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ABSTRACT: It is well-established that thermal annealing
optimizes the morphology and improves the efficiency of
P3HT-based organic solar cells, but the effects of different
cooling rates after annealing are not well understood. In this
paper, we use a model system based on poly(3-hexylthiophene)
(P3HT) and phenyl-C61-butyric acid methyl ester (PCBM) to
examine the relationship between morphology and device
performance for annealing before (preannealing) and after
(postannealing) the application of the electrode, with different
cooling rates and in different device architectures. In the
conventional structure, postannealing is confirmed to signifi-
cantly enhance efficiency. The device prepared with a slow
cooling rate (3.6%) shows a higher average power conversion
efficiency than that prepared with a fast cooling rate (3.3%). The microstructural changes underlying this 10% increase in device
performance and further effects of cooling rate, pre- and postannealing, and device architecture are comprehensively examined
with a combination of synchrotron-based techniques, including grazing incidence wide-angle X-ray scattering, near-edge X-ray
absorption fine structure spectroscopy, and X-ray photoelectron spectroscopy. The best device in the conventional architecture
(postannealed with slow cooling rate) shows a more face-on orientation and narrower orientational distribution of P3HT
crystallites. In addition, postannealing leads to PCBM diffusion toward the blend/top electrode interface. The enrichment of
PCBM at the blend/top electrode interface plays a positive role in aiding electron collection at the electrode in the conventional
structure, but it has a negative effect on the performance of the inverted structure, where hole collection at the top electrode
instead is required. For this reason, in an inverted structure, preannealed films with slow cooling exhibit the best photovoltaic
performance.

KEYWORDS: organic solar cells, thermal annealing, cooling rates, grazing incident wide-angle X-ray scattering,
near-edge X-ray absorption fine structure spectroscopy

■ INTRODUCTION

Organic photovoltaics have attracted a great deal of interest
over the past two decades due to their low cost and scalable
solution processability.1,2 Solution processing provides the
possibility of fabricating organic devices on flexible substrates
and over large areas. Since the invention of the bulk
heterojunction (BHJ) in 1995,3,4 the power conversion
efficiency of polymer solar cells has experienced a dramatic
increase approaching 11% recently.5−7 BHJs consisting of
interpenetrating networks of electron donor and electron
acceptor provide a large interfacial area where efficient exciton
dissociation can occur. The control of this morphology and
molecular packing play an important role in obtaining high-
efficiency organic photovoltaic devices.8−10 Various processing
techniques have been employed to improve and optimize BHJ
morphologies for achieving high efficiencies, including thermal
annealing,8,11−14 solvent annealing,15−17 and the introduction
of solvent additives.18−20

Among the various treatments, thermal annealing is a
successful process for optimizing the morphology of poly(3-
hexylthiophene) (P3HT)-based devices. In 2003, Padinger et
al. reported that thermal annealing led to a dramatic increase in
the performance of solar cells based on P3HT and phenyl-C61-
butyric acid methyl ester (PCBM), with the efficiency
increasing from 0.4% to over 2.5%.21 Chirvase et al. suggested
that the increased efficiency of annealed organic solar cells is a
result of the enhancement of the optical absorption of P3HT
and the diffusion of PCBM out of the P3HT phase to form
separated clusters.22 Ma and co-workers achieved a solar cell
efficiency approaching 5% by using a postannealed P3HT/
PCBM blend.11 This advancement in device efficiency is
explained by thermally induced crystallization of P3HT and
improved contact between the polymer blend and the charge-
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collecting electrodes. To understand the morphological changes
upon thermal annealing, ex situ and in situ scattering
techniques combined with transmission microscopies have
been widely used to examine the crystallization behavior of the
blend at elevated temperature.13,23,24 Elevated temperature
allows polymer reorganization into fibrillar crystallites creating
microphase separation and highly ordered interpenetrating
networks.13,23,25,26 Polymer reorganization and proper phase
separation have been considered to be the main reason for the
improvement of device performance after thermal treatment.
Although the underlying cause of this efficiency improve-

ment upon thermal annealing has attracted extensive
studies,8,23,27−31 the influence of different cooling rates on
solar cells performance remains largely unexplored, particularly
for postannealed samples. In this paper, we use the model
P3HT/PCBM system (chemical structures are shown in Figure
1) to demonstrate that the cooling rate significantly affects
photovoltaic performance. The morphological changes behind
device performance are investigated by synchrotron-based X-
ray techniques. Grazing incidence wide-angle X-ray scattering
(GIWAXS) is a reciprocal-space technique which provides
information regarding molecular packing, such as lattice
spacings, coherence lengths and the orientation of crystalline
planes. Face-on stacking of the polymer (with side-chain
stacking parallel to the substrate and the molecular face−face π-
stacking perpendicular to the substrate) is the preferential
orientation for hole transport across the active layer because of
the anisotropic charge-transport properties of P3HT.32

In addition to the lateral morphology, vertical stratification
and enrichment at the organic−metal interface is directly linked
to the charge extraction efficiency and recombination.14,31,33 In
a previous study, Xue and co-workers have found that there is a
P3HT capping layer at an air/polymer interface after spin
coating.34 They also compared the interfacial structural change
upon different cooling rates. However, all samples that they
measured were preannealed (without the Al electrode). During
device fabrication, thermal annealing with the Al electrode in
place is necessary to achieve high-efficiency P3HT/PCBM solar
cells in the conventional structure. Here, the combination of
near-edge X-ray absorption fine structure (NEXAFS) and X-ray
photoelectron spectroscopy (XPS) were used to monitor the
interfacial structure after postannealing for different cooling
rates. NEXAFS and XPS are, due to the short mean free path of
photoelectrons, surface-sensitive techniques and are effective
tools to quantitatively measure the chemical composition
information at the blend interface. NEXAFS in particular is
sensitive to the molecular composition and orientation at the
surface of a blend. By detecting the electron yield intensity as a
function of X-ray angles of incidence, we can determine both
the composition and average tilt angle at the surface of a blend.

In this work, we use GIWAXS, NEXAFS, and XPS together to
uncover the morphological changes that occur upon pre- and
postannealing with different cooling rates. Understanding the
structural change from molecular to mesoscopic scales upon
different cooling rates plays an important role in further
optimizing the efficiency of organic solar cells.

■ METHODOLOGY
Materials. P3HT was supplied by Rieke Metals (4002-E; Lincoln,

NE) with a molecular weight (MW) of 51 000 g/mol and a dispersity
of 2.4. PCBM was purchased from Nano-C (Westwood, MA).

Device Fabrication. All conventional architecture devices were
constructed with a structure of ITO/PEDOT:PSS/P3HT:PCBM/Al
[ITO, indium tin oxide; PEDOT, poly(3,4-ethylenedioxythiophene);
PSS, poly(styrenesulfonate)]. The active layer was spin-coated on
patterned ITO glass covered with a layer of PEDOT:PSS (Baytron P
VP AI 4-83; Heraeus Precious Metals GmbH & Co. KG, Leverkusen
Germany). PEDOT:PSS was first spin-coated on the precleaned ITO
glass with 5000 rpm for 45 s before being introduced into a nitrogen
glovebox. The PEDOT:PSS-coated substrates were annealed for 15
min at 120 °C. P3HT and PCBM were dissolved in anhydrous
dichlorobenzene at concentrations of 15 mg/mL for P3HT and 15
mg/mL for PCBM. The blend solution was spin-coated at 1200 rpm
for 60 s prior to the evaporation of Al. The inverted-architecture
devices were based on the structure of ITO/PEIE/P3HT:PCBM/
MoO3/Ag (PEIE, polyethylenimine ethoxylate). PEIE (0.4 wt % in
methoxyethanol) was spin-coated on the ITO glass, followed by
thermal annealing at 110 °C for 10 min. The active layers were
prepared with the same process in conventional structure.
Molybdenum oxide and silver were consecutively thermally evaporated
with thicknesses of 15 and 100 nm, respectively. The devices were
thermally annealed at 150 °C for 10 min before (preannealing) or after
(postannealing) the top electrode was applied with different cooling
rates. For the fast-cooling and medium-cooling processes, the samples
were transferred to a piece of metal (with a couple of sheets of paper
on top for the medium rate) after thermal treatment, while for the
slow-cooling process, the hot plate was switched off and the samples
remained on the hot plate until it reached room temperature. The
temperature as a function of cooling time with different cooling rates
was measured by a thermal couple; see Figure S1.

Device Characterization. The power conversion efficiencies of
solar cells were measured under 1 sun AM 1.5G with a Photo Emission
Tech model SS50AAA solar simulator with the current−voltage curves
collected using a Keithley 2635 source meter. The light intensity was
set by a calibrated silicon photodiode. External quantum efficiency
(EQE) was measured as a function of wavelength by dispersing light
from a tungsten filament. The light was split by a monochromator
(Oriel Cornerstone 130) with the intensity of less than 1 mW cm−2 in
a spot size smaller than the device active area. The short-circuit current
was recorded by a Keithley 2635 source meter.

Microstructure Characterization. The samples for ultraviolet−
visible light spectroscopy (UV−vis) characterization were spin-coated
on quartz substrates. The absorption spectra of all samples were
collected with a Lambda 950 spectrophotometer from PerkinElmer.

Figure 1. Chemical structures of P3HT and PCBM.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03095
ACS Appl. Mater. Interfaces 2015, 7, 14026−14034

14027

http://dx.doi.org/10.1021/acsami.5b03095


GIWAXS experiments were conducted at the Australian Synchro-
tron on the SAXS/WAXS beamline.35 All the samples were deposited
on silicon wafers following the same procedure as device fabrication.
For the postannealed blend, the evaporated cathodes were removed by
a 0.1 M sodium hydroxide solution before X-ray experiments. Samples
were irradiated by 9 keV X-rays at a fixed incident angle of 0.16° and
the two-dimensional (2D) scattering patterns were recorded by a
Dectris Pilatus 1 M detector. The incident angle of X-ray was close to
the critical angle of the polymer film but below the critical angle of the
silicon wafer, minimizing the background signal from the substrate.
The X-ray exposure time was 3 s such that no film damage was
identified. The results were analyzed by an altered version of the NIKA
2D based on Igor Pro software.36,37

NEXAFS spectra were measured at the soft X-ray (SXR) beamline
at the Australian Synchrotron. The carbon edge spectra were collected
in a scan from 280 to 320 eV.38 Total electron yield (TEY) spectra
were measured by recording the drain current flowing to the sample.
Spectra were normalized by the “stable monitor method”, followed by
background subtraction and then normalized to 1 at 320 eV and 0 at
280 eV, similar to previous studies.39,40 XPS measurements were also
conducted at the SXR beamline with an X-ray energy of 1486.7 eV
with photoelectrons being detected using a SPECS Phoibos 150
Hemispherical Analyzer with a pass energy of 40 eV.

■ RESULTS AND DISCUSSION
Normalized UV−vis spectra are shown in Figure 2. The UV−
vis spectra show a significant change after thermal annealing,

with a significant red shift observed with thermal annealing. In
addition, the intensity of the vibronic shoulder at 610 nm shows
a systematic increase from fast cooling (red line) to slow
cooling (blue line). This vibronic shoulder is related to the 0−0
vibronic transition; hence, its intensity is related to the degree
of interchain order.41,42 The highest vibronic intensity is
observed in the slow-cooled blend, indicating that slow cooling
favors polymer reorganization into a highly ordered structure,
which plays an important role for charge transport through the
polymer.
Photovoltaic performance of the conventional structure

P3HT/PCBM solar cell is presented in Figure 3. Compared
with the as-cast device, both preannealed and postannealed
devices show improved efficiencies. However, the postannealed
sample shows a better photovoltaic performance than the
preannealed sample. In particular, the postannealed sample
(medium-cooled) shows a higher open-circuit voltage, short-

circuit current, fill factor, and efficiency with values of 0.63 V,
9.16 mA/cm2, 0.60, and 3.44%, respectively, compared to the
preannealed device (medium-cooled) with values of 0.49 V,
7.72 mA/cm2, 0.51, and 1.94%, respectively.
Figure 3a also plots an evolution of postannealed device

performance as a function of cooling rates with the detailed
parameters summarized in Table 1 (Preannealed device
performance as a function of cooling rates is shown in Figure
S2 and the detailed parameters are presented in Table S1).
Device performance is closely linked to cooling rate. Among
the postannealed samples, the sample with the slowest cooling
rate exhibits the best performance with a power conversion

Figure 2. Normalized UV−vis spectra of as-casted and thermally
annealed P3HT/PCBM blend with different cooling rates.

Figure 3. Device performance of conventional P3HT/PCBM solar
cells with different cooling rates. (a) Current density versus voltage
curve under AM 1.5 G illumination. (b) External quantum efficiency
spectra.

Table 1. Photovoltaic Performance of Conventional P3HT/
PCBM Solar Cells

cooling
rates

Voc
(V)

Jsc
(mA/cm2) FF efficiency (%)

as-cast 0.56 2.74 0.53 0.82 (±0.27)
preannealed medium-

cooled
0.49 7.72 0.51 1.94 (±0.21)

postannealed fast-cooled 0.64 8.66 0.59 3.27 (±0.13)
postannealed medium-

cooled
0.63 9.16 0.60 3.44 (±0.15)

postannealed slow-cooled 0.62 9.44 0.62 3.63 (±0.18)
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efficiency of 3.63% and short-circuit current of 9.44 mA/cm2,
while in the fast-cooled sample, the efficiency and short-circuit
current are only 3.27% and 8.66 mA/cm2, respectively. A
similar trend with the short-circuit current increasing with the
decreased cooling rates is also observed in the low light
intensity EQE measurements (Figure 3b), which shows a good
agreement in the short-circuit current measured under the solar
simulator.
Figure 4 shows the 2D GIWAXS patterns collected from

films with different annealing conditions and different cooling
rates. In the as-cast sample, several diffraction peaks are
apparent along the out-of-plane (vertical) direction. The
diffraction peaks located at momentum transfers out of plane
(qz) of 0.38, 0.75, and 1.12 Å

−1 correspond to (100), (200), and
(300) reflections, indicating that P3HT is predominately
stacking in an edge-on structure with the side-chain stacking
direction perpendicular to the substrate. In the thermally
annealed sample, the scattered intensity of the (100) peak is
significantly increased and a new diffraction peak is observed at
qz = 1.58 Å−1, corresponding to π-stacking (020) peaks
indicating the existence of crystallites with face-on orientation.
For further study of the microstructure of P3HT, line profiles

taken from the diffraction patterns along the out-of-plane and
in-plane directions are plotted in Figure 5. The d-spacing of
each peak corresponds to the peak position, while the
coherence length of the corresponding crystalline axis is
indicated by the full width at half-maximum (fwhm). The
peak parameters are summarized in Table S2. The d-spacing of
the (100) crystalline axis is 1.65 nm in all samples, regardless of
annealing conditions. However, a significant increase in
coherence length is observed upon annealing. The coherence
length of the out-of-plane (100) peaks increases from 14.6 nm

in the as-cast film to 19.6 nm in preannealed film (fast-cooled)
and to 20.9 nm in postannealed film (fast-cooled). Compared
to the quickly cooled samples, films cooled slowly exhibit
slightly lower coherence lengths of 18.5 nm (preannealed) and
20.3 nm (postannealed) in the out-of-plane (100) peak.
However, a more prominent out-of-plane π-stacking (020)
peak and increase in the coherence length and intensity of the
in-plane (IP) (100) peak are observed (an IP (100) peak
corresponds to face-on crystallites). The coherence length of
the IP (100) peak increases from 20.3 nm (fast-cooled) to 21.7
nm (slow-cooled) in the preannealed sample, and from 21.7
nm (fast-cooled) to 22.4 nm (slow-cooled) in the postannealed
sample. Thus, a more face-on structure with π-stacking
perpendicular to the substrate emerges with a slower cooling
rate which likely facilitates charge transport in the vertical
direction, the direction charge carriers must migrate to reach
the electrodes.43 The reason why a slow-cooling rate seems to
promote a face-on configuration compared to fast cooling,
however, is not clear and would require further investigation.
When the effects of pre- and postannealing are compared,

there is a negligible difference in peak position (crystalline
spacing). However, as shown in Figure 4, a broader
orientational distribution of the OOP (100) peak is found in
the postannealed scattering pattern due to the presence of the
Al electrode, indicating that the edge-on stacking behavior is
less well-oriented. Figure 6 shows the partial pole figure of the
(100) peak cut from 2D GIWAXS images. Note that polar
angles lower than the scattering angles are impossible to record
in the grazing angle geometry. All peaks are fit by a Gaussian
function and the fwhm’s are summarized in Table 2. The
preannealed sample exhibits a polymer orientation similar to
the as-cast sample. However, the FWHM of postannealed OOP

Figure 4. 2D GIWAXS images of P3HT/PCBM films (a) as-cast, (b) preannealed with fast-cooling rate, (c) preannealed with slow-cooling rate, (d)
postannealed with fast-cooling rate, and (e) postannealed with slow-cooling rate.
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(100) peak exhibits a significant increase, from 10.4° in as-cast
film to 24.8° in postannealed film with fast cooling. When
comparing the postannealed blend with different cooling rates,
better-oriented edge-on P3HT crystallites are seen in the slow-
cooled blend film with a FWHM value of 21.6°.
Figure 7a shows the carbon K-edge NEXAFS spectra of films

with different annealing conditions, which were used to
determine surface composition. NEXAFS spectra have been

taken at the incidence angle of 55° to mitigate orientational
effects. The peaks below 286 eV are related to the resonant
transition of a carbon 1s electron into a π* orbital. The peak at
284.5 eV corresponds to the resonant transition C 1s → π* of
PCBM while the peak at 285.3 corresponds to P3HT; see
Figure S3 for the pure spectra. The fraction of P3HT and
PCBM were fit as the linear combination of the pristine P3HT
and PCBM spectra. The fitting details are presented in Table 3.
For the as-cast and preannealed films, there is a P3HT-enriched
capping layer observed at the polymer−air interface, consistent
with previous studies.25,34,44 The top ∼3 nm (measured by
TEY) of the as-cast, preannealed film contains 14.8 wt %
PCBM and 20.6 wt % PCBM, respectively.
In addition, angle-resolved NEXAFS spectra are used to

determine the average orientation of P3HT at the air/polymer
interface. The intensity of the resonant transition (C 1s → π*

Figure 5. Line profiles taken from the 2D GIWAXS patterns: (a) out-
of-plane direction (OOP); (b) in-plane direction (IP).

Figure 6. Pole figure of the (100) reflection of P3HT in the blend film.

Table 2. Fitted Value of FWHM from the Pole Figure of the
(100) Peak

cooling rate fwhm (deg)

as-cast 10.4
preannealed fast 9.7
preannealed slow 9.6
postannealed fast 24.8
postannealed slow 21.6

Figure 7. (a) NEXAFS spectra of P3HT/PCBM blend. (b) XPS
spectra of P3HT/PCBM blend.
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or C 1s → σ*) is dependent on the overlap of the electric field
vector of the X-ray beam with the corresponding transition
dipole moment (TDM).45,46 When the electric field of
synchrotron light is aligned with the TDM of C 1s → π*, X-
rays energy corresponding to that transition are strongly
absorbed. As shown in Figure S4, significant dichroism is
observed in the resonant transition C 1s → π* of P3HT (285.3
eV). The strongest X-ray absorption is detected when the X-ray
beam is perpendicular to the substrate (the electrical field
vector of the X-ray beam parallel to the substrate), indicating an
edge-on orientation of P3HT at this interface. As a larger
dichroism of the P3HT π* manifold is observed in the
preannealed blend, P3HT shows an increased edge-on
configuration after preannealing compared with as-casted film.
The NEXAFS spectra of postannealed films are also shown

in Figure 7a. However, because of the degradation of PCBM
during the thermal evaporation of Al, a change in the NEXAFS
spectra of PCBM has been observed.47,48 Detailed studies to
identify the degradation of PCBM are ongoing. The PCBM C
1s → π* transition shift means that the NEXAFS spectra of the
blend cannot be easily fit to pristine P3HT and PCBM spectra.
For this reason, XPS, a complementary technique, has been
used to measure the atomic composition of postannealed films,
to obtain a similar surface composition measurement. Figure 7b
shows XPS of the as-cast and postannealed films with different
cooling rates over the binding energy range from 300 to 140
eV, covering the C 1s, S 2s, and S 2p peaks. The chemical
composition is calculated from the carbon−sulfur atomic ratio.
P3HT contains sulfur, while PCBM does not. The carbon−
sulfur atomic ratio is observed to decrease upon postannealing,
indicating the diffusion of PCBM toward the polymer/Al
interface. From the observed ratios, a surface concentration of
75.8 wt % is found for the postannealed, fast-cooled sample
while a surface concentration of 77.9 wt % is found for the
postannealed, slow-cooled film. Both of these values are
significantly higher than that observed for the as-cast sample
(15.1 wt %), indicating a significant enrichment of the PCBM
at the blend/Al interface, which aids efficient electron
collection.25,31

Water contact angle measurements also confirm that P3HT
remains at the top of the film in the as-cast and preannealed
samples, while PCBM diffuses toward the blend/Al interface in
the postannealed films; see Figure 8. The pristine P3HT and
PCBM films exhibit water contact angles of 105.8° and 85.8°,
respectively (shown in Figure S5). The water contact angle of
the preannealed blend shows a value of 106.2°, similar to that
of the pristine P3HT, confirming the top surface of the blend is
dominated by P3HT. Preannealing shows a negligible effect on
the surface energy of the blend, retaining this P3HT capping
layer. Significant changes are seen with the postannealed film.
The water contact angle of postannealed films with fast- and
slow-cooling rates decrease to 68.6° and 63.8°, respectively,
close to the water contact angle of postannealed PCBM

(57.8°). Enhanced diffusion of PCBM to the interface is
observed in the slow-cooled blend from the lower water contact
angle. This result is consistent with the NEXAFS and XPS
results, indicating that postannealing results in PCBM diffusion
to the blend/Al interface, which is enhanced by a slow-cooling
rate.
We further investigate the effect of cooling rate on inverted

devices as it is increasingly recognized that the inverted
architecture exhibits a higher efficiency and better stability.49 In
the inverted structure, polyethylenimine ethoxylate is used to
lower the work function of ITO via the formation of a strong
dipole layer, which facilitates the electron collection from the
ITO side.50 The photovoltaic performance of inverted P3HT/
PCBM solar cells with different thermal treatments is shown in
Figure 9a and detailed parameters are summarized in Table 4.
The as-cast solar cells yield an average efficiency of 1.95%, a
short-circuit current of 5.01 mA/cm2, an open-circuit current of
0.66 V, and a fill factor of 0.59. Postannealing is detrimental to
the device performance; although postannealing shows an
increase in short-circuit current to 8.69 mA/cm2, the efficiency
dramatically decreases to 0.95% due to the poor fill factor
(0.36). In contrast to conventional architecture devices, a high
efficiency is achieved by preannealing these films. The efficiency
of preannealed inverted devices increases to 3.64% with the
fast-cooling rate, 3.87% for the medium-cooling rate, and 4.15%
with the slow-cooling rate, respectively. Compared with a fast-
cooled device, the slow-cooled film exhibits higher Jsc (10.4
mA/cm2) and FF (0.67). The integrated EQE shows trends
similar to the short-circuit current; see Figure 9b.
The poor efficiency of the postannealed, inverted-architec-

ture devices can be explained by PCBM diffusion toward the
blend/MoO3 interface, the same process which explains
increased performance in traditional architecture devices in
which PCBM enrichment of the electrode interface is
beneficial. Figure 10 shows NEXAFS spectra collected from a
postannealed film coated with 2 nm MoO3. Although the
NEXAFS spectrum of the blend is difficult to quantitatively to
fit with NEXAFS spectra of pristine P3HT and PCBM due to 2
nm MoO3 at the top of film, it is clear that a significant increase
in the intensity of the peak located at 284.5 eV, which is
attributed to a PCBM π* peak, has been observed, while the

Table 3. Fitted Chemical Composition at the Top Surface

NEXAFS XPS

cooling
rates

P3HT
(%)

PCBM
(%)

P3HT
(%)

PCBM
(%)

as-cast 85.2 14.8 84.9 15.1
preannealed 79.4 20.6
postannealed fast 24.2 75.8
postannealed slow 22.1 77.9

Figure 8. Water contact angle measurements of (a) as-cast blend, (b)
preannealed blend, (c) postannealed blend with fast-cooling rate, and
(d) postannealed blend with slow-cooling rate.
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intensity of the peak located at 285.3 eV, which is related to
P3HT π* manifold, becomes weaker. Thus, the blend/
electrode interface is enriched with PCBM after postannealing,
hindering the hole collection from MoO3. The increased
concentration of the wrong phase at the top interface in the
postannealed inverted device is directly linked to the poorer
device performance.
The combination of various advanced techniques provides a

comprehensive picture of how the microstructure of the blend
changes upon both preannealing and postannealing with the
different cooling rates and its relation to device performance.
The as-cast polymer exhibits an edge-on dominated config-
uration with relatively low crystallinity. During the thermal

annealing process, the reorganization of P3HT has led to an
increased crystallite size in both of out-of-plane and in-plane
directions. In the conventional device structure, an efficiency
increase from 0.82% for the as-cast device to 1.94% for the
preannealed device (medium-cooling rate) and 3.44% for the
postannealed device (medium-cooling rate) was seen. In
addition, the effects of different cooling rates were also
investigated during the thermal annealing treatment. From
the GIWAXS results, it is clear that a slow-cooling rate
facilitates the polymer reorganization into a face-on config-
uration rather than an edge-on configuration. The larger
coherence length of face-on crystallites has been shown in the
slow-cooled blend. Because of the short hopping distance, the
hole transport rate along the π−π stacking direction is faster
than that along the (100) direction.51 A more face-on
orientation of P3HT is thought to be beneficial for improving
the hole mobility, which is a crucial issue in charge transport for
balanced charges after exciton separation. Furthermore, in the
postannealed films, we also found that the slow-cooling rate is
of importance for the formation of a narrow orientation
distribution of the OOP (100) peak. The higher proportion of
face-on P3HT crystallites and narrower orientation distribution
of crystallites are the reason why the device performance
experienced a systematical improvement from fast-cooled to
slow-cooled.
Moreover, as-cast blends were found to exhibit a P3HT

capping layer on the top surface, consistent with previous
studies.34 Preannealing without a top Al electrode results in a
similar surface composition. In contrast, postannealing induces
PCBM migration toward the top surface of the BHJ films in
both conventional and inverted structure. This vertical
redistribution after postannealing is favorable for the conven-
tional structure because of the electron collection from the top
electrode. In this morphology, the electrons are efficiently
collected by the Al electrode through the percolation pathways
of PCBM with reduced charge recombination. In addition, the
slightly higher concentration of PCBM at the top surface has
been observed in the slow-cooled film, which also contributes
to the better device performance. Similar PCBM migration has
also been observed at the MoO3 interface in the postannealed
inverted structure. The significant amount of “wrong” materials
at this interface is detrimental to the device performance. The
efficiency of the inverted device experienced a dramatic drop

Figure 9. Device performance of inverted P3HT:PCBM solar cells
with different cooling rates. (a) Current density versus voltage curve
under AM 1.5 G illumination. (b) External quantum efficiency spectra.

Table 4. Photovoltaic Performance of Inverted P3HT/
PCBM Solar Cells

cooling
rates

Voc
(V)

Jsc
(mA/cm2) FF efficiency (%)

as-cast 0.66 5.01 0.59 1.95 (±0.11)
preannealed fast-cooled 0.63 9.40 0.61 3.64 (±0.14)
preannealed medium-

cooled
0.62 9.83 0.63 3.87 (±0.17)

preannealed slow-cooled 0.6 10.40 0.67 4.15 (±0.19)
postannealed medium-

cooled
0.30 8.69 0.36 0.95 (±0.24)

Figure 10. NEXAFS spectrum of a P3HT/PCBM blend postannealed
with MoO3 compared to that of an as-cast sample.

ACS Applied Materials & Interfaces Research Article

DOI: 10.1021/acsami.5b03095
ACS Appl. Mater. Interfaces 2015, 7, 14026−14034

14032

http://dx.doi.org/10.1021/acsami.5b03095


from 1.95% to 0.95%. Therefore, the preannealed device with a
P3HT capping layer at the top surface exhibits better efficiency
(3.87%, in medium-cooled sample) than the postannealed
device (0.95%, in medium-cooled sample).

■ CONCLUSION

We have presented an in-depth study of the effects of cooling
rate, annealing, and device architecture on the morphology and
device performance of P3HT:PCBM solar cells. Although
thermal annealing of P3HT/PCBM in the presence of an Al
electrode results in a wide orientational distribution of edge-on
P3HT crystallites, it increases the face-on component of P3HT
crystallites and enriches the top electrode interface with PCBM,
with these last two effects playing important roles in improving
the overall efficiency of the conventional structure. In contrast,
postannealing is detrimental to device performance for the
inverted structure, with preannealed inverted devices exhibiting
a better photovoltaic performance. Choosing when to anneal
the sample based on what enrichment is desired at the top
interface is critical to device performance. Although different
annealing strategies were employed in the different device
structures, in all cases a slow-cooling rate was found to give the
best efficiency. We conclude that slow cooling allows an
optimized morphology with an increased face-on orientation of
P3HT crystallites, a better alignment of P3HT crystallites, and
beneficial enrichment of the electrode interface. This
comprehensive understanding of morphology and device
performance for the different cooling rates is of importance
for further improving the device efficiency.
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