Effects of Annealing on the Nanomorphology and Performance of
Poly(alkylthiophene):Fullerene Bulk-Heterojunction Solar Cells**

FULL PAPER

DOI: 10.1002/adfm.200601038

By Le Huong Nguyen,* Harald Hoppe,* Tobias Erb, Serap Günes, Gerhard Gobsch, N. Serdar Sariciftci
The evolution of nanomorphology within thin solid-state films of poly(3-alkylthiophene):[6,6]-phenyl-C61 butyric acid methyl
ester (P3AT:PCBM) blends during the film formation and subsequent thermal annealing is reported. In detail, the influence
of the P3AT’s alkyl side chain length on the polymer/fullerene phase separation is discussed. Butyl, hexyl, octyl, decyl, and
dodecyl side groups are investigated. All of the P3ATs used were regioregular. To elucidate the nanomorphology, atomic force
microscopy (AFM), X-ray diffraction, and optical spectroscopy are applied. Furthermore, photovoltaic devices of each of the
different P3ATs have been constructed, characterized, and correlated with the nanostructure of the blends. It is proposed that
the thermal-annealing step, commonly applied to these P3AT:PCBM blend films, controls two main issues at the same time:
a) the crystallization of P3AT and b) the phase separation and diffusion of PCBM. The results show that PCBM diffusion is the
main limiting process for reaching high device performances.

1. Introduction
Photovoltaic solar cells have attracted much interest in the
scientific community because they represent a clean, sustainable energy source that could potentially reduce the dependence on fossil fuels. Organic photovoltaics are expected to
benefit from a variety of properties such as low manufacturing
energy and costs, light weight, flexibility, and large-scale production volumes compared to conventional photovoltaic devices based on silicon. Recently organic photovoltaic cells with
efficiencies of up to 5 % using conjugated polymer blends in a
bulk heterojunction concept are reported.[1] In this bulk heterojunction concept[2] the large interfacial area between donor
and acceptor phases provides sufficient charge separation as a
prerequisite for solar-cell operation. To increase the powerconversion efficiency strong absorption of sunlight as well as
efficient charge separation and transport within the interpenetrating networks is required. Exciton dissociation is known to
occur at the interface between two materials with different excited-state energy levels presenting an abrupt change in the potential (strong electric fields at the interface).[3] Charge-carrier
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transport in organic materials can be enhanced by increasing
the mesoscopic order and crystallinity.[4] Especially the electronic properties of the individual materials as well as the morphology of phase-separated blends are key issues to enhance
the efficiency. The nanomorphology of the polymer:fullerene
blend is affected by several parameters such as solvent types,
casting methods, compositions of donor and acceptor, solution
concentration, chemical structure, and last but not least postproduction thermal annealing.[5] Initial work on annealing of
P3HT:PCBM blend solar cells[6] led to a significantly improved
power-conversion efficiency up to 3.5 %.[7] Since then there
have been intensive research efforts related to the annealing
process.[8–11] Thermal annealing enables crystallization and diffusion of the components in the blend.[11,12] It is well known
that an enhanced degree of crystallinity can be induced in polythiophene films by thermal annealing.[13] Furthermore thermal
annealing improves the nanoscale morphology[11,14] which can
strongly affect the transport pathways for free charges. Annealing also improves the contact to the electron-collecting electrode, and thus collection at the electrodes.[1]
In this work we present a comparative study on the effects
involved in the annealing process in “bulk heterojunction” solar-cell devices. We used poly(3-alkylthiophene)s (P3ATs) with
different side-chain lengths to systematically distinguish between the two fundamental processes taking place during annealing: a) P3AT crystallization and b) PCBM diffusion. As a
result the effect of annealing on these solar-cell devices can be
understood in more detail. We show that the extent of PCBM
diffusion in these blend films during the annealing process depends on the P3AT side chain length, which is supported by
atomic force microscopy (AFM) and optical microscopy results. X-ray diffraction (XRD) measurements allow changes
within the blends to be monitored. Thus, the spatial density
and size of polymer crystallites in nonannealed and annealed
blend films can be determined and compared to the pristine
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counterparts. Especially interesting in the context of this study
are the different unit-cell spacings for the different side-chain
lengths in the a-axis configuration.[15] Thus a combination of
XRD and AFM enables the discrimination between the two
contributions taking place during the annealing process: P3AT
crystallization and PCBM diffusion.

2. Results and Discussion

Scheme 1. Chemical structures of P3ATs (left) and PCBM (right).

The chemical structures of the polyalkylthiophenes applied
in this study (poly[3-butyl thiophene] (P3BT), poly[3-hexyl
thiophene] (P3HT), poly[3-octyl thiophene] (P3OT), poly[3decyl thiophene] (P3DT), and poly[3-dodecyl thiophene]
(P3DDT) are shown in Scheme 1.
Grazing incidence X-ray diffraction is a useful method for
characterizing films of semi-crystalline polymers like P3ATs.
Figure 1 displays the XRD results of all investigated
P3AT:PCBM blends and pristine P3AT films, both annealed
under identical conditions (5 min at 130 °C) and nonannealed.
An analysis of the peak positions shows that the interchain
spacing for P3ATs in a-axis configuration[12] increases gradually with increasing side-chain length: 1.28 nm (P3BT), 1.65 nm

(P3HT), 2.05 nm (P3OT), 2.35 nm (P3DT), and 2.6 nm
(P3DDT). Consequently, a longer side-chain length leads to an
increase in the interspacing between the rigid conjugated backbones. Therefore it can be expected that for a larger spacing
the thermally stimulated diffusion of PCBM fullerenes will be
less hindered by the conjugated polymer backbones. Furthermore, PCBM can move more freely already during the film-formation process and therefore larger PCBM aggregates in the
as-cast blend film may be formed for the longer side-chain
polymers.
Interesting to mention are the different XRD peak heights
(Fig. 1), representing the spatial number density of the crystal-

Figure 1. Grazing-incidence XRD diffraction diagrams of pristine P3AT and P3AT:PCBM blend films as-cast and identically annealed: a) P3BT:PCBM,
b) P3HT:PCBM, c) P3OT:PCBM, d) P3DT:PCBM, e) P3DDT:PCBM.
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Table 1. I–V characteristics for nonannealed P3AT:PCBM devices.

P3BT
P3HT
P3OT
P3DT
P3DDT

ISC
[mA cm–2]

VOC
[mV]

FF

g
[%]

1.29
1.8
1.97
2.58
2.9

300
750
600
550
600

0.31
0.31
0.38
0.36
0.38

0.1
0.42
0.45
0.54
0.65

Figure 2 shows absorption coefficients of the nonannealed
blend films. Here, two things are observable: 1) the absorption
coefficient generally decreases for increasing side-chain lengths
at the absorption peak position at around 440 nm. This is in accordance with the fact that with shorter side-chains, P3ATs can

Figure 2. Absorption coefficients of nonannealed P3AT:PCBM blend films.

be packed more closely resulting in a higher density of the
light-absorbing backbones, whereas for longer side-chains the
volume fraction of alkyl groups, giving no contribution to the
absorption of visible light, is larger. 2) The graphs for P3DT
and even more for P3DDT show some remarkable structure
above 500 nm—already without any annealing. This can be understood by the solvation effect of the side-chains.[17] In gener-
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al, polymers are better dissolved by the solvent molecules as
the length of the side-chains increases. Consequently P3AT
chains with longer side-chains have more expanded structures
in solution. Furthermore, the increased flexibility and corresponding lower melting temperature of P3AT with longer sidechains enables a higher order to be reached due to faster equilibration in the film. When the number of carbon atoms in
the side chain is more than 10, side-chain crystallization even
becomes possible.[18,19] The shoulders at 560 and 600 nm represent vibronic progressions and thus reflect an improved crystallinity of the longer side-chain polyalkylthiophenes, corresponding to an improved charge transport of the polymeric phase in
blend films. This and the increased lower energy absorption
leads to increasing photocurrents for the longer side-chain
P3ATs (Table 1).
Figure 3 shows topography images of tapping-mode AFM
scans on all as-cast nonannealed thin blend films. Larger aggregates and thus blend phase separation is only found for
P3DDT, as can be seen in Figure 3e. In all other blends the
scale of phase separation remains considerably smaller than
the film thickness and is therefore not observable (compared
with previous reports).[20] However, we expect the scale of
phase separation to increase generally for longer-side-chain
P3ATs, since the fullerene can move more freely there during
the film formation because of larger interchain distances. A
coarser grained initial intermixing after film formation can lead
to better charge-transport properties enabled by a better percolation also of the fullerene phase. This seems to be reflected
by slightly improved fill factors for alkyl side-chains larger than
six (compare with Table 1).
It is well known that photoactive layers based on
P3AT:PCBM blends show dramatically increased performances when a thermal-annealing step is applied after completion of the device. Therefore an optimization concerning the
annealing temperature and duration was carried out for each
of the P3ATs used. Optimized solar cells (Table 2) show a clear
trend in the applied annealing temperature from P3BT to
P3DDT: The longer the side-chain the lower the optimal annealing temperature. This is in good accordance with the
above-mentioned facts that a) the crystallite melting temperature decreases and b) the ease of fullerene diffusion increases
for longer-side-chain P3ATs. Furthermore, in the case of
P3DDT we could not detect any significant improvement of
the overall power-conversion efficiency due to the thermal-annealing process. We observe that the photocurrents of annealed
devices correlate oppositely to the as-cast ones: with increasing
side chain lengths the photocurrents are now decreasing. Due
to the strong fullerene diffusion in blends with P3ATs having
longer side chains, it appears that the system cannot be tuned
to the optimal conditions for maximal photocurrents, as the initial phase separation is already too coarse. In general, optimal
photocurrent generation requires a trade-off between a maximization of the interfacial area between donor and acceptor
and an optimized percolation through the film avoiding
charge-carrier recombination losses. The former maximizes the
generation of charge carriers, while the percolation directly improves the charge-transport properties.
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lites. The differences for the various P3ATs have to be related
to the annealing temperature in comparison to the crystallite
melting temperature. The crystallite melting temperatures for
several regioregular P3ATs were determined earlier.[16] Interestingly, the melting temperature decreases for increasing alkyl
side-chain lengths. Therefore, the lower peak heights for the
polymers with longer side chains have to result from entropydriven disorder due to a higher mobility of the polymer backbone within the side-chain matrix. This effect can be understood, since for the XRD data shown in Figure 1 all films were
treated identically by annealing at 130 °C.
Table 1 shows the photovoltaic properties of solar-cell devices utilizing different side-chain length polyalkylthiophenes
without any thermal annealing treatment. We found a monotonic increase of the short-circuit current (ISC) and the powerconversion efficiency (g) for longer alkyl side-chain lengths. To
better understand the obtained results, we studied the optical
absorption of different P3AT:PCBM blend films in addition.
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Figure 3. Tapping-mode AFM topography scans of as-cast blend films: a) P3BT:PCBM, b) P3HT:PCBM, c) P3OT:PCBM, d) P3DT:PCBM,
e) P3DDT:PCBM.

Table 2. I–V characteristics for optimally annealed P3AT:PCBM devices.

seem not to be affected strongly and
no indication of a large-scale phase
ISC
VOC
FF
g
Annealing conditions
Melting points
separation is visible. Remarkably, the
[mAcm–2]
[mV]
[%]
T[°C], time
[°C]
P3OT:PCBM and P3DT:PCBM blends
P3BT
1.87
500
0.29
0.27
160, 30 s
272 [21]
show smaller particles in addition to
P3HT
6.6
600
0.64
2.55
140, 5 min
240–245 [15b]
the increased roughness, which may be
P3OT
5.55
500
0.33
0.91
125, 4 min
200–205 [15b]
assigned to small aggregated fullerene
P3DT
4.22
550
0.45
1.05
75, 5 min
175–180 [15b]
crystallites.[8,23–25] The sizes of these
P3DDT
2.9
600
0.38
0.65
none
162 [21]
aggregates are well below the 100 nm
regime, and the blend system is therefore not decomposed.
For comparison, current–voltage (I–V) characteristics of
Transmittance data show that in these optimized annealed
nonannealed and optimally
annealed ITO/PEDOT/
P3AT:PCBM blend films strong red shifts and increased absorption (Fig. 4) occur for P3BT, P3HT, and P3OT. Vibronic
P3AT:PCBM/LiF/Al devices under AM 1.5 illumination are
progressions appear above 500 nm after annealing. This “redshown in Figure 6. An increase of the fill factors and short-cirshift” may be assigned to a more flat molecular conformation
cuit currents is observed upon annealing. However, except for
and thus reduced torsion[22] enabling a better intermolecular
the P3HT-based blend we observe a relatively strong voltagedependent photocurrent, reflecting severe charge-transport
order or crystallinity (aggregate state). This higher order will
limitations.
be one reason for the improved solar-cell device characteristics.
To better understand the morphological effects on device
On the other hand, the increased absorption strength and the
performance and to decouple the individual effects of the sevgenerally finer intermixing for shorter side-chain P3ATs is in
accordance with the trend in the observed short-circuit photoeral processes occurring during device annealing, we treated
currents.
samples based on the different P3ATs identically at 130 °C for
Figure 5 shows AFM images of all P3AT:PCBM blend
5 min to enable a direct comparison. The performance of the
films annealed at optimized conditions. Except for some inphotovoltaic devices identically annealed for all P3ATs is listed
in Table 3. Also in this case we observe the photocurrent to decreased roughness, the P3BT:PCBM and P3HT:PCBM blends
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P3BT
P3HT
P3OT
P3DT
P3DDT

Figure 4. Optical absorption of P3AT:PCBM blend films annealed at optimized conditions.

crease for increasing side-chain length (except for P3BT), however, at this relatively high annealing temperature the photocurrents are smaller for the longer side-chain P3ATs. The reason for the decreasing currents under thermal stress can be
related to a too coarse phase separation in the case of longer
side-chains, as is elucidated by optical microscopy results in the
following.
We observed from Tables 1–3 that upon annealing the VOC
reduces, which may be related to changes in the morphology of
the active layer of the polymer:fullerene blend. A possible ex-

ISC
[mA cm–2]

VOC
[mV]

FF

g
[%]

2.08
5.79
3.82
1.62
1.40

250
550
400
450
500

0.33
0.594
027
0.35
0.41

0.17
1.89
0.41
0.26
0.28
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Table 3. I–V characteristics for identically annealed P3AT:PCBM devices at
130 °C, 5 min.

planation was given by Liu et al.,[26] who stated that the interface composition of polymer and fullerene near the metal contact determines the open circuit voltage. In other words, the
VOC is related to the relative amount of polymer and fullerene
present at the film surface. In this sense we expect the interface
between the photoactive layer and the aluminum to be enriched by PCBM upon annealing, as already proposed by Kim
et al.[10]
Morphological differences in blend films were then measured by tapping-mode AFM as well as in the optical mode to
detect larger PCBM crystals. Figure 7 shows a series of AFM
images of the identically annealed P3AT:PCBM blends. A morphological destruction expressed by a large-scale phase separation of the P3OT:PCBM, P3DT:PCBM, and P3DDT:PCBM
blends can be viewed from optical microscopy. In all of these

Figure 5. Tapping-mode AFM topography scans of optimally annealed blend films: a) P3BT:PCBM, b) P3HT:PCBM, c) P3OT:PCBM, d) P3DT:PCBM,
e) P3DDT:PCBM.
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P3OT, P3DT, and P3DDT-based blends when compared to the optimal annealing conditions and
therefore results in a larger-scale phase separation.
The dependence of the fullerene diffusion rate on
the side-chain length and thus the backbone interspacing appears to be directly related to the optimal
annealing temperature. Since already in the nonannealed form the phase separation for increasing
side-chain lengths is coarser, thermal annealing
leads to unfavorable coarse phase separation, although an improved polymeric order is achieved.
Furthermore, the unexpected low performance of
Figure 6. I–V characteristics (AM 1.5, 100 mW cm–2) of a) the nonannealed devices
the P3BT-based device has to be associated with
and b) optimally annealed devices of P3ATs:PCBM.
their unsatisfactory dissolving behavior in chloroform.
No PCBM crystallites are observed for P3HT (Fig. 8b),
films rather large (micrometer-sized) particles become visible
while P3OT (Fig. 8c) shows decomposition for about half of
under optical microscopy (Fig. 8) and can be assigned to aggrethe film. The films based on P3DT and P3DDT are, however,
gated fullerene crystallites. Thus, the remaining matrix film befully decomposed under these annealing conditions. In conclutween those fullerene aggregates almost exclusively consists of
sion, an increasing side-chain length of the polymer enables
the polymer, especially in the case of P3DT and P3DDT. From
larger PCBM diffusions rates, which in turn explains the morthe given structural information a relatively coarse-grained iniphological destruction. Consequently, the photocurrent reaches
tial phase separation in the as-cast films can be concluded, as
its maximum value for P3HT, and then reduces monotonically
the polymer should not be able to diffuse considerably at these
for P3ATs carrying larger side-chains like P3OT, P3DT, and
annealing conditions.
P3DDT (Table 3). In general, semicrystalline polymers slow
In other words, upon heat treatment at 130 °C for 5 min,
down the diffusion of fullerenes in comparison to amorphous
the fullerene diffusion rate is remarkably increased for the
z

Figure 7. Tapping-mode AFM topography scans of identically annealed blend films: a) P3BT:PCBM, b) P3HT:PCBM, c) P3OT:PCBM, d) P3DT:PCBM,
e) P3DDT:PCBM. Scans (d) and (e) are taken from a region of the film that was fully depleted of PCBM.
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Figure 8. Optical microscopy images of identically annealed blend films: a) P3BT:PCBM, b) P3HT:PCBM, c) P3OT:PCBM, d) P3DT:PCBM,
e) P3DDT:PCBM. The micrometer-sized particles in (c–e) are crystalline PCBM aggregates.

polymers due to the formation of higher density fibrillar crystallites.[11] Here we find that if the side-chain length becomes
too long, this advantage disappears again.
Taking the XRD and AFM results together makes one point
clear: the rapid PCBM diffusion is the main limiting parameter
in the blend films during the annealing process.

3. Conclusions
Optimal post-production annealing requires a fine adjustment for every P3AT:PCBM combination to provide for the
two main morphological effects: 1) enhancement of P3AT crystallinity, leading to increased absorption and improved chargecarrier transport, and 2) diffusion of the PCBM leading to an
increase of the phase separation. In conclusion, longer sidechain lengths of poly(3-alkylthiophenes) enable higher diffusion rates of PCBM in the polymer matrix leading ultimately
to a larger scale of phase separation, both directly after film
formation and especially after the thermal annealing step. This
significantly decreases the performance of photovoltaic devices
due to a reduced interfacial area and, thus, less photocurrent
generation. Further aspects for smaller photocurrents from the
longer side-chain P3ATs are the reduced volume density of
light-absorbing backbones.

Adv. Funct. Mater. 2007, 17, 1071–1078

4. Experimental
Materials: Regioregular poly(3-butylthiophene) (P3BT), poly(3-hexylthiophene) (P3HT), poly(3-octylthiophene) (P3OT), poly(3-decylthiophene) (P3DT), and poly(3-dodecylthiophene) (P3DDT)
(Scheme 1, left) were purchased from Aldrich Chemical Co. The materials were synthesized by the Rieke method. The HT (HT = head-totail) regioregularity reported by the company was > 97 % for P3BT
and > 98.5 % for P3HT, P3OT, P3DT, and P3DDT. The molecular
weights were reported as: P3HT (Mw = 37 680, Mn = 25 500), P3OT
(Mw = 39 210, Mn = 34 580), P3DT (Mw = 42 220, Mn = 30 480), and
P3DDT (Mw = 49 210, Mn = 34 650). 1-(3-methoxycarbonylpropyl)-1phenyl-[6,6]C61 (PCBM) is shown in Scheme 1 (right).
Solar-Cell Fabrication: Solar-cell devices were prepared from 1 wt %
solutions of the polymer and PCBM at weight ratios of 1:2 using
chloroform as solvent. Poly(3,4-ethylene dioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) (Baytron PH, Bayer Germany) was spincoated on top of indium-tin oxide (ITO) (Merck, Germany) coated
glass (ca. 25 X/sq) which had been cleaned in an ultrasonic bath with
acetone and isopropyl alcohol. The active layer was spin-coated on the
PEDOT:PSS layer. Then 6 Å of lithium fluoride (LiF) and an 80 nm
thick Al electrode was deposited onto the blend film by thermal evaporation at ca. 5 × 10–6 mbar. All current–voltage (I–V) characteristics of
the photovoltaic devices were measured under inert atmosphere (argon) in a dry glove box using a Keithley SMU 2400 unit. A Steuernagel
solar simulator was used as the excitation source with a power of
100 mW cm–2 white light illumination (AM 1.5 conditions).
AFM: Atomic force microscopy studies were performed using a Digital Instruments Dimension 3100 in the tapping mode. The AFM characterization was performed on an area of the active layer of the photovoltaic device where the electrode was not deposited.
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XRD: XRD measurements were performed using a Philips X’PertPro diffractometer. The thin films were studied in grazing-incidence
diffraction (GID) geometry to increase the effective X-ray path length
for scattering in the P3AT:PCBM layers. The angle between film surface and incident beam was fixed at 0.3°. As radiation source a monochromatic Cu Ka beam with a wavelength of k = 0.154 nm was applied.
The detector scans at the angle 2h in a plane defined by the incident
beam and the surface normal.
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