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ulk heterojunction (BHJ) solar cells
B from organic/polymer semiconductors
are a promising technology for low
cost and large area photovoltaic devices on
rigid or flexible substrates."? For organic
photovoltaics (OPV), the BHJ nanomorphol-
ogy is a key factor in the optimization of
solar cell efficiencies.> > Usually, organic
BHJ solar cells comprise a blend of electron-
donating, semiconducting polymer and
electron-accepting fullerene, forming an in-
terpenetrating polymer—fullerene network,
as the photoactive layer. The length scale of
the polymer—fullerene phase segregation
should be in the range of 5—10 nm, which
is the exciton diffusion length,® 2 to enable
efficient charge separation at the polymer—
fullerene interface. The subsequent charge
transport requires continuous percolation
paths to the electrodes.” This process is
enhanced by high charge carrier mobility
within the polymer and fullerene phase,
which has been shown to be supported by
high crystalline orientation in the direction
of charge carrier conductance.'®
Hence, it is of great interest to control
the film morphology, which evolves during
solvent evaporation (film drying) of the BHJ
layer. The drying process offers easily con-
trollable parameters, such as the rate of
solvent evaporation'' ™' (drying gas velo-
city, ambient solvent vapor pressure) and the
temperature.'*'® These parameters allow for
tuning the assembling time and for changing
the solubility which influences solubility driven
mechanisms'® such as gelation'”'® and cry-
stallization.'® For example, changes in the
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the molecular assembly and the identification of
influencing parameters is essential for a systematic optimization of such devices. Here, we investigate
the molecular ordering during the drying of doctor-bladed polymer—fullerene blends on PEDOT:PSS-
coated substrates simultaneously using in situ grazing incidence X-ray diffraction (GIXD) and laser
reflectometry. In the process of blend arystallization, we observe the nudleation of well-aligned P3HT
aystallites in edge-on orientation at the interface at the instant when P3HT solubility is crossed. A
comparison of the real-time GIXD study at ternary blends with the binary phase diagrams of the
drying blend film gives evidence of strong polymer—fullerene interactions that impede the crystal
growth of PCBM, resulting in the aggregation of PCBM in the final drying stage. A systematic
dependence of the film roughness on the drying time after crossing P3HT solubility has been shown.
The highest efficiencies have been observed for slow drying at low temperatures which showed the
strongest P3HT interchain ;7—7z-ordering along the substrate surface. By adding the “unfriendly”
solvent cyclohexanone to a chlorobenzene solution of P3HT:P(BM, the solubility can be crossed prior
to the drying process. Such solutions exhibit randomly orientated crystalline structures in the freshly
cast film which results in a large crystalline orientation distribution in the dry film that has been
shown to be beneficial for solar cell performance.

KEYWORDS: self-assembly - in situ grazing incidence X-ray diffraction (GIXD) -
solubility - drying kinetics - doctor blade - P3HT:PCBM - solvent mixture

evaporation rate controlled through the
nitrogen air flow influence the retention
time in different regions of the phase diagram.
Because of the high diffusional mobility of
the dissolved organic semiconductors in the
wet film, the drying step allows for molecular
diffusion and ordering over large distances.
This process is fundamentally different from
postdrying treatments where dry films are
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treated by temperature or solvent annealing.
The drying process offers additional routes for tailoring the
film structure in comparison to postdrying treatments
which provide less mobility, but stronger interactions be-
tween the densely packed solid compounds.

So far, the dynamics of polymer—fullerene self-
assembly mechanisms during film formation have
not been investigated extensively. However, knowl-
edge of the driving mechanisms for self-assembly is
of crucial importance in order to optimize fabrication
methods and design new materials with improved
properties.

This work investigates the dynamics and thermo-
dynamics of molecular ordering during film drying. For
this study we choose the established material system
poly-(3-hexylthiophene-2,5-diyl) (P3HT), [6,6]-phenyl
Cg1-butyric acid methyl ester (PCBM) and 1,2-dichlo-
robenzene (DCB). Since crystallization is a solubility
driven mechanism, phase diagrams of P3HT and PCBM
solutions have been determined. The pathway through
the phase diagram is compared with the structural
evolution of the ternary blend as observed in real time
by GIXD. Additionally, the influence of drying process
parameters on the multiscale film morphology and
optoelectronic solar cell device properties have been
investigated ex situ by atomic force microscopy
(AFM) and scanning transmission electron microscopy
(STEM).? Finally, the effect of altering the phase beha-
vior by addition of an “unfriendly” solvent to a
“friendly” solvent has been investigated in situ during
film formation for P3HT:PCBM doctor-bladed from a
solvent mixture of chlorobenzene—cyclohexanone
(CB:CHN).

With a detailed discussion of the time-resolved
structural evolution in conjunction with the impact
of drying conditions on final film morphology, we
provide a fundamental understanding of morphol-
ogy formation in BHJ layers and design rules for the
drying process.

RESULTS AND DISCUSSION

Binary Phase Diagrams of P3HT and PCBM Solutions. So far,
the P3HT:PCBM phase diagram is only known for
crystallization from melt of the binary blend measured
by calorimetry?®*° and dynamic mechanical analysis.3'
Literature available on P3HT and PCBM solubility in
DCB is limited to a few reports at room tempera-
ture.333 Here we determine the phase diagrams of
the binary systems P3HT-DCB and PCBM-DCB by
preparing a slightly oversaturated solution state,
whereupon, in a subsequent step after centrifuga-
tion, the concentration in the coexisting phases was
determined with a refractometer for different tempera-
tures (see Experimental Methods section for more details).

Figure 1b depicts the composition of the two
coexisting phases of a P3HT solution in DCB for each
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Figure 1. Binary phase diagram of P3HT and PCBM solu-
tions in DCB. (a) Schematic of the transition from solution to
gel-state with polymer aggregation in the unstable two-
phase region, before the solution turns into a higher viscous
gel during solvent evaporation. (b) Phase diagram of P3HT-
DCB solution with unstable two-phase region between the
solution and gel state. Dashed lines are a guide to the eyes.
(c) Schematic of fullerene aggregation after crossing the
solubility limit. (d) Solubility of PCBM in DCB as a function of
temperature. The arrows indicate the drying process at 25 °C,
and the star symbols represent the instant of phase transition.

temperature at thermodynamic equilibrium, namely,
the solid-poor sol phase (half-filled circles) and the
solid-rich gel phase (filled circles). These two states
form the binodal curve which surrounds the thermo-
dynamically unstable two-phase region. If the solution
or film composition is situated in this unstable region it
tends to phase separate as schematically shown in
Figure 1a.>** The solution is stable for concentrations
below 40 mg/mL (xs < 3 Wt %; Xs = Mygiia/(Mpcg + Meolia)
as usually used for the coating of such solutions for
organic solar cells at room temperature. With solvent
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evaporation at a constant temperature (arrow indi-
cates evaporation at 25 °C), the P3HT solution reaches
the solubility limit at a solid mass fraction of x; = 5.1 wt %
(interpolated for 25 °C) and enters the unstable binodal
area. The demixing in this unstable area may be
attributed to the strongly differing dynamics of the
small solvent and comparatively big polymer mol-
ecules. As illustrated in Figure 1a, such a thermodyna-
mically preferred demixing leads to an aggregation of
polymer chains which are swollen with solvent and
contain x; = 10.2 wt % solid fraction. The residual sol
phase contains 5.1 wt % solid fraction. Solid-rich
aggregates start growing after the solution (the drying
film) has entered the unstable area, until the whole film
turns into the higher viscous gel phase. The width of
the unstable two-phase region is almost zero at 50 °C
(overlapping error bars) indicating an almost contin-
uous increase of viscosity without phase separation at
this drying temperature. Although gravity and density
effects might not have an effect in such thin films of a
few micrometers wet film thickness, it is noteworthy
that the gel-phase (solid-rich) density is lower than the
solution-phase (solid-poor) density due to the lower
density of P3HT (ppspr = 1.1 g/mL) in comparison to
DCB (ppcg = 1.3 g/mL). Macroscopically, after centrifu-
gation, this leads to a floating gel phase on top of the
solution phase.

PCBM does not show a gelation behavior and
exhibits a single solubility limit as depicted in Figure 1d
which increases with temperature in contrast to P3HT.
By crossing the solubility limit due to solvent evapora-
tion, solid PCBM aggregates precipitate maintaining
the residual solution at the solubility limit as shown
schematically in Figure 1c. Depending on the evapora-
tion kinetics of pure PCBM solution, this can lead to
macroscopic crystals of several micrometers.>

In-Situ Observation of Structure Evolution. Understand-
ing structure formation in BHJ layers during solar cell
fabrication requires an investigation of ternary polymer—
fullerene—solvent (P3HT—PCBM—DCB) blends. There-
fore, we compared the pathway through the super-
position of the binary phase diagrams (Figure 1) with
the evolution of crystallization of the ternary blend in
thin films, studied in situ using GIXD and laser reflecto-
metry simultaneously.

In the dedicated experimental setup (Figure 2a),
two-dimensional (2D) GIXD diffraction patterns and
film thicknesses were obtained immediately after doc-
tor-blading the solution on a glass/PEDOT:PSS sub-
strate. To increase the drying time, the wet film was
dried at 25 °C without drying gas flow (drying accel-
erates with increasing gas flow velocity). The film
composition (solvent mass fraction Xpcg = Mpcg/(Mpcg +
Mgoiig) Or solid mass fraction x; = 1 — xpcg) was
obtained from the thickness measurement based on
interference patterns by considering the changing
optical and mass density and neglecting excess
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volume of the mixture.’>3” Hence, it was possible to
correlate the structural information derived from the
X-ray diffraction analysis with the corresponding posi-
tion in the phase diagram for each GIXD measurement.
The position of each GIXD measurement is depicted in
the ternary phase diagram (open circles in Figure 2c).
The star symbols indicate the position of the binary
solubility limits at the binary axis. Figure 2d shows the
evolution of the (100) Bragg peak of P3HT during the
course of film drying. P3HT has an edge-on configura-
tion in this system (Figure 2b).3®*® Initially, the P3HT
Bragg peak has a spot-like shape which evolves into an
often-reported wing-like shape during drying, suggest-
ing that the mosaicity (angular orientation) of P3HT
increases during drying as schematically shown in
Figure 3d.384°

The time evolution of the film composition obtained
from laser reflectometry is plotted in Figure 3a. To study
the entire evolution of the solvent fraction, a model of
constant gas-phase mass transfer coefficient for the
film drying kinetics was adapted to the experimental
data." Owing to the low solid fraction in highly diluted
solutions, it has less influence on the solvent mass
fraction initially. Therefore, the decrease of solvent
mass fraction xpcg proceeds slowly in the beginning.
This leads to a long residence time at solvent fractions
Xpcg > 85 wt %. As the solid fraction becomes sig-
nificant, the solvent fraction xpcg reduces rapidly, and a
wide range of solvent fraction in the phase diagram is
crossed quickly in a small window of drying time,
offering little time for further molecular ordering
(Figure 3a). Nevertheless, the thickness decreases al-
most linearly over the constant rate period (drying
period I, marked in Figure 3a) due to an almost con-
stant evaporation rate. This drying period is discussed
in more detail elsewhere3” At high solid fractions
(period l1), the evaporation rate decreases due to the
increased limitation of solvent diffusion (falling rate
period). This is because the solvent is trapped in the
film, providing less diffusional mobility for solvent
transport to the surface. Thickness changes are very
small in this period and cannot be resolved using
reflectometry. Nevertheless the reflectometer signal
changes until the optical properties remain constant,
which allows for an experimental determination of the
falling rate period. The state of settled optical proper-
ties is defined as “dry” although there might remain
trace solvent in the film which can only be removed by
thermal annealing.*' The thickness evolution in this
range can be resolved by ellipsometry.*?

The bars in Figure 3a labeled with PCBM, P3HT (sol)
and P3HT (gel) indicate the instants on the time scale
when the solubility limits/phase transitions of each
component are reached for the binary cases. The
length of each bar originates from two cases of
transferring the binary phase diagrams to the ternary
system. As case i we assume that the solvent is
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Figure 2. (a) Schematic of the experimental setup for simultaneous real time GIXD and laser reflectometry of doctor-
bladed thin films in a controlled drying environment. (b) Schematic of P3HT unit cell. (c) Ternary phase diagram of
P3HT—PCBM—DCB; the star symbols denote phase transitions in the binary cases. Each open circle symbol indicates a frame
of GIXD measurements shown in panel d. While the first image is of PEDOT:PSS/glass substrate, the subsequent images show
the evolution of film drying and crystallization. Below each image, the drying time and actual solvent fraction is mentioned.

distributed between both solid constituents with re-
spect to their weight ratio (here 1:0.8). As case ii we
assume that the entire solvent is available for each
solid compound. Both cases assume ideal polymer—
fullerene interaction. That means P3HT and PCBM
interacts with its own type of molecules in the same
manner as with the other type of molecule. The
verification or falsification of this hypothesis is dis-
cussed below and provides information on the real
polymer—fullerene interaction forces in the ternary
solution and the transferability of the binary data to
the ternary system. The expected ranges of transitions
in Figure 3a are compared with the observed evolution
of P3HT crystallinity (Figure 3b) for the investigated
ternary system. The measure of P3HT crystallinity is
obtained from the integrated intensity of the P3HT
(100) Bragg peak. For P3HT, we initially expect a delay
in crystallization until the solubility limit is reached.
Regarding the marginally decreasing solvent fraction in
this period, P3HT nucleation at the solubility limit is
expected for the solid mass fraction x; = 5.1—9.1 wt %
(according to the binary phase diagrams and cases i
and ii) which is confirmed by the appearance of the
P3HT (100) Bragg peak after 156 s (xs = 4.6 wt %) of film
drying. The integrated Bragg—Peak intensity of P3HT is

SCHMIDT-HANSBERG ET AL.

low at this early stage of nucleation. Subsequently the
intensity increases and near the range of complete
gelation, the second and third order Bragg peaks
appear, indicating further crystallization. When the film
is dry, the intensity of the P3HT (100) Bragg peak also
remains almost constant. A slight intensity increase
afterward may be attributed to molecular ordering
under the influence of the remanent solvent vapor in
the atmosphere.

It was observed that PCBM crystallizes at a later
stage of drying. Though the DCB and PCBM diffraction
peaks nearly overlap, profile plots in Figure 3c show
the emergence of the diffraction peak of PCBM after
the disappearance of the DCB diffraction peaks (due to
the evaporation of the solvent DCB during drying). The
overlap of the PEDOT:PSS and the PCBM diffraction
peaks makes it difficult to decipher the appearance of
the PCBM peak following the disappearance of DCB
diffraction peaks. Hence, the profile plots in Figure 3c
were taken without PEDOT:PSS on a silicon substrate
(with native silicon dioxide) as the only exception within
this work. The P3HT (100) Bragg peak at g = 0.4 A~
appears at 702 s drying time (x; = 14 wt %), while the
PCBM diffraction peak at g = 1.36 A" starts to form at
864 s (xs = 46 wt %). Even for the highest published

VOL.5 = NO.11 = 8579-8590 = 2011 W)

WWww.acsnhano.org

J1D]Le

8582



Period | Period Il
. c)] P3HT —— 1350s
© “Eﬂ’é‘zgl'me”t 1 N\ 200 ——918s
——864s
= 1 N ——810s
2 ] —— 7565
o ] i —702s
5 Film 3 YN el | %
< 2 ] (200)|
S, 1 T Xs=46 Wt%
> k ] (Xoca=54 Wi%)
T = A 4
ry (2]
o) 5 .
_e' 10 3 __g--0--0--0--0--0-1 § ]
0, F 0 £ .
[P3HT (100) - . ]
%, 3 (\(10)/[' PCBM clustering 1 \\/\Jﬂf'\
c /I / i T
8 10° L K 1 x=14 wt% 1 \
IS : Ka 1 (o0s=86 Wt%)| bCB
Fb) o
R 1 R ] \ | , 0.4 0.8 0.8 1.2 1.6 2.0
0 250 500 750 1000 -1
A
Drying Time [s] C]Z[ ]
d) Solution Nucleation Crystal Growt

t=0s, x;=3 wt% Xs= 5-14 wt%

g

—
l&‘ /

Substrate or Air

Substrate or Air Substrate or Air

Figure 3. (a) Evolution of film composition (solvent mass fraction xpcg) during film drying of doctor-bladed P3HT:PCBM films
on PEDOT:PSS/glass as obtained from laser reflectometry (data, symbols; fit from model, line). The labeled bars indicate
ranges of phase transitions as expected from the superposition of the binary phase diagrams. Two different drying phases are
marked as period | (constant rate period) and period Il (falling rate period). Period Il is determined experimentally from the
time period between last interference peak and a constant reflectometer signal. The constant rate period time after crossing
P3HT solubility is denoted as At. (b) To obtain the measure of overall P3HT crystallinity in the blend film, the integrated area of
the P3HT (100) Bragg peak is plotted versus drying time. (c) Selected profile plots at increasing drying times showing the
emergence of the diffraction peaks of PCBM, P3HT (h00) Bragg peaks and disappearance of the diffraction peaks of the
evaporating solvent DCB on a silicon dioxide/silicon substrate (log scale left, linear right). These were the only measurements
not carried out on PEDOT:PSS. (d) Scheme shows the stages of molecular arrangement during solvent evaporation with
nucleation at the substrate or air interface. Lines represent P3HT chains, purple squares are crystalline P3HT domains, and
dots are PCBM molecules.

PCBM solubility of about 100 mg/mL33 (x, = 7.7 wt % at
room temperature) PCBM would be expected to crys-
tallize at an earlier stage. This is giving evidence that
polymer crystallization occurs first, followed by PCBM
clustering at a later stage of drying. These observations
of suppressed PCBM crystallization suggest that
strong interactions between fullerene and polymer
molecules exist. Hence the polymer—fullerene inter-
actions prevail over the fullerene—fullerene inter-
actions. This is supported by the observation of large
micrometer-sized PCBM crystallites if the polymer is
absent.*®

PCBM cannot intercalate P3HT crystallites due to
limited space in between the alkyl side chains.** This
was confirmed by Collins et al. who showed that in
thermodynamic equilibrium P3HT crystallites only com-
prise 3—4% PCBM.*® Our observations suggest that
PCBM molecules are squeezed out of the area where
the polymer crystallizes during drying which is fol-
lowed by subsequent fullerene aggregation. Hence,

the phase separation mechanism of P3HT:PCBM blends
during film drying seems to be rather driven by crystal-
lization than by spinodal decomposition.

As mentioned before, the spot-like P3HT (100)
Bragg peak shown in Figure 2d at 156 s indicates that
the initially formed P3HT nuclei are very well aligned in
an edge-on configuration as depicted in Figure 2b. 384
This implies that the well-aligned nucleation is induced
by a planar interface, plausibly at the film—substrate or
film—air interface. Starting at the well-oriented layer,
further polymer crystallizes, whereby the subsequently
formed P3HT crystallites exhibit an increasing orienta-
tion distribution, which can be seen in an increasing
wing-like (100) Bragg peak shape with proceeding
solvent evaporation in Figure 2d.

The structure evolution of the blend is schemati-
cally shown in Figure 3d, where PCBM is symbolized as
dots, P3HT as lines and purple rectangles symbolizing
crystalline P3HT domains. Collins et al. observed a
solubility of about 16% in amorphous P3HT regions,
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in contrast to a low PCBM solubility of only 3—4% in
crystalline P3HT. These findings are in agreement with
a picture of three coexisting phases: (a) mainly pure
crystalline P3HT domains comprising very few PCBM
inclusions, (b) amorphous P3HT regions containing
higher amounts of PCBM molecules which could not
be removed from the polymer chains by crystallization
processes due to strong P3HT—PCBM interactions, and
(c) PCBM clusters partly intermixed in the amorphous
P3HT regions which enrich with PCBM that is being
displaced out of the regions where P3HT crystallizes.
Drying Process—Morphology Relationship. It is of great
interest to investigate how changes of solubility and
crystallization brought about by temperature and ni-
trogen flow affect the final film morphology and solar
cell performance. To investigate the effect of these two
parameters, P3HT:PCBM films were fabricated under
different drying conditions: 15, 25, and 40 °C drying
temperature and 0.15 and 0.5 m/s nitrogen flow velocity.
We observed that the final dried films showed high
peak—valley roughness of about 200 nm at low drying
temperatures. Consequently, for this study, films were
prepared at thicknesses of 350 nm (£28 nm) in order to
prevent local shortcuts caused by very thin active
layers. In this thickness range, the absorption and solar
cell efficiency exhibit a broad plateau,*® diminishing
the influence of thickness fluctuations. The drying
kinetics of the P3HT:PCBM films were calculated ac-
cording to ref 37 and are shown in Figure 4, where the
solvent mass fraction is plotted versus drying time.
Both temperature and gas flow rate affect the overall
drying time for film formation, that is, faster gas
velocity or higher temperature leads to a faster drying.
The morphology of the dried films was investigated
by AFM (surface) and STEM (transmission, see Support-
ing Information). AFM measurements give evidence of
the existence of two different morphology length
scales by comparing the topography (Figure 5a) with
the phase image (Figure 5b). While the dominating
lateral structures of film topography measure up to
several hundred nanometers, we observe a smaller
substructure in the phase image which resembles the
nanofibril structure of P3HT reported by Zhang et al."®
On the one hand, obtained AFM phase images do not
show any systematic influence of drying conditions on
the fibril structure of P3HT in the blend with PCBM. On
the other hand, lateral and vertical dimensions of
topological features increase with drying time after
crossing P3HT solubility (denoted as At in Figure 3a).
This is manifested in the roughness of the films dried
under different temperature and drying rate conditions,
shown in Figure 5c (filled symbols). In the absence of
PCBM, neat P3HT-films (open symbols) show similar
values of roughness, demonstrating that the film topo-
graphy is mainly governed by the dynamics of P3HT
assembly. To explain the origin of film morphology,
the identification of the driving force for structure
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Figure 4. Calculated drying kinetics of P3HT:PCBM films at
different drying temperatures and drying gas velocities.

formation and its relation to the drying conditions
and phase behavior is crucial. Kim et al. proposed the
film morphology of conjugated polymer blends to
originate from spinodal demixing.** This process of
spinodal demixing was further investigated by Heriot
et al. who observed a bilayer formation in polymer—
polymer blends with subsequent stratification during
film drying leading to a phase separated morphol-
ogy.* Likewise, an investigation of P3HT:PCBM blends
with laser reflectometry did not show any evidence of a
bi- or multilayer formation.'> Hence, we assume that
the observed large-scale morphology features predo-
minantly form as result of growing polymer aggre-
gates; the aggregate size seems to depend on drying
time after crossing P3HT solubility.

Figure 5d schematically illustrates the formation of
a smooth film without P3HT aggregation in fast drying
conditions. Figure 5e schematically shows the forma-
tion of arough film in slow drying conditions due to the
growth of P3HT aggregates in the course of drying. This
systematic roughness effect might be used for the
enlargement of the active layer/metal electrode con-
tact area and for ameliorated light absorption®® with-
out any additional processing steps.

It is worthwhile to mention that PCBM solubility
increases stronger with temperature than P3HT does.
For instance from 10 to 40 °C solubility grows about a
factor of 2.4 and 2.7 for P3HT and PCBM, respec-
tively (Figure 1). Increased solubility signifies increased
solvent—solid interaction which leads in the case of
P3HT:PCBM to a weakened polymer—fullerene inter-
action at higher temperatures. This possibly elucidates
the previously observed effect of larger PCBM aggre-
gates in 40 °C processed films.*

The coating quality (thickness homogeneity at cen-
timeter scale) by doctor blading was best at 15 °C,
because of the higher viscosity and early gelation of
the solution, which suppressed dewetting effects due
to inertial forces (increased viscosity). Koppola et al.
observed an improvement of film homogeneity by
increasing the solid fraction to 8—12 wt % at room
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Figure 5. Influence of drying conditions on the topography
for the investigated P3HT:PCBM films on PEDOT:PSS/ITO/
glass substrates. The different dimensions of (a) the topo-
graphy and (b) the fibril structure in the AFM phase image
for 25 °C, v = 0.5 m/s drying conditions. The image dimen-
sions are 1 um x 1 um. (c) Influence of drying time after
crossing P3HT solubility (At) on final film roughness for pure
P3HT (open symbols) and P3HT:PCBM (filled symbols) films
dried at different conditions and substrate positions. The
AFM insets represent 10 um x 10 um P3HT:PCBM surfaces
with a height scale of 150 nm. The film thicknesses are 350 +
28 nm. (d) Schematic of molecular ordering for fast drying in
comparison to (e) slow drying with larger-scale polymer
aggregation leading to high film roughness. The P3HT—
PCBM phase segregation results in a smaller substructure
within the film topography.

temperature rather than by decreasing the temper-
ature.! This is most probably due to the same effect of
increased viscosity or even a gel formation by entering
the two phase region for P3HT (Figure 1b).
Optoelectronic Properties. To correlate the discussed
structural study with optoelectronic device properties,
solar cells were built under the same coating and
drying conditions resulting in the same layer thick-
nesses as for the films investigated above. Decreasing
drying temperature and increasing drying time (slowly
dried films) shifts the P3HT main absorption peak to
longer wavelength and enhances the vibronic shoulders
in the absorption spectra (Figure 6a). The position of
the P3HT main absorption peak is plotted against the
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Figure 6. (a) Absorption spectra of P3HT:PCBM films dried
at 15 °C (blue), 25 °C (black), 40 °C (red) drying temperature
at a nitrogen flow of 0.15 m/s (solid lines) and 0.5 m/s
(dashed lines). The spectra are normalized to the PCBM peak
at 333 nm. (b) Position of the P3HT main absorption peak
and (c) absorption ratio of the vibronic shoulder at 605 nm
related to the constant PCBM absorption at 333 nm for the
as-cast (filled symbols) and annealed (150 °C, 5 min, open
symbols) films plotted against the drying time after crossing
P3HT solubility.

drying time after crossing P3HT solubility in Figure 6b.
A shift to longer wavelength originates from a higher
effective conjugation length of the polymer backbone
and hence more linearly stretched polymers as well as
from enhanced interchain interactions,*®>2 which we
observe in slowly dried films at low temperatures. After
annealing the films at 150 °C for 5 min, the position of
the P3HT main absorption peak is independent from
the drying gas velocity at each temperature, leading to
the assumption that the correlation length is merely
related to drying temperature. As a measure for the
vibronic shoulders, which correlate with the amount of
m—a interchain stacked P3HT molecules,*®>3 we chose
the ratio of the w—m absorption at 605 and 333 nm
(PCBM). The amount of interchain P3HT zz—s ordering
increases with overall drying time after crossing P3HT
solubility, but approaches a saturation value for 15 °C
drying temperature (blue symbols in Figure 6c). A
similar behavior is observed for the peak position.
This seems to indicate that P3HT crystallization reaches

VOL.5 =

NO.11 = 8579-8590 =

2011 ACS

®

N\

)

WWww.acsnhano.org

8585



saturation after a certain time (in this case 300 s).
Additional thermal annealing enhances the shoulder
for fast dried films, but this effect gets negligible for
longer drying times.

The corresponding current density—voltage char-
acteristics of the respective solar cells are shown in
Figure 7a. All layers except the cathode were prepared
in ambient conditions which causes drawbacks in open
circuit voltage and power conversion efficiency (PCE).
The highest PCE of 2.1% for the untreated, doctor-
bladed solar cells was achieved at 15 °C and 0.15 m/s
drying gas velocity. The solar cell efficiencies increase
with lower drying temperature and thus with longer
crystallization time after crossing P3HT solubility
(Table 1). The gain in efficiency is mainly due to an
increased short circuit current density (Figure 7b). It is
remarkable that this trend is still existent after anneal-
ing for 5 min at 150 °C. As depicted in Figure 7 panels b
and ¢, the short circuit current density and the PCE of
both the 15 °C (fast and slow gas flow) and the slowly
dried 25 °C solar cell are very similar. This depicts the
same saturation trend as observed before for the
optical properties.

These results suggest that sufficiently slow drying at
low temperatures allows the polymer molecules to
assemble and reach a favorable nanomorphology. In
preceding work we have shown that lower drying
temperature also causes a finer P3HT-PCBM phase
separation and a larger angular orientation distribution
of P3HT crystallites.*® Additionally, the high surface
roughness might increase the PCE with increased light
trapping and contact area to the cathode layer. In
contrast, in fast drying conditions, the higher solvent
evaporation rate reduces the time for structure forma-
tion, leading to a lower degree of interchain P3HT 7—x
ordering, a lower surface roughness and consequently
a lower PCE. This also leads to an increased series
resistance for fast dried P3HT:PCBM layers; this can
be derived from the slope of the current density—voltage
curve in the forward operation regime in Figure 7a.

The improved PCE (Figure 7c) due to thermal
annealing comprises an almost constant increase of
short circuit current at all drying conditions. For the
15 °C processed devices, the performance improvement

is not due to changes in the optical properties since they
remain constant upon annealing (Figure 6b,c). A possi-
ble explanation could be an improved active layer/
cathode contact after the thermal treatment and the
removal of residual solvent and/or humidity. Despite
thermal annealing, the trend of higher PCE at lower
drying temperatures and rates remains, identifying the
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Figure 7. (a) Current density—voltage characteristics of
the best untreated P3HT:PCBM devices dried at 15 °C
(blue), 25 °C (black), or 40 °C (red) drying temperature at a
nitrogen flow of 0.15 m/s (solid lines) and 0.5 m/s (dashed
lines). (b) Short circuit current density and (c) power con-
version efficiency of the respective untreated (filled sym-
bols) and annealed for 5 min at 150 °C (open symbols) solar
cells plotted against the drying time after crossing P3HT
solubility.

TABLE 1. Device Performance of the Untreated P3HT:PCBM Films Fabricated by Doctor Blading in Ambient Conditions at

Different Drying Scenarios”

as cast drying conditions thickness [nm] Jio ImM/em?]
15°C v=1015m/s 308 —76£03
15°Cv=05m/s 262 —72£05
25°Cv=015m/s 362 —75+03
25°Cv=05m/s 346 —46+05
40 °C, v =0.15 m/s 439 —-36£0.1
40 °C,v=05m/s 151 —32+01

Voc V] FF [%] 7 [%] Nmax [%]
0.52 £ 0.02 42 +23 18 £0.2 21
0.52 4+ 0.02 452 £ 41 17 £02 20
0.55 4= 0.04 N3+£19 17402 20
0.44 £ 0.07 348 +38 0.7 £0.1 0.9
0.53 £ 0.12 371£70 0.7 £03 1.0
035 4 0.14 3014+ 3.7 04102 0.6

“Poor wetting properties at 40 °C coating and drying conditions led to inhomogeneous thicknesses. Device characterization was performed in an N, atmosphere at room

temperature.
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Figure 8. Real time 2D GIXD diffraction patterns collected during drying of P3HT:PCBM (1:0.8) (d = 213 nm, Ry = 51 nm) cast
from a 1:1 mixture of chlorobenzene (CB) and cyclohexanone (CHN) at a substrate temperature of 15 °C. While the firstimage
is of the PEDOT:PSS/ITO/glass substrate, the subsequent images show the evolution of film drying and crystallization. Below

each image, the drying time is mentioned. The onset of the falling rate drying regime is at about 450 s.

drying process as an additional key for the manipulation
of the film morphology and hence the solar-cell prop-
erties. The low sensitivity of PCE on the drying gas flow
at 15 °C s attractive for large area roll-to-roll solar-cell
fabrication, where an inhomogeneous gas flow in the
drying unit could affect laterally inhomogeneous film
drying rates.

(Crystallization of Polymer—Fullerene Dispersions from a
Solvent Mixture. As mentioned above, we observed the
onset of P3HT crystallization at a film composition in
the range of its solubility limit. This observation pro-
vides important information about the blend crystal-
lization. The initial drying period prior crossing P3HT
solubility does not contribute to the blend crystal-
lization. Hence, slow drying seems to be unnecessary
in this region of the phase diagram. For a reduction of
the initial drying phase before crossing P3HT solubility,
one can reduce drying temperature in order to shift the
solubility limit to an earlier stage of the drying process
as we have previously shown. Unfortunately this has the
consequence of reduced solvent vapor pressure which
results in low fabrication speeds due to slow drying.

Another strategy is altering the thermodynamics of
phase separation by the addition of an “unfriendly”
solvent for both components which reduces the solu-
bility of P3HT and PCBM and induces partially ordered
aggregates in solution. It is important that the “un-
friendly” solvent exhibits a lower vapor pressure as
the “friendly” solvent in order to prevent redissolu-
tion of the previously formed aggregates. Following
this idea, several groups prepared such P3HT:PCBM

SCHMIDT-HANSBERG ET AL.

dispersions by adding for instance nitrobenzene (NtB)>*

or cyclohexanone (CHN)** to chlorobenzene (CB), yield-
ing P3HT:PCBM films with improved solar cell
performance.

By adding the “unfriendly” solvent cyclohexanone
to the chlorobenzene solution of P3HT:PCBM the solubility
can be crossed already in the solution preparation step.
We have monitored in real-time by GIXD the structural
evolution of P3HT:PCBM during film formation from a
solvent mixture of CHN:CB (1:1). The GIXD patterns
obtained directly after coating (t = 0) already exhibits
the P3HT (100) Bragg reflection. It is important to note
that the wing-like spread of the (100) Bragg peak
covers the entire angular distribution of £90°. This
confirms the crystallization of randomly oriented, solid-
like P3HT aggregates in the dispersion, presumably
forming fibrils accordingly to previous works.>> This is
in contrast to the structural evolution from regular CB
and DCB solutions where P3HT crystallization is inter-
face-induced which results in a predominant (100)
orientation at the early stages of film formation. The
comparison of the GIXD patterns in an early stage of
drying is shown in Figure 9 panels a and b for DCB and
CB-CHN, respectively, and is schematically illustrated in
panels c and d. As the solvent evaporates (Figure 8),
ongoing P3HT crystallization is observed with a large
distribution of orientations deviating from the spot-like
(100) Bragg peak in out of plane direction (Figure 8).
The broad orientation distribution is also reflected in
the azimuthal spread of the P3HT (020) peak, asso-
ciated with the polymer w—z stacking. This can result
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a) DCB; t=156s b) CB-CHN; t=156s

P3HT
P3HT
(100) (100)

Bulk and interface
induced crystallization

Interface induced
crystallization

Figure 9. GIXD snapshots of P3HT:PCBM blend crystalliza-
tion in films cast from (a) DCB and (b) CB-CHN. For DCB the
spotlike peak indicates interface-induced crystallization
while a broad diffraction ring for the CB-CHN dispersion
indicates additional bulk crystallization like schematically
depicted in panels c and d, respectively. The lamellae 7—x
stacking direction is normal to the image plane.

in higher hole mobilities perpendicular to the substrate
in contrast to the edge-on oriented configuration
formed from regular DCB solution where high hole
mobility is only expected along the substrate.

The growth of P3HT domains from preformed
aggregates in solution (serving as growth nuclei) and
from nucleation at the interface give rise to blends with
relatively large P3HT crystallinity and orientational disor-
der. Berson et al. demonstrated the importance of having
an amorphous component mixed among the fibers to
obtain high efficiency solar cells.>® Thus it is reasonable to
hypothesize that regions of disordered P3HT among the
crystalline P3HT fibers positively contribute to electronic
connectivity among crystalline domains.

Hence, the formation of randomly oriented P3HT
crystallites dispersed in disordered P3HT and PCBM—in
contrast to the interface induced edge-on growth from

EXPERIMENTAL METHODS

Phase Diagrams. For the determination of the binary P3HT
(Rieke Metals 4002E, M,, =~ 48900 g/mol, polydispersity = 1.7)
DCB (anhydrous 99%, Sigma Aldrich) phase diagram, slightly
oversaturated solutions were prepared such that a solid-rich gel
phase was formed in addition to the solid-poor solution phase.
This was accomplished under permanent mixing on a lab shaker
for 18 h in a temperature controlled environment where the
temperature was set constant to the respectively desired value
from 0 to 60 °C. Koppe et al. observed completed gelation after
a maximum of 16 h for several molecular weights of P3HT." In a
subsequent temperature controlled centrifugation step (Sigma
2-16KCH), sol and gel phase were separated at the respective
equilibrium temperatures (0—60 °C). Before extracting sol and
gel samples with a syringe out of each phase, the solution rested
a further 2 h at the adjusted temperature in order to diminish
the influence of shear forces during the centrifugation step.
After diluting the extracted samples, the refractive index of the
solution was determined with an Abbe refractrometer (Dr.
Kernchen) to obtain the mass fraction of the solution using a
previous calibration. Likewise the analysis of PCBM (Solenne,
purity >99%) solubility was done. In this case only the solution
phase was analyzed. All process steps and measurements were
conducted four times from independently prepared samples.

SCHMIDT-HANSBERG ET AL.

pure DCB—is assumed to be responsible for the
increased vertical hole mobility and improved power
conversion efficiency of about 4% reported for P3HT:
PCBM dispersions cast from CB-NtB>* and CB-CHN.>*

CONCLUSION

The pathway through the phase diagrams of P3HT
and PCBM solutions was compared with the structural
changes during crystallization of the ternary P3HT:
PCBM blend observed in real time by GIXD. It could
be shown that PCBM crystallizes at the final stage of
drying although its solubility is reached in a very early
stage. This demonstrates strong polymer—fullerene
interactions that impede the crystal growth of PCBM.
The film roughness is shown to depend on the drying
time after crossing P3HT solubility. For low drying
temperatures and slow drying gas velocities, higher
PCEs are observed, which is also related to a stronger
P3HT interchain w—sm-ordering.

The addition of CHN as “unfriendly solvent” to CB
allows crossing the solubility limit of P3HT before film
drying has started. This induces partial P3HT aggrega-
tion in solution. In-situ observation of the film forma-
tion by GXID reveals a broader orientation distribution
of P3HT crystallites for such dispersions in comparison
to the interface-induced crystallization from CB or DCB.
We suggest that this enhances the vertical charge
transport along the polymer backbones and along
the m—a stacking direction which consequently leads
to more efficient solar cells.

This work gains understanding of thermodynamic
and solvent drying kinetics effects for morphology
control and their impact on the device performance.

GIXD Measurements. The real-time GIXD study was done at
beamline ID10B with energy 12.3 keV in the European Synchro-
tron Radiation Facility (ESRF), Grenoble, France, during the
evaporation of the solvent in a temperature-controlled envi-
ronment utilizing poly(3,4-ethylenedioxythiophene):poly(styre-
nesulfonate) (PEDOT:PSS, H.C. Starck, Clevios VP Al 4083)-coated
glass slides or native silicon wavers as substrates. The X-ray
diffraction patterns of the drying blend film were taken with an
area detector (MarCCD) with 3 s of integration time in intervals
of 50 5.°° The sample preparation was the same as that for solar-
cell fabrication. The P3HT:PCBM dispersion in CB-CHN (1:1 by
volume) was prepared according to Kim and co-workers.>® First
a 2.5 wt % solution of P3HT:PCBM in CB was prepared and
subsequently diluted with CHN. After stirring about 2 h the
dispersion was cast and dried at 15 °C on PEDOT:PSS/ITO/glass
substrates.

Preparation of Solar Cells. For the sample preparation, we used
48 mm x 60 mm ITO/glass substrates (12 /00, Visiontek) except
for the in situ GIXD measurements where we used float glass
slides (35 mm x 60 mm). The substrates were cleaned by
sonication in acetone and isopropyl alcohol, followed by an
oxygen plasma treatment. Subsequently the PEDOT:PSS disper-
sion was coated by doctor blading in ambient conditions. 40 uL
PEDOT:PSS dispersion (diluted 1:1 by volume with water)
were cast with a blade slit width of 70 um and a blade speed
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of 5 mm/s resulting in 20—40 nm dry film thickness. This layer
was subsequently heated at 120 °C for 20 min in a glovebox
under nitrogen atmosphere. P3HT and PCBM with weight ratios
of 1:0.8 were dissolved in 2.7 to 5 wt % solid fraction in DCB
(depending on the coating temperature) and cast using the
same parameters as for the PEDOT:PSS layer in the setup shown
in Figure 2a. The coating parameters and setup were the same
for in situ GIXD measurements and solar cell preparation. After
cutting the substrates into 16 mm x 16 mm pieces, a calcium
(50 nm)/aluminum (200 nm) cathode was deposited through a
shadow mask.

AFM Measurements. AFM measurements were done in tap-
ping mode with a Veeco Dimension Icon. The root-mean-square
roughness analysis was done on 10 um x 10 um images of the
final films.

Absorption Spectra. The absorption was measured in transmis-
sion with a spectrophotometer (Perkin-Elmer, Lambda 1050)
using a blank PEDOT:PSS/ITO/glass substrate as reference. The
absorption spectra were normalized to the PCBM absorp-
tion peak at 333 nm. The samples were taken from the same
48 mm x 60 mm substrates that were used for the solar cell devices.

Solar Cells Characterization. The current density—voltage char-
acteristics were measured under a spectrally monitored ORIEL
solar simulator (1 sun according to ASTM-G173—03el) under
nitrogen atmosphere. The active area was 0.24 cm”.
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