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Abstract Defining appropriate annealing temperatures
and times is vitally important for increasing the efficiency
of bulk heterojunction solar cells by favoring the crystal-
linity of the polymer-fullerene blend components. In order
to better understand the annealing process, the isothermal
crystallization of poly(3-hexyl thiophene) (P3HT) and
[6,6]-phenyl Cg;-butyric acid methyl ester (PCBM) blend
investigated by means of rapid heating cooling calorimetry
(RHC). Isothermal crystallization experiments at tempera-
tures in between the glass transition and melting, within
the temperature range of 70-150 °C, can successfully be
performed since RHC permits cooling at a sufficiently high
rate in order to prevent crystallization during cooling.
Crystallization isotherms were determined from the sub-
sequent melting behavior of the blend. They were mea-
sured for a wide set of annealing temperatures and times,
and the evolution of the crystallization rate with tempera-
ture is compared for annealing from the glassy state and
from the melt state.
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Introduction

Solar cells made of P3BHT:PCBM are the state of the art for
polymer:fullerene solar cells since the blend can generate
3.5-5% efficiency after post production annealing [1].
Annealing treatments increase the efficiency of the as-
produced bulk heterojunction solar cells by forming a well-
ordered morphology that creates better transportation
pathways for charges to flow toward the corresponding
electrodes. It is generally accepted that thermal annealing
increases the crystallinity of the components, leading to
a nanoscale phase separation, and consequently increases
the device efficiency [2-6]. For an optimal efficiency and
performance of the solar cells, a finely dispersed phase
morphology with crystalline P3HT and PCBM structures
of 5-20 nm dimensions is thought to be required [3, 7, 8].
To attain this, the thermal annealing conditions need to
be tuned carefully. Too high temperatures or too long
annealing times can induce a decrease of the efficiency due
to the overgrowth of the crystals [9, 10].

As the crystallization is dominating the morphology
formation during annealing, and as defining suitable
annealing temperatures and times is vitally important for
highly efficient solar cells, the isothermal crystallization of
a P3BHT:PCBM 1:1 blend was investigated in this study.

In order to investigate the nucleation and growth of the
crystals formed during the isothermal annealing, one needs
to avoid nuclei formation and crystal growth processes on
cooling. Since conventional DSC techniques cannot cool
fast enough to prevent crystallization on cooling, the iso-
thermal crystallization studies are done by rapid heating
cooling calorimetry (RHC). RHC was previously used in
studies of polymer crystallization, medicines, and nano-
composites [11-13]. Also other fast DSC techniques have
been used for crystallization kinetic studies of polymers
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[14-16]. RHC is a fast-scanning DSC technique developed
by TA Instruments [17], having a ten times smaller furnace
heated by Infrared light. The RHC permits to heat at rates
of up to 2000 K min"' using sample sizes of about
50-500 pg. Cooling rates of 750 and 500 K min~' can be
reached down to 60 and O °C, respectively, the rate being
limited by the heat transfer to the liquid nitrogen cooling
device.

In this study, the faster cooling and heating by RHC is
exploited to give well-controlled thermal annealing treat-
ments to P3BHT:PCBM blends, to quench the blends to an
amorphous state below their glass transition (for annealing
from the glassy state), and to study the glass transition, the
cold crystallization, and the melting of thermally annealed
blends with high sensitivity.

Experimental

Mixtures with equal amounts (1:1 wt/wt) of P3HT (Merck,
M,, = 35,000 g mol™', M /M, = 1.8; regioregularity greater
than 98.5%; T, = 210 °C [18]) and PCBM (Solenne) were
dissolved in chlorobenzene with a concentration of about
1 wt% and stirred overnight at 50 °C. The solution was
deposited by drop-casting on large glass plates in the glove
box under a nitrogen atmosphere to form films with a thick-
ness of 1 pm. After drying in nitrogen atmosphere at room
temperature for 50 h to remove the residual solvent, the
remaining solid films were scratched off the glass substrates
and collected as a powder for RHC measurements.

Rapid-scanning DSC experiments were performed on a
prototype RHC of TA Instruments, equipped with a Liquid
Nitrogen cooling and specifically designed for operation at
high scanning rates. Tzero calibration was performed at
250 K min~" with sapphire disks and the temperature and
enthalpy calibration were performed using an indium
standard. Experiments were conducted using Neon
(6 mL min~') as a purge gas. Aluminum RHC crucibles
weighing less than 2 mg were filled with sample masses in
the range of 220-270 pg.

As a pre-treatment, the sample was kept for 10 min at
200 °C to melt it completely and to insure that it is
homogeneous (the melting peak in a 1:1 P3HT:PCBM
blend is at about 190 °C [18]). The pre-treatment temper-
ature is a carefully chosen compromise between melting
the crystals, homogenizing the blend, and avoiding degra-
dation. Afterwards, the sample is rapidly cooled either to
the desired crystallization temperatures (7is,_,) for the
crystallization from the melt state, or cooled down to
—100 °C first and then heated up to Ti,,_, for the iso-
thermal crystallization from the glassy state (Fig. 1). The
samples were cooled ballistically to avoid crystallization
during the cooling. Samples were isothermally crystallized
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Fig. 1 Schematic representation of the typical sections of the
temperature program: the melting and homogenization (dashed), the
isothermal crystallization from the melt (solid), and the isothermal
crystallization from the glassy state (dot-dashed)

at different temperatures, both from the glassy state and
from the melt state for a wide range of isothermal times.
By subsequent heating (at 250 K min~") through its melt-
ing transition, the created crystals were molten and the
melting peak is detected. The sample is heated to above its
melting temperature (to 275 °C) for 0.1 min to remove the
crystals and to erase the thermal history. An example of
the temperature program is given in Fig. 1. Measurements
for annealing from the glassy state and melt state were
performed on fresh samples.

Results and discussion

For this study, it is vital to control the heating and cooling
rate in the temperature range of importance. The plot of the
derivative (sample sensor) temperature versus temperature
for heating rates of 250 and 500 K min~" and for ballistic
cooling is shown in Fig. 2. It is clear that the heating rate is
stable in the temperature range from —50 to 250 °C.

The samples were cooled ballistically: a non-controlled
cooling rate of more than 1500 K min~"' is reached in the
beginning and cooling was faster than 750 K min~" down
to 60 °C (just above the T, of the blend). As equal amounts
of cold crystallization and melting are obtained in the
heating following a ballistic cooling to —100 °C, the
cooling rate reached is sufficiently fast to avoid crystalli-
zation during cooling.

As the heat effect during the isothermal annealing is in
general too small to be detected, the progress of the iso-
thermal crystallization is evaluated through the melting in
the subsequent heating. The melting peak can be preceded
by a cold crystallization peak (Fig. 3).
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Fig. 2 Derivative temperature versus temperature plots for heating at
250 and 500 K min~" and for the non-controlled (ballistic) cooling
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Fig. 3 RHC curve for the thermal transitions of a P3HT: PCBM 1:1
blend after quenching in the RHC, showing the glass transition T,
cold crystallization 7., and melting T,

It is noticed that the cold crystallization peak gradually
decreases with longer annealing times, while the melting
peak increases (Fig. 4a). In addition to the decrease in cold
crystallization and the increase in melting, the step in 7} is
getting smaller with longer annealing times. As more
crystals are created during the annealing, less remaining
amorphous fraction is detected upon heating. For higher
annealing times, a shoulder develops about 20 °C below
the main melting peak.

The heating curves at 500 K min~' after isothermal
annealing at the same temperature as in Fig. 4a (125 °C)
are given in Fig. 4b. It is obvious that less cold crystalli-
zation is occurring at a higher heating rate and conse-
quently a lower melting peak is observed (see curves at
0 min). At higher heating rates, the sample has less time to
crystallize during the heating, therefore cold crystallization
is reduced and a smaller melting peak is observed. For the
experiments at 500 K min~', an increase in cold crystal-
lization and melting is seen for 0.1 min of annealing
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Fig. 4 RHC curves showing the heating of P3HT:PCBM 1:1 blend
a at 250 K min~' and b at 500 K min~" after annealing at 125 °C
from the glassy states for different times (as indicated). All curves are
shifted vertically for clarity. The vertical dashed line indicates 70 °C

(compared to without annealing). This indicates the
increase of the number of active nuclei during the initial
0.1 min of annealing significantly affects the cold crystal-
lization rate. At 250 K min ™" this is not observed. Proba-
bly too many nuclei are formed during the slower heating
to see the effect of the nuclei formed during the first
0.1 min of isothermal annealing.

Since pure P3HT has a T, around 0-25 °C and PCBM
has a T, around 130 °C [18], the crystallization of P3HT
from the blend, enriching the fraction of PCBM in the
amorphous phase, leads to a higher 7, in the subsequent
heating. This can be seen by comparing the T, with the
dashed line at 70 °C (Fig. 4a, b). An additional contribu-
tion of the formation of a rigid amorphous phase resulting
from the finely dispersed crystalline structures can not be
excluded.

The difference between the areas of the melting and the
cold crystallization peaks, obtained by integration between
limits before cold crystallization and after melting (see
integration baselines in Fig. 4a, b), provides the heat
evolved during the isothermal crystallization process
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8 Table 1 The time at half crystallization (#,,), crystallization rate (1/
125°C Glass N t,), and final enthalpy of crystallization for isothermal annealing
\ L ;-“'/'/Aff ke experiments in different conditions
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250 125 Melt 24 0.42 6.9
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Fig. 5 Isothermal crystallization enthalpy versus annealing time
showing experimental data (symbols) and Avrami model plots (/ines)
for annealing at 70 °C from the glassy state and at 125 °C from both
the glassy and melt states

(AHiso_,). AH;s,_, versus time plots are shown in Fig. 5,
displaying sigmoidal curves for blends annealed at 70 °C
after heating from the glassy amorphous state and for
blends annealed at 125 °C after heating from the glassy
state and after cooling from the melt state. The curves were
fitted by the Avrami kinetics model [19], which is used to
describe the evolution of the relative fraction of crystals as
a function of time:

1 =1—exp(—kt")

where y is the relative crystallinity during the isothermal
crystallization at time ¢, n is the Avrami exponent, k is a
function of temperature. The relative crystallinity y(¢) was
calculated by dividing AH;s,_(¢) by the final AH;,_, value
reached for that experiment. The final AH;y,_, values for
annealing from the glassy state and the melt state at 125 °C
are equal; indicating the final blend crystallinity is similar
even though the evolution of the crystallization differs. The
curve for annealing at 70 °C from the glassy state has a
smaller final AH;,_, value, probably because at lower
temperatures the blend is closer to its glass transition
temperature and less mobility is available to crystallize. As
mentioned earlier, the 7T, of the remaining amorphous
phase (enriched in PCBM) increases as P3HT crystallizes.
At 70 °C, this will lead to a crystallization-induced vitri-
fication when the composition reaches approximately
60 wt% of PCBM, as deduced from T,-composition data
published in [18]. For the curves corresponding to 2 min
annealing at 125 °C in Fig. 4a, b, the dashed line of 70 °C
is indeed within the glass transition region. At 150 °C the
final AH,,_, value is also smaller than that of 125 °C (see
Table 1), which can be attributed to the fact that this
temperature is within the start of the melting endotherm,
preventing the crystallization of less perfect crystals.
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In principle, the Avrami model can only be used until
impingement of the growing crystals occurs. This is espe-
cially important if one wishes to use the Avrami exponent
to discuss the type of crystal growth (e.g., 1-dimensional or
needle-like). In this case, the Avrami model is used only
to fit the experimental sigmoidal curves and to estimate
the time at half crystallization (#(y = 0.5) or t.,). The
reciprocal value of ., can be taken as a measure of the
crystallization rate. The time at half crystallization of
the sample crystallized at 70 °C from the glassy state is
3.3 min, whereas the one annealed at 125 °C from the
glassy state is 0.37 min and the one at 125 °C from melt
state is 2.4 min. Before discussing the crystallization rate
in more detail, it should be mentioned that the crystalli-
zation isotherms for annealing at 125 °C after heating from
the glassy state obtained using faster (500 K min~"') or
slower heating (250 K min™"') rates are very comparable,
indicating that these heating rates are sufficiently fast not to
affect the results.

The crystallization during the isothermal annealing
of the blend from the glassy state is faster when the blend
is crystallized (annealed) at 125 °C as compared to 70 or
150 °C (the subsequent heating was at 250 K min~' in
each case). This is in agreement with the universal
behavior of the crystallization rate, showing a maximum
rate between T, and T}, [20]. Closer to Ty, it decreases due
to the reduction of the undercooling (the difference
between the thermodynamic melting point and the crys-
tallization temperature; this is the thermodynamic driving
force for crystallization). Closer to T, it decreases due to
the reduction of the (cooperative) mobility.

Last but not least, one observes that the crystallization
process at 125 °C occurs faster during annealing from the
glassy state than from the melt state. Although crystalli-
zation is avoided during rapid cooling, quenching below
the T, and subsequently heating to the isothermal annealing
temperature still increases the number of active nuclei, as
compared to the number of nuclei formed during cooling
(at similar rates) from the melt to the isothermal crystal-
lization temperature. The additional active nuclei will
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contribute to the nucleation mechanism at the Ty,_, during
isothermal annealing and will thus result in a faster crys-
tallization (at the same temperature) for samples annealed
from the glassy state as compared to samples annealed at
from the melt state [21, 22].

Conclusions

RHC permits one to analyze the kinetics of fast crystalli-
zation processes, down to crystallization times of a few
seconds. In this article, the isothermal annealing of P3HT:
PCBM (1:1) polymer-fullerene blends for bulk hetero-
junction solar cell was studied using RHC. The kinetics of
crystallization processes taking less than 2 min and
involving at most 8 J g~' could be followed quantitatively.
The results indicate a higher crystallization rate around
125 °C and slower crystallization rates at 70 and 150 °C.
These results are important for selecting the annealing
conditions, as crystallinity improves charge conduction and
cell efficiency, while overgrowth of the crystals decreases
the efficiency of the solar cells. The crystallization kinetics
are also thought to play an important role in the long-term
thermal stability of the blend morphology developed dur-
ing annealing, but further investigation in this respect is
still needed.
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