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ABSTRACT: The interplay between phase separation in polyfluorene blends which show photoinduced
charge transfer and photovoltaic performance in photodiodes has been investigated. Phase separation
length scales have been varied from several microns to tens of nanometers by limiting the time allowed
for solvent-enhanced self-organization through several different processing routes. Concurrent with the
decrease in feature size, an increase in maximum photovoltaic efficiency of nearly 1 order of magnitude
was observed in photodiodes incorporating the phase-separated blends as the active layer. The structure
of the blend films was investigated using fluorescence microscopy, fluorescence scanning near-field optical
microscopy, and atomic force microscopy. In some cases, a hierarchy of micron- and nanometer-scale
phase separation was observed which may explain the unexpectedly high photoresponse in devices with
up to micron-scale phase separation structure. This result along with in situ fluorescence microscopy
studies of the transformation process highlights the complex, multistage nature of the conjugated polymer
blend formation process which generally exhibits spinodal behavior.

I. Introduction
Polyfluorene- and triarylamine-based polymers are

important conjugated semiconductor materials with
potential for high-performance emissive and photore-
sponsive applications.1 Poly(9,9-dioctyfluorene) and re-
lated copolymers have been investigated for LEDs
where charge injection, transport, and stable full-
spectrum emission2-5 are some of the critical issues to
be addressed in order for the realization of practical full-
color displays.6-8 Triarylamine-based hole transport
layers have shown promise for small-molecule-based
LEDs,9 and triarylamine-polyfluorene copolymers have
exhibited time-of-flight hole mobilities of order 10-4 cm2

V-1 s-1 at a field of 2.5 × 105 V cm-1.10

Berggren and co-workers have shown that, by blend-
ing polymers with different emission and charge-
transport characteristics, LEDs in which the emission
color varies as a function of the applied voltage can be
made.11 This phenomenon arises from phase separation
of the constituent polymers giving rise to domains with
differing compositions and emission characteristics.
Also, efficient photodiodes have been fabricated from
mixtures of electron-accepting and hole-accepting poly-
mers.12,13 In both the LEDs and the photodiodes, the
morphology of the blend film was a critical factor for
device performance. It has been suggested that control
of the phase separation in polymer blends could lead to
cost-effective, efficient, large-area photodiodes and full
color displays.11-13

Absorption of light in organic semiconductors creates
electron-hole pairs, or excitons, which are bound at
room temperature. The binding energy of an exciton in
a conjugated polymer is typically on the order of 0.5
eV.14,15 In general, the built-in potential in an organic
photodiode, which results from the difference in the
work function of the cathode and anode metals, is

insufficient to induce charge separation. Therefore, to
obtain free charges in a conjugated polymer, an effective
exciton dissociation mechanism is required. It has been
shown that exciton dissociation can be efficient at
interfaces between certain materials with different
ionization potentials and electron affinities. In this
process, the electron is transferred to the material with
higher electron affinity and the hole to the material with
lower ionization potential.16

In this work, phase-separated blends of polyfluorenes
were investigated and applied to photovoltaic devices.
It is anticipated that the stability and transport proper-
ties of the polyfluorenes will lead to improved polymer
blend photovoltaics. The chemical structures of the
polyfluorene-based polymers studied here are shown in
Figure 1a, where they are identified by their abbrevi-
ated names: F8BT [poly(9,9′-dioctylfluorene-co-benzo-
thiadiazole)] and PFB [poly(9,9′-dioctylfluorene-co-
bis-N,N′-(4-butylphenyl)-bis-N,N′-phenyl-1,4-phenylene-
diamine)]. Photoluminescence experiments show that
efficient photoinduced charge transfer occurs between
F8BT and PFB. F8BT is a highly luminescent polymer8

with a high electron affinity (3.53 eV), and PFB is a
high-mobility, triarylamine-based, hole transport poly-
mer.10

Recently, it has been demonstrated how the efficiency
of a polymer blend photovoltaic cell can be enhanced
by heating the substrate to increase the evaporation rate
of the solvent.17 Through the expanded set of experi-
ments presented here, controlling the effective length
of the self-organization time period has appeared as the
dominant factor affecting the photovoltaic response in
these polyfluorene blends. Interestingly, high photovol-
taic efficiencies relative to homopolymer devices were
observed over the whole length scale range. As expected,
assuming an exciton diffusion range of tens of nanom-
eters,18 the highest efficiencies were observed for devices
with nanoscale phase separation. The persistently high
efficiencies for films possessing an apparently larger-
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scale self-organization may be explained by the presence
of a concurrent nanoscale phase separation. Throughout
the experimental work, fluorescence microscopy, tapping
mode atomic force microscopy (AFM), and fluorescence
scanning near-field optical microscopy (SNOM) have
been utilized to investigate the blend structure. Issues
concerning the unambiguous identification of composi-
tionally different phases and general comparisons of the
different microscopy techniques are addressed.

II. Experimental Details
Polymer solutions were prepared by dissolving the homo-

polymers (F8BT and PFB) separately in xylene or chloroform
at a concentration of 14 mg/mL. Blends of PFB:F8BT were
prepared by mixing equal quantities of each polymer solution,
such that the ratio of PFB to F8BT was 1:1 by weight.
Concentration dependence investigations conducted by the
authors have shown that a 1:1 blend produces the highest
photovoltaic external quantum efficiency (EQE) [electrons
collected per incident photon]. In this work, three different
procedures were used to produce thin films: (i) spin-coating
films at room temperature, (ii) drop-casting films under a
controlled atmosphere, and (iii) spin-coating films onto a
heated substrate. Thin films for ultraviolet-visible (UV-vis)
absorption spectroscopy and photoluminescence (PL) efficiency
measurements were prepared, using the procedures described

above, on quartz substrates. PL efficiency measurements were
performed in an integrating sphere coupled to an Oriel
InstaSpec IV spectrograph using the 325 nm line from a HeCd
laser as the excitation source.19

Tapping-mode AFM was carried out using a NanoScope IIIa
Dimension 3100 (Digital Instruments Inc., Santa Barbara,
CA). Fluorescence microscopy images (Vickers Photoplan M41)
were obtained using a Hg illumination source with a pass filter
transmitting plasma lines at 365, 405, and 435 nm. Fluores-
cence from the sample was analyzed with a 505 nm low-pass
filter. Fluorescence SNOM was carried out using the experi-
mental configuration described by Stevenson et al.20 The
sample was illuminated in the near-field through the tip of
the fiber with 488 nm excitation, and the scattered light was
collected in the far field using a 0.25 N.A. microscope objective.
Tip-sample distance was regulated with feedback control of
the shear-force tip-sample interaction. For comparison of the
fluorescence and topographical morphology of the PFB:F8BT
blends, the light was collected from the sample during the
SNOM measurement and was analyzed with a 520 nm band-
pass filter with a 10 nm pass width. The light signal was then
amplified with a photomultiplier tube using photon counting,
and the resulting signal, correlated with the in-plane raster,
formed the fluorescence image.

Photovoltaic devices were prepared by depositing the poly-
mer blend film onto ITO-coated glass, using the three proce-
dures explained above. Prior to polymer deposition, the
substrates were cleaned in an ultrasonic bath with acetone
and 2-propanol and subsequently treated in an oxygen-plasma
etcher. It has been shown that this treatment reduces the
surface roughness of ITO and increases its work function.21

Aluminum contacts, 150 nm thick, were deposited by thermal
evaporation onto the polymer film. The active area of each
pixel, defined by the overlap of the aluminum contacts with
the patterned ITO, was 1 mm2. The devices were fabricated
in a nitrogen-filled glovebox, unless otherwise specified.

The diodes were electrically characterized under a vacuum
of order 10-7 mbar. For determination of the spectral response
of the photocurrent, a Xe arc lamp, spectrally resolved by a
monochromator, illuminated the diodes from the ITO side, at
an intensity of order 0.1 mW cm-2 at each wavelength interval.
The spectral dependence of the power incident on the devices
was calibrated with a Si photodiode reference.

III. Results

The UV-vis absorption spectra of thin, spin-cast films
of PFB, F8BT, and the PFB:F8BT blend are shown in
Figure 1b. The absorption spectra of the blends follows
the linear superposition of the spectrum of the indi-
vidual polymers, indicating that significant ground-state
charge transfer does not occur in these blends. The PL
efficiencies of the individual polymers and the blend
were also measured, and the results are summarized
in Table 1.

The 50 µm × 50 µm AFM surface morphologies of
films prepared by spin-coating the blend from xylene

Figure 1. (a) Chemical structures of F8BT and PFB. (b)
Absorption spectra of thin films (100 nm) of F8BT (dashed
line), PFB (solid line), and a PFB:F8BT blend (1:1 by weight)
(dotted line). The films were prepared by spin-coating from
xylene solution onto quartz substrates.

Table 1. PL Efficiency of F8BT, PFB, and Blends Using
Different Solvents and Different Treatments

material
film preparation

prodedurea solvent PL efficiency/%

F8BT SC xylene 48.3
F8BT SC chloroform 57.7
PFB SC xylene 12.5
PFB SC chloroform 34.6
PFB:F8BT SC xylene 16.7
PFB:F8BT SC chloroform 3.7
PFB:F8BT DC chloroform 18.2
PFB:F8BT SCH xylene 14.2

a Treatments: SC ) spin-coating the solution at room temper-
ature; DC ) drop-casting the solution in a controlled atmosphere;
SCH ) spin-coating the solution on a heated substrate.
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and chloroform solutions are shown in parts a and b of
Figure 2, respectively. The scale of the phase separation
of films prepared from a chloroform solution is much
finer (less than 100 nm) than the phase separation of
films prepared by spin-coating the blend from a xylene
solution. In addition, PFB:F8BT films prepared by spin-
coating from a chloroform solution show charge separa-
tion quenching of the photoluminescence to a level of
3.7%, as shown in Table 1. Photovoltaic devices made
in this way show an EQE of 4% for 3.2 eV excitation
whereas devices made by spin-coating the xylene solu-
tion show an EQE of 1.8%. Figure 3a illustrates the
spectral dependence of the short-circuit photocurrent for
devices made from chloroform and xylene solutions. The
photocurrent action spectra have been corrected for the
absorption spectrum of the ITO-coated glass substrate.
Current-voltage characteristics of the blend photo-
diodes are shown in Figure 3b; the rectification ratio is
107 at ( 3 V, and the fill factor is 0.48 under illumina-
tion at 466 nm.

The chloroform blend solutions were diluted to a
polymer concentration of 1.75 mg mL-1 to prepare films
by drop-casting. The drop-casting period was extended

by placing the sample inside a sealed chamber in which
a high concentration of solvent vapor was maintained.
An AFM image of films prepared with this procedure is
shown in Figure 4a. The EQE at 3.2 eV for devices
fabricated from drop-cast films was ∼2.0%. The photo-
current action spectra of photovoltaic devices made from
chloroform solutions, with low (drop-casting) and high
(spin-coating) evaporation rates of chloroform, are com-
pared in Figure 4b.

Figure 5a shows a AFM image of a PFB:F8BT film
spin-coated from a xylene solution onto a heated sub-
strate. The spin-coater chuck and the substrate were
heated to 40 °C with a high-intensity halogen lamp,
which was extinguished immediately before spin-coat-
ing. The PL efficiency of films prepared in this way is
reduced compared to films prepared at room tempera-
ture (Table 1). The photovoltaic EQE at 3.2 eV for these
devices was 1.6% as compared to 0.7% for devices spun
at room temperature. The photocurrent action spectra
of devices spun at room temperature and at 40 °C are
shown in Figure 5b.

Figure 2. (a) Topographical AFM image of a spun PFB:F8BT
film, using xylene as the solvent. (b) Topographical AFM image
of a spun PFB:F8BT film, using chloroform as the solvent.

Figure 3. (a) Short-circuit EQE action spectra of photovoltaic
devices fabricated by spin-coating from 1:1 blend by weight of
PFB:F8BT from a chloroform solution (solid line) and from a
xylene solution (dotted line). (b) The current-voltage charac-
teristics of an ITO/PFB:F8BT (200 nm, spun)/Al device, in the
dark (solid line) and under illumination at wavelength of 466
nm [2.66 eV] (dashed line). The rectification ratio at (3 V,
measured in the dark, is 1.4 × 107.
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An in-situ fluorescence microscopy experiment was
conducted to further elucidate the nature of the phase
separation mechanism. Figure 6a-d shows successive
fluorescence images taken from a PFB:F8BT sample as
it was being transformed to a thin film during drop-
casting from a xylene solution. The total time for the
depicted transformation was approximately 5 s.

Figure 7a is a topographical SNOM image of a
polymer blend film made by spin-coating from a xylene
solution. The image was produced by rastering the
SNOM tip in the plane of the sample and recording the
tip displacement which is regulated through feedback
of a constant shear force interaction of the oscillating
tip with the sample surface. The topography imaged
with this configuration follows that observed for AFM
of similar samples. The emission spectra labeled A(n)
to D(n) in Figure 7b were collected at the corresponding
positions marked in the topographical image (a), with
n denoting the order of the measurements. Figure 8
depicts plan-view fluorescence (a) and corresponding

topography (b) images from the SNOM measurement
along with a tapping mode AFM (c) image of the active
layer of a PFB:F8BT blend photodiode. The fabrication
and performance of this device have been described
previously.17

Figure 9a shows 10 µm × 10 µm tapping mode AFM
images of a film spin-coated from xylene solution. The
left half of the figure shows the height image while the
phase response image is shown on the right. Figure 9b
shows 500 nm × 500 nm height and phase AFM images
of the vicinity of the sample surface marked by a white
square in Figure 9a.

IV. Discussion

Miscibility between polymers is determined by a
balance of enthalpic and entropic contributions to the
free energy of mixing. The entropy of mixing is small,
making the enthalpic interactions decisive for miscibil-
ity.22 Even very small differences in polymer structure

Figure 4. (a) Topographical AFM image of the PFB:F8BT
blend film prepared by drop-casting the chloroform solution
under a solvent-saturated atmosphere. (b) Short-circuit EQE
action spectra of PFB:F8BT blend photovoltaic devices fabri-
cated by spin-coating the chloroform solution (high evaporation
rate, solid line) and by drop-casting the chloroform solution
(low evaporation rate, dotted line).

Figure 5. (a) Topographical AFM image of the PFB:F8BT
blend film prepared by spin-coating the xylene solution on top
of a heated substrate (40 °C). (b) Short-circuit EQE action
spectra of PFB:F8BT blend photovoltaic devices fabricated by
spin-coating the xylene solution at room temperature (dotted
line) and by spin-coating the xylene solution onto a heated
substrate (40 °C, solid line).
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can lead to positive enthalpic effects that dominate the
entropic contribution to the free energy of mixing. This
drives polymers in a blend to phase separate, giving rise
to self-organized blend structures on the micro- and
nanoscale. It is well-known in model polymer blends
that, if the diffusivity of the polymers is high enough
and if given enough time, the phase separation can go
through several stages of coarsening.23,24 Also, surface
interactions and film stability can be critical in the
formation process.25 Consequently, the preparation
method of the blend films plays an important role in
controlling the phase separation and ultimately the
photovoltaic response.

Rapid solvent evaporation occurs during spin-coating
blends from chloroform solution in ambient conditions.
This prevents significant rearrangement of the polymer
chains and quenches a fine phase separation, as in
Figure 2b. In addition, the strong reduction of PL shows
that excitons are very efficiently dissociated in the
blend, indicating that PFB and F8BT are phase-
separated on a scale similar to the exciton diffusion
length, tens of nanometers. Consequently, devices fab-
ricated from a chloroform solution demonstrated sig-
nificantly higher photovoltaic EQE than those fabricated
from a more slowly evaporating xylene solution (Figure
3a). In contrast, films prepared by drop-casting the
blend in a chloroform-saturated atmosphere undergo a
much slower transformation. As a result, these films
show phase separation on a much larger scale than films

prepared by spin-coating from the same solvent. The
large-scale morphology of the drop-cast samples is
readily apparent in the AFM topography image shown
in Figure 4a. Concurrent with an increase in feature
size for the drop-cast films, a 5-fold increase in PL
quantum efficiency was observed. Fluorescence micros-
copy shows that the higher phase observed in AFM
images corresponds to an F8BT-emitting phase. How-
ever, photoluminescence efficiency measurements show
that even in films with apparent in-plane phase separa-
tion on a length scale of tens of microns, the PL is
significantly reduced. As displayed in Table 1, the PL
efficiency of a pure F8BT film is 58%, while the PL
efficiency of a PFB:F8BT blend prepared by drop-casting
is 18%. This cannot be accounted for by the relatively
small interfacial area between the phases. This result
suggests that the distinct phases observed through
microscopy are not pure. When correlating the surface
morphologies and the optical properties of the films and
devices, it should be noted that the morphological char-
acterization techniques employed here largely reflect the
in-plane separation evident at the sample surface. There
is the possibility of vertical anisotropy of the films’
composition, which would likely affect the optical and
electrical response of the polymer blend films. This is
an interesting issue, which is relevant to blend photo-
diodes and LEDs, and it is currently under study.

The high PL quenching, and therefore the high
probability of exciton dissociation in the spin-coated

Figure 6. In-situ fluorescence images of a PFB:F8BT film during transformation from solution. The series of consecutive images
show the movement of a solidification front moving from right to left. In (a) the majority of the field is still strongly fluorescing
liquid solution. As the front sweeps through the field of view in successive images, coalescence and coarsening can be observed
as well as a distinct final quenching front that lags behind the large-scale separation. This quenching front is marked by a white
arrow in (c) and (d).
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films from chloroform, explains the higher photovoltaic
efficiencies observed for these devices. However, the
maximum EQE for the spin-coated devices was greater
than that of the drop-cast devices by only a factor of 2.
This weaker dependence of the photovoltaic efficiency
on feature size compared to the dependence of the PL
quenching, along with the AFM and fluorescence mi-
croscopy, suggests that a tradeoff exists between opti-
mized charge separation and transport in these samples.
In the case of the fine phase separation in the spin-
coated samples, efficient exciton dissociation occurs
while transport of the charge to the contacts may be
somewhat restricted. In the drop-cast samples, the
apparent columnar structure, with a domain size on the
order of tens of microns, provides for efficient charge
transport from the limited amount of PFB/F8BT inter-
face. In addition to these effects, equilibrium, solubility,
or kinetically induced metastability of F8BT in the
predominately PFB regions of the drop-cast sample, as
well as photonic effects, may need to be considered. The
PL results discussed previously and initial investiga-
tions done with blends composed of different PFB:F8BT
ratios suggest that the F8BT used in this work is less
soluble in PFB than PFB in F8BT.

Phase separation in PFB:F8BT films has also been
manipulated by dissolving the polymers in different
solvents, such as chloroform and xylene. The vapor
pressure of chloroform is 160 mmHg at 20 °C, whereas
the vapor pressure of xylene is only 6.72 mmHg at 21

°C.26 Since chloroform evaporates much faster than
xylene, it was expected that films prepared from a
chloroform solution would exhibit phase separation on
a smaller scale than films prepared from a xylene

Figure 7. (a) Shear-force topographical image of a polyfluo-
rene blend. (b) Emission spectra (A-D) taken with the SNOM
at the corresponding positions marked in the topographical
image.

Figure 8. (a) Fluorescence SNOM, (b) shear-force topography,
and (c) AFM topography images of a PFB:F8BT blend. Note
(a) and (b) are of the same area measured simultaneously.
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solution. Indeed, it was observed that the phase separa-
tion, apparent in the fluorescence microscopy, of films
prepared by spin-coating the blend from xylene falls in
the micrometer range and resembles model structures
of a relatively advanced stage of spinodal decomposition.
Increasing the evaporation rate of xylene, by means of
heating the substrate before spin-coating, quenched the
phase separation to the nanometer scale and increased
the photovoltaic efficiency (Figure 5). The change in the
phase separation scale can be seen by comparing the
morphology of the heated sample, shown in Figure 5a,
with the unheated morphology depicted in Figure 2a.
The photovoltaic efficiencies of the devices made from
xylene on heated substrates were higher than that of
the xylene samples processed in ambient conditions and
were similar to the chloroform/ambient atmosphere
devices. Therefore, the evaporation rate and not the
chemical structure of the solvent was the critical
parameter.

Clearly, knowledge of the morphology and composi-
tional microstructure is critical to the understanding
and development of photoresponsive polymer blend
films. However, thin films of conjugated polymer blends
present a unique challenge as they fall at the limits of
many of the well-developed characterization tools de-
veloped primarily for metals and inorganic semiconduc-

tors. A significant part of this study has been the
utilization and cross-comparison of morphological char-
acterization techniques. Conventional fluorescence mi-
croscopy, AFM, and fluorescence SNOM have all been
combined to identify and analyze the separated phases
in PFB:F8BT blends on length scales ranging from tens
of microns to nanometers. As well, higher resolution
AFM of PFB:F8BT films suggests that there may be a
hierarchy of microstructures on micro- and nanoscales
in films prepared under certain conditions. In this
report, AFM imaging has been drawn on extensively to
correlate the processing parameters, photovoltaic prop-
erties, and microstructure. Although they can suggest
a well-defined phase separation, AFM topographical
features by themselves do not give an unambiguous
picture of the phase composition. Here, optical fluores-
cence techniques have been used to associate structural
features more clearly with composition.

The solidification of PFB:F8BT films during solvent
casting was studied in some detail with in-situ fluores-
cence microscopy. In these experiments, the formation
of films was recorded in real time from PFB:F8BT
xylene solution drop-cast on glass. The series of con-
secutive images in Figure 6 show the movement of a
solidification front from right to left across the field of
view of the microscope. As in all other fluorescence

Figure 9. AFM images of PFB;F8BT film spin-coated from xylene solution. The left half of the figures shows the height images
and the phase response images are shown on the right: (a) 10 µm × 10 µm and (b) 500 nm × 500 nm which was taken in the
vicinity of the sample marked by the white square in (a).
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microscopy presented in this paper, the bright signal
here represents filtered F8BT emission. In Figure 6a
the majority of the field of view is still strongly fluoresc-
ing liquid solution. As the front sweeps across the film
in (b) through (d), liquid coalescence, coarsening, and
immobilization can be observed. Following the large-
scale separation that occurs during the initial solidifica-
tion, a distinct, final luminescence quench front sweeps
across the film. This quenching front is marked by a
white arrow in (c) and (d). This front may represent the
collapse of the solidified (in the context of large-scale
flow processes) but still solvent-swollen film as the last
of the xylene leaves the film. During this step, inter-
molecular interaction increases as the remaining solvent
leaves, leading to the onset of charge transfer and
luminescence quenching between PFB and F8BT. This
multistage behavior is likely a result of the complex
competition between the enthalpic driving forces sepa-
rating the polymer, dewetting forces, the evolving
solubilities, and the slowing molecular mobility as
solvent leaves the film.

Fluorescence SNOM and conventional fluorescence
microscopy were used to study the blend structure and
to validate the interpretation of the AFM results. Using
488 nm (2.54 eV) excitation, F8BT is selectively excited
as it has the lower energy absorption edge of the two
components of the blend. By analyzing the emitted light
from the blend at localized positions and comparing this
to the topographical image produced by the SNOM, a
strong correlation between the raised topographical
features and the presence of F8BT emission was seen,
as depicted in Figure 7. The decrease in collected
fluorescence intensity between measurements B(2) and
B(5) is likely to be due to local photobleaching of the
sample.27,28 There is clearly good agreement between the
fluorescence and shear-force topographical maps show-
ing localization of fluorescent F8BT-rich regions in a
raised, continuous, micron-scale network (Figure 8a,b).
The SNOM technique, as it is employed here, is surface
sensitive, as compared to conventional fluorescence
microscopy. On the basis of previous modeling,29 the
skin depth is assumed to be in the range 20-30 nm for
the polymers used in this work. The height image from
the tapping-mode AFM scan of the same region of the
sample exhibits a very similar morphology and shows
that the F8BT-rich network is raised and distinctly
textured with respect to the other phase (Figure 8c).
This correlation between the SNOM and AFM results
indicates the utility of AFM for studying these blends
where time and resolution constraints may limit the use
of SNOM.

One interesting issue, highlighted by the device
studies, is the relationship between phase separation
and device efficiency. Consistently, an increase of
external quantum efficiency of only a factor of 2-3 has
been observed for series of samples where the length
scale of the phase separation appears to vary over orders
of magnitude. A stronger relationship between efficiency
and phase separation is expected if the efficiency of the
photovoltaic effect is limited by the availability of a
heteropolymer interface within an exciton diffusion
length from the site of photon absorption. For a colum-
nar, segregated, or true 3-D interpenetrating network
structure in the blend film, a linear or superlinear
dependence of efficiency on length scale might be
expected. Higher resolution topographic and phase AFM
images of some PFB:F8BT films indicate that there may

be a hierarchy of phase separations present. AFM phase
imaging has been used previously in the investigation
of polymer photovoltaic thin films.30

The 10 µm × 10 µm AFM images of the PFB:F8BT
films spun from xylene solution shown in Figure 9a are
dominated by a large, abrupt, micron-scale phase sepa-
ration. The elongated and the smaller circular surface
features likely developed at different times during the
evaporation process in a manner similar to that ob-
served by Thiele et al.31 where multiple scales of
dewetting features were attributed to heterogeneous
nucleation and an evolving spinodal instability scale.
It should be noted that in this work little difference in
the scale of the phase separation was seen for films
transformed on glass and quartz surfaces with different
cleaning and preparation histories. Fluorescence mi-
croscopy of the same film correlated these micron-scale
features with a strong compositional separation of the
PFB and F8BT. However, closer analysis of the PFB-
rich regions shows a subtexture, as shown in Figure 9b.
In both images, there appears to be a distinct morphol-
ogy composed of a semicontinuous minority network
phase, with a typical feature width of 20-40 nm. A
similar morphology was consistently observed at several
points within the micron-scale PFB-rich regions. AFM
images of pure PFB films at this magnification more
closely resembled the background textures seen in
Figure 9b. It should be noted that these nanoscale
structures, although of the same length scale, are
qualitatively different than the fine structure observed
for the highest efficiency, most rapidly formed PFB:
F8BT devices of this study and in prior work.17 Although
there may be other factors affecting photovoltaic EQE
of PFB:F8BT thin film photodiodes such as percolation
continuity and vertical segregation, these AFM results
suggest that comparatively high efficiencies for PFB:
F8BT devices with large-scale phase separation maybe
be due to the presence of a finer scale of self-organiza-
tion. The complex structures observed in these samples
are likely due to the evolving, nonequilibrium nature
of the transformation process in which molecular mobil-
ity is decreasing with solvent evaporation as the solubil-
ity limits are approached. At the same time film sta-
bility, in terms of dewetting, is evolving as the thickness
and the composition of the solvent + blend film changes.

It has been demonstrated in this work that, by
controlling the kinetics of the film formation process,
different stages in the evolution of the phase separation
can be frozen in. In general, the phase separation
structures observed for PFB:F8BT thin films in this
study and previously17 are consistent with a spinodal-
type decomposition mechanism. Some of the character-
istics and morphologies of the conjugated polymer blend
films studied here follow results recently observed for
nonconjugated multicomponent polymer thin films.25,32

Under controlled conditions, at least partial activity of
nearly all of the regimes of spinodal decomposition can
be observed either directly or indirectly. This includes
an initial fine-scale, bicontinuous separation; hydrody-
namic regimes, such as in Figure 2a; and coalescence.
From the surface topographies, especially in the case
of intermediate transformation times, the presence of
significant surface relief, and the evolution of some of
those features indicates that dewetting and liquid film
stability also shapes the morphology at least during
some portion of the film formation process. This includes
the instability of elongated raised structures, such as
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those in Figure 2a, which break down under longer
transformation times such as spin-coating from xylene
solution in a partially saturated atmosphere. Dewetting
in unstable model thin-film systems is known to exhibit
characteristic spinodal morphologies.33 And, multiple-
scale dewetting phenomena have been studied in dy-
namic experiments.31 However, the microscopical evi-
dence for the blends in this work, further discussed
below, suggests that in all cases a significant composi-
tional phase separation is nearly always present in the
spinodal morphologies.

V. Conclusions
Limiting the phase separation kinetics through sol-

vent evaporation control can be used to improve and
understand the structure and performance of polyfluo-
rene photovoltaic blends. By varying the solvent, the
substrate temperature, and the saturation of the atmo-
sphere over the transforming film, the characteristic
phase separation length scales could be varied from tens
of nanometers or less up to tens of microns. It was found
that the quenching-in of a nanoscale phase separation
structure, independent of the chemical nature of the
solvent, leads to a high photovoltaic efficiency. Photo-
voltaic efficiencies varying from 0.5% to 4% were
obtained. To study the photovoltaic efficiency-morphol-
ogy relationship, scanning probe and light microscopies
were investigated and applied. Good agreement was
seen between the submicron optical structure as deter-
mined by fluorescence SNOM and the surface topogra-
phy seen in tapping-mode AFM. The nanoscale capa-
bility of the AFM revealed a finer structure in some
films where a more obvious micron-scale structure is
also present. In situ microscopy studies of the transfor-
mation process further emphasize the complex nature
of the film formation process. This may explain the
weaker than expected dependence of the photovoltaic
external quantum efficiency on the apparent phase
separation size. This multilevel organization also sug-
gests the possibility for polymer blends engineered at
several length scales to optimize, for example, charge
separation and transport to the contacts.
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