible

chains to expel the solvent out into the bulk of the acceptor domains such

that the flexible chains form an insulating wall between the donor and acceptor

materials.
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In the case of an electron-accepting flexible block of the BCP, the selec-

tion of the blend formulation is less restricted. Indeed, any blend formulation

that results in the desired target domain size should be considered for fur-

ther study. In the remainder of this section, we summarize the morphological

tradeoffs associated with each of the parameters characterizing the blend for-

mulation.

In the case of the acceptor cylinders suspended in donor morphology

type, the primary use of χ should be to select the phase separation of monodis-

perse cylinder domain sizes. Morphologies with highly size polydisperse do-

mains could result in large efficiency losses due to exciton decay in the larger

domains and/or charge recombination in the smaller domains. In contrast, the

selection of χ is not restricted in the cases of the donor cylinders suspended

in acceptor and lamellae morphology types. The optimal χ results from a

similar tradeoff between fewer charge recombinations and less efficient exciton

dissociation as described above for the case of the insulating flexible block of

the BCP. However, in the case of electron-accepting flexible chains, exciton

dissociation may be more efficient especially at high χ values as the exciton

may also dissociate at the AB link of the BCP.

The polymers typically used in organic solar cell applications are highly

conjugated [97]. Hence, there may not be an option to easily control Lp/L.

To the degree that polymer rigidity is variable, Lp/L can be used to advance

the onset of phase separation in blends that are otherwise chemically miscible.

In the case of donor cylinders suspended in acceptor, Lp/L is also an effective
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handle for control on the domain sizes (increasing Lp/L leads to an increased

cylinder domain number density and an associated decrease in the cylinder

and continuous domain sizes). In the case of acceptor cylinders suspended in

donor, it should be considered fortuitous that the conjugated polymers possess

an inherent rigidity because it is this rigidity that pushes back the onset of

polydisperse cylinder domain sizes to higher χ values. Therefore, it should

be easier to target size monodisperse cylinders in blends with higher rigidity

polymers.

The composition of the block copolymer is the primary handle for con-

trol on the compositional phase and domain size regime boundaries. In fact,

some morphology types and regimes are not accessible at higher f values.

Within a certain morphology type, increasing f constitutes a tradeoff between

increased solvent-A block contact and decreased homopolymer-B block con-

tact. In the case of acceptor cylinders suspended in donor, increasing f results

in higher cylinder domain number densities and correspondingly less polydis-

perse cylinder domain sizes.

The blend composition is the primary handle for control on the length

scale of phase separation. In Figure 2.1, we have identified the blend composi-

tion regimes leading to domain sizes on the order of 5-20 nm. The parametric

influence of the blend composition on the domain sizes and interfacial charac-

teristics is complex and specific to the morphology type. We refer the reader

to Sections 2.3.1-2.3.3 for more information.

In comparing the domain and interfacial characteristics of the 3 mor-
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phology types, we note that the interfacial circumference per system area for

a given domain size is highest in the case of the lamellae morphology. How-

ever, the range of blend compositions and molecular chemistries resulting in

domain sizes on the order of 5-20 nm is the smallest for the case of the lamellae

morphology (the range could be increased by increasing the molecular weight

of the polymer chains). The donor cylinders in acceptor morphology benefits

over the acceptor cylinders in donor morphology in that the selection of χ

is not restricted to ensure size monodisperse cylinders. χ can instead be se-

lected to achieve the desired balance of acceptor-donor, solvent-A block, and

homopolymer-B block contact. However, in the case that monodisperse cylin-

ders are obtained, the interfacial circumference per system area is larger in

the case of acceptor cylinders in donor as these cylinders have an arrowhead

structure with increased interfacial circumference at their ends.

2.4 Summary and Outlook

Using the SCMF method, we have demonstrated the ability of BCP

compatibilizers to provide morphological control on the domain and interfa-

cial characteristics of polymer/fullerene blends. Specifically, we have studied

the equilibrium ternary phase diagrams and demonstrated that the addition

of BCP to polymer/fullerene blends leads to increased phase separation on the

scale of the chain radius of gyration. For a polymer chain length typical for

organic solar cell applications (Rg = 2.7 nm), we identified the blend regimes

leading to equilibrium domain sizes on the order of 5-20 nm (see Figure 2.1)

68



and found that they result from three morphology types: 1.) acceptor cylin-

ders in donor; 2.) donor cylinders in acceptor; 3.) lamellae. For each of these

morphology types (see Sections 2.3.1-2.3.3), we have elucidated the parametric

effect of the component miscibility, semiflexible chain rigidity, flexible block

ratio, and blend composition on the morphological quantities of interest: the

domain size, interfacial overlap, and interfacial width. By considering the in-

sights gleaned from the parametric study described above, we developed guide-

lines on how to properly tune the blend composition and molecular chemistries

to achieve desirable morphological characteristics (see Section 2.3.5).

This chapter serves as a basis for later chapters that also address the

effect of BCP compatibilizers on the morphological characteristics of poly-

mer/fullerene blends (Chapters 3-4). In Chapter 7, we couple the morphology

model developed in this chapter with a device model (developed in Chapter

6) to study the correlations between structure and device performance.
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Chapter 3

Achieving Bicontinuous Microemulsion Like

Morphologies in Organic Photovoltaics

The work presented in this chapter was adapted from [Dylan Kipp, Olga

Wodo, Baskar Ganapathysubramanian, and Venkat Ganesan. Achieving Bi-

continuous Microemulsion Like Morphologies in Organic Photovoltaics. ACS

Macro Letters, 2015, 4, (2), 266-270]. Some morphological characterization

calculations were provided by Olga Wodo. All other work is an original contri-

bution by Dylan Kipp. Baskar Ganapathysubramanian and Venkat Ganesan

provided technical guidance and mentoring.

The device performance of organic solar cells (OSCs) has been specu-

lated to sensitively depend on the active layer morphology [97, 170]. Specifi-

cally, it is believed that the optimal active layer morphology may be charac-

terized by cocontinuous, interpenerating donor and acceptor domains with

nanoscale dimensions and high interfacial areas. Bicontinuous microemul-

sions (BµE) [6, 22, 30, 43, 109, 133, 175], which are equilibrium morphologies

achieved by the addition of block copolymer (BCP) compatibilizers to flexible

polymer blends, are known to possesses such characteristics. In comparison to

lamellar morphologies, BµE morphologies may be preferable for OSC applica-
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tions since they percolate in all three directions. Hence, active layers based on

the BµE morphology may provide continuous pathways for the electrons and

holes to travel to the electrodes regardless of the orientation of the domains

immediately neighboring the electrodes. Moreover, since BµE morphologies

are characterized by a broader distribution of domain sizes than are lamellar

morphologies, the design of efficient OSCs may depend less on the targeting

of a single “ideal” domain size.

Unfortunately, the kinds of flexible polymeric materials that have been

noted to form BµEs are typically not appropriate for use in OSC active lay-

ers. Rather, high efficiency OSCs are often based on a blend of photoac-

tive, electron-donating, conjugated polymers and electron-accepting, fullerene

molecules. Within such a framework, an outstanding question is whether block

copolymer compatibilizers can be used to achieve BµE morphologies also in

the case of conjugated polymer/fullerene blends. More specifically:

1. The spherical fullerene molecule is much smaller in size than the conju-

gated polymer donor and is more appropriately viewed as a solvent par-

ticle relative to the size of the polymer segments [53, 83]. This motivates

the first question we consider in this chapter: Can BCP compatibilizers

be used to produce BµE morphologies in the case of polymer/solvent

blends?

2. The conjugated donor polymer is characterized by a natural degree of

rigidity and is in many instances subject to either liquid crystalline or-
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dering or polymer crystallization – either effect is expected to have a

strong influence on the morphology [97]. This raises the second question

we consider in this chapter: do the polymer/solvent BµE morphologies,

if at all they exist, persist for the case of non-flexible donor polymer

materials?

In the case of flexible polymer blends, experiments have typically iden-

tified the channel of bicontinuous microemulsion in the vicinity of the Lifshitz

point (i.e., the intersection of the critical Scott line and the microphase-to-

macrophase transition line, see Figure 3.1) [6, 30]. Fluctuations promote com-

petition between microphase and macrophase separation around this region,

thus disrupting the lamellar phase and producing the channel of BµE. For two

equal molecular weight homopolymers A and B and a block copolymer (BCP)

AB, the Scott line is located on the isopleth φA = φB = 1 − 2φAB (where φi

is the blend volume fraction of material i). However, in the case of blends

of components with unequal molecular weights, the Scott line composition is

determined by the relationship αAφ
2
A = αBφ

2
B (where αi is the ratio of the

degree of polymerization of the polymer i over the degree of polymerization of

the BCP) [30]. Such a relationship suggests that the ratio of the donor and

acceptor volume fractions corresponding to the Scott line is likely to be very

small for polymer/solvent mixtures. On the other hand, high efficiency organic

solar cells are typically based on symmetric or near-symmetric donor/acceptor

blend ratios [97]. Hence, active layers based on polymer/solvent ratios corre-

sponding to the Scott line are likely to yield suboptimal device efficiencies even
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Figure 3.1: Schematic of phase behavior for a ternary blend system of ho-
mopolymers A and B with a diblock copolymer AB. φH = φA + φB is the
total homopolymer volume fraction and the strength of compositional inter-
actions is measured by the Flory Huggins parameter, χ. The regions labelled
LAM, DIS, and 2P or 3P are regions of thermodynamically stable lamellar,
disordered, and 2-phase or 3-phase coexistence, respectively. The thermally-
induced channel of BµE forms due to fluctuations at the Lifshitz point (L)
(i.e., the intersection of the mean field microphase-to-macrophase transition
line and the Scott line). The Scott line is a special instance of the mean
field spinodal line that results for a specified ratio φA/φB. By varying φA/φB,
a mean field microphase-to-macrophase transition plane and spinodal plane
form. The intersection of these two planes form a line that we refer to as the
mean field locus line. This schematic was adapted from Fredrickson and Bates
[30].

if they are characterized by cocontinuous donor and acceptor domains.

The conflict described above motivates the search for BµEmorphologies

over a wider range of polymer/solvent ratios (closer to the conditions known

to yield better device properties and away from the Scott line). We note

that by varying the polymer/solvent blend ratio, the mean field microphase-

to-macrophase transition line and the spinodal line (of which the Scott Line

is a special instance) become planes in full ternary composition space. The
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intersection of these two planes forms a line that we refer to as the “mean

field locus line.” Since the formation of BµE morphologies depends on the

competition between microphase and macrophase separation that takes place

at the mean field microphase-to-macrophase transition, and considering that

there is no guarantee that the microphase morphology to the high BCP side

of a mean field microphase-to-macrophase transition will be characterized by

cocontinuous donor and acceptor domains, we hypothesize that polymer/solvent

BµE morphologies may form even away from the Scott Line at points along

the mean field locus line that correspond to a transition to the lamellar phase.

To validate the above hypothesis, we study the phase behavior of a

model for the conjugated polymer/BCP/fullerene blend system. As a simple

coarse-grained representation for such a system, we consider a mixture of semi-

flexible homopolymer B, flexible-semiflexible block copolymer AB, and explicit

solvent S. We use 5 parameters to characterize the components of our model:

(i) f denotes the volume fraction of the flexible A block of the BCP, (ii) Lp/L

denotes the ratio of the persistence length of the semiflexible B components

(i.e., the homopolymer and B block of the BCP) normalized by the length of

the BCP (the cases of Lp/L = 0.05 and Lp/L = 1.0 represent the limiting

cases of fully flexible and nearly rod-like chains, respectively), (iii) χij denotes

the strength of Flory-Huggins interactions between components i and j, (iv)

µ denotes the strength of Maier-Saupe interactions between the semiflexible

B components used to capture the liquid crystalline nature of the donor ma-

terials, and (v) N denotes the degree of polymerization of both the BCP and
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the homopolymer. We choose to set the various interactions parameters (χij

and µ) such that they are in proportion to a parameter χ, which we vary in

order to explore different areas of the phase space. We select these proportions

such that χAS < χAB = χBS in order to place the BCP at the interface of the

homopolymer and solvent, thus making the BCP a compatibilizer. Specifi-

cally, we select χBS = χAB = χ to establish the incompatibility between the

semiflexible chains and solvent particles, and between the semiflexible chains

and the flexible block of the copolymer. We select χAS = 0.3χ to establish

the relative compatibility between the flexible block of the copolymer and the

solvent particles. Unless otherwise noted, we set µ = 4χ in order to focus on

materials with strong orientational interactions.

The BµE phases are inherently fluctuation driven, and hence are not

amenable to study by mean-field theories. In our previous chapter, we demon-

strated that the methodology of single chain in mean field (SCMF) [20, 25,

77, 122, 133, 134] simulations enables the identification of such morphologies

and furnishes phase boundaries which are in accord with more sophisticated

approaches [133, 134]. Moreover, although the BµE is fundamentally a three

dimensional morphology, previous studies of BµE phases have demonstrated

qualitative agreement between the results of two dimensional (2D) simulations

and experimental observations [22, 133]. Inspired by these successes, in this

chapter, we use the SCMF approach with two-dimensional variation of the

composition and orientation order parameter fields (although the positions of

the monomers are evolved in three dimensions) as the main tool to study the
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phase behavior of our model and to identify the channels of BµE morphologies.

We first test the validity of our hypothesis regarding the formation of

polymer/solvent BµEs in the context where both the A block of the BCP

and the donor B components are treated as flexible polymer chains. We use

the random phase approximation (RPA) [68] to calculate the mean field locus

lines and the SCMF method to generate very coarsely sampled ternary phase

diagrams for a collection of polymer/BCP/solvent combinations (see Figures

3.2A and 3.2B). Although the phases indicated in Figures 3.2A and 3.2B are

for a value of χN >> χNspinodal, we observe that the compositional phase lines

move only slightly with increasing χN . Hence, we compare the compositions of

the mean field locus lines and of the various phase transitions in these Figures

to identify the expected location of the channels of BµE.

In Figures 3.2A and 3.2B, we observe that the majority of each mean

field locus line lies within the phase space of either donor-rich or acceptor-rich

domains suspended in the continuous opposite domain. Therefore, the transi-

tion from macrophase to microphase separation for these blend formulations

do not represent a transition to a BµE morphology, but rather a transition to

a morphology in which only the donor or only the acceptor forms continuous

domains. We also observe that both 1) the entirety of the apparent lamellar

phase transition line in the case of f = 0.25 (Figure 3.2B) and 2) the portion

of the lamellar phase transition line corresponding to φhomo/φsolv < 0.5 in the

case of f = 0.5 (Figure 3.2A) do not lie near the mean field locus lines. Based

on our hypothesis above, we expect that such regions of the phase diagram
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are not likely to yield BµE morphologies. Interestingly however, in the case of

f = 0.5 and φhomo/φsolv ≥ 0.5 (Figure 3.2A), the mean field locus line closely

coincides with the apparent transition from acceptor-rich domains suspended

in donor to a lamellar morphology. Accordingly, we hypothesized that these

blend formulations would be the most likely to form BµEs. To test the validity

of our predictions, we examined select areas of the phase space in the proxim-

ity of the χNspinodal in greater detail. Explicitly, the arrows in Figures 3.2A

and 3.2B indicate such regions of the phase space we examined for evidence

of BµE morphologies.

Figure 3.2C summarizes the results from our search for BµE mor-

phologies in the case of all flexible polymer chains. We observe that the

largest envelope of bicontinuous microemulsion results in the case of f = 0.5,

φhomo/φsolv = 1, and χN = 20 (Figure 3.2C, case 1). For this case, the

macrophase-to-microphase transition with increasing φBCP indeed corresponds

to a transition from a macrophase-separated morphology to a microphase sep-

arated BµE morphology. Accordingly, the corresponding point of the mean

field locus line (see Figure 3.2A and Figure 3.2C case 1) represents a direct

transition to BµE morphologies. Our hypothesis would suggest the forma-

tion of a large channel of BµE for these conditions, which is validated by the

observed results.

In each of the other cases (Figure 3.2C, cases 2 - 4), we observe a

transition from a macrophase-separated morphology to an ordered cylinder

morphology with increasing φBCP . A channel of BµE is still evident (except
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Figure 3.2: Phase diagrams for polymer/BCP/solvent blend system in case
of all flexible polymer materials (Lp/L = 0.05). Panels A and B plot the
ternary phase diagrams for f = 0.5 and f = 0.25 with χN = 50 for both
cases. These two diagrams were adapted from Chapter 2. The solid lines
approximately partition the diagram into different phases. We searched for
BµEs along the trajectories indicated by the four arrows in Panels A and
B. Panel C is the location of the BµE channels for the cases indicated by
the four arrows and at values of χN just above the χNspinodal: (1) f = 0.5,
φhomo/φsolv = 1, χN = 20; (2) f = 0.5, φhomo/φsolv = 3, χN = 16; (3)
f = 0.25, φhomo/φsolv = 1/3, χN = 29; (4) f = 0.5, φhomo/φsolv = 1/3,
χN = 24. In Panel C, φBCP = 1− φhomo − φsolv.

78



in Case 4), but the onset of the channel of BµE (φcrit
BCP ) is seen to have shifted

to a higher φBCP . As the channel of ordered cylinders preceding the BµE

expands, the channel of BµE thins. In Case 4 of Figure 3.2C, the channel of

ordered cylinders is its widest, and the channel of BµE collapses to zero.

We recall that, in cases 2 - 4 (and especially in cases 3 and 4), the

lamellar phase transition line is not close to the mean field locus line in our

ternary phase diagrams (Figure 3.2A and 3.2B). Hence, our hypothesis would

suggest that such conditions are less likely to yield BµE morphologies. Indeed,

we observe that the largest channel of BµE results in the case where the

lamellar phase transition line coincides with the mean field locus line (case

1). As the lamellar transition moves away from the mean field microphase-

to-macrophase transition (cases 2-4), the impetus for macrophase separation

in the vicinity of the channel of BµE weakens, and hence the channel of BµE

thins. Overall, the results presented in Figure 3.2 confirm that the formation

of BµEs depends on the overlap of the mean field locus line and the onset of

microphase separated lamellar phases. In response to the first of the questions

raised in the introduction, the above results together suggest that indeed block

copolymer compatibilizers may be used to achieve BµE morphologies, and that

such morphologies can be achieved even away from the Scott line and closer

to the experimentally relevant conditions.

Now we present our results for the case where the donor B chains are

characterized by a finite persistence length. Explicitly, Figure 3.3A displays

the results for the case of φhomo/φsolv = 1.0, and f = 0.5, for increasing
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Lp/L. We observe that the BµE morphologies that form in the case of flexible

(Lp/L = 0.05) polymers also persist in the case of semiflexible (Lp/L > 0.05)

donor chains. In Figure 3.4, we present some pictorial evidence to demonstrate

that the morphologies resulting for different Lp/L do resemble the character-

istics observed in the better known case of flexible polymer/polymer systems.

These results address the second question raised in the introduction and con-

firm that BµE like morphologies do persist even when the donor polymer

possesses a finite persistence length.

Interestingly, in Figure 3.3A, we observe that the location and width

of the channel of BµE sensitively depends on Lp/L. For instance, increasing

the donor chain rigidity from Lp/L = 0.05 to Lp/L = 0.2 is seen to result in

an increased φcrit
BCP and a thinner channel of BµE, but that further increasing

the donor chain rigidity from Lp/L = 0.2 to Lp/L = 0.5 and from Lp/L = 0.5

to Lp/L = 1.0 results in a decreased φcrit
BCP and an expanded channel of BµE.

Indeed, the smallest φcrit
BCP and the largest channel of BµE results in the case

of highly rigid donor chains.

We note that, in the case of flexible ternary polymer blends, the for-

mation of microemulsion morphologies has typically been associated with ul-

tralow interfacial tensions induced by the BCP on the polymer blend [23].

Motivated by these results, we consider the interfacial tension for our poly-

mer/BCP/solvent blend as a means to understand the intriguing and non-

monotonic influence of the persistence length noted in Figure 3.3A. Accord-

ingly, we used the framework of polymer self consistent field theory (SCFT)
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[29, 110, 111, 129] to calculate the interfacial activity of the BCP in a poly-

mer/solvent blend. We present the main result in Figure 3.3B, wherein we

display the influence of the persistence length upon the amount of excess BCP

at the interface required to reduce the interfacial tension to zero (denoted in

the figure as Ω0). Starting with flexible (Lp/L=0.05) donor chains, we observe

that increasing Lp/L leads to an initial increase in Ω0. However, further in-

crease of Lp/L beyond a critical value is seen to lead to a decrease in Ω0. These

results are in-turn explained by consideration of the orientational order within

the system. Explicitly, in Figure 3.3B we display the primary eigenvalue, λbulk1 ,

associated with the orientational order in the donor-rich bulk. We observe that

there is a critical chain rigidity, Lp/L
crit, above which the donor-rich bulk of

the polymer/BCP/solvent blend mixture is orientationally ordered. Moreover,

Ω0 is seen to peak at a value of Lp/L comparable to Lp/L
crit.

Taken together, the results of the SCFT calculations presented in Fig-

ure 3.3B indicate that the interfacial activity (or equivalently, the efficacy of

the BCP in reducing the interfacial tension) of the BCP decreases (increases)

with an increase in Lp/L when the system is orientationally disordered (or-

dered). We believe that the primary effect in this regard is the dependence

of the ”bare” (in the absence of BCP compatibilizers) homopolymer-solvent

interfacial tension upon Lp/L. Physically, the introduction of an interface

between the donor and acceptor domains results in an energetic cost arising

from the need for the semiflexible chains to bend and avoid excursions to the

unfavorable phase. This energetic penalty is expected to increase with an in-
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Figure 3.3: Phase behavior and interfacial characteristics of a poly-
mer/BCP/solvent blend system in case of a semiflexible donor polymer. For
all cases, φhomo/φsolv = 1, f = 0.5, and φBCP = 1 − φhomo − φsolv. Panel A
plots the phase behavior resulting from the SCMF simulations in the case of
µ = 4χ. For these simulations, we reduce χN as we increase Lp/L in order to
remain near to the compositional order-disorder transition. Panel B plots the
interfacial characteristics resulting from 1D SCFT calculations in the case of
χN = 26 and µ = 2χ.
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Figure 3.4: Distribution of solvent particles in bicontinuous microemulsion
morphologies for cases of increasing polymer chain rigidity: (A) Lp/L = 0.05
and χN = 20, (B) Lp/L = 0.2 and χN = 18, (C) Lp/L = 0.5 and χN = 16,
(D) Lp/L = 1.0 and χN = 14. In all cases, φhomo/φsolv = 1, f = 0.5,
and φBCP = 1− φhomo − φsolv. The colorbar on the left indicates the range of
volumetric densities for Panels A and B and the colorbar on the right indicates
the range of volumetric densities for Panels C and D.
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Figure 3.5: Donor domain primary eigenvalue, 〈λ1〉, of morphologies at varying
chain rigidities. In all cases, φhomo/φsolv = 1, f = 0.5, and φBCP = 1−φhomo−
φsolv. The arrows indicate φcrit

BCP for each value of Lp/L.

crease in Lp/L when the system is orientationally disordered. However, in

the case of an orientationally ordered donor domain, by choosing the plane of

orientational order to correspond to the interfacial plane, such an energy cost

is avoided. Hence, an increase in orientational order results in a reduction in

the homopolymer-solvent interfacial tension. Not surprisingly, the Ω0 corre-

sponding to the interfacial activity of the BCP mirrors such a dependence on

Lp/L.

In Figure 3.5,we present evidence that the donor domains of the BµEs

observed for the parameters corresponding to Figure 3.3A are not orientation-

ally ordered in the cases of Lp/L = 0.05 and Lp/L = 0.2, but that they are

orientationally ordered in the cases of Lp/L = 0.5 and Lp/L = 1.0. These

trends serve to explain the observations in the context of the phase behavior

84



depicted in Figure 3.3A. Explicitly, we would expect φcrit
BCP (resulting from the

SCMF simulations) to behave similar to the trends exhibited by Ω0. Indeed in

Figure 3.3A, we observe that φcrit
BCP increases as a result of increasing Lp/L from

below the orientational order-disorder transition (where the donor domains are

orientationally disordered) and that, subsequent to the orientational ordering

of the donor domains, further increase of Lp/L leads to a decrease in φcrit
BCP .

To summarize this chapter, we presented a theoretical analysis of the

ternary phase behavior of semiflexible polymer + flexible-semiflexible BCP +

solvent to demonstrate that it may be possible to produce BµE morphologies

from conjugated polymer/fullerene blends. Moreover, we identified a simple

design rule for such BµE phases by positing their formation to be correlated to

points along the mean field locus line that represent a transition to a lamellar

morphology. In addressing the semiflexible nature of the conjugated polymer

material, we found that BµEs are also formed in cases where the donor poly-

mer has a finite persistence length and that they exhibit characteristics similar

to those noted for the flexible polymer systems. Moreover, we identified an

intriguing influence of the persistence length of the donor on the interfacial

activity of the BCP: increasing Lp/L from the state of an orientationally dis-

ordered donor domain results in a decreased interfacial activity of the BCP and

a larger amount of BCP required to form microemulsions. However, increas-

ing Lp/L from the state of an orientationally ordered donor domain results

in an increased interfacial activity of the BCP and a smaller amount of BCP

required to form microemulsions.
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Chapter 4

Rational Design of Thermally Stable,

Bicontinuous Donor/Acceptor Morphologies

with Conjugated Block Copolymer Additives

The work presented in this chapter was adapted from [Dylan Kipp,

Jorge Mok, Joseph Strzalka, Seth B. Darling, Venkat Ganesan, and Rafael

Verduzco. Rational Design of Thermally Stable Bicontinuous Donor/Acceptor

Morphologies with Conjugated Block Copolymer Additives. ACS Macro Let-

ters, 2015, 4, (9), 867-871]. Jorge Mok synthesized all materials and provided

assistance with morphological characterization. All other work is an origi-

nal contribution by Dylan Kipp. Joseph Strzalka, Seth B. Darling, Venkat

Ganesan, and Rafael Verduzco provided technical guidance and mentoring.

Organic solar cells (OSCs) based on the conjugated polymer/PCBM

blend boast the shortest expected energy payback time among various photo-

voltaic technologies [21]. However, two of the primary challenges still limiting

the marketability of these devices are i) the lower device efficiency of the OSC

relative to the more conventional silicon-based solar cell and ii) the long-term

thermal instability of the device active layer [170]. Indeed, high performance

organic solar cells are typically based on kinetically-determined morphologies

that degrade upon thermal annealing. In contrast, the achievement of equilib-
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rium donor/acceptor morphologies with the characteristics known to yield high

device performance could provide an effective form of solar energy harvesting

that remains stable over time.

The bicontinuous microemulsion (BµE) [6, 43, 120] is a well-known equi-

librium morphology characterized by cocontinuous domains, high interfacial

areas, and nanoscale domain dimensions. These characteristics make the BµE

potentially suitable for use as an “ideal” device active layer in organic pho-

tovoltaic applications. In the context of polymeric systems, the BµE is often

achieved by the addition of a diblock copolymer compatibilizer (AB) to a blend

of two immiscible homopolymers (A and B) [43]. Previous studies have demon-

strated the rational design of BµEs using a variety of flexible polymeric mate-

rials [26, 30, 133]. Unfortunately, these flexible polymer materials are typically

inappropriate for use in OSC active layers. However, in Chapter 3, we utilized

simulations to demonstrate that diblock copolymer compatibilizers can also

be used as an additive in semiflexible polymer/solvent blends to achieve BµE

phases (we studied this system as a model for the conjugated polymer/PCBM

system often used in OSCs) [72, 75]. Whether morphologies like those resulting

from the simulations are accessible to the experiments remains an outstanding

question.

In this chapter, we use a combination of simulations and experiments

to investigate the equilibrium-like morphologies formed by a ternary blend of

conjugated polymer, all-conjugated diblock copolymer, and spherical fullerene

molecules. Specifically, we seek to address if the combination of simulations
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and experiments can guide the rational design of thermally stable morphologies

with characteristics like that of the BµE in the case of this blend system. We

note that some previous works have also investigated the use of copolymer

compatibilizer additives in donor/acceptor blends [183]. Broadly, these studies

have used the copolymer compatibilizer as a means either to improve the

thermal stability of the device active layer [84, 89, 132, 159, 184] or to modify

the donor/acceptor morphology thereby leading to increased device efficiency

[16, 121, 144, 167, 172, 179]. Our approach is unique in that we are investigating

near-equilibrium morphologies – consequently, we are able to use equilibrium

simulation methods as a means to predict phase behavior and to guide the

experiments.

As an experimental system of interest, we consider the blend of poly(thieno[3,4-

b]-thiophene-co-benzodithiophene) (PTB7), PTB7-b-polynaphthalene diimide

(PTB7-b-PNDI), and phenyl-C61-butyric acid methyl ester (PCBM). We select

this specific blend due to the attractive electronic and morphological char-

acteristics of the blend components. For instance, recent experiments have

demonstrated the superior performance of OSCs based on the PTB7/PCBM

blend as indicated by a record power conversion efficiency of 9.2% [17, 94, 188].

PNDI has a high electron mobility and can be incorporated at high blend con-

centrations as a second electron acceptor.

The self-assembly of the experimental system on mesoscopic length

scales is governed primarily by the compositional interactions between and

the crystalline ordering of the PTB7, PNDI, and PCBM blend components.
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These elements can be incorporated in a coarse-grained model of the system

in which the conjugated polymers are treated as semiflexible chains and the

PCBM molecule is treated as an explicit solvent. In Chapters 2 and 3, we

used the framework of single chain in mean field (SCMF) simulations [20, 122]

to study the phase behavior of such a model system [72, 75]. Our investiga-

tions demonstrated that the influence of the compositional interactions on the

equilibrium phase behavior is generally much stronger than the influence of

the orientational ordering, and that the locations of the channels of BµE de-

pend only slightly on the conjugated polymer rigidity. The primary influence

of rigidity and orientational interactions was observed to be on the spinodal

lines. In contrast, the blend compositions corresponding to the various phase

transitions were found to depend more sensitively on the composition of the

BCP and on the relative values of the Flory-Huggins interaction parameters.

Motivated by these findings, in this chapter, we utilize a similar coarse-grained

model that incorporates only the effects of compositional interactions. Explic-

itly, we consider a blend of flexible homopolymer, flexible diblock copolymer,

and solvent (a model of PCBM) as a coarse-grained model of our experimental

blend system.

We utilize the framework of SCMF simulations [20, 122] along with a

design rule to identify the blend formulations that are most likely to form

BµE-like morphologies in experiments [75]. The formation of BµE morpholo-

gies depends on the competition between microphase and macrophase separa-

tion that takes place in the vicinity of where the spinodal and the mean field
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microphase-to-macrophase transition intersect (see Figure 4.1). In the ternary

composition space of a homopolymer, a block copolymer (BCP), and a solvent

(PCBM), this intersection constitutes a line that we refer to as the mean field

locus line. In Chapter 3, we hypothesized and corroborated by simulations

that a wide channel of BµE phases is most likely to form at those points along

the mean field locus line that correspond to the edge of the lamella phase [75].

Accordingly, we use simulations here to identify those points along the mean

field locus line that result in a lamellar phase – these points are likely to yield

BµE phases in experiments.

For our coarse-grained model, we quantify the strength of the Flory-

Huggins interactions between blend components using the parameters χPTB7-PCBM,

χPTB7-PNDI, and χPNDI-PCBM. We utilize a simple method based on contact

angle experiments [126] as a means to measure our χij ’s. This approach is

derived from a previous work, where the morphology and phase segregation of

polyfluorene/PCBM blends were investigated [126].

The interaction parameter χij between components i and j was cal-

culated from the solubility parameters (δi) using regular solution theory as

shown in Equation 4.1.

χij =
Vij
RT

(δi − δj)
2 + χent

ij (4.1)

Vij is the geometric mean of the component unit molar volumes (which de-

fines the unit lattice size in the Flory-Huggins model) and χent
ij is the entropic

contribution to χij . χ
ent
ij is known to be very small (negligible) for polymer-
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Figure 4.1: Schematic of phase behavior for a ternary blend system of
homopolymer, BCP, and solvent (PCBM). The regions labelled MICRO,
MACRO, and DIS are regions of thermodynamically stable microphase (lamel-
lar or droplet), macrophase (2-phase or 3-phase coexistence), and composition-
ally disordered morphologies, respectively. The strength of compositional in-
teractions is measured by the Flory Huggins parameter, χ. φi indicates the vol-
umetric blend composition of component i where i indicates the homopolymer
(i = PTB7), BCP (i = PTB7-b-PNDI), or solvent (i = PCBM). For a given
ratio φPTB7/φPCBM, a mean field spinodal line and microphase-to-macrophase
transition line exist in [1 - φPTB7-b-PNDI = φPTB7 + φPCBM, χN ] space (these
are shown as the blue and red lines in the schematic). The mean field locus
line is defined as the intersection of the spinodal plane and the microphase-
to-macrophase transition plane that results by varying φPTB7/φPCBM. This
schematic was adapted from Fredrickson and Bates [30].
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polymer pairs [33, 106] and was selected to be 0.34 for the polymer-PCBM

pairs [11].

The solubility parameter of a component is proportional to the square

root of the component’s surface energy (γi), which in turn can be calculated

from contact angles measurements. Accordingly, contact angle measurements

were taken for each of the PTB7, PNDI, and PCBM components. Briefly,

chloroform solutions of the pure components (12 mg/mL) were prepared and

used to produce spin-casted surfaces. The contact angles of water test liquid

droplets on these spin-casted surfaces were measured. The surface energies

of the component molecules were then obtained using the relation by Li and

Neumann [91]. Finally, a constant proportionality δi = C
√
γi was utilized

to convert the surface energies to solubility parameters (a constant propor-

tionality is a first-level approximation and ignores small effects arising from

variations in the volumes of the segment repeat units). The proportionality

constant C was selected so as to match δPCBM = 22 MPa1/2 as measured by

binary solvent gradient methods [101]. The contact angles, surface energies,

and solubility parameters are provided in Table 4.1.

Table 4.1: Contact Angles, Surface Energies, and Solubility Parameters
Component Contact Angle (deg) γi, (mJ m−2) δi, (MPa1/2)

PTB7 98.7 23.8 20.8
PNDI 105.4 19.8 19.0
PCBM 93.9 26.8 22.0

The measured values of χij are provided in Table 4.2. Given the values

of the χij’s, the BCP is not likely to act as a compatibilizer in the conven-
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tional sense by reducing the interfacial tension between domains rich in PTB7

homopolymers and domains rich in PCBM. Rather, because χPTB7-PCBM <

χPNDI-PCBM, the PCBM is likely to preferentially distribute to the PTB7 and

away from the PNDI. However, the simulation results from Chapter 3 indicate

that BµE-like morphologies should still be accessible for this combination of

χij ’s on the condition that the microphase-to-macrophase transition is a tran-

sition directly to the lamella phase [75]. Under these conditions, we anticipate

lamellar morphologies of domains rich in PNDI and domains rich in PTB7 and

PCBM to form on the condition that φPNDI ≈ φPTB7 + φPCBM (where φi indi-

cates the volume fraction of component i in the blend). It is necessary to use

a BCP with a high PNDI content to satisfy such a condition. We synthesized

such a BCP, and the characterization of our materials is provided in Table 4.3.

Table 4.2: Flory-Huggins Interaction Parameters for Homopoly-
mer/BCP/Solvent Blend System

χPTB7-PNDI 1.20
χPTB7-PCBM 0.77
χPNDI-PCBM 3.36

Table 4.3: Material Characterization
Material Mw (kDa) PDI NPTB7 NPNDI

PTB7 16.07 2.14 21 0
PTB7-b-PNDI 82.97 4.57 11 76

Mw is the weight-average molecular weight; PDI is the polydispersity index
Mw/Mn where Mn is the number-average molecular weight; NPTB7 and

NPNDI are the number of reference volumes of PTB7 and PNDI repeat units
making up each polymer chain.

Figure 4.2 summarizes the phase behavior of our coarse-grained model
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as evaluated using SCMF simulations – Figure 4.2A is a phase diagram and

Figure 4.2B-E show the distribution of PNDI, PCBM, and PTB7 units for

a morphology resembling the BµE. At small φPTB7-b-PNDI and regardless of

the ratio φPTB7/(φPCBM + φPTB7), the PNDI-content of the blend formula-

tion is low, and the simulations result in PNDI-rich droplet domains sus-

pended in a continuous domain rich in PTB7 and PCBM. In contrast, at

high φPTB7-b-PNDI, the PNDI content of the blend is high, and the simula-

tions result in a PNDI-rich continuous domain surrounding droplets rich in

PTB7 and PCBM. Lamella morphologies result only in the case of intermedi-

ate φPTB7-b-PNDI where the morphology transitions from droplets of PNDI to

a continuous PNDI phase. The mean field locus line falls within the phase

space of lamella only in the cases of φPTB7/(φPCBM + φPTB7) ≥ 0.65. These

results suggest that a channel of BµE is most likely to form at higher val-

ues of φPTB7/(φPCBM + φPTB7). However, the formation of BµE morphologies

depends on thermal fluctuations that are strongest at high solvent concen-

trations. Accordingly, we conclude that BµE morphologies are most likely

to form in the case of φPTB7/(φPCBM + φPTB7) = 0.65 – this is the smallest

φPTB7/(φPCBM + φPTB7) (and hence the strongest strength of thermal fluctua-

tions) for which the mean field locus line represents a transition to the lamella

phase. Based on the simulations, we would anticipate BµE-like morphologies

to form in experiments for the blend composition φPTB7/(φPCBM + φPTB7) =

0.65 and φPTB7-b-PNDI ≈ 0.5.

Motivated by the simulation results summarized above, we produced
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Figure 4.2: Phase behavior of homopolymer/BCP/solvent blend resulting from
2D SCMF simulations. (A) Phase diagram, (B-E) volumetric densities of
component units in case of BµE-like morphology: (B) PNDI, (C) PCBM, (D)
PTB7 block of BCP, (E) PTB7 homopolymer.

spin-cast thin films based on various blend compositions in which the ratio

φPTB7/(φPCBM + φPTB7) is held constant at 0.65. To access equilibrium-like

morphologies, we thermally anneal the spin-cast films at elevated tempera-

tures (250C) for a period of 7 days. Films were characterized by a combina-

tion of transmission electron microscopy (TEM) (see Figure 4.3) and grazing-

incidence small-angle X-ray scattering (GISAXS) (see Figure 4.4). GISAXS

measurements were performed at beamline 8-ID-E of the Advanced Photon

Source.

In the following discussion, we describe the results from the experiments

and compare them to the simulations. In the cases of φPTB7-b-PNDI = 0.3 and

φPTB7-b-PNDI = 0.4, the simulations predict a morphology characterized by

PNDI droplets dispersed randomly throughout a matrix of PTB7 and PCBM
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(Figure 4.2). In the TEM images (Figures 4.3A and 4.3B), we observe irreg-

ularly placed white droplets in a black continuous domain. The darker color

regions indicate the preferential distribution of the PCBM material. Further,

the results of the simulations and the relative ordering of the χij ’s from Ta-

ble 4.2 indicate that the white droplets are rich in PNDI (poor in PCBM)

while the black continuous domain is PTB7 and PCBM intermixed. In tran-

sitioning from φPTB7-b-PNDI = 0.3 to φPTB7-b-PNDI = 0.4, we observe that the

PNDI domains become more string-like, interconnected, and large in size. In

the GISAXS profiles (Figure 4.4), this transition manifests as a shift in the

characteristic feature from qy ≈ 0.00252 Å−1 to qy ≈ 0.00192 Å−1 indicating a

change in feature size from ≈ 250 nm to ≈ 330 nm. These experimental results

agree with the simulations, which predict that the PNDI droplets should elon-

gate and grow to more closely resemble lamella sheets as a result of increasing

φPTB7-b-PNDI from below the transition from PNDI droplets to lamella.

In the case of φPTB7-b-PNDI = 0.5, the simulations predict a lamellar

morphology with characteristics like that of the BµE. We observe in the TEM

image (Figure 4.3C) a cocontinuous morphology of white and black domains

that undulate and interweave – this interweaving is a key characteristic of the

BµE [6] that indicates that the morphology achieved may be cocontinuous in

all 3 spatial dimensions. In the GISAXS profiles, we observe a characteristic

feature that is broad in width at qy ≈ 0.00103 Å−1 indicating a distribution of

domain periodicity up to 600 nm (i.e., the individual black and white domains

visible in the TEM image reach up to 300 nm in width according to the
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GISAXS profile). This broad feature and associated distribution of domain

sizes is a second key characteristic of the BµE phase [120].

In comparing the results for φPTB7-b-PNDI = 0.5 to φPTB7-b-PNDI < 0.5,

we observe two important morphological changes: i) the large continuous black

domains that are visible in the TEM images for the cases of φPTB7-b-PNDI < 0.5

are not apparent in the case of φPTB7-b-PNDI = 0.5, and ii) the upturn in the

low-q scattered intensity that characterizes the GISAXS profiles in the cases of

φPTB7-b-PNDI < 0.5 does not characterize the case of φPTB7-b-PNDI = 0.5. Com-

bined, these morphological changes indicate the suppression of macroscopic

phase separation at φPTB7-b-PNDI = 0.5. In comparison to the simulations,

the onset of the microphase-to-macrophase transition and the transition from

PNDI droplets to lamella at φPTB7-b-PNDI = 0.5 agrees with the predictions,

and suggests that a morphology with characteristics like that of a BµE is likely

to form.

In the TEM image for φPTB7-b-PNDI = 0.6 (Figure 4.3D), we observe a

morphology of black droplet domains (rich in PTB7/PCBM) suspended in a

white continuous domain (rich in PNDI). This experimental result agrees with

the simulations, which predict a transition from lamella morphologies to PNDI

continuous morphologies at φPTB7-b-PNDI = 0.6. At a composition above the

microphase-to-macrophase transition, the placement of black droplets within

the white matrix is more regular as compared to the randomly dispersed

white droplets that form in the cases of φPTB7-b-PNDI < 0.5. We observe in

the GISAXS profile a characteristic feature at qy ≈ 0.00103 Å−1 or ≈ 600
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nm in size. More generally, the peak in characteristic feature size located at

φPTB7-b-PNDI = 0.5 as observed in the GISAXS profiles agrees well with the

simulation results (see the insets in Figures 4.3A-D).

We investigated the equilibrium-like morphologies formed by a second

set of materials in order to further bolster i) the interpretation of the exper-

imental results presented in Figures 4.3 and 4.4 and ii) the validity of our

simulation method for predicting phase behavior. The characterization for

this second set of materials is provided in Table 4.4. We used this second

set of materials to conduct a series of experiments that is different than the

series executed earlier in this chapter. Explicitly, we kept constant the PCBM

volumetric composition of our thin films (φPCBM = 0.5) and investigated the

influence of incrementally exchanging PTB7 homopolymer for PTB7-b-PNDI

block copolymer. The simulation results and TEM images for this set of ex-

periments are provided in Figure 4.5.

Table 4.4: Secondary Materials Characterization
Material Mw (kDA) PDI NPTB7 NPNDI

PTB7 21.64 3.73 29 0
PTB7-b-PNDI 18.63 2.25 13 9

Mw is the weight-average molecular weight; PDI is the polydispersity index
Mw/Mn where Mn is the number-average molecular weight; NPTB7 and

NPNDI are the number of reference volumes of PTB7 and PNDI repeat units
making up each polymer chain.

In Figure 4.5A, we summarize the results from the simulations in a

ternary phase diagram. The blue line indicates the spinodal and the red

line indicates the mean field locus line. All phase space above and to left
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Figure 4.3: Cross-sectional TEM images of thermally annealed thin films with
φPTB7/(φPTB7+φPCBM) = 0.65: (A) φPTB7-b-PNDI = 0.3, (B) φPTB7-b-PNDI = 0.4,
(C) φPTB7-b-PNDI = 0.5, (D) φPTB7-b-PNDI = 0.6. In all cases, φPTB7-b-PNDI =
1.0 − φPTB7 − φPCBM. The scale bar is 1µm. The insets show the volumetric
density of PNDI resulting from SCMF simulations to match the experiments.
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Figure 4.4: GISAXS profiles of thermally annealed thin films. In all cases,
φPTB7/(φPTB7 + φPCBM) = 0.65 and φPTB7-b-PNDI = 1.0 − φPTB7 − φPCBM.
GISAXS intensities are offset for clarity. Characteristic features apparent in
the profiles are indicated by solid triangles.
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of the blue line corresponds to a compositionally disordered phase. All phase

space between the blue and red lines corresponds to a macrophase-separated

morphology. Finally, all phase space below and to the right of the red line

corresponds to a microphase-separated morphology. Also in Figure 4.5A, we

provide the blend compositions corresponding to the TEM experiments and

SCMF simulations as black diamonds. Based on the simulation results, we

expect the experiments to exhibit 2 transitions: i) from a compositionally dis-

ordered phase (B) to a compositionally ordered morphology (C) and ii) from a

macrophase-separated morphology (C) to a microphase-separated morphology

(D). Because the PNDI content of the BCP is small, the microphase-separated

morphologies should be characterized by PNDI droplets suspended in a con-

tinuous PTB7 and PCBM domain. Accordingly, increasing the BCP content

of the blend from points D to F also increases the PNDI content of the blend

and should cause the PNDI droplet domains to grow larger in size.

The TEM images corresponding to the experiments B-F are provided

in Figures 4.5B-F. Figure 4.5B corresponds to a PTB7/PCBM blend in the

absence of BCP. In this image, we observe blurry, poorly-defined white and

black domains. By adding BCP to the blend (Figure 4.5C), we observe that

these domains become more well-defined and the interfaces become sharper.

This result agrees with the simulations, which predict a transition from a

compositionally disordered phase (B) to a compositionally ordered phase (C).

We note that point B lies close to the spinodal line in Figure 4.5A, and it

is expected that some phase separation should be apparent in Figure 4.5B.
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In comparing Figures 4.5C and 4.5D, we observe a step change in the size of

the white droplet domains indicating a macrophase-to-microphase transition.

This transition was predicted by the simulations. Finally, Figures 4.5D-F show

a gradual increase in the size of the PNDI droplet domains that results from

incrementing the BCP content of the blend. This result also agrees well with

simulations.

Although the simulations accurately predict the formation of macrophase-

separated morphologies in Figure 4.5C, the simulations did not predict the

formation of large white domains. Rather, the simulations predicted the for-

mation of very small PNDI micelles randomly dispersed in a continuous PTB7

and PCBM domain (see inset to Figure 4.5C). Considering the high/low con-

tent of PTB7/PNDI in the blend, we reason that the PCBM must preferen-

tially distribute away from both the PTB7 and the PNDI in this case (the

black domains are rich in PCBM and the white domains are PTB7 and PNDI

intermixed). The failure of the simulation method to produce results similar

to the experiments may result from the approximate nature of our calculation

for χij ’s.

To summarize this chapter, we demonstrated using a combination of

simulations and experiments the rational design of donor/acceptor morpholo-

gies based on the PTB7/PTB7-b-PNDI/PCBM blend. The BµE-like morphol-

ogy (resulting in experiments and described above for the case of φPTB7−b−PNDI =

0.65) has promise as an OSC active layer because it is characterized by co-

continuous and thermally stable donor and acceptor domains of roughly 100-
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Figure 4.5: Results from simulations and TEM experiments based on the
materials listed in Table 4.4. Panel A summarizes the results from simulations
on a ternary phase diagram. Panels B-F are cross-sectional TEM images of
thermally annealed thin films based on the blend compositions indicated by
diamonds in Panel A: (B) φPTB7 = 0.5, (C) φPTB7 = 0.375, (D) φPTB7 =
0.25, (E) φPTB7 = 0.125, (F) φPTB7 = 0.0. In all cases, φPCBM = 0.5 and
φPTB7-b-PNDI = 0.5 − φPTB7. The scale bar is 1µm. The insets show the the
volumetric density of PCBM resulting from SCMF simulations to match the
experiments. We elect to show the volumetric density of PCBM in these figures
because there is no PNDI in the blend for case B.
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300 nm in size. BµE-like morphologies with smaller domain sizes could also

be designed by using polymer components characterized by smaller degrees of

polymerization or varying the composition of the BCP to target BµE-like mor-

phologies in other areas of the blend composition space [72]. In future studies,

we intend to characterize the device efficiencies of such BµE-like morphologies

and investigate if they do, in fact, lead to higher device performance.
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Chapter 5

Design of Bicontinuous Donor/Acceptor

Morphologies for Use as Organic Solar Cell

Active Layers

The work presented in this chapter was adapted from [Dylan Kipp,

Rafael Verduzco, and Venkat Ganesan. Design of Bicontinuous Donor/Acceptor

Morphologies for Use as Organic Solar Cell Active Layers. Journal of Poly-

mer Science Part B: Polymer Physics, 2016, 54, (9), 884-895]. All work is an

original contribution by Dylan Kipp. Rafael Verduzco and Venkat Ganesan

provided technical guidance and mentoring.

5.1 Introduction

The device performance of organic solar cells (OSCs) has been specu-

lated to depend sensitively on the active layer morphology [97, 170]. Not sur-

prisingly, there is a significant interest in developing generalized approaches

to optimize the morphological characteristics believed to influence device effi-

ciency. Traditional methods for controlling morphology include the selection

of an appropriate solvent for a given combination of donors and acceptors [94,

131, 152] followed by solvent/thermal annealing steps [118, 119, 131, 180]. More
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recently, block copolymer (BCP) additives have also been utilized as an effec-

tive means to modify the donor/acceptor morphology [40, 67]. Through careful

control of the experimental parameters, such as the rate of solvent evaporation

during the film deposition step [92, 155] or the heating time and temperature

associated with the thermal annealing step [131, 180], most strategies aim to

kinetically trap a favorable morphology with cocontinuous, nanoscale, phase-

separated domains [170]. However, in many situations, thermal annealing over

longer times can modify such kinetically trapped morphologies [159, 160, 181]

thereby negatively impacting the device performance and demonstrating the

long-term instability of OSCs [159, 170]. Accordingly, there is a need to develop

thermodynamic strategies that can accommodate the morphological character-

istics desired of polymer-based donor-acceptor mixtures.

The bicontinuous microemulsion (BµE) [6, 22, 30, 43, 109, 133, 175] is a

well-known equilibrium morphologywith the cocontinuous domains and nanoscale

dimensions that are attractive for polymer photovoltaic applications. Since

BµEs are equilibrium morphologies, such structures are more stable than the

kinetically-trapped morphologies. Both lamella and BµE morphologies are

equilibrium phases characterized by nanometer-scale domain sizes, and each

are likely to boast high exciton dissociation efficiencies. However, whereas the

lamella morphology is cocontinuous in only 2 spatial dimensions, the BµE is

cocontinuous in all three spatial dimensions. Accordingly, active layers based

on the BµE morphology are likely to provide continuous donor/acceptor path-

ways for charge collection regardless of the orientation of domains immedi-
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ately neighboring the electrodes. Moreover, BµEs are often characterized by

a broader distribution of domain sizes, and so the optimization of OSCs based

on the BµE may depend less on achieving the optimal domain size.

In previous chapters, we demonstrated that it is possible to rationally

design phases resembling the BµE by adding a conjugated BCP to a blend

of a conjugated homopolymer donor and a spherical fullerene acceptor. In

Chapter 3 [75], we utilized simulations to identify a small number of material

combinations that result in BµE phases. Based on these results, we extracted

a simple design rule for the formation of BµEs. In Chapter 4 [73], we utilized

experiments as guided by the design rule to demonstrate the rational design

of bicontinuous phases from a blend of PTB7, PTB7-b-PNDI, and PCBM.

Overall, the results from this chapter demonstrated that i) the morphologies

generated in the simulations are achievable also in the experiments; and ii)

coarse-grained simulation methods constitute an effective tool for predicting

the formation of such phases.

Despite the promising nature of the results reported in our earlier chap-

ters, we note that the design of OSCs is a highly multidimensional problem that

includes by necessity the optimization of both the morphological and the elec-

tronic aspects that affect device performance. These aspects are often coupled

– for instance, the choice of the donor repeat unit can simultaneously influence

both the electronic interactions between as well as the miscibility of the donor

and acceptor materials. Often times, the optimization of the electronic proper-

ties constrains the overall design such that the parameters known to influence

107



morphology are limited to a certain range. Moreover, even in the case that

a design can be envisioned that simultaneously optimizes both the electronic

and morphological aspects affecting device performance, the synthesis of the

latest generation OSC polymers is still in its early stages of development, and

various elements of the synthesis can be difficult to control (e.g., the degree of

polymerization, the composition of the BCP, etc.). Hence, it may be difficult

to engineer materials that exactly satisfy a specific design.

Motivated by the above considerations, in this chapter, we present the

results of a more comprehensive simulation study directed to identify an ex-

panded range of parameter values which may lead to bicontinuous donor/acceptor

morphologies. We consider a blend of a linear homopolymer B, a linear BCP

AB, and an explicit solvent S as a mesoscopic model of the blend system

of a conjugated homopolymer, a conjugated BCP, and a spherical fullerene

(PCBM). We investigate the influences of i) the composition of the BCP, ii)

the size disparity between the homopolymer and BCP, and iii) the relative

strength of compositional interactions between the component species, on the

location of the BµE morphologies in the ternary composition space. The S sol-

vent is acceptor PCBM, but whether the A and B components are donors or

acceptors will depend on the specific selection of the polymer repeat monomers,

which will vary between studies. We maintain generality by not selecting the

identity of the A and B monomers here.

Having then examined a much larger phase space than investigated

previously, we address two of the shortcomings of our earlier chapters. First,
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the bicontinuous phase achieved in experiments was characterized by domains

ranging from 100 to 300 nm in size. Such domain sizes are much larger than

those of interest for high-performance OSCs. Indeed, charge generation and

recombination typically take place at the interface between donors and accep-

tors, and domain coarsening beyond 20 nm has been demonstrated to result in

reduced device efficiencies both in experiments and in simulations [114]. Such

considerations motivate the first question we consider in this chapter: “which

blend parameters influence the domain size and can we design bicontinuous

phases with much smaller domains?”

The bicontinuous phase achieved previously was also characterized by

a compositionally mixed donor domain. Since the Flory-Huggins interaction

parameter between the donor PTB7 and the acceptor PCBM was smaller than

between the acceptor PNDI and the acceptor PCBM, the PCBM preferentially

distributed away from the PNDI domains and to the donor domains rich in

PTB7. In principle, we would expect a morphology of donor domains rich

in PTB7 and acceptor domains rich in PNDI and PCBM to perform better.

More generally, the donor and acceptor energy levels have been demonstrated

to depend on domain purity such that polymer crystallization [113] and PCBM

aggregation [56] can lead to energy cascades at the donor-acceptor interface.

Such energy cascades promote charge separation thereby motivating the pur-

suit of less mixed donor and acceptor domains [36]. This motivates the second

question we consider in this chapter: “besides the Flory-Huggins interaction

parameters, which blend parameters influence the domain composition and
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can we design bicontinuous phases with purer donor and acceptor domains?”

Other works have investigated the formation of BµE phases from poly-

meric blends [6, 22, 30, 43, 109, 133, 175]. In principle, the results from those

works could be extrapolated to the case where one polymer species becomes

solvent-like. However, the work presented here differs from those previous

works in 3 important ways: i) we attempt to find bicontinuous phases away

from the Lifshitz point. Accordingly, our treatment leads to a much larger

range of parameter combinations that result in bicontinuous phases. ii) We cal-

culate the morphological quantities that characterize our bicontinuous phases

and thereby provide the means to choose a specific morphology with the de-

sired characteristics. iii) We provide results for varying the strength of com-

positional interactions between the three different monomers A, B, and S and

explain how these results can be generalized to treat a large range of donor

and acceptor monomer combinations.

The rest of this chapter is arranged as follows. In Section 5.1.1, we

summarize the main findings of our earlier chapter, describe the design rule

for BµE phases that emerged from that work, and explain how this design

rule can be used to identify blend formulations that are likely to result in

bicontinuous phases. Section 5.1.1 sets the context for the approach we adopt

and the results we present in the rest of the chapter. In Section 5.2, we

describe the coarse-grained model of the system and the simulations approach

utilized to identify the elements required to use the design rule as described

in Section 5.1.1. Section 5.3 contains the results of this chapter. We identify
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the blend compositions that result in bicontinuous phases for a large range

of parameter combinations and quantify their morphological characteristics.

We then comment on how the various system parameters can be adjusted to

target specific desirable characteristics without destroying the bicontinuous

phase. Finally, we explain how our results can be generalized to different

combinations of donor and acceptor monomers. In Section 5.4, we provide a

summary.

5.1.1 Design Rule for Bicontinuous Microemulsion Phases

In this section, we summarize the findings presented in Chapter 3 [75],

which led to the identification of a design rule for predicting the occurrence of

BµEmorphologies within the ternary phase space of a mixture of homopolymer

B, BCP AB, and explicit solvent S.

The formation of BµE morphologies results from thermal fluctuations

and depends on the competition between microphase and macrophase sepa-

ration that takes place at the intersection of the mean field microphase-to-

macrophase transition and the mean field spinodal (see Figure 5.1). For a spe-

cific volumetric ratio of homopolymer to homopolymer plus solvent (φhomo/(φhomo+

φsolv)), the mean field microphase-to-macrophase transition and mean field

spinodal are lines, and their intersection is a point. By varying the ratio

φhomo/(φhomo + φsolv), these lines become planes, and the intersection of these

two planes form a line that we refer to as the mean field locus line. In Chap-

ter 3 [75], we presented (and corroborated by simulation results) a hypothesis
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that the channel of BµE is most likely to form at those points along the mean

field locus line that correspond to the edge of the lamella phase. At such

regions, we demonstrated that the thermal fluctuations disrupted the lamella

morphology and gave rise to the channel of BµE morphologies. However, at

other points along the mean field locus line, a channel of microphase droplet

or cylinder morphologies preceded the transition to lamella morphologies. As

this channel of microphase droplets widened, the lamella phase transition di-

verged from the mean field locus line, the impetus for macrophase separation

in the vicinity of the lamella weakened, and the channel of BµE thinned (and

ultimately vanished).

The results presented in Chapter 3 confirmed that the formation of

BµE morphologies can be correlated to the locations of the mean field locus

line and the lamella phase transition line. Such a result suggests that it may

not be necessary to engage in the computationally expensive effort to probe

for the occurrence of BµE phases over a large range of compositions. Instead,

it may suffice to trace the trajectory of the mean field locus lines and identify

the points that lie at the edge of the lamella phase (for instance, by utiliz-

ing coarsely sampled ternary phase diagrams as generated by simulations). In

Chapter 4 [73], we used such an idea to identify the blend compositions likely to

give rise to bicontinuous phases for a specific blend of PTB7 + PTB7-b-PNDI

+ PCBM. In experiments, we prepared equilibrium thin films based on these

target blend compositions and characterized their morphologies via a combi-

nation of transmission electron microscopy and grazing-incidence small-angle
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Figure 5.1: Schematic of phase behavior for a ternary blend system of ho-
mopolymer B, solvent S, and BCP AB. The strength of compositional inter-
actions is measured by the Flory-Huggins parameter, χ. The regions labeled
LAM or DROP, DIS, and 2P or 3P are regions of thermodynamically stable
lamellar or droplet, disordered, and 2-phase or 3-phase coexistence, respec-
tively. For a given ratio φhomo/(φhomo + φsolv), a mean field spinodal line and
microphase-to-macrophase transition line exist in [1 - φBCP = φhomo + φsolv,
χN ] space. By varying φhomo/(φhomo+φsolv), these lines become planes in full
[φhomo/(φhomo + φsolv), 1 - φBCP , χN ] space. The intersection of these two
planes form a line that we refer to as the mean field locus line. The simula-
tion results from Chapter 3 [75] indicated that the thermally-induced channel
of BµE is most likely to form at points along the mean field locus line that
correspond to the edge of the lamella microphase (as opposed to a droplet
microphase). This schematic was adapted from Fredrickson and Bates [30].

X-ray scattering. We found that these thin films exhibited the interweaving

domains and a large distribution of domain sizes that are characteristic of the

BµE morphology. Overall, these results demonstrated that the design rule as

extracted from the simulations can be utilized to guide the experiments in the

production of bicontinuous, equilibrium microphases.

In the present chapter, we use the design rule described in this sec-
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tion as a computationally inexpensive approach to identify a large number of

parameter combinations that are likely to result in BµE morphologies.

5.2 Methods

Coarse-Grained Model

Many organic solar cells are based on kinetically-trapped donor/acceptor

morphologies produced via spin-casting. The prediction of such morphologies

would necessarily include simulation of the solvent evaporation process (for

instance, the evaporation of dichlorobenzene in the case of PTB7 + PCBM

blends dissolved in dichlorobenzene) [94]. However, in this work we do not

consider such kinetically-determined morphologies, but instead consider only

equilibrium morphologies. We have previously demonstrated that prolonged

thermal annealing of spun-cast thin films can yield equilibrium morphologies

like those presented in this work [73]. We intend to develop simulation methods

that account for the solvent evaporation process and enable the investigation

of kinetically-determined morphologies in a later work.

We study the equilibrium phase behavior of homopolymer:diblock copoly-

mer:spherical fullerene blends. As a coarse-grained model of the system under

consideration, we consider a mixture of homopolymer B, block copolymer A-B,

and explicit solvent S. We use a combination of random phase approximation

(RPA) and single chain in mean field (SCMF) simulations to effect the objec-

tives discussed in the preceding section. Many details of our framework are

identical to those presented in the context of Chapter 2 [72], and hence we
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provide only the most pertinent details of the model here.

In our model, we use the Flory-Huggins parameter, χij, to quantify

the strength of i − j interactions between the segments of the A block of

the copolymer, the B homopolymer and B block of the copolymer, and the

S solvent. To render the parameter space tractable, we choose to set the

various χij parameters in proportion to a parameter χ (χ > 0). In simulations,

we discretize the contour of the linear homopolymer into Nhomo segments.

Similarly, we discretize the contour of the linear block copolymer into NBCP =

NA + NB segments; the A block comprises the first NA = fNBCP segments

and the B block comprises the second NB = (1 − f)NBCP segments, where

f denotes the volume fraction of the A block of the diblock copolymer. We

use the parameter β = (Nhomo −NBCP ) /min (Nhomo, NBCP ) to quantify the

asymmetry in degree of polymerization between the homopolymer (labeled

with subscript “homo”) and BCP (labeled with subscript “BCP”) components.

We keep NBCP = 20 constant and change Nhomo to effect a change in β. β > 0

corresponds to a homopolymer that is longer than the BCP whereas β < 0

corresponds to a homopolymer that is shorter than the BCP. We explicitly

model the spherical fullerene molecule as a solvent monomer with volume

equal to that of the polymer monomers. φi indicates the volumetric blend

composition of component i.

The conjugated polymeric materials typically used in OSCs have been

demonstrated to exhibit a rich phase behavior arising from the semiflexibility

and orientional ordering of the conjugated repeat units [58, 59, 79, 80]. Liq-
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uid crystalline ordering and polymer crystallization are common morpholog-

ical features that impact the electronic properties and device performance of

OSCs. In Chapters 2-3 [72, 75], we utilized a morphology model that incorpo-

rates orientational interactions between semiflexible polymers to identify the

influence of such features on the morphologies formed by our system of inter-

est. We found that the influence of the polymer semiflexibility is primarily on

the qualitative characteristics of the morphology whereas the phase behavior

is affected only to a limited degree. In Chapter 4 [73], we demonstrated that

a model based on all flexible polymeric materials and purely isotropic com-

positional interactions could accurately predict the formation of bicontinuous

phases in the case of our experiments based on conjugated polymer materi-

als. Motivated by the above findings, in this chapter, we treat all polymers

as fully flexible and consider only isotropic compositional interactions between

monomers.

Random Phase Approximation for Mean Field Locus Lines

We utilized the RPA for an incompressible, multicomponent polymer

system [68] to calculate the mean field locus lines for our coarse-grained model

(see Figure 5.1). To account for the size asymmetry between the solvent and

the two polymer components, we set the degree of polymerization of the solvent

component equal to NS = 1. This treatment matches the scheme utilized in

the simulations, in which the solvent is treated as an explicit monomer with

volume equal to that of a single coarse-grained bead of the homopolymer chain.
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The mean field spinodal (χNspinodal) can be calculated as the value of

χN for which the structure factor, S̃ij (q), diverges. The intersection of the

microphase-to-macrophase transition and the χNspinodal (see Figure 5.1) is the

pair of values φµ
BCP and χNspinodal for which 1) the structure factor diverges

(i.e., χN = χNspinodal) and 2) q∗ jumps from q∗ = 0 to a small, nonzero value

(φBCP = φµ
BCP ). q∗ is the value of q for which the S̃ij (q) is its maximum

value or a singularity. To form the mean field locus lines, we calculate the

intersection of the mean field microphase-to-macrophase transition and the

χNspinodal for varying parameter combinations and trace the resulting points

to form lines.

Single Chain in Mean Field Simulations for Lamella Phase Transi-
tions

We used the SCMF framework as the tool to distinguish between droplet

and lamella morphologies along the trajectories of the mean field locus lines.

SCMF is a particle-based simulation method in which the statistical features

of a self-consistent field theory framework are embedded into a Monte Carlo

method [20, 25, 122, 133, 134]. In practice, the mutual intermolecular inter-

actions between segments are decoupled and replaced by interactions of the

segments with pseudo-chemical-potential fields. Such fields are in turn deter-

mined in a self-consistent manner through their relationship to the inhomo-

geneous composition order parameter fields. The intramolecular interactions

of the polymer units are treated exactly. All segments along the length of a

given polymer chain are connected by a harmonic spring potential with spring
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constant κs = 100kBT/b
2 (b denotes the bond length). Simple translational

MC moves are selected at random for each segment and accepted according to

the metropolis algorithm. In our simulations, we update the pseudochemical-

potential fields after every MC step.

We note that the BµE phase is fundamentally a three dimensional

morphology. However, previous studies of BµE phases have demonstrated

qualitative agreement between the results of two dimensional simulations and

experimental observations [22]. Accordingly, for the sake of computational

and analytical tractability, we utilized two-dimensional variation of the com-

position order parameter fields (although the positions of the monomers are

evolved in three dimensions).

The SCMF simulations yield phase-separated domains of differing size

and composition. The simulation box size is Λ = 36Rg where Rg is the un-

perturbed radius of gyration of the BCP. More generally, all length scales are

normalized to Rg. We report the interfacial circumference between domains

normalized to the box size as CInt/Λ
2 (the domain size is inversely propor-

tional to CInt/Λ
2). Finally, 〈φi〉 indicates the domain-average composition of

component i.

5.3 Results and Discussion

We would like to provide predictions for bicontinuous phases that can be

applied to the largest possible cross section of donor and acceptor monomers.

The selection of these A, B, and S monomers will result in different χij sets,
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but we can choose only a few specific combinations of χij’s to investigate in

this work. Here, we provide some preliminary results on the influence of χij

and formulate a strategy for choosing a subset of χij ’s that will represent the

largest possible cross section of donor and acceptor materials.

In Figure 5.2, we plot values of φµ
BCP corresponding to different points

along the mean field locus lines for the case of f = φhomo/(φhomo+φsolv) = 0.5

and β = 0, but with varying combinations of χij ’s. We recall that these points

represent the intersection of the mean field microphase-to-macrophase transi-

tion and the mean field spinodal (see Figure 5.1). Hence, these points quantify

the amount of BCP required to form microphase-separated morphologies for

temperatures of χN near χNspinodal, but can also be used as a rough indica-

tion in the case of χN > χNspinodal. We choose χBS/χ = 1.0 and vary χAB/χ

and χAS/χ. Hence, these results demonstrate the influence of varying the rel-

ative strengths of compositional interactions on the formation of microphase

morphologies.

For the cases of χAB/χ ≥ 0.25, we observe that φµ
BCP is relatively invari-

ant to changing χAS/χ or χAB/χ. In contrast, for the cases of χAB/χ < 0.25,

varying χAS/χ or χAB/χ leads to much more significant changes in φµ
BCP .

These results reflect that the amount of BCP required to form microphase mor-

phologies is largely unaffected by varying χAS/χ or χAB/χ under the condition

that the compositional ordering of the system is dominated by the segregation

of the A and B components (although the spinodal χN is sensitive to changing

χAB/χ). The strength of the A-B interaction is quantified as χABNφAφB, and
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Figure 5.2: φµ
BCP for varying χAS/χ and χAB/χ. χBS/χ = 1, β = 0, and

φhomo/(φhomo + φsolv) = f = 0.5. At the point χAB/χ = 0.0 and χAS/χ = 1.0,
the A and B components have zero interactions between one another and
identical interactions with the solvent particles – hence, the BCP and the
homopolymer are chemically identical. In this case, we observe that the mean
field microphase-to-macrophase transition is eliminated (i.e., the BCP can
not used to create a microphase morphology in the case that the BCP and
homopolymer are indistinguishable). However, either increasing χAB/χ or
increasing/decreasing χAS/χ from such parametric conditions results in the
presence of a finite and decreasing φµ

BCP .
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dominant A-B segregation can be achieved by increasing χAB, decreasing φS,

and/or increasing the degrees of polymerization of the A and B components.

If we increase χAB to target strong A-B segregation, then the results

summarized in Figure 5.2 suggest that our predictions for φµ
BCP may be general

to any combination of materials resulting in strong A-B segregation. Under

this condition, the outstanding task is to identify which combinations of β, f ,

and blend composition lead to microphase morphologies that are also bicontin-

uous for a given set of χAS and χBS . The relative strength of χAS to χBS should

primarily influence the distribution of the solvent between A-rich domains and

B-rich domains. Specifically, increasing χAS/χBS should redistribute the sol-

vent from the B-rich domains to the A-rich domains. This redistribution of

solvent between domains should shift the blend compositions likely to give rise

to bicontinuous phases.

Motivated by these results, we choose to treat the two cases of χAS <<

χBS and χAS >> χBS in greater detail. We hypothesize that φµ
BCP should not

differ greatly between the two cases, but that the formation of bicontinuous

morphologies should depend on the selection of χAS/χBS. Accordingly, any

combination of χij’s that result in strong A-B segregation can be addressed

by interpolating between these two cases.

5.3.1 Design of BµE Phases for the Case of χAS << χBS

In this section, we investigate the phase behavior of a model blend of

homopolymer B, BCP AB, and solvent S for the case of χAS << χBS . Specif-
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ically, we choose χAB = χBS = χ and χAS = 0.0. This set of χij’s corresponds

to the classical physics of a compatibilizer additive, where the A and B blocks

are designed to mix with the fullerene and with the B homopolymer, respec-

tively. The solvent preferentially distributes away from the B-rich domains to

the A-rich domains. Hence, it is appropriate to choose A monomer acceptors

and B monomer donors in order to give rise to acceptor domains rich in A and

S and donor domains rich in B.

In Figure 5.3A-E, we plot the blend composition of BCP correspond-

ing to different points along the mean field locus lines (φµ
BCP ) for varying β,

φhomo/(φhomo + φsolv), and f . We observe that φµ
BCP increases with increas-

ing β, φhomo/(φhomo + φsolv), and f except at low f where the trends exhibit

nonmonotonic behavior with increasing φhomo/(φhomo + φsolv) and f . OSC de-

vice efficiencies are known to depend on the blend composition, and optimal

donor/acceptor ratios are typically close to 1:1 by volume. Hence, in Figure

5.3A-E, we also plot the parameter combinations that yield φsolv = 0.5 and

φsolv+fφBCP = 0.5 as solid and dashed black lines, respectively. The intersec-

tions of the black lines with the mean field locus lines indicate the parameter

combinations that yield microphase morphologies with the blend composition

corresponding to the black line. We observe that the mean field locus lines and

the black lines intersect for all values of β at small f , but that the lines diverge

as f increases. Hence, these results suggest that the design of microphase mor-

phologies with 1:1 donor/acceptor blend ratios are less constrained when f is

small.
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Figure 5.3: Phase behavior of homopolymer/BCP/solvent mixture in case of
χAS << χBS. Panels A-E plot φµ

BCP for cases of varying f : (A) f = 0.1, (B)
f = 0.3, (C) f = 0.5, (D) f = 0.7, (E) f = 0.9. Here, the points connected by
lines indicate φµ

BCP , the solid black lines indicate φsolv = 0.5, and the dashed
black lines indicate φsolv + fφBCP = 0.5. The solid dots in Panel F indicate
the combinations of β, φhomo/(φhomo+φsolv), and f that satisfy the design rule
for bicontinuous phases. For a given set of materials characterized by β and
f , the target blend composition predicted to yield a bicontinuous phase can
be ascertained by combining the information in Panels A-E and F: (i) read
the target φhomo/(φhomo + φsolv) from Panel F and (ii) read the corresponding
target φµ

BCP from panels A-E. The solid lines in Panel F indicate the parameter
combinations that result in φsolv = 0.5 for φBCP = φµ

BCP .
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The solid dots in Figure 5.3F indicate the parameter combinations that

satisfy the design rule for BµE phases for cases of varying β, φhomo/(φhomo +

φsolv), and f . To construct this diagram, we utilized SCMF simulations to

identify the points along the trajectories of the mean field locus lines that

intersect with the edge of the lamellar phase. In cases of large φhomo/(φhomo+

φsolv) and small f , the B component makes up the majority of the blend, and

the mean field locus line lies at the edge of the A + S droplet microphase

(droplets of A and S suspended in a continuous domain of B). In cases of

small φhomo/(φhomo+φsolv) and large f , the A and S components make up the

majority of the blend, and the mean field locus line lies instead at the edge of

the B droplets microphase (droplets of B suspended in a continuous domain of

A and S). In transitioning from the top left to the bottom right of Figure 5.3F,

the morphology transitions from a continuous B phase to a continuous A + S

phase. The mean field locus line intersects with the edge of the lamella phase

only at these transition points where φhomo/(φhomo+φsolv) and f are balanced.

The target blend compositions predicted to yield bicontinuous phases differ for

varying β. Generally, the spread in target blend compositions with varying

β is largest for cases with intermediate φµ
BCP . For cases with small or large

φµ
BCP , either the blend composition of homopolymer or the blend composition

of BCP is small so the influence of the size disparity β on the phase behavior

is also small.

The solid lines in Figure 5.3F indicate the parameter combinations

that yield φsolv = 0.5 for φBCP = φµ
BCP , and the intersections of the solid
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lines and the solid dots indicate the target parameter combinations that yield

bicontinuous microphases with φsolv = 0.5. As β increases, the targets f and

φhomo/(φhomo + φsolv) decrease whereas the target φµ
BCP increases (see Figure

5.3A-E). Dashed lines corresponding to φsolv+fφBCP = 0.5 and φBCP = φµ
BCP

could also be included in this figure, but we elected to exclude them in order to

reduce clutter. Generally, targeting φsolv + fφBCP = 0.5 requires only slightly

higher φhomo/(φhomo + φsolv) ratios then indicated by the solid lines in Figure

5.3F.

In Figure 5.4, we show pictures of three different bicontinuous phases

as resulting from the simulations for cases where the spread in the target

blend compositions with varying β is large. In each case, we observe two

identifying characteristics of the bicontinuous phase: (i) interweaving solvent-

rich and solvent-poor domains and (ii) a large distribution of domain sizes.

These characteristics are especially visible for the case of β = 2.0 in which the

domains are smallest and the highest number of domains can fit in a single

simulation box.

We calculated the interfacial circumference and average domain com-

position for each simulation that resulted in a bicontinuous phase. The results

are provided in Figure 5.5. We observe that the morphological details of the bi-

continuous phase depend on β and φhomo/(φhomo+φsolv), but vary only slightly

with changing f . Accordingly, we averaged the morphological quantities that

resulted when varying f at constant β and φhomo/(φhomo+φsolv). However, we

note that by selecting β and f , only a small range of blend compositions can
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Figure 5.4: Volumetric density of solvent particles in bicontinuous phases for
case of χAS << χBS: (A) β = −2.333, φhomo/(φhomo + φsolv) = 0.3, f = 0.7,
φBCP = 0.1, and χN = 25.7; (B) β = 0.0, φhomo/(φhomo+φsolv) = 0.4, f = 0.5,
φBCP = 0.3, and χN = 20.6; (C) β = 2.0, φhomo/(φhomo+φsolv) = 0.5, f = 0.4,
φBCP = 0.73, and χN = 21.0. The color bar to the right of each figure indicates
the range of volumetric densities. The box size is Λ = 36Rg.

be utilized to target bicontinuous phases. Accordingly, the selection of β and

f effectively sets φhomo/(φhomo + φsolv).

From Figure 5.5, we observe that the interfacial circumference increases

with increasing β, but is relatively invariant to changing φhomo/(φhomo +φsolv)

except in the case of small φhomo/(φhomo+φsolv) and large β. Domain sizes are

inversely proportional to CInt/Λ
2 and decrease with increasing β. The average

domain composition depends primarily on φhomo/(φhomo + φsolv) – increasing

φhomo/(φhomo + φsolv) leads to larger φµ
BCP , a larger target f , and hence larger

domain compositions of A. Increasing φhomo/(φhomo+φsolv) also increases (de-

creases) the B homopolymer (S solvent) composition of the domains.

We promote the use of Figures 5.3 and 5.5 to design thermally stable,

bicontinuous morphologies based on materials with χAS << χBS. For a given

set of A, B, and S monomers, the material design typically begins with the
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Figure 5.5: Morphological characterization of bicontinuous phases for case of
χAS << χBS. Panel A plots the interfacial circumference between A-rich and
B-rich domains. Panels B-D plot the average domain compositions – the com-
positions of the A-rich and B-rich domains are plotted as dashed and solid lines,
respectively. The legend from Panel B is the legend for all 4 panels. These re-
sults correspond to the bicontinuous phases identified in Figure 5.3. The mor-
phological quantities from simulations with equal β and φhomo/(φhomo + φsolv)
but different f are averaged.
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selection of β and f . In those circumstances where β and f are preset (for

instance, in order to optimize the electronic properties or due to limitations

associated with the material synthesis), Figure 5.3 can be used to identify the

blend composition that is likely to give rise to bicontinuous phases. Then,

Figure 5.5 can be referenced to approximate the morphological characteristics

of the resulting bicontinuous phase. In some instances, the design strategy may

be to minimize the amount of BCP required to create a microphase regardless

of domain connectivity. For instance, the BCP may be very expensive, or it

may electronically insulate the interface between domains. In cases like these,

Figures 5.3A-E can be decoupled from Figure 5.3F and utilized alone to target

microphase morphologies with the smallest φµ
BCP .

In those instances where the material design is not constrained, we

can choose β and f in order to target bicontinuous phases with the optimal

morphological characteristics. Large values of β should be considered in order

to minimize the domain size. Indeed, in Chapter 4, we designed bicontinuous

phases with domain sizes ranging from 100 to 300 nm based on materials with

β ≈ −3.0. In Figure 5.5, we observe that increasing β from β = −2.333 to

β = 2.0 leads to a 3x increase in CInt/Λ
2. This result suggests that we may

be able to reduce our experimentally-observed domain sizes to below 100 nm

by increasing β. However, φµ
BCP is also largest for cases with large β, and so

electronically conductive and photoactive BCPs should be utilized so as not

to insulate the interface between domains.

The selection of β and f sets the target blend composition required to
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form bicontinuous microphases. If we desire to target large β and φsolv = 0.5,

then we must also target small f and φhomo/(φhomo + φsolv) in order to create

bicontinuous domains. Otherwise, we note that purer domains of B can be

achieved by increasing φhomo/(φhomo + φsolv), whereas purer domains of S can

be achieved by decreasing φhomo/(φhomo + φsolv).

5.3.2 Design of BµE Phases for the Case of χBS << χAS

In this section, we investigate the phase behavior of a model blend

of homopolymer B, BCP AB, and solvent S for the case of χBS << χAS.

Specifically, we choose χAB = χAS = χ and χBS = 0.3χ. In the case of

this set of χij’s (which is representative of the materials in Chapter 4) [73],

adding BCP results in the formation of domains rich in A and poor in B and

S. The solvent preferentially distributes away from the A-rich domains to the

B-rich domains. Hence, it is appropriate to choose A monomer donors and

B monomer acceptors in order to give rise to donor domains rich in A and

acceptor domains rich in B and S.

In Figure 5.6A-E, we plot φµ
BCP for varying β, φhomo/(φhomo+φsolv), and

f . Resembling the case of χAS << χBS (see Figure 5.3), φµ
BCP again increases

with increasing β, φhomo/(φhomo+φsolv), and f at higher values of f , but varies

nonmonotonically at lower values of f . By comparing Figures 5.3 and 5.6, we

observe that the φµ
BCP ’s that result for different χAS/χBS match closely for

f ≥ 0.5 (in agreement with our hypothesis), but can differ significantly for

f < 0.5 and small φhomo/(φhomo + φsolv) (counter to our hypothesis). As
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φhomo/(φhomo + φsolv) and f decrease, the the number of A-B interactions

decrease and the compositional segregation becomes dominated either by B-S

or A-S interactions. This shift can be utilized to explain why φµ
BCP matches

closely between χAS/χBS sets for larger f and φhomo/(φhomo+φsolv), but shows

more variance for small f and φhomo/(φhomo + φsolv).

In the case that the solvent (PCBM) is the only acceptor, the design

may be to target φsolv = 0.5 in order to achieve a donor-to-acceptor ratio of

1:1. In other cases, the B component may be a second acceptor and the A

component may be the only donor, in which case the design may be to target

φA = fφBCP = 0.5. In Figure 5.6A-E, we plot the parameter combinations

that yield φsolv = 0.5 and φA = 0.5 as solid and dashed black lines, respectively.

The intersections of these lines with the mean field locus lines again represent

those parameter combinations that yield microphase morphologies with the

target blend composition. We observe that microphase morphologies with

φsolv = 0.5 (φA = 0.5) are accessible to the largest range of β’s for intermediate

(large) f .

The solid dots in Figure 5.7F indicate the parameter combinations that

satisfy the design rule for BµE phases for the case of χBS << χAS. At small

f and regardless of φhomo/(φhomo +φsolv), the sum of the B and S components

makes up the majority of the blend and the mean field locus line lies with the

edge of the A droplet microphase (droplets of A suspended in a continuous do-

main of B and S). In cases of large f , the A component makes up the majority

of the blend and the mean field locus line lies instead at the edge of the B + S
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Figure 5.6: Phase behavior of homopolymer/BCP/solvent mixture in case of
χBS << χAS. Panels A-E plot φµ

BCP for cases of varying f : (A) f = 0.1, (B)
f = 0.3, (C) f = 0.5, (D) f = 0.7, (E) f = 0.9. Here, the points connected
by lines indicate φµ

BCP , the solid black lines indicate φsolv = 0.5, and the
dashed black lines indicate φA = 0.5. The solid dots in Panel F indicate the
combinations of β, φhomo/(φhomo + φsolv), and f that satisfy the design rule
for bicontinuous phases. For a given set of materials characterized by β and
f , the target blend composition predicted to yield a bicontinuous phase can
be ascertained by combining the information in Panels A-E and F: (i) read
the target φhomo/(φhomo + φsolv) from Panel F and (ii) read the corresponding
target φµ

BCP from panels A-E. The solid lines in Panel F indicate the parameter
combinations that result in φsolv = 0.5 for φBCP = φµ

BCP .
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droplet microphase (droplets of B and S suspended in a continuous domain of

A). By transitioning from small to large f , the morphology transitions from a

continuous domain of B and S to a continuous domain of A. The mean field

locus line intersects with the edge of lamella phase only at these transition

points. The target blend compositions predicted to yield bicontinuous phases

differ for varying β – as β increases, φµ
BCP increases thus increasing the A

content of the blend for a given f such that a smaller target f is required to

achieve the bicontinuous phase.

The intersections of the solid lines and the solid dots in Figure 5.6 in-

dicate the target parameter combinations that yield bicontinuous microphases

with φsolv = 0.5. As β is increased, the target f is seen to decrease whereas the

target φµ
BCP increases (see Figure 5.6A-E). Slightly higher φhomo/(φhomo+φsolv)

and φµ
BCP are required to target bicontinuous microphases with φA = 0.5.

Figure 5.7 provides images of three different bicontinuous phases re-

sulting from simulations designed to verify our predictions. We again observe

the interweaving domains and a large distribution of domain sizes that in-

dicate the bicontinuous phase. Although these morphologies were generated

using a markedly different χAS/χBS ratio, these pictures strongly resemble the

bicontinuous phases from Figure 5.4.

Figure 5.8 provides the morphological characterization of the bicontinu-

ous phases for the case of χBS << χAS. By comparison of Figure 5.5 to Figure

5.8, we observe that the size and composition of the bicontinuous domains for

differing χAS/χBS are similar. The interfacial circumference and hence the
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Figure 5.7: Volumetric density of A particles in bicontinuous phases for case
of χBS << χAS: (A) β = −2.333, φhomo/(φhomo + φsolv) = 0.2, f = 0.85,
φBCP = 0.3, and χN = 23.2; (B) β = 0.0, φhomo/(φhomo + φsolv) = 0.2, f =
0.65, φBCP = 0.35, and χN = 21.6; (C) β = 2.0, φhomo/(φhomo + φsolv) = 0.2,
f = 0.5, φBCP = 0.64, and χN = 22.2. The color bar to the right of each
figure indicates the range of volumetric densities. The box size is Λ = 36Rg.

average domain size of the bicontinuous phase appears to be independent of

χAS/χBS and depend only on β. Moreover, the trends of the domain com-

position with changing φhomo/(φhomo + φsolv) are similar for χAS << χBS and

χBS << χAS. The composition of the domains for different χAS/χBS differ

primarily in the distribution of the solvent particles, which go primarily either

to one domain or the other based on χAS/χBS. By comparing Figures 5.3

and 5.6, we identify that the target f and φµ
BCP required to form bicontinuous

phases for different χAS/χBS are similar at high φhomo/(φhomo + φsolv) but di-

verge as φhomo/(φhomo+φsolv) decreases. Accordingly, we observe also that the

morphological quantities of the differing χAS/χBS sets differ more strongly as

φhomo/(φhomo + φsolv) decreases.

We promote the use of Figures 5.6 and 5.8 to design thermally stable,

bicontinuous morphologies based on materials with χBS << χAS. Large values
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Figure 5.8: Morphological characterization of bicontinuous phases for case of
χBS << χAS. Panel A plots the interfacial circumference between A-rich do-
mains and B-rich domains. Panels B-D plot the average domain compositions
– the compositions of the A-rich domains and the B-rich domains are plotted
as dashed lines and solid lines, respectively. The legend from Panel B is the
legend for all 4 panels. These results correspond to the bicontinuous phases
identified in Figure 5.6. The morphological quantities from simulations with
equal β and φhomo/(φhomo + φsolv) but different f are averaged.
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of β should again be considered in order to minimize the domain size, which

appears to be invariant to changing χAS/χBS. The selection of β sets the target

f to a restricted range, but φhomo/(φhomo +φsolv) is free to choose. Decreasing

φhomo/(φhomo + φsolv) leads to smaller φµ
BCP and increases (decreases) the S

(B) contents of the domains. Generally, smaller φhomo/(φhomo + φsolv) should

be considered to target φsolv = 0.5, but larger values of φhomo/(φhomo + φsolv)

could also be considered to target higher A contents of the blend (especially if

the A component is the only donor). High A domain purity can be achieved by

increasing φhomo/(φhomo+φsolv) whereas high S domain purity can be achieved

by decreasing f and φhomo/(φhomo + φsolv).

In the case of strong A-B interactions and χAS/χBS intermediate be-

tween the two cases presented here, the target blend composition predicted to

yield bicontinuous phases can be obtained by interpolating between the predic-

tions provided in Figures 5.3F and 5.6F. The target blend compositions from

these two Figures match at high φhomo/(φhomo + φsolv) where the solvent con-

tent of the blend is small, but exhibit more spread at low φhomo/(φhomo+φsolv)

where the solvent content of the blend is high. Finally, Figure 5.2 can also be

used to project to cases where the A-B segregation is not dominant. However,

such predictions are more speculative.

5.4 Conclusion

In this chapter, we utilized simulations in conjunction with a design

rule to identify a large range of parameter combinations that are likely to give

135



rise to thermally-stable, bicontinuous, microphase-separated donor/acceptor

morphologies. Specifically, we considered cases of varying β, f , and χij and

identified the blend compositions likely to yield such bicontinuous microphases.

To further elucidate these structures, we characterized the morphologies from

the simulations and found that each morphological quantity depends primarily

on only one free variable: i) the domain size increases with increasing β, ii) the

average domain composition varies with varying φhomo/(φhomo+φsolv), and iii)

the solvent distribution between domains depends on χAS/χBS . The predic-

tions provided here can be generalized to all cases where the A-B interactions

dominate the A-S and B-S interactions. Such a condition is satisfied for large

χAB, small φsolv, and large A and B degrees of polymerization. Accordingly,

the predictions presented here for large φsolv and small f are likely to be less

general to different combinations of χij . In total, this chapter constitutes a

design basis that future studies can reference in order to build OSC active

layers based on the bicontinuous microphases.

In comparison to previous works, our simulation results encourage fu-

ture experimental studies based on block copolymer additives at higher than

typical blend concentrations in hopes of achieving bicontinuous morphologies.

This motivates the use of fully conjugated BCPs for use as compatibilizers,

wherein the blocks of the BCP are selected to act as either a donor or acceptor

component. Indeed, if the BCP is to be utilized in the blend formulation at

high blend compositions, then the HOMO/LUMO energy levels of the two

blocks of the BCP must be carefully selected so as to ensure that the BCP
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does not behave as an electronically insulating material. In the best case sce-

nario, the BCP would be designed so as to create an energy cascade which

could help (rather than hinder) exciton capture and charge separation at the

donor/acceptor interface. We explore the use of such compatibilizers using

device-level simulation studies in Chapter 7.
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Chapter 6

A Kinetic Monte Carlo Model with Improved

Charge Injection Model for the Photocurrent

Characteristics of Organic Solar Cells

The work presented in this chapter was adapted from [Dylan Kipp

and Venkat Ganesan. A Kinetic Monte Carlo Model with Improved Charge

Injection Model for the Photocurrent Characteristics of Organic Solar Cells.

Journal of Applied Physics, 2013, 113, (23), 234502]. All work is an original

contribution by Dylan Kipp. Venkat Ganesan provided technical guidance and

mentoring.

6.1 Introduction

Organic solar cells (OSCs) are emerging as attractive alternatives to

conventional silicon-based solar cells due to their ease of fabrication and lower

cost. However, to date, the best available OSCs are still far less efficient than

their silicon counterparts and, consequently, not yet competitive on the energy

market. A number of strategies for increasing OSC device efficiencies are cur-

rently under development, including synthesis of new materials [136, 168, 189],

design of modified device structures [39, 147], optimization of the processing
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conditions [93, 125, 130], etc. In such context, coarse-grained, device level,

computational models are playing an important role. Such models embody the

essential physics of the photoelectric processes and have been used to charac-

terize the influence of different morphologies (such as in bulk heterojunction

cells) on and the role of different physical processes in determining the over-

all efficiency of OSCs. Insights gleaned from such models have been used as

a means to understand and optimize the influence of device microstructure

(i.e., morphologies and architectures) upon the overall current-voltage (JV )

characteristics of the OSC [12, 108].

Broadly, two classes of coarse-grained, device level models have been

pursued to characterize the properties of OSCs. Models under the first class of

approaches are termed drift-diffusion (DD) models and originate in the device

simulation of inorganic light emitting diodes [9, 105, 135]. DD models typi-

cally involve a set of continuum-level partial differential equations embodying

the generation, diffusion, extraction, and recombination of charges in a field

between two electrodes. Different research groups have developed variants

of DD models that demonstrate impressive model-to-experiment agreement

in simulating both steady state [76, 153] and transient experiments [102, 103].

Recently, our group extended the DD models to include the effects of molecu-

lar and domain level morphology [149] and anisotropic charge transport [151]

on device performance.

An alternative approach to OSC device modeling uses lattice-based

kinetic Monte Carlo (KMC) methods to simulate the photoelectrical processes.
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A number of developments have enabled such KMC models to connect device

parameters to properties such as the short-circuit current (JSC), open-circuit

voltage (VOC), and fill factor (ff). Nelson developed one of the first KMC

models to demonstrate that a thermally activated transport mechanism is

required to explain the fast and slow phase recombination kinetics observed

for polymer/fullerene blends [123]. Watkins expanded the KMC framework to

include exciton and charge dynamics in order to study the effect of different

morphologies on the JSC [176]. Marsh and coworkers modeled the electrode-

to-polymer charge injection processes and full JV curves [108]. Meng et al.

combined the physics from the previous models into a single model (which

they termed the “DMC model”) and conducted a more comprehensive study,

including comparison to experiments [115]. In a later study, Meng coupled

the model to the Poisson equation (termed “DMC-PE model”) and completed

an analysis on the effect of charge accumulation on device charge density and

potential profiles [116].

In comparing KMC approaches with DD models, we note that KMC

approaches do not invoke a continuum framework and, therefore, better rep-

resent the fluctuation and inhomogeneity effects affecting the photoelectric

processes of OSCs. On the other hand, presently available KMC models are

still much more computationally expensive and demonstrate less impressive

model-to-experiment agreement than the DD counterparts. Such limitations

motivate the development of KMC approaches that better capture the under-

lying physics and still enable computations competitive with the DD models.
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In this chapter, we are concerned with the KMC models and, specif-

ically, their treatment of the charge injection and extraction processes. For

these kinds of models, it is now a standard practice to treat charge injection

and extraction by means of a charge hopping model between the Fermi level

of the electrode and the energetically disordered localized states of the organic

semiconductor. The original charge injection model [2, 5, 178] upon which full

device models are now based was developed for use in simulating injection-

limited current (ILC) in organic light emitting diodes. In such simulations,

the final destinations of independent charge carriers, either recombined with

or dissociated from the electrode, are tracked, and the injection efficiency is

calculated as the ratio of the number of charges dissociated over the total

number of charges simulated (sum charges dissociated and recombined). The

electrode-polymer energy barrier is tuned to fit the simulated injection effi-

ciencies to the experimentally measured device JV behavior.

Full device models including charge injection incorporate the original

model through the implementation of the electrode as a two-dimensional grid

of single charge reservoirs that inject charges according to the Miller-Abrahams

expression [178]. There are two sources of error apparent in this treatment of

the electrode that until now, have yet to be addressed; 1.) grids with smaller

lattice parameters have larger charge reservoir densities and, consequently,

inject charges at a higher cumulative rate (we refer to this error as the electrode

grid-size bias), 2.) the charge density of the electrode is unknown, and there

could be any number of injectable charges present at and represented by any
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single electrode site (we refer to this error as the electrode charge density

bias). We note that neither bias occurs for the original independent charge

simulations in which only the path to a final destination is simulated (no

approximation of the electrode charge injection rate is made).

In this chapter, we implement a very simple, yet effective modification

to the standard charge injection model to correct for the two electrode biases.

Specifically, we modify the Miller-Abrahams expression for charge injection

to incorporate an injection rate prefactor, which we tune to the applied volt-

age poles of the experimental JV curve. Using such a model, we simulate

the device performance of the ITO/PEDOT/PSS:PPDI:PBTT:Al system and

compare our results to experiment [186]. We choose this experimental system

specifically because it includes an ohmic contact, which allows us to demon-

strate a fortuitous benefit of our model algorithm. However, our model should

be capable of treating any organic donor-acceptor pairings, and the injection

rate prefactor should, when possible, be incorporated in all future KMC device

level simulation studies.

The grid-size bias correction allows us to treat ohmic contacts and

space-charge limited currents (SCLC) that had previously been inaccessible to

a KMC framework due to the computationally expensive “small-barrier” prob-

lem [13]. Without the correction, decreased electrode-polymer energy barriers

lead to repeated injections and extractions that dominate the system evolu-

tion and can not be sampled adequately enough to achieve steady state. The

computational costs resulting from the small-barrier problem have until now
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hindered a detailed treatment of charge injection and extraction and have typ-

ically led previous methods to modeling all electrode-polymer energy barriers

as large and positive. Such a “large-barrier” approximation is not appropriate

as it can not capture the effects of charge accumulation and band bending that

occur in and strongly influence the JV characteristics of OSCs with small en-

ergy barriers [27, 117, 124, 187]. With our model, we are able to demonstrate

the influence of charge accumulation and band bending on the device dark and

illuminated JV characteristics. Specifically, our simulations lend support to

theoretical arguments that have used charge accumulation and band bending

to explain two regimes of the dark JV curve for OSCs with ohmic contacts

[117]. We also demonstrate that a single set of modeling fundamentals can

be employed to simulate the dark and illuminated charge drift when using a

model that captures charge accumulation and band bending.

For our work, we adapt the so-called DMC model proposed by Meng

[115] and make only minor modifications to the charge injection/extraction

and charge migration event rate calculations. By avoiding substantial modifi-

cations to the original DMC algorithm or its parameter selections, we are able

to better highlight the improvements resulting from the modifications consti-

tuting the focus of the present work. As compared to the DMC and DMC-PE

models, we are able to more accurately reproduce the vital characteristics of

the experimental dark and illuminated JV curves including the JSC , VOC, and

ff .

The rest of the chapter is arranged as follows: in Section 6.2, we de-
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scribe the First Reaction Method (FRM) used to implement KMC simulations,

the events we consider for our KMC simulations, and the parameter values se-

lected; in Section 6.3, we present model results. We compare our results both

to experiment and to previous KMC implementations. We also explore the

sensitivity of our results to the different parameters, thus demonstrating the

robustness of our model predictions.

6.2 Methodology

6.2.1 First Reaction Method

We model the system dynamics through discrete, first order processes

and adopt the widely used FRM to evolve the system. In the framework of

our model, the first order processes constitute configurational changes, termed

“events.” Event examples include inserting, removing, and updating the co-

ordinates of an exciton and/or charge(s). All enabled events are stored in

ascending order of waiting times, thus forming a queue. During each FRM

iteration, four steps are executed:

1. Identify all newly enabled events and calculate event waiting times

2. Execute first event in queue (i.e., the event with the smallest waiting

time)

3. Identify and remove newly disabled events

4. Advance simulation time
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In the FRM, the waiting time, τq, of each event is calculated as:

τq = − 1

W
ln (X) , (6.1)

where X is a random number uniformly distributed on (0, 1) and W is the

calculated rate of the event, which depends on the current state of the system.

Updating the coordinates of a charge will change the effective electric field

felt by all other charges. However, following the FRM, we calculate each

event rate only at the juncture when the event becomes enabled and do not

refresh event rates to reflect field changes. Such an approach enables expedited

computations but might be expected to generate poor approximations to the

full KMC algorithm, especially in circumstances characterized by large changes

in local electrostatic potential. To address the accuracy of the FRM, Groves

et al. demonstrated that FRM simulations of geminate separation efficiency

(which describes the probability of two photogenerated charges to escape one

another’s coulombic pull prior to recombination) agree with results from the

full KMC algorithm to within 2% [37].

In our implementation of the FRM, we consider 7 events:

Event 1.) Exciton generation via photon absorption

Event 2.) Exciton migration to the acceptor/donor interface

Event 3.) Exciton recombination

Event 4.) Exciton dissociation across the acceptor/donor interface

Event 5.) Charge migration to the electrodes
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Event 6.) Charge recombination

Event 7.) Charge injection and extraction across the electrode-polymer

interface

Our model closely adapts the DMC model proposed by Meng [115] in

its treatment of events 1 - 4 and 6. We direct the reader to Meng’s work

for details of the rate calculations and parameters underlying these events.

We elected to use the DMC model and not the DMC-PE model proposed

by Meng [116]. To reiterate, the DMC-PE model is an expanded framework

that couples the Poisson equation to the original DMC model, allowing for an

iterative selection of the steady state driving electric field. In our preliminary

explorations, we found only minimal quantitative improvements at a more

substantial computational expense by using the DMC-PE model. Perhaps

more importantly, such an iterative approach to the driving electric field is not

directly applicable to modeling transient regimes, which we intend to probe in

our future studies.

The main contributions of this study pertain to events 5 and 7, which

we discuss below. Tables 6.1 and 6.2 present the model parameter values

adopted to generate results presented later.

Event 5.) Charge migration to the electrodes

In bulk heterojunction (BHJ) OSCs, the electron-conducting (electron

acceptor) and hole-conducting (electron donor) polymer phases are mixed to-

gether and sandwiched between two metal conductors. The polymers organize
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in packets of densely packed molecules that can be approximated as having

a distribution of charge occupation energies. Free electron (hole) transport

occurs primarily via the acceptor (donor) phase in a hopping manner. To re-

flect these phenomena, we incorporate in our model a lattice of sites, each site

having a charge occupation energy and phase identity (i.e., donor or acceptor).

Charges hop between adjacent sites of the same phase under the influence of

a linear driving electric field and coulombic interactions. The charge hopping

rate, Wij, is calculated using Marcus Theory [107]:

Wij = Vhop exp(−
(△Eij + Er)

2

4ErkBT
), (6.2)

where Er is twice the polaronic binding energy, Vhop is the charge hopping

rate prefactor derived from the Einstein relationship under isoenergetic site

condition, and △Eij is the energy difference between the final and starting

system configurations. △Eij is the sum of three contributions:

△Eij = △E 0
ij +△E F

ij +△E C
ij , (6.3)

where △E 0
ij is the change in single site energy occupied by the charge, △E F

ij is

the potential energy change associated with moving a charge in a linear driving

electric field, and △E C
ij is the change in coulombic interactions among the

neighboring charges (all electrons, holes, and images within a cutoff distance,

RC = 15 nm).

The functional form of the distribution of site energies is expected to be

important in determining the relationship between applied bias, charge den-

sity, recombination, and transport dynamics [102]. Many previously proposed
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KMC algorithms have used a Gaussian density of states to model the distri-

bution of site energies. However, it has been demonstrated that a Gaussian

density of states cannot explain the spectroscopically observed polaron recom-

bination dynamics as accurately as models based on an exponential density

of states [123]. Moreover, DD methods have demonstrated better model-to-

experiment agreement in simulating steady state and transient data by using

exponential site energy distributions [102, 103]. We incorporate these findings

in our model by using an exponential distribution of site energies, wherein

each lattice site is assigned an energy, Esite, relative to the HOMO or LUMO

of the hole-conducting or electron-conducting polymer phases, respectively:

Esite = Etailln(X), (6.4)

where Etail is a characteristic parameter of the exponential distribution and

X is again a random number distributed on (0, 1). In some cases, we also

consider a Gaussian distribution of site energies:

Esite = σ
√

−2 ln(X) cos(2πX), (6.5)

where σ is the standard deviation of the Gaussian distribution. In all cases, a

single energy distribution is used to describe both HOMO and LUMO broad-

ening.

We calculate△E F
ij based on the device energy diagram of the electrode-
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polymer-electrode cell:

△E F
ij =

zij
Z
qi





(Vappl − Egap

q
+

E1B,CA+E1B,AD

q
) : E1B,CA > 0, E1B,AD > 0

(Vappl − Egap

q
+

E1B,CA

q
) : E1B,CA > 0, E1B,AD ≤ 0

(Vappl − Egap

q
+

E1B,AD

q
) : E1B,CA ≤ 0, E1B,AD > 0

(Vappl − Egap

q
) : E1B,CA ≤ 0, E1B,AD ≤ 0

(6.6)

In the above, Z denotes the width of the OSC, zij is the z-distance (one di-

mensional) between sites i and j, qi is the charge of the hopping particle,Vappl

is the externally applied voltage, Egap is the energy gap between the HOMO

and LUMO of the psuedo-single polymer phase, E1B,CA is the energy bar-

rier for charge injection from the cathode to the acceptor, and E1B,AD is the

energy barrier for charge injection from the anode to the donor (see Figure

6.1). Consistent with electrode work function pinning theory [117], only pri-

mary, non-ohmic electrode-polymer energy barriers are assumed to influence

the driving electric field.

We note that we are able to use a single driving field to drift charges

in both the dark and illuminated conditions. In previous methods, the driving

electric fields for the dark condition and for the illuminated condition were

calculated specifically to change sign at the null current (dark condition) and

VOC (illuminated condition), respectively. In the dark, however, theory sug-

gests that the null current does not occur at the zero driving field condition,

but instead at a lower applied voltage due to the effects of charge accumula-

tion and band bending (see Section 6.3). One benefit of our model algorithm,

therefore, is that it can be used to drift charges in the dark and illuminated
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conditions using a single set of model fundamentals as derived from the device

energy diagram.

(a) (b) 

(c) (d) 

Figure 6.1: Device Energy Diagram (a) ITO/PEDOT/PSS:PPDI:PBTT:Al
Before Making Intimate Electrode-Polymer Contact (b) Virtual Solar Cell
Before Contact (c) After Contact without HOMO/Fermi Pinning (d) After
Contact with HOMO/Fermi Pinning.

Event 7.) Charge injection and extraction across the electrode-
polymer interface

We modify the injection/extraction mechanism used in previous models

by incorporating an injection rate prefactor that corrects for the electrode

grid-size and charge density biases (as described in Section 6.1) and allows for

a more accurate coarse-grained approximation of the electrodes’ delocalized
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charge densities as a two-dimensional grid of charge-injecting reservoirs. The

hopping rate, Wij , of a charge jumping from the Fermi level of the electrode to

a site in the first dielectric layer is calculated using a modified Miller-Abrahams

expression [178]:

Wij = WepW0

{
exp(

−△Eij

kBT
) : △Eij > 0

1 : △Eij ≤ 0
, (6.7)

where Wep denotes the electrode-polymer injection rate prefactor, W0 is the

hopping rate prefactor derived from the Einstein relation under isoenergetic

site condition [108, 176], and △Eij is the energy difference between the final

and starting system configurations. For the case of charge injection/extraction,

△Eij is the sum of four contributions:

△Eij = △E 0
ij +△E F

ij +△E C
ij + E1B (6.8)

The first three contributions of △Eij above are calculated in a manner sim-

ilar to the calculations discussed in the context of charge hopping (Event 5).

However, the Fermi level of the electrode is a constant and is not taken from

an energy distribution (as are the polymer site energies). The energy barrier,

E1B, is a different value for each of the four electrode-polymer interfaces. The

selection of the E1B values is described through the schematic of Figure 6.1.

Note primarily the ohmic anode-to-donor injection energy barrier; one focus

of this study is to explore the effects of injected charge accumulation and re-

sulting band bending on the dark and illuminated JV characteristics of OSCs

that undergo SCLC operating regimes.
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Correspondingly, the hopping rate of a charge jumping from a site in

the first dielectric layer to the electrode is calculated also using Equation (6.7).

E1B is the same in magnitude and opposite in sign for charge extraction vs.

charge injection. Wep is set to unity for all charge extractions.

To understand the physical meaning of the injection rate prefactor, con-

sider the environment of the electrode-active layer interface. Charges within

the active layer are localized and migrate in a hopping fashion between packets

of densely packed molecules. Charges within the electrode are delocalized and

free to move about the atomic lattice of the electrode in a ballistic fashion. In

KMC device level models, we approximate the electrode as a two-dimensional

grid of single-occupancy, charge injecting reservoirs, and we effectively treat

electrode charges as localized. In this framework, the case of a prefactor equal

to unity (which matches the injection mechanism used in previous KMC im-

plementations) represents an ideality where there is a single, localized charge

ready to hop from each electrode site to its opposite active layer site at all

times. More realistically, there can be any number of delocalized, proximate

charges interacting with one other and carrying some amount of energy to the

interface (influencing injection rate) at each electrode site. Instead of explicitly

modeling this delocalized electrode charge density and individual charge ener-

gies, the tunable prefactor allows us to capture the average electrode charge

density in the treatment of the system as a grid of single charges ready to hop

into the active layer. The injection rate prefactor is a coarse-grained parame-

ter used to modify the injection rate expression of an electrode site to reflect
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the average number of injectable charges present at and represented by that

site over time. No prefactor is required to model charge extraction because

the charges inside the active layer are explicitly modeled (this is why we set

the injection rate prefactor to unity for all charge extractions).

The use of an injection rate prefactor as proposed in our model is an

intuitive method of correcting for the electrode grid-size bias. Electrodes with

small lattice parameters and correspondingly high site densities are modeled

using small injection rate prefactors, reflecting that each electrode site con-

tributes a small portion to the total charge density of the electrode (which

should be independent of the grid-size selection). The use of an injection rate

prefactor is also a reasonable method of correcting for the electrode charge

density bias. Consider the comparison of the injection rate prefactors and the

injection energy barriers (compare Wep to E1B in Tables 6.2 and 6.1). Elec-

trodes with large injection energy barriers are modeled using large injection

rate prefactors, reflecting that fewer charges have sufficient energy to jump the

barrier and, therefore, more charges accumulate in the electrode. Electrodes

with small injection energy barriers are modeled using small injection rate pref-

actors, reflecting that more charges have sufficient energy to jump the barrier

and, therefore, fewer charges accumulate in the electrode. In other words,

charges accumulate in the electrode at non-ohmic contacts (the charges con-

gregate here because the current is injection-limited), much like how charges

accumulate in the active layer at ohmic contacts (the charges congregate here

because the current is space-charge limited). It should be considered very for-
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tuitous that small injection rate prefactors seem to accompany small energy

barriers as it is the decreased, single-site injections per time that make ohmic

contacts computationally accessible.

We note that the injection rate prefactor approach used in our model

may superficially appear to be the same as tuning the energy barriers to the

experimentally measured dark JV characteristics. However, we consider the

energy barrier to influence the injection and extraction rates of a single charge,

whereas we consider the injection rate prefactor to influence the injection rate

of a single electrode site (which represents a collection of charges). Further-

more, we believe that the energy barrier is an inherent property dependent on

the energy levels of the device, and should be independent of the (arbitrary)

selection of grid-sizes. Practically, the energy barriers cannot be changed to

accommodate an arbitrary change of the electrode grid-size without also ef-

fecting a change in the device charge densities. For instance, if we halve the

electrodes lattice parameter to quadruple the density of injecting sites (the

lattice parameter of the active layer does not change), we must make a correc-

tion to decrease each site’s individual injection rate in order to maintain the

correct dark current and device charge densities (both should be independent

of the grid size selection). If we incorporate an injection rate prefactor to cor-

rect the single-site injection rates, each site will inject charges at a quarter of

its previous rate, but the dark current and the charge densities of the active

layer will remain constant (the charges will continue to extract according to

the already tuned energy barrier). In contrast, if we increase the injection en-
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ergy barrier to decrease the individual site injection rates, the charge densities

will necessarily change (each charge neighboring the electrode will now extract

more readily) although the dark current will remain constant, at least for a

single applied voltage. The change in the energy barrier and resulting change

in the charge densities will effect a change in the overall JV dependency.

On the other hand, since the injection rate prefactor is used as a fit-

ting parameter, it also corrects for all physics related to charge injection not

treated explicitly in the particular KMC model algorithm. For instance in our

simulations, we do not explicitly treat the distance dependence [178], inter-

facial phase segregation effects [99], or energy barrier deviation effects [70] of

charge injection.

6.2.2 Parameter Selection

The constant model parameter values in Table 6.1 under the Exciton,

Electron and Hole, and Polymer Medium groups are selected from pre-

vious developments of the KMC approach [115]. The parameter values listed

under the Electrode-Polymer Interface group are selected to match the

experimental results [13, 49, 186, 187] as depicted in and discussed in the con-

text of Figure 6.1. We fit the tuning model parameters (Table 6.2), which

cannot be measured directly via experiment, to target different portions of the

experimental dark and illuminated JV curves. The injection rate prefactor

values are selected in tandem to achieve the experimental dark current at 1.5

V (WCA and WAD) and -1.5 V (WCD and WAA) applied. The value of Etail
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Table 6.1: Constant Model Parameters
Parameter, symbol Value Unit

Exciton
Exciton Photogeneration Rate, Weg 900 nm−2s−1

Exciton Recombination Rate, Wer 2 x 109 s−1

Exciton Hop Frequency x Localizationˆ6, WeR
6
0 2 x 1012 nm6s−1

Electron and Hole
Electron Mobility, µe 1 x 1012 nm2V −1s−1

Hole Mobility, µh 1 x 1010 nm2V −1s−1

Polymer Medium
2 x Polaronic Binding Energy, ER 0.187 eV
Relative Permittivity, ǫ 3.5
Lattice Constant, a0 3 nm
Temperature, T 298 K
BHJ Domain Size, a 10 nm
Active Layer Depth 90 nm
Active Layer X-Grid Number 60
Active Layer Y-Grid Number 60
Active Layer Z-Grid Number 30

Electrode-Polymer Interface (Figure 6.1)
Cathode-Acceptor Energy Barrier, E1B,CA 0.38 eV
Cathode-Donor Energy Barrier, E1B,CD 0.66 eV
Anode-Acceptor Energy Barrier, E1B,AA 1.04 eV
Anode-Donor Energy Barrier, E1B,AD 0.00 eV
HOMO/LUMO Energy Gap 1.04 eV

is selected to achieve the shape of the dark JV curve, and the value of Wcr is

selected to match the illuminated JSC. Of course, alternative combinations of

these tuning parameters could achieve the same experimental JV characteris-

tics. In Section 6.3, we explore the robustness of our results to the parameter

choices.

As mentioned in the Section 6.1, we avoid substantial modifications to
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Table 6.2: Tuning Model Parameters
Parameter, symbol Value Unit

Electron and Hole
Charge Recombination Rate, W cr 4 x 108 s−1

Polymer Medium
Characteristic of Distribution of Site Energies, Etail 0.062 eV

Electrode-Polymer Interface (Figure 6.1)
Cathode-Acceptor Injection Rate Prefactor, WCA 2.7
Cathode-Donor Injection Rate Prefactor, WCD 2.89 x 103

Anode-Acceptor Injection Rate Prefactor, WAA 3.93 x 107

Anode-Donor Injection Rate Prefactor, WAD 1 x 10−4

the parameter values used in the original DMC model [115], specifically to

highlight the agreement between model results and experiments arising from

our model modifications. Below we present a brief discussion of some of the

parameter values we adopt for the DMCmodel simulations chosen to model the

qualitative behavior of the system of interest (ITO/PEDOT/PSS:PPDI:PBTT:Al).

We direct the reader to the DMC model manuscript [115] for a more elaborate

discussion of the other parameters used in our model.

Our charge mobility parameter values are taken from experiments per-

formed on the materials of interest [49, 186]. We performed single-phase, zero

density mobility simulations [70] and concluded that our input charge mo-

bilities and energetic landscape produce the experimentally measured peak

effective mobility at high electric fields, as well as qualitatively appropriate

effective mobilities across the range of fields seen in our simulations.

We used the now very popular Ising model to generate the BHJ mor-

phology, as this model is appropriate for generating qualitatively reasonable
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morphologies in a KMC framework. Many previous studies have demonstrated

the importance of the domain size in determining the balance between exciton

dissociation and charge recombination. These studies agree that a domain size

of about 10 nm is able to optimize the external quantum efficiency (EQE) of

the system. In this study, we wish to focus on the effects of lesser investigated

physics on the JV characteristics of OSCs, so we select a domain size (10 nm)

that is capable of achieving a high EQE.

The 3 nm lattice constant for our KMC simulations is selected in con-

sideration of the XRD datum for POTVT [50] and, although it does not allow

for possible lower energy charge transfer states, is appropriate for capturing

the qualitative characteristics of our experimental system.

A uniform exciton generation rate across the active layer is assumed.

Optical interference effects can cause significant variations in the exciton gen-

eration rate profile as a function of film depth, but an example exciton gen-

eration rate profile [70] produced only small quantitative differences and did

not change the qualitative behavior of the illuminated JV or charge density

characteristics.

6.3 Results and Discussion

6.3.1 Comparison to Experiment

Using our model, we investigated the influence of charge injection on

the JV characteristics under both dark and illuminated conditions. Here,

we demonstrate the features of the model JV curves and compare one such
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(a) (b) 

Figure 6.2: Base Case (a) Dark and (b) Illuminated JV Curves - Approximate
regime boundaries are indicated by red lines. A solid line indicates a boundary
for both the model and experimental curve, a dashed line indicates a boundary
for only the model curve, and a dotted line indicates a boundary for only the
experimental curve.

simulation to the corresponding experimental results. In Section 6.3.3, we

explore different ways to treat charge injection.

We first consider device performance in the dark, in which all charges

originate from injection (Figures 6.2a and 6.3). Our model is seen to capture

many features of the 4 regimes apparent in the experimental curve. Below, we

present a brief discussion of the different regimes evident in our results.

1. We tune the injection rate prefactors to match the experimentally mea-

sured current at an applied voltage of 1.5 V . In regime 1, the charge

density is high and mostly uniform across the depth of the device. The

current is drift-dominated and space-charge limited. Our model is seen

to accurately capture the experimental JV dependency in the remainder

of the regime 1 applied voltage range (≈ 0.7− 1.5 V ).
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(a) (b) 

(c) (d) 

Figure 6.3: Base Case Dark Charge Density and Potential Profiles - (a) Zero
Applied Voltage (b) Zero Current (c) Regime 1 (d) Regime 2 (e) Regime 3 (f)
Regime 4

2. At the applied voltage demarking the transition between regimes 1 and

2, the driving electric field changes sign. Models that treat the ohmic

anode-to-donor energy barrier as non-ohmic typically produce the dark

null current at the zero driving field condition. In our model simula-

tions, the driving electric field accumulates charges against each elec-

trode, leading to a clear charge density gradient that extends the length

of the device. This charge density gradient drives a diffusion-dominated

current in the direction opposite of drift. The transition from a drift-

dominated to a diffusion-dominated current explains the change in JV
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slope at the regime 1 to 2 transition. As in the regime 1 simulations,

our model is seen to reproduce the experimental JV dependency in the

regime 2 applied voltage range (≈ 0.5− 0.7 V ).

3. At the applied voltage demarking the transition between regimes 2 and

3, the charge accumulation ceases to span the entire length of the de-

vice. Instead, each charge density gradient flattens in the vicinity of

the opposite electrode (the hole charge density gradient flattens near the

cathode and the electron charge density flattens near the anode). Indi-

vidual charges at the edge of the accumulation find local weak spots in

the polymer lattice and migrate via these paths to the opposite electrode.

As the applied voltage decreases, the driving electric field increases in

magnitude, the charge accumulation decreases, and individual charges

must migrate a longer distance against the driving electric field. This

transition from diffusion-dominated current to a current characterized by

charges traversing weak spots in the polymer lattice explains the change

in JV slope at the regime 2 to 3 transition.

In the potential distribution for the null circuit condition, the effect of

band bending is clear; hole buildup bends the potential band at the

anode, which leads to a flat band condition across the bulk of the device

and a null current shifted from the null driving field condition. The

experiments yield a larger range for regime 3 than do the simulations

(≈ 0.3− 0.5 V ); the model does not produce null current at null applied

voltage, but instead produces null current at Vappl = 0.33 V .
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4. At the applied voltage demarking the transition between regimes 3 and

4, charge accumulation has decreased so that it is now isolated to the

area immediately neighboring each electrode. The driving electric field

is now high in magnitude and able to overcome any effects of charge

accumulation on the overall current. The charge density is low, and

the current is drift-dominated and injection-limited. The model JV

dependency is in qualitative agreement with experiment, but the model

JV slope is less steep.

We briefly comment on the discrepancies noted above. The model does

not match the regime 3 JV slope and misplaces the null current at a positive

applied bias. We hypothesize that a linear driving electric field coupled with

short-range coulombic interactions may not be able to adequately reflect the

complex potential profile in this regime. From the charge density profile,

it is clear that long-range interactions become very important in regime 3.

Hence, we hypothesize that the same linear driving electric field when paired

with long range interactions (ideally spanning the entire length of the device)

would assist in pulling the opposite charges across the device. To test this

hypothesis, we also ran simulations with an increased cutoff radius of 42 nm

(simulating longer range interactions) and found that (results not displayed)

the buildup of charge does extend deeper into the device, the slope of regime

3 in the JV curves flatten, and the null current falls at a lower applied bias.

Long-range interactions are not typically included in FRM simulations

because they add to the already restrictive computational times. However, in
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a recent study, Casalegno et al. compared FRM simulations including short-

range coulombic interactions (i.e., with a cutoff radius) with the results of a

model using Ewald summation [14]. They concluded that those simulations

with a cutoff radius tend to overestimate the average illuminated carrier den-

sities and underestimate the device internal quantum efficiency and photocur-

rent. But, their study did not include electrode-to-polymer charge injection

and only addressed regimes away from the open-circuit condition, where in-

jected charge accumulation is less important. Clearly, additional studies that

compare the dark JV characteristics of simulations including and excluding

long-range interactions near the null current condition are required.

Consider now the device performance under illumination. The illu-

minated current is the sum of the photogenerated and injected currents. It

exhibits 3 regimes (see Figures 6.2b, 6.4, and 6.5).

1. At negative applied voltages, the photogenerated current dominates.

The injected charges form a boundary at each electrode that restrict the

extraction of photogenerated charges resulting in a charge density gradi-

ent and diffusion that opposes the direction of drift. Current decreases

with increasing voltage in this regime due mainly to increasing charge

density and resulting recombination. Both geminate and nongeminate

recombination of photogenerated charges increase as the magnitude of

the driving electric field decreases and less charges are able to escape

the coulombic attraction of their neighboring charges. The illuminated
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(a) (b) 

(c) (d) 

Figure 6.4: Base Case Illuminated Charge Density and Potential Profiles - (a)
Short-Circuit Condition (b) Open-Circuit Condition (c) Regime 1 (d) Regime
2 (e) Regime 3

JV slope is less steep than the dark JV slope, in which the current is

injection-limited, in the same voltage range.

2. At positive applied voltages below the VOC , the photogenerated current

continues to dominate. The effective electric field near the cathode and

anode act to enhance the extraction of holes and suppress the extraction

of electrons. In this regime, the total charge density ceases to increase

with increasing applied voltage, and the total photogenerated charge

recombination efficiency (sum geminate and nongeminate) approaches
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Figure 6.5: Base Case Photogenerated Charge Efficiencies - Approximate
regime boundaries are indicated by red lines.

near 80%. The photogenerated charge collection efficiency decreases to-

wards its minimum value and ultimately approaches the charge leak effi-

ciency. However, the model VOC drops before the photogenerated current

changes sign, as the injected current begins to dominate at the applied

voltage demarking the transition from regime 2 to 3. The model VOC

drops near the applied voltage demarking the transition between dark

regimes 1 and 2, as theory suggests it should [117]. At the open-circuit

condition, the total injected and photogenerated current is equally dis-

tributed in the forward and backward directions. This result is counter

to other models that assume photogenerated charge generation equal to

charge recombination at the open-circuit condition.

3. In the range of Vappl > VOC, injected current dominates and the illumi-

nated current approaches the sum of the injected current and a maximum

photogenerated current (in which geminate recombination approaches

165



null). Geminate recombination of photogenerated charges decreases with

increasing applied voltage as the driving electric field now increases in

magnitude with increasing applied voltage. However, nongeminate re-

combination remains mostly constant as the driving electric field pushes

electrons up against the anode (where hole density is high) and holes up

against the cathode (where electron density is high). Drift and diffusion

ultimately act in the same direction.

Overall, the model is seen to adequately capture the JV dependency across

the entire illuminated JV curve. Most notably, it captures the transition from

photogenerated to injected current dominance with increasing applied voltage

(a unique advantage of our model algorithm). Our model is capable of match-

ing those properties that best quantify the performance of an OSC. Specifically,

if we select the parameter values to fit the experimental JSC , our model yields

a VOC and ff in semiquantitative agreement with the experimental values (see

Table 6.3). Alternatively, we expect that by using the energy barriers (target

VOC) and charge recombination rate (target ff) as parametric handles, we

should be able to capture the JV curves in a more accurate manner.

Table 6.3: Base Case OSC Properties
JSC , (mA/cm

2) VOC , (V ) ff PMax, (mW/cm
2)

Experiment 4.195 0.63 0.386 1.019
Model Base Case 4.069 0.51 0.275 0.570
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(a) (b) 

Figure 6.6: Comparison of KMC Algorithms for (a) Dark and (b) Illuminated
JV Curves

6.3.2 Comparison to Previous KMC Methods

As noted in Section 6.1, previous KMC algorithms have utilized only

largely positive electrode-polymer energy barriers in order to avoid the small

barrier-problem. These methods have been unable to produce appropriate de-

vice charge density and potential profiles, especially at Ohmic contacts. To

compensate, modifications are included to artificially fit the simulations to

experiment. For illustration, Figure 6.6 is a comparison of the JV curve re-

sults of recently proposed KMC methods against our model predictions and

experiments. The DMC model [115] is the most recent to incorporate charge

injection and photogeneration at each applied voltage in simulating the il-

luminated JV curve. In the DMC-PE simulations [116], the illuminated JV

curve is calculated as the sum of the dark JV curve and a voltage-independent

photogenerated current, taken as the JSC . To model the dark condition, the

DMC-PE model utilizes a driving electric field different than the field calcu-

lated for the illuminated condition in order to target the null applied voltage,
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null current behavior (in contrast, our method more closely adheres to the-

ory in that all charges, whether photogenerated or injected, drift according to

a single driving electric field derived from the device energy diagram). The

DMC-PE model also requires all injected charges to take a single step in the

polymer lattice before extraction, effectively targeting the VOC .

From the results displayed in Fig. 6.6, the treatment of charge injec-

tion and drift introduced in the present work is seen to better capture the true

effect of charge accumulation and band bending on the JV characteristics.

For the first time, the transition of the four dark JV regimes as described in

theory [117] is clearly demonstrated. Most importantly, note that our model

produces a diffusion-dominated dark current in the direction opposite of drift

at intermediate and small, positive applied voltages (a key characteristic of

dark regimes 2 and 3). In comparison, in the dark JV dependency of the

DMC-PE model, the current is in the direction of drift at all applied voltages

because adequate charge accumulation does not occur. The transition of the

illuminated current from photogenerated to injected current dominance is also

seen in our model results. In comparison, in the DMC-PE model, changes of

the injected charge accumulation do not effect the voltage-independent pho-

togenerated current and, in the DMC model, the injected and photogenerated

currents are not balanced correctly.

We note that the DMC and DMC-PE models include only the two

kinds of charge injection over the primary electrode-polymer energy barriers

(E1B,CA and E1B,AD) and, consequently, can only generate injected current
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in one direction. In the DMC-PE, a thermally activated exciton generation

is introduced to yield a dark current in the opposite direction. This thermal

activation rate is selected to target the dark current at Vappl = −1.5 V , and

thermally activated excitons are treated like photogenerated excitons in the

model algorithm. Referencing again the dark JV curve of Figure 6.6, it is

clear that this kind of treatment is not appropriate; the DMC-PE JV shape

at negative applied voltages is flat, like the illuminated JV dependency in the

same voltage range, instead of sloped, like the experimental dark dependency.

The flat behavior might be expected; because the DMC-PE treats charges

from thermally activated excitons as it treats charges from photogenerated

excitons, the resulting JV behavior of both kinds of charges should also be

similar. In our model results, the dark JV dependency is sloped resembling

the experimental dependency. We consider this a strong indicator that four

kinds of injection are necessary to capture the true dark and illuminated JV

features.

6.3.3 Effect of Select Parameters on JV Characteristics

The tuning parameters in Table 6.2 constitute a multidimensional fit-

ting space, and many alternative combinations of parameter values could be

employed to achieve a similar level of comparison between the model and ex-

perimental results. One reasonable question to ask in this regard is, “How

does parameter value selection influence model results?” In some cases, we

are limited from exploring the entire fitting space because some regions are
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too computationally expensive and cannot yield steady state values in a rea-

sonable amount of computer time. Below, we explore different ranges of the

tuning parameter values around the base case model and demonstrate the ef-

fect on the device JV behavior. In all but one case, the focus parameter is set

over a range of values and the injection rate prefactors are shifted from the

base case values (see Table 6.2) by increasing or decreasing WCA with WAD

and WAA with WCD so as to match the experimental dark currents at the

applied voltage poles.

Effect of Energy Barriers on JV Characteristics

The energy diagram of the BHJ OSC can be approximated as a pseudo-

single polymer phase with the lowest unoccupied molecular orbital (LUMO)

of the electron-conducting polymer and the highest occupied molecular orbital

(HOMO) of the hole-conducting polymer [78]. The Fermi level of the metal and

the pseudo-Fermi level of the polymer align at equilibrium [117]. In the case

that the metal work function is higher than the polymer LUMO (non-ohmic

contact), an energy barrier restricting electron injection forms. In the case that

the work function is lower (ohmic contact), electrons transfer from the metal

into the semiconductor and the electrode work function becomes pinned close

to the LUMO. The associated accumulated charge at the interface induces

band bending and a reduction of the electric field in the bulk of the device [7].

The four electrode-polymer energy barrier parameter values are selected

to match experimental measurements, which can be represented by one of two
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different schemes: a pinning case and a non-pinning case (see Figure 6.1).

In both, E1B,CA and E1B,CD are non-ohmic and treated conventionally; the

polymer LUMO and HOMO levels remain in place relative to the cathode

Fermi level as the electrode Fermi levels align to equilibrium. In the non-

pinning case, ohmic E1B,AD and non-ohmic E1B,AA are treated similarly. In

the pinning case, the anode Fermi level first approaches its equilibrium position

alone, the polymer HOMO and LUMO do not move, and ultimately E1B,AD

collapses while E1B,AA takes on the HOMO/LUMO energy gap value. The now

pinned HOMO level moves with the anode Fermi level in the final approach

to equilibrium.

Two of the energy barrier terms appear in Equation 6.6 and have an

explicit effect on determining the driving electric field and VOC . However,

all energy barriers have an implicit effect in determining the charge density

profile and, therefore, the effective field felt by charges across the device. For

instance in the non-pinning case (as compared to the pinning case), the energy

barrier restricting hole extraction at the anode is positive and large, leading to

increased buildup of holes at the anode-polymer interface and a higher charge

density across the device length. This accumulation extends the dark regime

2 to lower applied biases and results in a lower VOC . Considering that both

largely ohmic and largely non-ohmic energy barriers give rise to a decrease in

the VOC , the ideal electrodes for a given device may be those that most closely

match the HOMO and LUMO of the donor and acceptor materials.

In Figure 6.7 and Table 6.4 we display our model results for the cases
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(a) (b) 

Figure 6.7: Effect of Energy Barrier Set Selection on (a) Dark and (b) Illumi-
nated JV Curves

when the energy barrier parameter values are chosen to represent the pinning

and non pinning cases. It is evident that we are able to closely reproduce the

experimental results using the pinning approximation (the non-pinning case

better matches the placement of the dark null current condition by extending

regime 2 instead of regime 3). Of course, we could more closely reproduce ex-

periment by allowing our energy barrier parameters to take on any value, but

the accuracy achieved with experimentally measured values reinforces confi-

dence in our model.

Experimental energy level measurements of the same material can vary

depending on sample preparation and the measurement method used. Hence,

a modest shift in energy barrier value selection from the experimentally mea-

sured value can be a fair handle on targeting the dark JV characteristics. In

fact, when electrode/single-layer experimental data on the materials of interest

are available, it should be considered a best practice to use the original injec-

tion model [2, 5, 178] to tune non-ohmic energy barriers to the shape of the
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dark JV dependency. For these contacts, the dark current is injection-limited,

and the device charge density is very low, so the charge injection efficiency

can effectively be uncoupled from the device charge densities, and indepen-

dent charge simulations are appropriate. We note, again, that even for OSCs

with only non-ohmic contacts, the injection rate prefactors must be included

in the full device level model to account for the grid-size bias (the energy bar-

rier must not be used). It may be much more difficult to individually tune the

injection energy barrier and injection rate prefactor of ohmic contacts. For

these contacts, the injected current is space-charge limited, and the device

charge density is high, so the charge injection efficiency can not be uncou-

pled from the device charge densities, and independent charge simulations are

inappropriate.

Table 6.4: Effect of Energy Barrier Set Selection on OSC Properties
JSC , (mA/cm

2) VOC, (V ) ff PMax, (mW/cm
2)

Experiment 4.195 0.63 0.386 1.019
Pinning (Base) 4.069 0.51 0.275 0.570
No Pinning 2.023 0.26 0.307 0.162

Effect of Injection Rate Prefactors on JV Characteristics

Next, we consider the effect of the injection rate prefactors set to tune

the model dark current at the applied voltage poles. Recall thatWCA andWAD

are set in tandem to match the experimental currents at Vappl = 1.5 V , while

WCD and WAA are set to match the experimental currents at Vappl = −1.5

V . The injection rate prefactor values determine the share of each kind of
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charge injection to dark current and, in doing so, set the steady state charge

density profile (most notably, at the electrode-polymer interfaces). Naturally,

we would want to explore the limits of this parameter set by attributing the

entire dark current at applied biases of 1.5 V and -1.5 V , respectively, to the

five electrode-polymer sets:

1. Cathode-to-acceptor and cathode-to-donor injection (labeled CA + CD

in our results)

2. Cathode-to-acceptor and anode-to-acceptor injection (labeled CA + AA

in our results)

3. Anode-to-donor and cathode-to-donor injection (labeled AD + CD in

our results)

4. Anode-to-donor and anode-to-acceptor injection (labeled AD + AA in

our results)

5. All the above four types of injection are included (labeled All4 in our

results).

Unfortunately, it is not easy to study each of the five cases above.

Specifically, we cannot allocate all of the current at the 1.5 V applied bias

condition to anode-to-donor injection for two reasons: i) injection over the

ohmic E1B,AD results in a SCLC that asymptotically approaches some maxi-

mum value (apparently below that experimentally measured) with increasing
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WAD; ii) approaching this asymptotic limit, the simulation becomes computa-

tionally expensive. One benefit of our modified model injection mechanism is

that it is possible to shift charge injection between electrode-polymer pairs to

match injection time scales and achieve steady state in a reasonable computa-

tion time. Since we can not attribute the entire current at the 1.5 V applied

bias condition to anode-to-donor injection, we attribute some maximum ac-

cessible value to this injection and attribute the remainder of the current to

cathode-to-acceptor injection.

(a) (b) 

Figure 6.8: Effect of Injection Rate Prefactor Set Selection on (a) Dark and
(b) Illuminated JV Curves

Figure 6.8 and Table 6.5 depict the results of simulations based on

the above framework and assumptions. The choice of injection rate prefactor

set is seen to have a distinct effect on the dark JV characteristics (Fig. 6.8a).

Including anode-to donor injection (cases 3 - 5) leads to hole buildup and band

bending at the anode, a flatter and extended regime 1 and 2, and, ultimately, a

lower null current applied voltage. Interestingly, shifting current from cathode-

to-donor injection to anode-to-acceptor injection has little effect on cases 1 and
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2, whereas it changes the regime 1 JV dependency of cases 3 and 4. Clearly,

the injection rate prefactor values selection becomes more important as charge

density increases across the device.

The effect of the injection rate prefactor set on the illuminated JV

characteristics is less perceptible, but still very important (Fig. 6.8b). Higher

anode-to-donor injection rate prefactors lead to hole buildup and band bend-

ing, which lead to a decrease in the VOC . The effect of the injection rate

prefactor set on the illuminated JV characteristics is a derivative of the effect

on the dark conditions, which in turn is much more apparent. Tuning the in-

jection rate prefactor set to target the shape of dark regimes 1 and 2 appears

to be the best strategy.

We note that the charge density at each electrode-polymer interface

only changes slightly over the applied bias range for a given injection rate

prefactor set. The change in boundary charge densities from dark to illumi-

nated condition can be more significant, but is still relatively small. For these

reasons, the injection rate prefactor set is similar and should be compared to

the charge density boundary conditions used in many DD methods.

Effect of Distribution of Site Energies on JV Characteristics

As argued in Section 6.2.1, the shape of the site energy distribution

is expected to be extremely important in determining the JV characteristics.

Greater energetic disorder leads to increased charge density and recombination,

as well as more complex transport dynamics. Similar to the situation of the
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Table 6.5: Effect of Injection Rate Prefactor Set Selection on OSC Properties
JSC , (mA/cm

2) VOC , (V ) ff PMax, (mW/cm
2)

Experiment 4.195 0.63 0.386 1.019
All4 (Base) 4.069 0.51 0.275 0.570
CA+CD 4.022 0.54 0.283 0.615
CA+AA 4.186 0.54 0.275 0.621
AD+CD 3.935 0.51 0.284 0.570
AD+AA 4.080 0.51 0.276 0.575

(a) (b) 

Figure 6.9: Effect of Distribution of Site Energies Selection on (a) Dark and
(b) Illuminated JV Curves - The value provided in the series name indicates
the value of Etail (the value of σ in the Gaussian case is 0.062 eV ) in Equation
(6.4).

injection rate prefactors, we are again limited in the range of energetic disorder

we can probe, since deep energy wells lead to very high charge densities, and,

consequently, prohibitively expensive computations. Hence, we restricted our

studies to three additional exponential energy distributions and one Gaussian

energy distribution.

Figure 6.9 and Table 6.6 depict the results (the legend indicates the

value of Etail in Equation (6.4), and the value of σ in the Gaussian case is

0.062 eV ) for the different site energy distributions probed in our work. In-
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creasing energetic disorder (equivalent to increasing the value of Etail) is seen

to increase charge buildup and band bending, thus moving the VOC to lower

applied voltages. In the dark condition (Figure 6.9a), increasing disorder is

seen to flatten the regime 1 JV dependency, extend the regime 2 width, and

steepen the regime 4 slope. In the illuminated condition (Figure 6.9b), increas-

ing disorder leads to increased recombination and a lower JSC . ff exhibits

a minimum as both the maximum attainable power (PMax) and the product

JSCVOC decreases with increasing disorder. These dependencies of the various

JV characteristics on degree of energetic disorder agree well with the results

of other analytic and numeric models [8].

If single layer experimental data is available, it is ideal to tune the

distribution of site energies to the effective mobility vs. electric field data for

the materials of interest [70]. In the absence of such data, we advocate fitting

the distribution of site energies in tandem with the injection rate prefactor set

to target the dark JV dependency and specifically the placement of the first

three JV regimes. These choices are pivotal to selecting a relevant injected

charge density profile and its applied bias dependency. Improperly selected,

the effect of band bending on shifting the VOC from the zero driving electric

field condition will be lost.

We note that the Gaussian distribution of site energies yields results

qualitatively similar to those of the exponential distributions and, therefore,

appears equally appropriate for modeling JV behavior in a FRM framework.

However, JV curves by themselves do not contain enough information to ex-
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actly identify the true form of the distribution of site energies. In future

studies, we intend to use our model to simulate simple charge extraction ex-

periments [157], which, when combined with JV simulations, can help uncover

features specific to the site energy distribution [103].

Table 6.6: Effect of Distribution of Site Energies Selection on OSC Properties
JSC , (mA/cm

2) VOC, (V ) ff PMax, (mW/cm
2)

Experiment 4.195 0.63 0.386 1.019
0.062 eV (Base) 4.069 0.51 0.275 0.570

0.021 eV 9.206 0.63 0.378 2.194
0.042 eV 7.077 0.60 0.301 1.278
0.078 eV 2.375 0.39 0.307 0.285
Gaussian 6.530 0.61 0.302 1.205

6.4 Summary and Outlook

By modifying the conventional charge injection mechanism of previ-

ous KMC algorithms, we have corrected the electrode grid-size and electrode

charge density biases apparent in the coarse-grained approximation of the elec-

trode as a grid of single occupancy, charge-injecting reservoirs. We demon-

strated that our model is capable of simulating charge density and potential

profiles that better agree with theory and more accurately reproduce exper-

imental JV curves. Our modifications expand the applicability of the FRM

method to ohmic electrode-polymer energy barriers, which had been compu-

tationally inaccessible up til now (each data point for the base case dark and

illuminated JV curves requires on an average 18 hours computation time run-

ning on a single of an Intel Xeon 5680 processor). Using our model, we have
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demonstrated how charge accumulation and band bending affect the shape

and placement of the various dark and illuminated JV regimes for OSCs with

ohmic contacts. Our model results agree with and support the theoretical

arguments proposed by Mihailetchi et al. [117] to explain the S-like shape of

the dark JV curve. We have also demonstrated how various parameter value

selections influence the JV characteristics.
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Chapter 7

Exploiting the Combined Influence of

Morphology and Energy Cascades in Ternary

Blend Organic Solar Cells Based on Block

Copolymer Additives

The work presented in this chapter was adapted from an article that

is currently under review. Morphological characterization calculations were

provided by Olga Wodo. All other work is an original contribution by Dylan

Kipp. Technical guidance and mentoring was provided by Baskar Ganapa-

thysubramanian and Venkat Ganesan.

7.1 Introduction

This chapter pertains to the influence of block copolymer (BCP) ad-

ditives on the morphology and device characteristics of polymer-based donor-

acceptor blends. While Chapters 2-3 demonstrated that BCP additives can

be utilized to target equilibrium bicontinuous morphologies with the charac-

teristics desired for organic photovoltaic applications, it is yet unclear whether

such structures yield improved device performance when compared to other

idealized morphologies with the features believed to be optimal for device

performance. For instance, theoretical studies have suggested that columnar
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morphologies with domains oriented perpendicular to the electrode outperform

bicontinuous gyroid morphologies due to smaller geminate charge recombina-

tion in the former case [69]. However, while the simulations and experiments

from Chapters 3-5 suggest a clear strategy for achieving bicontinuous mor-

phologies, a comparable strategy does not exist for achieving the idealized

columnar morphologies in donor-acceptor blend systems. Moreover, since the

bicontinuous phase is an equilibrium morphology, its structure should not de-

grade over time due to thermal stress. These advantages raise the first question

we address in this chapter: “How does the device performance of the bicon-

tinuous morphology arising in ternary blend systems compare with the device

performance of the idealized columnar morphologies?”

In the above context, we note that additives, BCPs included, can also

be strategically chosen to influence the photoelectronic properties of donor-

acceptor thin films [1, 51, 63, 64, 96, 98]. For instance, conjugated polymer ad-

ditives can be utilized to expand the photon absorption spectrum [1] and to

increase the open-circuit voltage [64]. Moreover, a properly designed donor-

b-acceptor BCP additive could distribute preferentially to the interface be-

tween donor and acceptor domains. The energy levels of the donor and ac-

ceptor blocks of the BCP can then be selected to yield an “energy cascade”

that can stabilize electrons and holes away from the interface thus reducing

charge recombination and increasing the device efficiency [36]. Such energy

cascades have been achieved previously using fullerene and dye sensitizer ad-

ditives [4, 46], but the optimization of such cascades are more limited and
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difficult in such kinetically-determined morphologies as compared to the self-

assembled, equilibrium morphologies that result from ternary blends based on

BCP additives. Motivated by these considerations, we address two additional

questions in this chapter: “Can the component energy levels and blend com-

positions of ternary blends (in particular, the BCP additives) be exploited to

give rise to energy cascades that either inhibit or promote charge recombi-

nation?” “Can the combined influences of morphology and energy cascades

resulting from BCP additives be balanced to optimize the device performance

of ternary blends, thus yielding device efficiencies higher than those of the

idealized columnar morphologies?”

7.2 Methods and Model Specifics

To address the above questions, we utilize a combination of morphology

and device-level simulations to investigate the influence of donor-b-acceptor

BCP additives on the device performance of conjugated polymer donor/PCBM

acceptor organic solar cells. Explicitly, we utilize fully three-dimensional single

chain in mean field (SCMF) simulations to predict the equilibrium morpholo-

gies of our ternary blend system. We input the resulting structures into kinetic

Monte Carlo (KMC) simulations, which we use to predict device performance.

The details of the SCMF and KMC simulations have been described in earlier

chapters, and hence we describe only the modifications necessary to link the

two simulation methods here.
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7.2.1 Ternary Blend System

The model system is a ternary blend of hompolymer donors (D1),

PCBM acceptors (A1), and donor-b-acceptor block copolymers (D2-b-A2). For

the sake of simulating the morphology, we set the Flory-Huggins interaction

parameters between component pairs (χij) to match the physics of a classi-

cal compatibilizer additive, where the D2 and A2 blocks are designed to mix

with the D1 and A1 components, respectively. Specifically, we set the D1

and D2 donors to be equally miscible with the A1 and A2 acceptors (i.e.,

χ = χA1D1 = χA1D2 = χA2D1 = χA2D2), and the D1 and D2 donors (A1 and

A2 acceptors) to be infinitely miscible with one another (χD1D2 = χA1A2 = 0).

With this design, the BCP distributes predominantly to the interface between

donor and acceptor domains where it reduces the interfacial tension (thus re-

ducing the domain size) and forms a concentration gradient (thus giving rise to

the energy cascades we intend to exploit). Although this model system strictly

represents the “ideal” BCP compatibilizer, we demonstrated in Chapter 5 that

the predicted morphologies can be generalized to a large variety of different

donor and acceptor molecular chemistries [74].

We effect simulations based on equal volume donor/acceptor blends

with volumetric blend compositions of BCP (φBCP ) ranging from φBCP =

0.0 to φBCP = 1.0. We fix the acceptor composition of the BCP to f =

0.5. We consider block copolymers and homopolymers of equal degrees of

polymerization (N = NBCP = Nhomo = 20). We set χN = 30 in all cases. We

treat all polymers as fully-flexible and all interactions as isotropic.
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We investigate three different sets of donor and acceptor materials each

characterized by different highest occupied molecular orbital (HOMO) and

lowest unoccupied molecular orbital (LUMO) energy levels (see Figure 7.1).

For each of the three cases, we set the HOMO of the homopolymer donor

to HOMOD1 = -5.2 eV and the LUMO of the PCBM acceptor to LUMOA1

= -4.2 eV. These values match the experimentally measured energy levels

of commonly-studied homopolymer donors and PCBM acceptors like P3HT,

PTB7, and PC61BM [63, 94]. In the case of the first set of materials (which we

refer to as the “Base Case”), the donor block of the BCP is set to have the same

HOMO as the homopolymer donor (HOMOD = HOMOD1 = HOMOD2),

and the acceptor block of the BCP is set to have the same LUMO as the PCBM

acceptor (LUMOA = LUMOA1 = LUMOA2). Accordingly, the ternary blend

composition influences only the morphology and has no effect on the photo-

electronic properties of donor and acceptor domains.

In the case of the second set of materials, HOMOD2 differs from

HOMOD1 as quantified by the parameter ∆HOMO = HOMOD2−HOMOD1.

When using these materials, an energy cascade forms due to the concentration

gradient of donors across the cross section of the donor domains. To treat this

cascade in KMC simulations, we stochastically select the occupation energy of

each donor site from a Gaussian density of states with an expected value equal

to the composition-averaged HOMO of D1 and D2 at each donor site. We also

calculate a blend-averaged HOMO (LUMO) over all donor (acceptor) sites,

which we utilize to calculate the electric field across the device active layer:

185



F = Fapplied +HOMOblend − LUMOblend where Fapplied is the applied electric

field and HOMOblend (LUMOblend) is the blend-averaged HOMO (LUMO)

across all donor (acceptor) sites. These methods for calculating the distribu-

tion of site energies and F match the “organic alloy model” for well-mixed two

donor and two acceptor systems recently proposed by Khlyabich et al. [65].

Such methods allow us to approximate the influence of the BCP additive on

the density of states in the vicinity of the interface and the open-circuit volt-

age [63, 64, 165]. However, in some instances, the open-circuit voltage has been

demonstrated to “pin” to the higher HOMO (lower LUMO) of ternary blend

systems based on two donors (acceptors) [28]. Accordingly, we also investigate

a model wherein F pins to the maximum HOMO of donors and minimum

LUMO of acceptors, and discuss the corresponding results in brief.

The selection of the donor energy levels will also influence the pho-

ton absorption of the blend. Indeed, the photon absorption spectrum of

small band-gap donors typically overlaps better with the solar spectrum, and

such materials also yield higher exciton photogeneration than large band-

gap donors. However, intelligently-selected donor pairs with different band

gaps can expand the solar spectrum thus yielding higher exciton photogen-

eration than either of the single donors alone. As a basis, we assumed that

the absorption spectra of the two donors are well-paired such that the exci-

ton generation rate is independent of φBCP . For comparison, we also consid-

ered cases where increasing φBCP leads to a reduction in the exciton gener-

ation rate. Similar to the case of energy cascades, we utilize the parameter
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∆wphoto = (wphoto,D2 − wphoto,D1)/wphoto,D1 to quantify the relative propensity

for exciton generation of the D1 and D2 donors, where wphoto,D1 indicates the

exciton photogeneration rate of D1 and wphoto,D2 indicates the exciton photo-

generation rate of D2. We utilize the blend-averaged exciton photogeneration

rate of the two donors as the total rate at which excitons are generated in the

device (wdevice
photo ).

In the case of the third set of materials, LUMOA2 differs from LUMOA1

as quantified by the parameter ∆LUMO = LUMOA2 −LUMOA1. When us-

ing these materials, an energy cascade forms due to the concentration gradient

of acceptors across the cross section of the acceptor domains. We treat this

cascade and the electric field in a manner similar to the donor cascades de-

scribed previously. For the purposes of this work, we assume that exciton

photogeneration is isolated to the donor domains and do not consider cases

where A2 can also influence the exciton generation rate.

7.2.2 Ideal Columnar System

In addition, we compare the performance of ternary blend morpholo-

gies to idealized columnar morphologies possessing the same interfacial area

between donors and acceptors as resulting in ternary blend systems. Repre-

sentative columnar and ternary blend morphologies used for our calculations

are provided in Figure 7.2. Energy cascades are not incorporated for the ide-

alized columnar morphologies. Rather, all donor sites have HOMOD = −5.2

eV and all acceptor sites have LUMOA = −4.2 eV.
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Figure 7.1: Schematic of the HOMO and LUMO energy levels for three cases
of interest: (i) ‘Base Case’ - the donor and acceptor blocks of the BCP
have the same energy levels as the homopolymer donor and PCBM accep-
tor (HOMOD1 = HOMOD2 and LUMOA1 = LUMOA2); (i) ‘Donor Cascade’
- the HOMO of the donor block of the BCP is shifted relative to the HOMO
of the homopolymer (HOMOD1 6= HOMOD2); (C) ‘Acceptor Cascade’ - the
LUMO of the acceptor block of the BCP is shifted relative to the LUMO of
the PCBM (LUMOA1 6= LUMOA2).

7.2.3 Kinetic Monte Carlo Simulations

We utilize KMC simulations to predict the device performance of ideal

columnar and ternary blend morphologies. We utilize the KMC framework we

developed in Chapter 6 where we investigated the influence of electrode charge

injection on current-voltage behavior [71]. However, in the current chapter,

we are less interested in such a careful treatment of the charge injection. Con-

sequently, we choose to eliminate charge injection entirely from the model,

thereby considering only photo-generated charges. We also set the energy

barriers for charge extraction to large negative values, effectively eliminating

charge buildup at the interface with the electrodes.

We utilize a single set of parameters to simulate the device performance

of both the idealized columnar and ternary blend morphologies. We selected
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Figure 7.2: Pictures of idealized columnar and ternary blend morphologies at
varying φBCP . Shown are the surfaces of the acceptor domains (the donor
domains make up the empty). The colors indicate the z-position and are
utilized only to make the domain surfaces more clear – the colors do not
correspond to component densities. The electrodes lie at the top and bottom
of each morphology.
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these parameters to match our previous KMC simulations with some excep-

tions[71]; namely, we set the charge recombination rate to wcr = 1x109nm−2V −1s−1

in order to match the value typically-utilized for mixtures of polymer donors

and PCBM acceptors [62]. Also, we set the electron and hole mobilities to

match the PCBM acceptor and PTB7 donor materials, respectively [94].

Table 7.1: Kinetic Monte Carlo Parameters
Parameter, symbol Value Unit

Exciton
Exciton Photogeneration Rate, wphoto,D1 900 nm−2s−1

Exciton Hop Frequency x Localizationˆ6, weR
6
0 2 x 1012 nm6s−1

Exciton Recombination Rate, wer 2 x 109 s−1

Electron and Hole
Electron Mobility, µe 3 x 1011 nm2V −1s−1

Hole Mobility, µh 5.8 x 1010 nm2V −1s−1

Charge Recombination Rate, wcr 1 x 109 nm2V −1s−1

Polymer Medium
2 x Polaronic Binding Energy, ER 0.187 eV
Standard Deviation of Density of States, σ 0.062 eV
Relative Permittivity, ǫ 3.5
Lattice Constant, a0 3 nm
HOMO of Homopolymer Donor, HOMOD1 -5.2 eV
LUMO of PCBM Acceptor, LUMOA1 -4.2 eV

7.3 Results and Discussion

Figure 7.3 presents results comparing the exciton dissociation efficien-

cies (ηED) and charge separation efficiencies (ηCS) under short-circuit condi-

tions for the idealized columnar and ternary blend morphologies. Because the

exciton hopping rate of the model is chosen to be independent of the distri-
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(A) (B) 

Figure 7.3: ηED and ηCS under short-circuit conditions for idealized columnar
and ternary blend morphologies. The inset of Panel A plots the AInt/V ’s
that result from morphology simulations of ternary blends with varying φBCP .
The results labeled as Base, ∆HOMO = −0.4 eV, ∆HOMO = 0.4 eV,
∆LUMO = −0.4 eV, and ∆LUMO = 0.4 eV were based on ternary blend
morphologies with different BCP energy levels. The dashed black lines indicate
the blend composition corresponding to the bicontinuous phase.

bution of site energies, ηED is also independent of ∆HOMO and ∆LUMO,

and the ηED results are equal for each of the three sets of materials. The

results provided for the columnar morphologies are based on columns with

dimensions selected to match the AInt/V from ternary blend morphology sim-

ulations based on a given φBCP . In the case of the ternary blend morphologies,

increasing φBCP leads to increased interfacial area per volume between donors

and acceptors (AInt/V ) and smaller domain sizes, which in turn lead to an

associated increase in ηED (see Figure 7.3A). Pertinently, for a given AInt/V ,

the ternary blend morphologies are seen to yield a lower ηED than the colum-

nar morphologies, reflecting the larger average distance excitons have to travel

to find the interface in the former case.
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Figure 7.3B compares the charge separation efficiencies (ηCS) under

short-circuit conditions for the columnar and ternary blend morphologies. We

first compare the results for the ternary blend morphologies using the mate-

rials in set 1 (Base Case). For this set of materials, the influence of φBCP

on ηCS is seen to be nonmonotonic. At φBCP = 0.0, the morphology is char-

acterized by large droplet-like acceptor domains suspended in a continuous

donor domain (pictures of the morphologies resulting for varying φBCP are

provided in Figure 7.2). Because many of these acceptor domains are not con-

nected to the electrode, charge recombination is prevalent and ηCS is small.

Increasing φBCP improves percolation of acceptor domains and leads to a com-

mensurate increase in ηCS. Interestingly, the peak ηCS arises in the vicinity of

φBCP = 0.34 where bicontinuous morphologies form. Further increasing φBCP

yields increasingly smaller domains, which decreases ηCS. For columnar mor-

phologies, ηCS is seen to decrease with increasing AInt/V (φBCP ) reflecting a

decreased entropic propensity for charge separation in smaller domain sizes.

More pertinently, for each φBCP , the columnar morphologies are always seen

to yield higher ηCS’s than ternary blend morphologies due to the perfectly

percolating and straight donor/acceptor pathways between electrodes in the

former. Such results indicate that on a pure morphology basis, the columnar

structures outperform the bicontinuous phases resulting in ternary blends.

We now consider the combined influence of donor and acceptor energy

cascades and morphologies on ηCS. Energy cascades form under the condition

that either ∆HOMO 6= 0 or ∆LUMO 6= 0 with φBCP 6= {0.0, 1.0}. The blend
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(A) (B) 

(D) (C) 

Figure 7.4: Cross-section of concentration profile resulting from two-
dimensional SCMF simulations in case of φBCP = 0.3: (A) φD1; (B) φD2;
(C) φA1; (D) φA2.

components distribute preferentially either to the interface between donors and

acceptors or to the bulk of domains, and the resulting concentration gradient

in the direction perpendicular to the interface gives rise to an energy cascade

(representative concentration and energy profiles are provided in Figures 7.4

and 7.5). In addition, the field F shifts from its base case value under the

condition that either ∆HOMO 6= 0 or ∆LUMO 6= 0 with φBCP > 0.0.

In the case of the donor domains, the ratio φD1/(φD1 + φD2) increases

monotonically with increased distance from the donor/acceptor interface. Hence,

donor cascades with ∆HOMO < 0.0 (∆HOMO > 0.0) are characterized by
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(A) (B) 

(C) (D) 

Figure 7.5: Cross-section of concentration and energy profiles resulting from
two-dimensional SCMF simulations in case of φBCP = 0.3: (A) φD1/(φD1 +
φD2); (B) volume-averaged HOMO of donor sites for ∆HOMO = −0.4 eV; (C)
φA1/(φA1+φA2); (D) volume-averaged LUMO of acceptor sites for ∆LUMO =
0.4 eV. Panels A and B show only the donor domains while Panels C and D
show only the acceptor domains – the opposite domains make up the empty
space.
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an average donor site energy that increases (decreases) with increased dis-

tance from the interface. This correlated distribution of site energies stabilize

(destabilize) holes away from the interface and increase (decrease) ηCS. Con-

currently, decreasing (increasing) ∆HOMO strengthens (weakens) F , which

also increases (decreases) ηCS. Overall, the energy cascade and change in F

cooperate to either promote or inhibit charge separation. The maximum ηCS

for ∆HOMO = −0.4 eV is again seen to occur for the φBCP corresponding to

the bicontinuous phase. More interestingly, the peak in ηCS for ternary blends

is seen to be higher than the ηCS’s of the columnar morphologies.

In the case of the acceptor domains, the ratio φA1/(φA1 + φA2) first

decreases to a minimum and then increases with increased distance from the

interface. This results due to a high amount of mixing of the PCBM acceptors

in the donor domains and a commensurately large amount of A1 material

at the donor/acceptor interface. (In contrast, the homopolymer donors do

not mix in the acceptor domains and there is a much smaller amount of D1

material at the donor/acceptor interface). Reflecting the concentration profile

of the acceptor domains, acceptor cascades with ∆LUMO > 0.0 (∆LUMO <

0.0) are characterized by an average acceptor site energy that first increases

(decreases) to a maximum (minimum) and then decreases (increases) with

increased distance from the interface thereafter. This correlated distribution

of site energies stabilize (destabilize) electrons both close to and far from the

interface. The impact of such a cascade is to promote charge separation in the

case of ∆LUMO < 0.0 and inhibit charge separation in the case of ∆LUMO >
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0.0. We observe that the ηCS line for a given ∆LUMO (either ∆LUMO =

−0.4 eV or ∆LUMO = 0.4 eV) passes through the ηCS line of the base case

such that the difference between these two lines changes sign as we increase

φBCP . This implies that the energy cascade and the change in F that result for

∆LUMO 6= 0 counteract. For small φBCP , the energy cascade dominates the

change in F such that ∆LUMO < 0.0 (∆LUMO > 0.0) yields an increased

(decreased) ηCS as compared to the base case. For large φBCP , the change

in F dominates the energy cascade such that ∆LUMO < 0.0 (∆LUMO >

0.0) yields a decreased (increased) ηCS. Among acceptor energy cascades, the

maximum ηCS for ∆LUMO = −0.4 eV occurs for a φBCP slightly below the

bicontinuous phase.

The results discussed above for the base case, donor cascades, and ac-

ceptor cascades reveal a novel combined influence of morphology and energy

cascades on ηCS. Charges that form in percolating domains can either re-

combine or collect at the electrode. In such a context, properly tuned energy

cascades were shown to reduce charge recombination by stabilizing charges

away from the interface. Donor cascades were seen to outperform acceptor

cascades in part because the donor cascades cooperate with the electric field

to influence charge separation. But, donor and acceptor cascades also differ in

terms of their distributions of site energies. In Figure 7.5, we observe that, in

comparison to the concentration ratio of acceptors across acceptor domains,

the concentration ratio of donors across donor domains exhibits a sharper gra-

dient. The resulting distribution of donor site energies that characterizes the
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Figure 7.6: ηCS with and without F pinning. In the case of F pinning, F is
pinned to HOMOD1 and LUMOA1 such that F is independent of φBCP . Such
pinning is artificial in some cases, but it allows us to isolate the influence of
energy cascades by removing the influence of the tunable VOC . The dashed
black lines indicate the blend compositions corresponding to the bicontinuous
phase.

donor cascades exhibits a commensurately sharper gradient. In Figure 7.6, we

present ηCS results for cases where F is pinned to HOMOD1 and LUMOA1

such that F is independent of φBCP . We observe that donor cascades continue

to outperform acceptor cascades as measured by a higher ηCS even in the case

of F pinning, suggesting that the distribution of site energies is the primary

influence impacting ηCS.

Figure 7.7 compares the short-circuit currents (JSC), fill factors (FF ),

and device efficiencies (ηeff ) of the columnar and ternary blend morphologies.

The JSC matches the combination of ηED and ηCS from Figure 7.3 according to

JSC = wdevice
photo ηEDηCS. The ideal and base case FF ’s decrease with increasing

φBCP due to decreasing domain size and, in the case of the ternary blend
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morphologies, increasing tortuosity. The influence of ∆HOMO and ∆LUMO

on FF reflect their influence on ηCS as discussed in the context of Figure 7.3B.

Notably, the peak FF that results for ∆HOMO = −0.4 eV and φBCP =

0.34 is ≈ 1.75 times the base case value. For such a strong energy cascade,

charge separation no longer depends on a large F to separate electrons and

holes; rather, the energy cascade provides the energetic drive necessary to

overcome the coulombic attraction, and large currents are achievable even for

high applied electric fields. The ηeff matches the combination of JSC and FF

according to ηeff = JSCFFVOC/PIn where VOC is the open-circuit voltage and

PIn is the incident power. The influence of the energy cascades on ηeff is seen

to be stronger than its influence on either JSC or FF alone, reflecting that

the energy cascades influence both JSC and FF individually. The maximum

ηeff occurs for ∆HOMO = −0.4 eV and a φBCP just beyond the bicontinuous

phase. Importantly, this maximum ηeff is well above the ηeff ’s of even the

idealized columnar morphologies.

Overall, our results demonstrate that well-tuned donor energy cascades

outperform their acceptor energy cascade counterparts, and the peak perfor-

mance for ternary blend morphologies with ∆HOMO = −0.4 eV is seen to

exceed those realized for idealized columnar morphologies. Since our device

model was based on assumptions regarding wdevice
photo and F , we tested the robust-

ness of our predictions by considering cases where either i) the BCP exhibits

a decreased propensity for exciton generation relative to the homopolymer

donor, and increasing φBCP leads to a reduced wdevice
photo ; and ii) F is pinned to
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Figure 7.7: JSC , FF , and ηeff . The dashed black lines indicate the blend
compositions corresponding to the bicontinuous phase.
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Figure 7.8: Influence of ∆wphoto and F pinning on device performance. In the
case of F pinning, F is pinned to the maximum of HOMOD1 and HOMOD2.
The dashed black lines indicate the blend compositions corresponding to the
bicontinuous phase.

the higher of HOMOD1 and HOMOD2 such that F is independent of φBCP .

The results of these simulations are provided in Figure 7.8. Therein, we observe

that even for large values of ∆wphoto and a F pinned to the higher HOMOD1,

the donor cascades are strong enough to ensure high ηCS and FF such that

the ternary blend morphologies continue to outperform the idealized columnar

morphologies at peak conditions.

7.4 Conclusion

In summary, our results demonstrate that properly designed ternary

blends can outperform single component BCP systems, binary donor-acceptor

blends or even the idealized columnar morphologies typically referenced as

optimal for organic photovoltaic applications. In this context, donor cascades
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were seen to perform better than acceptor cascades because the concentrations

of donors across the donor domains exhibit a sharper gradient that, in turn,

leads to a stronger energy cascade. Moreover, donor cascades synergistically

interact with the electric field to inhibit charge recombination. The peak

in ηeff was shown to occur when the influences of morphology and energy

cascades were balanced, suggesting that morphological considerations alone

may not suffice to yield better device performance compared to the presently

envisioned optimal morphologies. In contrast, a combined optimization of

morphology and photoelectronic properties of the additive can achieve optimal

device characteristics with superior performance.
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Chapter 8

Summary and Future Works

In this chapter, we summarize the work presented in this dissertation

and recommend future works.

8.1 Summary of Research

This dissertation pertained to the influence of block copolymer addi-

tives on the morphology and device characteristics of polymer-based donor-

acceptor blends. While some earlier works have explored the use of block

copolymer additives in organic solar cells, most such studies have utilized the

block copolymer as a means to reduce the interfacial tension between donors

and acceptors and improve the thermal stability of kinetically-trapped mor-

phologies [121, 159, 185]. In contrast to such efforts, we proposed and experi-

mentally demonstrated that block copolymer additives can be used as a means

to modulate and thereby target desirable bulk heterojunction morphologies in

donor-acceptor blends. Explicitly, we utilized computer simulations to study

the equilibrium phase behavior of ternary blend systems based on a conjugated

polymer donor, a fullerene acceptor, and a block copolymer additive (Chapter

2). Based on such simulations, we identified a design rule for the formation of
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equilibrium cocontinuous, interconnected donor/acceptor morphologies which

are believed to be desirable for efficient charge collection in organic photo-

voltaics (Chapter 3). We then utilized this design rule to guide experiments

in the rational design of thermally-stable morphologies with nanoscale domain

sizes and percolating donor/acceptor pathways (Chapter 4). We identified a

large collection of blend formulations that give rise to bicontinuous phases, and

identified which of these select blend formulations result from comparable vol-

ume mixtures of donors and acceptors and which yield the smallest and most

compositionally-pure donor and acceptor domains (Chapter 5). Finally, we

developed a kinetic Monte Carlo-based method for the current-voltage behav-

ior of arbitrary donor/acceptor blend morphologies (Chapter 6) and coupled

the morphology and device-level simulations in sequence to identify the blend

formulations and resulting morphological features that give rise to the best

device performance overall (Chapter 7). In total, our project constitutes a

predictive framework for designing new additive-based organic photovoltaic

blend formulations with optimized device properties.

8.2 Recommendations for Future Work

8.2.1 Solvent Vapor Annealing for Targeted Morphologies

Despite the successes reported in this dissertation, achieving similar

equilibrium morphologies for other donor/acceptor blends has been challeng-

ing due to the underlying polymer crystallization and kinetically-arrested mor-

phologies that result in such systems. Moreover, even for those systems for
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which we successfully achieved equilibrium morphologies, the protocol required

a long period of thermal annealing at elevated temperature. In turn, the harsh

conditions of thermal annealing led to device degradation (for example, due

to degradation of the contact between the electrodes and active layer) and

associated poor device performance. This motivates the search for general

and gentle processing strategies to efficiently target desired morphologies in

donor/acceptor blends.

In diblock copolymer thin films, solvent annealing has emerged as an

extremely powerful and accessible approach to modulate the morphologies

of thin films [38, 41, 158]. Solvent annealing involves exposing the polymer

films to a solvent vapor containing one or more components with controlled

composition and vapor pressures. Swelling of the film is determined by the

solvent vapor composition, the vapor pressure, and the film temperature –

conditions which, upon tuning, allow targeting specific morphologies possess-

ing almost defect-free film structure. Such successes have established solvent

vapor annealing as an integral component of processing block copolymer films

for lithography applications.

Recently, some studies have also applied solvent vapor annealing ap-

proaches to tailor the morphology of organic semiconductor blends, and in

particular polymer-fullerene blends [42, 95]. However, while such studies have

indicated the potential of solvent annealing for organic electronic applications,

there still does not exist a fundamental understanding of the influence of vari-

ables such as vapor composition, vapor pressure, evaporation rate, film temper-
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ature, and the interactions between the blend components and the solvent(s).

Further, much of the prior work in this context has focused primarily on the in-

fluence of solvent vapor annealing on the ultimate power conversion efficiencies

of organic photovoltaic devices rather than on the fundamental characteristics

that govern morphological evolution of organic semiconductor blends under

solvent and thermal annealing. Finally, while computational approaches have

been developed for predicting and understanding solvent annealing of diblock

copolymer films, similar theories or approaches have not been developed for or-

ganic semiconductor blend films to facilitate an understanding of the physics

underlying experimental observations. Future works should seek to address

some of these gaps in our understanding of solvent annealing for organic pho-

tovoltaic applications.

8.2.2 Reverse Coarse-Graining and Chain-Based Device Simula-
tion Methods

Future morphology-level simulation studies should seek to develop re-

verse coarse-graining methods for treating conjugated polymer and fullerene

materials in ordered phases. Indeed, the majority of device-level simulation

studies to date have been based on a mesoscopic picture of morphology. In

contrast, the photoelectric processes that take place in organic solar cells also

depend on the molecular level geometries of the donors and acceptors. Re-

verse coarse-graining methods designed specifically for donor/acceptor sys-

tems could provide the the molecular level information required to model the

photoelectronic events at the level of individual molecules. These more de-
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tailed morphologies could then be utilized in device-level simulations to better

understand the interplay between mesoscopic-level and molecular-level mor-

phological details and the influence on device performance.

Future device-level simulations should begin to treat the various pho-

toelectric processes as chain-level events. Recent studies have demonstrated

that charge transport pheneomena in semiconducting polymers is dominated

by intrachain hopping on short distances and interchain hopping at long dis-

tances, giving rise to a multiscale picture of charge transport that is heavily

influenced by chain conformations and packing [127, 128]. Accordingly, it may

not be possible to accurately treat the photoelectric processes by treating the

active layer as a coarse-grained grid of sites (as is now popular for the kinetic

Monte Carlo methods we utilize in this dissertation). Moreover, the reverse

coarse-graining methods described above are well-suited for pairing with such

chain-level device simulations - the reverse coarse-graining provides the chain

position and orientation information required to feed the device model.
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