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Abstract A detailed study on the thermal transition of
poly(3-hexylthiophene) (P3HT) and blends was investi-
gated by differential scanning calorimetry, while the mor-
phological, phase separation and the transformation in the
optical properties were probed by thermal-atomic force
microscopy (AFM), polarized optical microscopy (POM)
and spectroscopic ellipsometry (SE). The inclusion of
fullerenes on the polymer structure confirms the formation
and evolution of a new endothermic transition at high
temperatures. SE revealed that the refractive index and
extinction coefficient of the films increased with annealing
temperature up to 140 °C due to the suppressed diffusion
of PCBM molecules into the blend. Annealing above
140 °C resulted in a decrease in the optical constants due to
the formation of large “needle-like” crystals. This is due to
the depletion of PCBM clusters near the ‘“needle-like”
structures; resulting from the diffusion of the PCBM
molecules into the growing PCBM crystals or “needle-
like” crystals as is evidenced by in situ thermal-AFM and
POM. These findings indicate that annealing temperature
of 140 °C is suitable for a P3HT:PCBM film to obtain the
desired phase separation for solar cell application.
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Introduction

Due to the demand of inexpensive clean energy, renewable
energy problems have considerable attention in the past
several decades [1-5]. Conjugated polymers have great
potential for cost effectiveness and a wide field of appli-
cations in photovoltaic devices due to their mechanical
flexibility and low weight of polymer materials [2, 6-8].
The easy thin film fabrication technology based on solution
process such as spin coating, doctor blade and printing
could lead to a reduction of the production costs of large-
area solar cells [9, 10]. In addition, the band gap of the
polymer can be easily varied and thus absorb light at dif-
ferent wavelengths due to the flexibility of organic syn-
thesis and chemical tailoring [11].

The most successful organic photovoltaic active mate-
rial system consists of a bulk heterojunction (BHJ) that is
formed by a p-type semiconductor (electron donor), such as
poly(3-hexylthiophene) (P3HT) with an n-type semicon-
ductor (electron acceptor), such as methanofullerene
derivatives (PCBM). However, for all these advantages
associated with this novel technology, power conversion
efficiency of polymer solar cells is still relatively low
compared to inorganic solar cells. To improve the effi-
ciency of solar cells, parameters such as the structure of the
polymer, the morphology of the film, the interfaces [12]
between the layers (organic/metal, organic/organic), and
the choice of electron acceptor and the ratio between this
and the polymer [13] and the choice of solvent still need to
be understood. Previous results showed that a limited sol-
ubility of P3HT and Cgq fullerene in a marginal solvent
such as non-aromatic solvent can lead directly to optimal
morphologies on the films [14]. Researchers proposed
different experimental methods for the optimization of the
morphology, such as thermal annealing [15-19], solvent
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annealing [20, 21] and substrate annealing [22] or the use
of additives [23, 24] that can lead to a molecular rear-
rangement of the spin-coated film. Solvent annealing
(either slow evaporation of the solvent or exposure to
solvent vapour even after the films have dried), and thermal
annealing have been successfully used to increase the
device performance by PCBM diffusion and P3HT crys-
tallization. These processes significantly increase the
polymer’s hole mobility and absorption [25-28]. Although
P3HT:PCBM properties have been extensively studied, not
much work has been done to understand the surface mor-
phology changes of P3HT:PCBM in situ by varying
the temperature. Therefore, in this article we investigate the
thermal behaviour of P3HT and blended films and the
changes on the surface morphology using atomic force
microscopy (AFM) equipped with a heating apparatus
(thermal-AFM) and polarized optical microscopy (POM)
(also equipped with heating stage) to study the phase
separation in the nanoscale morphology in situ at the
nanoscale. The AFM tip is employed to scan the specific
area of the film upon heating and allows us to observe the
changes on the surface at different temperatures. Spectro-
scopic ellipsometry (SE) and differential scanning calo-
rimetry (DSC) was used to monitor the evolution of the
optical constants during annealing and the degree of crys-
tallinity of the materials, respectively.

Experiment details
Materials and thin film preparation

Silicon (Si) substrates were cleaned with organic solvents.
Regioregular-P3HT polymer (molecular weight (M) of
~64,000 g mol™'; regularity >98.5%), Cqo (purity of
99.5%), Cgp derivative, PCBM (purity 99.5%) were pur-
chased from Sigma Aldrich and used as received without
any purification. Photoactive layers were prepared by
mixing P3HT with Cgy or PCBM in a 1:1 weight ratio and
dissolving the constituents in a chloroform solution and
stirred overnight at 50 °C. Films were prepared by spin
coating the solution on top of the Si and followed by
evaporation of the solvent at 50 °C.

Characterization
Differential scanning calorimetry

The melting and crystallization kinetics were studied by
DSC measurements with a TA Q2000 instrument.
Approximately 4.0 mg of each sample was loaded in a
sealed aluminium pan. The analyses were conducted from
—50 to 320 °C at a fixed heating rate of 15 °C min~' and

cooling rates of 5, 10 and 15 °C min~! in a nitrogen flow
rate of 5 mL min~"'. Isothermal crystallization was moni-
tored after rapidly cooling samples from 320 °C to the
desired temperature. For DSC measurements, the degree of
crystallinity, X, of the P3HT and blended samples, was
calculated according to:

AH
X=— 1

Afq (1)
where AH is the enthalpy of fusion determined by inte-
grating DSC endotherms normalized to the respective
weight fractions and AH is the enthalpy of fusion of 100%
crystalline material, with a AH, (P3HT) =99 J g{l [29,
30].

Polarized optical microscopy

Spin-coated thin films were placed between two covering
glasses and placed on a Linkam hot-stage (Linkam Scien-
tific Instruments Ltd, UK), mounted on a polarized optical
microscope (POM) instrument. Films were heated from
room temperature up to 250 °C at a heating rate of
10 °C minfl, held at each temperature for 15 min and then
cooled down to room temperature at a precisely controlled

cooling rate of 10 °C min~".

Atomic force microscopy

The surface morphology evolution of the P3HT:PCBM
film was measured by using AFM (Digital Instruments,
Veeco NanoScope IV Multi-Mode) in a tapping mode. The
AFM was equipped with thermal apparatus to study the
morphology evolution during annealing in air. Thermal-
AFM used an extra controller to apply heat to the sample.
In thermal-AFM experiment, films were heated from
100 °C up to 160 °C with an increment of 10 °C min~'
and held at each temperature for 15 min.

Variable angle spectroscopic ellipsometry

The variable angle spectroscopic ellipsometry (VASE)
spectra (W) and (A) were obtained in the range of
250-1000 nm at room temperature by using a rotating-
compensator instrument (J.A. Woollam, M-2000) at multi-
angles of incidence (AOI) (65°, 70° and 75°). For clarity
we show spectra only at 75° AOI since they behave simi-
larly at different AOIL. The films were regarded as a
homogeneous material with film thickness modelled using
either a Cauchy model [31]. The experimental data were
fitted to obtain the optical functions of the blends using a
Lorentz model. Model parameters were obtained by mini-
mizing the error function which is defined by the following
equation [32]:
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Guan (V) Geos (A)
N-M-1

where MSE is the mean square error, Wy, Acxp are the
measured values and W, A., are the calculated values,
N is the number of wavelengths at which measurements
were performed and M is the number of parameters used in
the fitting.

Jian(Ye)—tan(Wi)l] >, []eos(Bep)—cos(Aea)] >
> +
MSE —

(2)

Results and discussion
Thermal analysis

DSC is one of the most important investigative tools to
obtain information about the melting temperature, crystal-
lization behaviour and the degree of crystallinity of the
material. We used DSC to determine the melting temper-
atures of the polymer (P3HT), P3HT:Cgy and P3BHT:PCBM
blended samples and the crystallinity. Figure 1 shows the
melting behaviour of P3HT and P3HT blended with Cgg
and PCBM as well as the cooling cycles at different rates.
The DSC traces of P3HT exhibits an exothermic transition
from a crystalline to a liquid crystalline state at around
228.1 °C with a transition enthalpy (AHy) of 17.8 J g~ ' and
glass transition (T,) of about 49.1 °C as depicted in Fig. 1
and Table 1. The blended sample of P3HT and Cg, shows
both the crystal transition melting temperature associated
with the fullerene component and the main-chain melting
transition of the polythiophene [33].

However, the blended samples of P3HT with Cg, and
PCBM in Fig. 1 reveal a considerable shift in exothermic
to lower temperatures (Table 1). The P3BHT:PCBM blend

04 ——P3HT
=== P3HT:C,, (1:1 wt. ratio)
P3HT:PCBM (1:1 wt. ratio)

Heat Flow (W/g)

-50 0 50 100 150 200 250 300
Temperature (°C)

Fig. 1 Series of DSC profiles of P3HT and blend samples extracted
at a heating rate of 15 °C min~'

@ Springer

in Fig. 1a (arrows) displays two melting peaks at 207.4 and
217.7 °C (AH; = 9.8 ] g,f1 and T, = 48.0). These thermal
transitions are the fingerprints of the thermal behaviour of
the polymer component, signifying that the semi-crystal-
line nature of P3HT is still persistent, being only moder-
ately hindered by a fullerene.

It is also believed that the melting point depressions
observed in both the blended films are expected because
the fullerene acts as an impurity that depresses the freezing
(melting) temperature of the semi-crystalline polymer [34].
The cooling run of P3HT of 5 °C min~"' shows an endo-
thermic transition centred at 199.5 °C with enthalpy of
26.4 J g~'; while the cooling successive scan of 15 °C
min~" displays an endothermic transition at 196.4 °C and
enthalpy of 25.3 J g~', Fig. 2. In addition, alterations in
polymer structure are also noticeable in the cooling curves
and Table 2.

Morphological analysis

The phase separation and microstructure of the
P3HT:PCBM film was characterized by in situ POM
analysis to attain useful information on the effects of
temperature treatment in the photoactive layer as depicted
in Fig. 3. It is observed in Fig. 3a that the as-prepared film
reveals a rather smooth surface. The phase contrast optical
microscopy image in Fig. 3b of the annealed film at 140 °C
shows the formation of “needle-like” shape crystals of
PCBM with different density. It is interesting to note that
upon increasing the temperatures to 160 °C, Fig. 3c, d,
nanoscopic PCBM domains or clusters that are already
present in both the lower regions of the spin-coated film
and near the air surface move towards the needle-like shape
structures, resulting into the formation of larger needles.
The surface morphology of the film changed completely
after thermal heating at 230 °C, Fig. 3, showing a decrease
in the sizes of the “needle-like” crystals or the needles.
This is probably due to the melting of the PCBM resulting
to the low density of the PCBM needles. The observed
coloured ‘halos’ around the “needle-like” crystals are
attributed to light interference originating from changes in
film thickness and are due to PCBM-depleted regions.
Motaung et al. [14] showed that a depletion of fullerene
can also occur at low temperatures (72-170 °C). It is
therefore vital to understand the mechanism related to the
generation of functional structures in conjugated polymers.
The nucleation of PCBM crystals is correlated with the
temperature or energy, since the growth crystals require
unobstructed space to expand. The surface energies of
P3HT and PCBM are 26.9 and 38.2 mN m~' [35, 36],
respectively. At high temperatures (>150 °C) a large free
volume is possible due to a randomly distributed polymer
chains. Therefore at this temperature PCBM molecules
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Table 1 Exothermical transition temperatures and the enthalpies per gram of P3HT and the blends (on the second DSC heating scan)

Samples Tin (onsery (°C) T (finishy (°C) T (°C) AH; (J gfl) Crystallinity (%)
P3HT 153.3 243.0 228.1 17.8 18.0
P3HT:Cqo 185.2 244.7 230.5 9.2 9.3
P3HT:PCBM 177.4 235.8 215.8 10.7 10.8

(a) i note that upon heating the film at 140 °C, “needle-like”

- - = P3HT:C,, (1:1 wt. ratio) ; structures relating to PCBM crystals forms as depicted by

2 - P3HT:PCBM (1:1 wt. ratio) " arrows. Large needles appears as the temperature reaches

Heat Flow (W/g)

-50 0 50 100 150 200 250 300

Temperature (°C)
(b)
——P3HT
54 --- P3HTC,, (1:1 wt. ratio)

P3HT:PCBM (1:1 wt. ratio)

Heat Flow (W/g)

i : — ;
-50 0 50 100 150 200 250 300
Temperature (°C)

Fig. 2 Series of DSC profiles of P3HT and blended samples
extracted at a cooling rate of 5°C min~' and b cooling rate of
15 °C min™"

diffuse freely into the blended films and readily form large
clusters which result to “needle-like” crystals. As the
temperature increases, the formation and size of these
needles increases due to the improved volume expansion
induced by the soft chains of the polymer.

In order to complement the POM results, in situ AFM
was employed to monitor the surface morphology changes
of the P3HT:PCBM as shown in Fig. 4. It is interesting to

150 °C (results not shown), and the size and amount
increases dramatically at 160 °C due to the soft P3HT
chains that allow the PCBM particles to move easily. It
seems reasonable to hypothesize that the increase in the
“needle-like” crystals is due to the depletion of PCBM
clusters near the “needle-like” structures; resulting from
the diffusion of the PCBM molecules into the growing
PCBM crystals or “needle-like” crystals, which create a
localized sink as formerly conferred by Klimov et al. [37].
These “needle-like” crystals have diameter and length in
the range of 1.2-2.0 pm and 10 pm, respectively.

To analyse the changes in the morphology quantita-
tively, the surface root mean square (rms) roughness values
were measured as shown in Fig. 4f. A slight linear increase
in the rms roughness is observed up to 140 °C for the
blended film. Around the glass transition () of P3HT, the
chains are soft and flexible and the surface of the blended
film becomes flatter than that at lower temperature. At
160 °C, the PCBM particles are aggregated easily inside
the soft P3HT thus resulting in a large extent to the phase
separation. Thus, the roughness of the P3HT:PCBM film
increases extensively, and further decline at 230 °C,
Fig. 4f. Therefore, it can be concluded that the temperature
140 °C is suitable for a P3HT:PCBM film to obtain the
desired phase separation for solar cell application.

Optical analysis

Figure 5 depicts the calculated pseudodielectric function
(closed and open squares) spectra of P3HT and its blends
extracted at different AOI, together with data of ¥ (solid
lines) and A (solid lines). The fits show the excellent
agreement between the model calculation and the experi-
mental data, as confirmed by the MSE values in Table 3.
For clarity we only show the 75° AOI spectra since they
behave similarly at different AOI. The extracted optical
constants of P3BHT:PCBM film are depicted in Fig. 6. It is
observed in Fig. 6a that the extinction coefficient of P3HT
has two optical absorptions and a shoulder at 2.24, 2.45 and
2.05 eV. The first optical absorption at 2.24 eV is attrib-
uted to the formation of excitons with phonons [38]
whereas the absorption peak at 2.45 corresponds to the 0—1

@ Springer
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Table 2 Endothermical transition temperatures and the enthalpies per gram of P3HT and blends extracted at different cooling rates

Samples Cooling Te (onsery (°C) Te (tnisny (°C) T. (°C) AH; (3 g™") Crystallinity (%)
rates (°C min*])
P3HT 5 221.8 155.4 206.0 24.2 24.4
P3HT 15 207.8 137.3 201.1 23.9 24.2
P3HT:Cqg 5 211.5 154.3 202.6 11.2 11.3
P3HT:Cqg 15 209.1 147.3 197.4 14.9 15.0
P3HT:PCBM 5 195.9 154.6 187.8 14.1 14.2
P3HT:PCBM 15 191.1 123.6 180.4 11.8 11.9

Fig. 3 In-situ polarized optical microscopy images of P3BHT:PCBM film extracted at different temperatures: a as-prepared (RT), b 140 °C,

¢ 160 °C and d 230 °C

transitions. The transition at 2.05 eV corresponds to the
singlet excitonic transition of the P3HT conjugated poly-
mer [39, 40]. The other two electronic transitions at 3.37
and 3.84 eV originate from the PCBM and are assigned to
the electronic transitions Sq — S7 and Sq — Ss7, respec-
tively [41]. It is evident from Fig. 6a that an enhancement
in excitonic peak of the P3HT oscillator strengths is
observed with annealing temperature up to 140 °C and
degrades thereafter, until its melting point at 230 °C as
shown by the DSC results.

This excitonic enhancement is related with the increase
of the P3HT crystallization, which increases inter-chain
interaction [28, 42]. As high density P3HT crystals start to

@ Springer

form, pathways between the polymer crystallites are cre-
ated, that facilitate the diffusion of PCBM molecules.
Significant changes are observed in peaks relating to
PCBM, the peaks reduce with annealing temperature. This
indicates that the highly ordered P3HT crystals suppressed
or retarded the diffusion of PCBM molecules into the blend
and subsequently limited the enlarged growth of the PCBM
needles as depicted in the AFM results. However, at higher
temperatures, a broad absorption peak between 2.20 and
4.2 eV resulting from the formation of larger needle-shape
crystals of PCBM and a possible melting of the P3HT is
observed. Figure 6b shows that the refractive index
abnormal dispersion curves are peaked at 1.05, 1.17 and
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Fig. 4 AFM height

(15 x 15 pm) images of
P3HT:PCBM film of the a as-
prepared and annealed at

b 140 °C, ¢ 160°C and d the
corresponding root mean square
roughness values of the
P3HT:PCBM film as a function
of temperature
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Fig. 5 Measured ¥ (solid lines) and A spectra (solid lines) with the
model calculation (closed and open squares) for PHT:PCBM film at
different AOI

1.04 and for films annealed at 100, 140 and 150 °C,
respectively, as compared with 1.02 of as-prepared film.
The increased refractive index of annealed samples is due
to the increased density from P3HT crystallization. How-
ever, the crystallization is disrupted with excessive
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annealing from 160 °C to the melting point of the polymer
(230 °C), which results in a lower refractive index of 1.01
and 0.96 due to possible degradation of the polymer [27].

Conclusion

In summary, an inclusive study on the thermal transition of
P3HT and blended films was investigated by means of
DSC, thermal-AFM, POM and SE. The inclusion of the
fullerenes on the polymer structure confirmed the forma-
tion and the evolution of a new endothermic transition
occurring at higher temperature. SE demonstrated a
reduction in the electronic peaks relating to PCBM, which
resulted to the improved extinction coefficient and refrac-
tive index during annealing at 140 °C. This can be ascribed
to the highly ordered P3HT crystals suppressing the dif-
fusion of PCBM molecules into the blend and subsequently
limited the enlarged growth of the “needle-like” structures.
The results established that the annealing temperature of
140 °C is suitable for a P3BHT:PCBM film to obtain the
desired phase separation for solar cell application. These
findings denote that the combination of the thermal-AFM
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Table 3 Fitting errors at
different temperatures using SE

Annealing temperature  MSE
°O

As-prepared (RT) 41.55
100 54.27
140 38.05
150 43.54
160 46.91
180 47.11
200 41.63
230 52.88
250 60.84

T T T T T T T T
(a) 0.35 4 P3HT.PCBM
— Ag-prepared
—_ 1 = =100°C
= - +140°C
\(E, 030 3 ... -160°C
o 230°C
& 025
S
%
8 020 - .-
c e TN
S / \
2 015 4\ 2 -
2 =i,
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s _ v
T T T T T T T T
20 25 3.0 35 4.0
Energy (eV)
(b)
T I 1 % T " ! &
1 P3HT:PCBM
2 1 —— As-prepared
- =100°C
140 °C
—--160°C

Refractive index, n (a.u)

0.0 T

15 20

25 3.0 35 40
Energy (eV)

Fig. 6 Calculated a extinction coefficient (k) and b refractive index
(n) as a function of energy for P3HT:PCBM annealed at different

temperatures

and POM can open up the possibility of optimization of the
morphology for the optimal absorption and phase separa-
tion for the solar cell efficiencies.
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