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ABSTRACT: We report the composition profile in blends of hole-accepting and electron-accepting polyfluorenes.
During solvent evaporation to form thin (∼150 nm thickness) solid films, demixing of the polymers produces
micrometer scale lateral phase separation. We show here that demixing is more complete in regions closer to the
interface between the two phases. We propose that carriers transport is easier in these regions than in the bulk.
We show how this affects the photovoltaic efficiency of diodes made with these blends, which show a linear
dependence of efficiency on the length of the interface between the phases.

I. Introduction

There is increasing interest in electronically functional organic
materials for various applications. One important application
is organic photovoltaic devices made from conjugated polymers.

The photophysics of conjugated polymers is different from
that of conventional inorganic semiconductors. The absorption
of light generates bound electron-hole pairs,1 in contrast to the
free charge carriers which are generated in inorganic semicon-
ductors.2 The binding energy of this electron-hole pair, also
called an exciton, is∼0.5 eV.3,4 To generate photocurrent, it is
necessary to dissociate this strongly bounded state. The dis-
sociation of excitons has been found to be efficient at interfaces
between materials with different electron affinities and ionization
potentials.5 The difference in electron affinities and ionization
potentials (or, equivalently, the offsets in the HOMO and LUMO
levels) provides the energy necessary to dissociate excitons.6,7

A configuration that maximizes the interfacial area between
these materials, and therefore improves the dissociation rate of
excitons, can be achieved by using polymer blends as the
photoactive layer in photovoltaic devices.5,7-10 It has been shown
that the use of polymer blends increases the rate of charge
transfer from the excitons, thus increasing device efficiency.9,11

However, experimental results by Ma et al. show that the
efficiency is still limited to below∼4.5% under the so-called
AM 1.5 condition.12 A certain consensus has emerged in the
literature as to the practical problems with blend-based devices
and in particular with respect to morphology. Blending the
polymers does lead to a large internal interface, but the p-type
(hole accepting) and n-type (electron accepting) phases are far
from perfectly interconnected. Hence, the conduction paths are
not complete, which in turn increases recombination loss. In
addition, the lack of segregation into separate p-type and n-type
domains at the electrodes introduces undesired recombination
pathways.

The effect of blend morphology on photovoltaic device
performance is the subject of many theoretical and experimental
works.

Several theoretical models have been developed for handling
charge generation and transport in different blend mor-
phologies.13-15 Sylvester et al. had developed a general 2D
hopping model for polymer-based photovoltaic devices,16 while

Watkins et al. study morphological effects using dynamical
Monte Carlo simulations.17 These works predict that device
performance is optimized at an intermediate scale of phase
separation, i.e., a topology that maximizes charge separation
while keeping charge recombination to minimum. In both works,
the best performance was obtained when there were direct
percolation paths to the electrodes within each component of
the blend. They both concluded that the mobility of the free
carriers plays an important role in determining the quantum yield
of the devices.

Extensive work has been devoted to gaining better control
of the morphology of the polymer film in order to improve
device performance.11,18-21 For example, Zhang et al. show that
an increase of 100% in the short-circuit current can be achieved
by using chloroform mixed with chlorobenzene as a solvent.22

In these works, morphology was controlled by modification of
the device preparation parameters which affect the process of
phase separation in polymer blends. These modifications were
applied to parameters such as solution, concentration, substrate
temperatures, spin-speed, blend composition, and solvents.

Phase separation is likely to occur when two different
polymers are blended in a common solvent which is then
removed, for example, during spin-casting.23 It happens because
the reduction in free energy due to the increase in entropy during
mixing is not enough to compensate for the increase in enthalpy
due to the mismatch of the polymer chains, and thus mixing
occurs only in the presence of a solvent. During the spin-coating
process or in any other process where the solvent is removed
by evaporation, the polymer blend demixes and forms separate
coexisting phases, with different compositions, consisting
dominantly of one of the blend components. However, when
the polymer blend is not given enough time to complete the
phase separation (for example, fast evaporation of the solvent),
an intermediate state of mixing is frozen into a solid state, with
a characteristic morphology of the blend which has been
reported previously.11,21

In this work we have focused on blends of two polyfluorene-
based polymers: poly(9,9′-dioctylfluorene-co-bis-N,N′-(4-bu-
tylphenyl)-bis-N,N′-phenyl-1,4-phenylenediamine) [PFB] as the
high mobility hole transporting polymer24 and poly(9,9′-
dioctylfluorene-co-benzothiadiazole) [F8BT] as a high mobility
electron transport polymer. When the films are formed by spin-
coating and subsequently solvent evaporation, there are two
distinguishable microscopic phases: an F8BT-rich and a-PFB
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rich phases.25 The former is thicker than the latter. Their
subsequent morphology can be described as hills and valleys.
Each of these microscopic phases penetrates substantially
through the film to the underlying substrate.18

From an optoelectronic point of view there are two distinct
length scales that characterize the phase separation. The first is
the length scale of the interface between the microscopic phases
like the “high” and “low” phases in our system. This length
scale is on the order of microns and can be inferred directly
from AFM measurements. The other length scale characterizes
the degree of mixing of the two polymers inside each of the
microscopic phases. This length scale is of the order of
nanometers. It cannot be measured using current scanning
microscopic techniques but is inferred indirectly from Raman
measurements or by calculating the reduction in photolumines-
cence efficiency measured in these phases compared to photo-
luminescence of the homopolymers. The nanoscale controls the
process of charge transfer. The micron scale is investigated in
this paper.

Blend morphology is typical studied using atomic force
microscope (AFM) in contact mode,27,26 tapping mode,27 and
lateral force mode (LFM).28 The materials in the blend can be
distinguished either by using micro-Raman spectroscopy11 or
by removal of one of the phases by a selective solvent, where
applicable.26,27,29Near-field scanning optical microscopy (NSOM)
has shown great potential in monitoring fluorescence emission
with high spatial resolution (∼100 nm) for polymer and
fluorescent polymers.30-32 The reviews by Stamm33 and Krausch34

give a through description of the relevant techniques.
Recently, Snaith et al.19,20 reported on a linear dependence

of the external quantum efficiency (EQE) of photovoltaic
devices made from a similar polyfluorene polymer blend on
the length of the interface separating these microscopic size
phases. They postulate that this is due to the enhancement of
conduction near these interfaces. The enhancement is explained
by the following reasoning: Near the interface, free charges,
generated by exciton dissociation, can diffuse to regions where
there are preferential conduction paths; i.e., electrons/holes can
diffuse to phases that are rich in electron/hole transport material,
respectively. The basis for this explanation is the assumption
that the mobility of the free charges depends on the composition
and that these phases can be approximated to first order as
having cylindrical shape. This assumption is supported by
finding of Ramsdale et al.35

However, in that study the interface length was controlled
by changing the blend ratio. Following the authors’ argument
that the charge transport is composition dependent, it is hard to
understand why the interface length plays such an important
role in these devices. Moreover, the linear dependence was
found only for blend ratios in which there was a majority of
one component (electron transport polymer).

All the mentioned studies successfully indicate how to
improve device performance by controlling its morphology but
do not give a comprehensive description of why the prescribed
changes improve the performance. The reason is that although
these works aimed at changing just one parameter such as blend
ratio or spinning velocity, in practice they modified various
parameters of the device. A good example is changing the blend
ratio. Because each blend constituent has its own viscosity,
changing the blend ratio leads to different device thicknesses.
This can be overcome by controlling the spinning velocity to
keep the thickness constant. This, in turn, affects the solvent
evaporation rate and thus changes the time of the phase
separation process. The same process is also being changed

because the interaction between the two polymers in the blend
is composition dependent, as can be seen from their phase
diagram.36

Therefore, we have decided to follow a different approach.
We have studied the relation between the blend morphology
and the EQE in a controlled atmosphere experiment. A
controlled atmosphere vessel enabled us to control the solvent
evaporation rate. By varying the time inside the vessel, we can
control the extent of the phase separation while keeping the
initial phase diagram unchanged. This means that the only
physical parameter that changes is the time of the phase
separation process.

We show below that this method has enabled us to find the
dependence of the EQE on the morphology of the phase
separation. The functional form of this dependence is universal
and is not affected by different blend ratios or by the excitation
wavelength. In our analysis, we have adopted as a working
model that the different phases as having cross-section inde-
pendent of depth. We examine this model in view of our results,
at the end of section IV.

II. Experimental Section

Polymer solutions were prepared by dissolving the homopoly-
mers F8BT and PFB, whose chemical structures are shown in Figure
1a, in solutions ofp-xylene at concentration of 15 mg/mL (1.5%).
The molecular weight (Mn) of PFB wasMn ) 60 000, and the
molecular weight of F8BT wasMn ) 62 000. Solution blends of
F8BT:PFB were prepared by mixing different quantities of each
homopolymer solution. The ratios of F8BT to PFB where 5:1, 1:1,
and 1:5 by weight. We have used these blend ratios because they
have measurable topographic features (blends having higher ratios
do not show the valley-hill morphology for short times in
controlled atmosphere). Furthermore, they represent devices were
the majority of polymers is either a hole acceptor or an electron
acceptor. The 1:5 and 5:1 blends have small thickness variation
compared to the film thickness (∼30 nm vs∼200 nm) which makes
them suitable for the fabrication of photovoltaic devices. The 1:1
blend has thickness variations that are larger than half the film
thickness, which makes it unsuitable for photovoltaic devices.
However, the lateral size of the characteristic features in this blend
is much larger than in the other blends and thus allows local probing
using Raman and Kelvin probe techniques.

All the films were made in a controlled atmosphere vessel shown
schematically in Figure 1b. The controlled atmosphere vessel shown
in Figure 1b consists of two concentric parts: an inner chamber
that holds the spin chuck and an outer part that contains solvent-
soaked cotton wool. The two parts are separated by a stainless steel
interface that has holes which allow the solvent to evaporate from
the cotton wool to reach the inner chamber. The two chambers are

Figure 1. (a) Chemical structures of F8BT and PFB. (b) Schematic
description of the controlled atmosphere.
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covered by a transparent cover that reduces the rate at which the
solvent leaves the vessel. The polymer solution is brought into the
vessel via a tube that can be sealed to prevent the escape of the
solvent to the atmosphere. As the solvent evaporates from the cotton
wool its partial pressure in the inner chamber increases. This in
turn decreases the rate of evaporation of the solvent from the
polymer solution. For example, it takes the solvent around 45 s to
evaporate when casting outside the controlled atmosphere vessel
compared to up to 20 min if it is cast inside the vessel.

Photovoltaic devices were prepared by spin-coating for 1 s of
60 µL of polymer blend onto a precleaned indium tin oxide-coated
glass substrate, coated with a thin film of poly(ethylene dioxy-
thiophene) doped with poly(styrenesulfuric acid) (PEDOT:PSS).
The devices were then left in the controlled atmosphere vessel for
durations ranging between 1 and 17 min, after which they were
taken out. It was observed that the residual solvent evaporates so
fast after the sample was taken outside the vessel that the
morphology reached before the sample was taken out is retained.
The measured thickness of the polymer layer was 220 nm. The
cathode was made by evaporating 200 nm of aluminum (Al) on
top of the polymer film.

Films for ultraviolet-visible (UV-vis) photoluminescence ef-
ficiency measurements and for Raman measurements were prepared
on Spectrosil substrates using the same amount of polymer and
the same spinning and drying time conditions. Photoluminescence
efficiency measurements were carried out using an integrated sphere
as in Arias et al.11 The Raman measurements were carried out in
manner similar to that of Kim et al.36 Atomic force microscope
(AFM) measurements were done both on the spectrosil and on the
devices between the Al contacts. Measurements using Kelvin probe
force microscope (KPFM) were done on the devices in ultrahigh
vacuum (UHV).37 The electronic performance of the devices was
determined as by Snaith et al.19

III. Results

Figure 2 shows the morphology of a blend in a controlled
atmosphere measured on the PEDOT:PSS-covered ITO samples
for two different blends ratios: 1:5, 5:1 (F8BT:PFB), respec-
tively. The images were measured using a Dimension 3100
AFM in tapping mode (Veeco Ltd.).

As can be seen in each figure, the lateral size of the typical
features (“depressions” in Figure 1a-c and hills in Figure 2d-
f) increases with time. This indicates that the phase separation
continues to develop with time. The typical depth of the
“depressions” in Figure 2a-c and the height of the hills in
Figure 2d-f were in the range 20-30 nm, which is small
compared to the overall film thickness (∼220 nm). We have
not shown AFM measurements conducted on a 1:1 blend
because, as mentioned above, the typical height difference
between the two phases in the 1:1 blend was as high as 150
nm. It was observed that similar features have similar topog-
raphy for the same blend at different times (see the high-
resolution images in Figure 3a-c). The features also appear at
the 1:1 blends ratio as seen in Figure 3d.

Figure 3a-c shows high-resolution AFM measurements of
a 1:5 F8BT:PFB blend after 1, 5, and 15 min in a controlled
atmosphere. It is clear that although the size of the features is
different (much larger in the more developed blend) the
craterlike shape is common. Figure 3d shows AFM measurement
of a 1:1 F8BT:PFB blend after 15 min in a controlled
atmosphere. It can be seen that inside the PFB-rich phases (the
lower phases) there are the same hill shapes with a crater on
top features as in Figure 3a-c.This is an indication of a second
lateral scale that appears during the phase separation process
due to the increase in the repulsive interaction between the blend
constituents. Moreover, in the F8BT-rich phases there are
features that are equivalent to the “depressions” in Figure 2a-

c. The similar morphology of equivalent features indicates that
they probably have similar chemical composition. We therefore
conducted Raman and KPFM measurement of a 1:1 blend
because the features were bigger, which is especially important
for micro-Raman measurements due to low spatial resolution
(just under a micron). The results are summarized in Figure 4
and Figure 5.

In Figure 4a an AFM image of a 1:1 blend is shown. We
have indicated on this image the regions in which Raman
spectroscopy was measured. These points are of the following
type: (1) Regions next to the F8BT/PFB interface but on the

Figure 2. AFM images of samples after 1, 5, and 15 min in a controlled
atmosphere. (a)-(c) and (d)-(f) are for the 5:1 and 1:5 F8BT:PFB
blends, respectively. The vertical scale is the same for (a)-(c) and (d)-
(f).

Figure 3. High-resolution AFM images of 1:5 F8BT:PFB blend after
1, 5, and 15 min in a controlled atmosphere (a)-(c), respectively. An
AFM image of a 1:1 blend after 15 min shows the same features as
well as features the appears in the 5:1 F8BT:PFB blend (d).
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F8BT side (A) and (B). These points are about 5-10 nm higher
than the main F8BT phase. Points A were measured at the
interface, and points B were measured at the middle of this high
region. (2) Regions that are in the center of the F8BT-rich phase
(C) and (D). Points C are closer to the interface than points D.
(3) Regions that are in the rich PFB phase and far from any
interface (E). Points on top of the F8BT-rich protrusions that
have a diameter of more than 500 nm (F).

Figure 4b shows the corresponding Raman spectra. The
Raman spectrum shows two strong Raman peaks at 1609 cm-1

(fluorene ring stretch) which is common to both F8BT and PFB
and 1546 cm-1 (benzothiadiazole ring stretch)38-40 which is due
to the F8BT. We have calculated the ratio between the Raman
cross section of F8BT and PFB following the same procedure
of Kim et al.36 and found it beσF8BT,1546/σPFB,1609≈ σF8BT,1609/
σPFB,1609≈ 1.7 compared to 1.8 for TFB.36 As can be seen in
this figure, the feature that characterizes F8BT, i.e., the signal
at 1546 cm-1, is more pronounced at points A, B, and F which
are either at the interface between two phases or on top of small
craters. We have calculated the F8BT/PFB ratio at these points
from the Raman spectra and found it to be larger than 90:10
compared to the 40:60 at points C, D, and E.

We have used the KPFM as a complementary method for
measuring the chemical composition of the device. The KPFM
is a variant of the AFM that can measure spatial variations of
the local vacuum level of metal and semiconductors.37 Because
the local vacuum level is affected by the chemical composition,41

this method can be used to give general information about the
chemical composition profile. The main advantage of this
technique is its high spatial resolution (<100 nm). KPFM
measurement of a 1:1 F8BT:PFB blend is shown in Figure 5.
Similar measurements of the same blend were reported before
by Chiesa et al.42

Figure 5b shows the variation in the local vacuum level of a
1:1 F8BT:PFB blend measured under UHV conditions in the
dark. This KPFM data are measured simultaneously with the
topography of the film, as can be seen in Figure 5a. It is

observed that the maximum change in the local vacuum level
is ∼600 mV, and it takes place at the interface between the
high and low phases which are the F8BT-rich and PFB-rich
phases, respectively.

To understand the effect of the chemical composition on the
performance of a photovoltaic device, we have calculated the
quantum yield of photovoltaic devices and plotted it vs the time
in a controlled atmosphere, as shown in Figure 6.

Figure 6 shows the external quantum efficiency (EQE)
(calculated from the measured short circuit current,JSC) of the
photovoltaic devices at the peak absorption wavelengths of PFB
(∼400 nm) and of F8BT (∼335 and∼465 nm) with intensities
of 0.7, 0.17, and 1.16 mW/cm2 for the 1:5 (a) and 5:1 (b) (F8BT:
PFB), respectively. The short circuit current, in this range of
intensities, depends linearly on the light intensity. This implies
that the EQE is independent of the light intensity. It is clear
that the EQE decreases as the phase separation process evolves.
The major part of the change occurs in the first 5-7 min. The
changes are more pronounced in the 5:1 blend. This may be
because PFB chains have higher mobility in the F8BT-rich
phases than the F8BT chains in the PFB-rich phases.

The Raman measurements indicate that there is a significant
difference between the chemical compositions next to the
microscopic interface compared to the bulk phase. Therefore,
we have replotted our results using the length of the interface
separating the different phases as our independent parameter
instead of the time. We have plotted the EQE at different
wavelength as a function of the interface length for the two
blend ratios, as can be seen in Figure 7.

For an accurate calculation of the interface length, we have
used the Canny edge detection scheme.43 To reduce the error
in our calculation, we took only sample points that were between
the 2%-98% percentile. Our calculation shows that the total
area of each phase remains approximately the same at all times
(the change in the area is about 4-5%). This excludes the area
from being a good parameter for characterizing the evolution
of the phase separation. The constant area of each phase also

Figure 4. (a) AFM image of the 1:1 blend after 9 min in a controlled
atmosphere. The brighter color is the higher phase which is the F8BT-
rich phase. (b) Raman spectra of the points indicated in (a).

Figure 5. (a) Topography image of a 1:1 blend. (b) KPFM image
taken simultaneously with the topography.

Figure 6. External quantum efficiency as a function of time in a
controlled atmosphere for the absorption peaks of the homopolymers
F8BT (∼460 and∼335 nm) and PFB (∼390 nm). 5:1 F8BT:PFB blend
(a); 1:5 F8BT:PFB blend (b).
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indicates that there is no obvious vertical phase separation
process. However, for both blend ratios, the interface length
decreases with time.

The interface length is measured in mm/mm2 because we have
calculated the length of the interface per unit area of AFM
image. We have fitted the EQE to the following equation: EQE
) C × interface length+ EQE0, where the constantC is the
slope of the linear fit and EQE0 is the extrapolated value of the
EQE in the limit of zero interface length. The extrapolated EQE
values for the limiting case of zero interface length are
summarized in Table 1.

Photoluminescence efficiencies measured for thin films of
the phase-separated blends are shown in Figure 8. The measured

PL efficiency of the polymer blend films is small in comparison
to the PL efficiency of films made from the homopolymers.
The values, as measured in this work, for the homopolymers
are 55% and 39% for F8BT and PFB, respectively, compared
to less than 20% for the blends. The quenching of the PL implies
efficient charge transfer in the blend films. Figure 8 shows that
the PL efficiency increases with time. This indicates that the
efficiency of charge transfer decreases with the development
of the phase separation. However, the measured values are still
small compared to the homopolymer values even for the well-
developed films. The maximum change in the PL efficiency
quenching between two films of the same blend for different
times in the controlled atmosphere vessel is∆PL/(PL(t ) t1))
) |[PL(t ) t2) - PL(t ) t1)]/(PL(t ) t1))| ≈ 33%; t2 > t1.

IV. Discussion

The most significant finding of this research is the composi-
tion profile found in these blends. This can be deduced from
the Raman measurements (see Figure 4), which show that at
the microscopic interface there is a large concentration of F8BT
(>90%). It was also shown by the change in the local vacuum
level at the interface, which is around 600 mV (see Figure 5).
This change is smaller than the difference between the position
of the middle of the HOMO-LUMO gap of the homopolymers,
∼1 V. However, the KPFM has finite resolution (∼50 nm)
which enables only the measurement of average values on this
length scale. We can therefore define the average local vacuum
level by summing the local vacuum levels of the homopolymer
with weights that are proportional to composition profile, which
we assume to be homogeneous on length scales below 50 nm.

Calculating the F8BT:PFB ratio at the PFB side of the
interface from the Raman measurement to be∼60:40% and
using the above reasoning, the expected difference is 500( 50
mV. This is in agreement with measured potential profile. The
error is due to error in the composition evaluation and also due
to the unknown contributions from the ITO:PEDOT interface.

We can therefore conclude that F8BT is trapped at the
microscopic interface. Moreover, our findings show that in the
middle of the presumably F8BT-rich phase the chemical
composition is the same as in the PFB-rich phase. These findings
extend the common framework of phase separation, namely
spinodal decomposition or nucleation, where the former predicts
and increase in size and purity of the separated phases with
time and the latter predicts pure phases whose size grows with
time. The difference between the investigated system and those
commonly reported in the literature is the different miscibility
of the homopolymers in the solution. Kim et al.36 showed that
F8BT becomes immiscible inp-xylene when its concentration
exceeds 3.8% compared to around 90% for PFB. This large
asymmetry indicates a different dynamics of the phase-separat-
ing blends which leads to the trapping of the less miscible
polymer at the interface.

During the process of phase separation each homopolymer
is driven toward the phase where it has high concentration, F8BT
diffuses from the PFB-rich phase to the F8BT-rich phase, and
the opposite holds for PFB. As a result, there is a high
concentration of each of the homopolymers next to the interface
on their relative sides. Therefore, when the F8BT concentration
exceeds a value of∼3.8%, the F8BT is trapped at the interface.
Moreover, it creates a barrier that prevents the PFB in the rich
F8BT phase to diffuse to the other side. As a result, we have
an interface that grows both into the PFB-rich phase and into
the F8BT-rich phase. Our findings are in good accordance with
findings of simulation of phase separation when one of the

Figure 7. External quantum efficiency as a function of interface length
for the excitation at the wavelength of the peaks of the absorption
spectra of the homopolymers F8BT and PFB together with a linear fit.
(a) 5:1 F8BT:PFB blend; (b) 1:5 F8BT:PFB blend.

Figure 8. Photoluminescence efficiency as a function of time in a
saturated atmosphere for 1:5 and 5:1 F8BT:PFB blends. The circle
encompasses the points that are relevant to the fabricated device.
(triangles for 1:5 and squares for 5:1 (F8BT/PFB), respectively).

Table 1. Values of the EQE for the Limiting Case of Zero Interface
Length vs Blend Ratios 5:1 and 1:5 F8BT:PFB, Respectively

excitation
wavelength (nm)

EQE at zero interface
length for 5:1 (%)

EQE at zero interface
length for 1:5 (%)

335 0.91 0.5
390 1.98 0.52
460 1.1 0.43
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constituents forms a glassy phase.44-47 This hypothesis is
consistent with the increase in poly(9,9′-dioctylfluorene) (PFO)
fluorescence at the domain boundaries in NSOM experiments
in PFO:F8BT blends studied by Chappel et al.48

We have also compared the relevant length scales in the
Raman and KPFM measurements. The interface width as seen
in the topography and KPFM is on the order of 200 nm, and in
the Raman measurements the observed interface width, as
deduced from the topography, is on the order of 750 nm-1
µm.

Similar behavior is observed in the 5:1 blend. On the basis
of the above findings we deduced that the chemical structure
near the interface is probably similar for the same blend ratio
at all times. The changes are in the spatial extent of this interface.
If we add to this conclusion that it is the F8BT that precipitated
first from the solution, we can conclude that for all the blends
there is a peak in the concentration of F8BT at the microscopic
interface.

Because the fraction of the homopolymers (predominantly
F8BT) is high at the microscopic interfaces, the density of traps,
i.e., the other polymer that can lower the conduction, is small.
Therefore, we can assume that there is enhanced conduction,
which is due to enhancement either of the mobility or of the
free charges lifetime near these interfaces compared to the bulk
of the film. The free charges that are created from exciton
dissociation next to the microscopic interface can diffuse to the
interface where there is preferential conductance for electrons.
These electrons have higher probability to reach the cathode
and be collected than those which are created in the bulk of the
film. This finding is supported by the work of Snaith et al.19

Before we follow with this approach we need to verify that
it is indeed charge transport and not charge transfer that controls
the behavior of the EQE. This is studied below.

Figure 6 shows that the EQE of the devices decreases with
the evolution of the phase separation. The EQE goes down from
6% to 2% for the 5:1 blend at 460 nm and from 2% to 1.2%
for the 1:5 blend at the same wavelength. Since the process of
converting light to electricity consists of two major parts, charge
transfer and charge transport, it is logical to investigate the effect
each has on the EQE. Charge transport cannot be measured
directly; hence, we checked whether charge transfer could
explain the strong dependence of the EQE on the device
morphology. Charge transfer can be deduced from photolumi-
nescence efficiency measurement. The degree of charge genera-
tion is inferred from the degree of photoluminescence quenching
in the blend with respect to the homopolymer. Therefore,
photoluminescence efficiency can be used to study the morphol-
ogy dependence of the charge-transfer efficiency.

We have seen above that the PL efficiency increases with
the evolution of the phase separation process. This implies that
the charge-transfer process becomes less efficient and should
therefore lead to a reduction in the EQE of up to 33%. However,
correlation between PL efficiency and EQE measurements has
to be done for the same morphology. We have compared the
AFM images of a phase-separated blend, spin-cast on a
spectrosil substrate, to those of one cast on PEDOT:PSS covered
ITO. The typical size of the topographic features measured on
the PEDOT:PSS-covered ITO samples was around half the size
of those that were measured on spectrosils for samples that spent
the same time in the controlled atmosphere vessel. This
difference is because the phase separation process is influenced
by the substrate surface (see Puri49 and references therein).
Therefore, the relevant times are those below 9 min (as indicated
by the circle in Figure 8). Recalculating the changes in the PL

efficiency measured on the samples in this time region shows
that the maximum change in PL efficiency is less than 17% for
the 1:5 F8BT:PFB blend and less than 25% for the 5:1 F8BT:
PFB blend. In comparison, the maximum changes in the EQE
were 70% and 400% for the 1:5 and 5:1 blends, respectively.

This indicates that changes in the PL efficiency are not
sufficient to explain the reduction in the EQE. Therefore, the
limiting factor for the EQE is charge transport.

Therefore, we tested the assumption that the high mobility
of charge carriers next to the microscopic interface due to purer
polymers is the factor that controls the EQE. According to this
assumption, the EQE is expected to have a linear dependence
on the interface length because the number of carriers that can
reach the interface is proportional to its length.

Figure 7 shows that in general the EQE depends linearly on
the length of the interface between the microscopic phases (one
exception is the EQE of the 5:1 F8BT:PFB blend at excitation
wavelength of 335 nm). This justifies the choice of the interface
length as a parameter for characterizing the morphology in the
context of EQE measurements.

We can see that in the 5:1 F8BT:PFB blend the EQE is larger
for the minority excitation (the EQE at 390 nm) as expected
because charge conduction is limited by the minority phase
ability to conduct charges.

In the 1:5 F8BT:PFB blend the EQE is similar for the majority
and minority constituents. The discrepancy in the 335 nm
excitation can be explained by the asymmetry of the illumina-
tion. The illumination is from the ITO side, i.e., the anode side;
hence, there is a preference for hole conduction. This obviously
changes the relative contributions of the two homopolymers in
favor of the PFB.

It is important to notice that if the charge transport was the
only mechanism that contributed to the EQE, the extrapolated
value of EQE for the limiting case of zero interface length would
have been zero.

It is evident from Table 1 that the EQE does not go to zero
with zero interface length. This is an indication that there is an
additional mechanism that contributes to the current other than
the conduction along the interface. Moreover, the extrapolated
value for the EQE at zero interface length is almost the same
for all wavelengths excitations at a specific blend ratio (one
exception is the 390 nm at 1:5 F8BT:PFB blend). A possible
explanation for the first observation is the presence of a wetting
layer of PFB on the substrate, as reported by Kim et al.36 The
interface of the wetting layer and the blend can be regarded as
a bilayer configuration, which contributes to the current regard-
less of the interface length. An additional indication for the
validity of this assumption is that the EQE0 is higher for the
5:1 (F8BT:PFB) blend compared to the 1:5 blend. This is
because the PFB wetting layer contributes most to charge
transfer if it has a large interface with F8BT. This is more
probable for the 5:1 blend than the 1:5 blend. An alternative
explanation is that this current is just due to the bulk contribution
because, as we reported above, the bulk of the microscopic
phases is not pure; therefore, it contributes to charge transfer
as well as to charge transport, as can be seen by the PL
quenching in Figure 8. The nonzero value of EQE0 shows that
the depth independent cross-section description of the different
phases is only a first-order approximation. However, the small
value of EQE0 indicates that it is a good approximation.

V. Conclusions

In this paper we have investigated the process of phase
separation in polyfluorene blends (F8BT:PFB) and the depen-
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dence of the EQE of photovoltaic devices on this process. We
show by measuring the composition profile of the homopoly-
mers at the interface that the simple picture of spinodal
decomposition does not apply to our system. Our measurements
indicate that the homopolymers (predominantly F8BT) are
trapped at the interface. We also show that the composition
profile next to the interface is nearly time independent by
showing that the morphological features have the same shape
at all times.

We have studied the dependence of the EQE on the phase
separation process and show that it is limited by charge transport
and not by charge transfer. On the basis of our findings regarding
the chemical composition, we have assumed that the homopoly-
mers that are trapped at the interface create preferable conduc-
tion channels for electrons/holes in the F8BT/PFB side,
respectively.

We have checked this assumption by parametrizing the
microscopic morphology of the device using the microscopic
interface length as a parameter. We have found a linear
dependence of the EQE on this parameter, thus confirming our
model.

We have also studied the extrapolated EQE value for zero
interface length and show that it is not zero. This finding
indicates that although the EQE is limited by charge transport
at the microscopic interfaces there are nonnegligible contribu-
tions either from the bulk of the film or from wetting layers at
the polymer-contact interface.

Future work should focus on directly measuring the chemical
composition at the interface using different methods. We would
also like to measure phase separation on smaller time scales.
The EQE should also be measured locally for better understand-
ing of electronic process at the interface.
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