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a  b  s  t  r  a  c  t

The  characterization  of  P3HT/PCBM  thin  films  electrodes  synthesized  using  different  drying  conditions  is
presented  in  this  paper.  P3HT/PCBM  thin film  was  painted  on ITO  substrate  from  a  composite  solution  and
the  solvent  was  dried  slowly,  at 30 ◦C for 12  h, or rapidly,  at 100 ◦C for 10 min.  Atomic  force  microscopy
data shows  the  formation  of  fibrilar-like  nanostructures  for the  films  slowly  dried,  behavior  not  observed
eywords:
olymer morphology
3HT/PCBM electrodes
lectrochemical impedance spectroscopy

for  the  films  rapidly  dried.  The  distinct  morphologies  had  an  impact  on  the  electrochemical  properties,
once  these  electrodes  containing  fibrilar-like  nanostructures  have  exhibited  a better  conductivity,  as
showed  by  the  cyclic  voltammetry  response.  Besides,  EIS  data  confirms  such behavior,  revealing  that  the
calculated  charge  transfer  resistance  is one  order  of  magnitude  smaller  for  the  films  slowly  dried  than
for  those  quickly  dried.
. Introduction

Organic solar cells (OSC) are being intensely investigated owing
o their potential to reduce production costs of solar energy, light
eight and mechanical flexibility [1–4]. These systems are framed

y interpenetrated nanostructures formed by a polymer donor
nd a fullerene acceptor acting as the active layer in a bulk-
eterojunction (BHJ) solar cells [5,6]. The incident light upon the
HJ active layer, where donor and acceptor components are seg-
egated into separated domains, gives rise to the formation of
xcitons that diffuse to the donor–acceptor interface, where the
lectron–hole charge separation occurs. Subsequently, the disso-
iated electrons and holes move through the percolated domains
oward their corresponding electrodes, leading to the power con-
ersion from solar energy into electric energy [7].

It is well know that morphology plays an important role in
xcitons separation. Considering this point, an important way  to
mprove the device efficiency is to enhance their microstructure
nd/or morphology of the blend layer, which is typically amor-
hous due to the presence of PCBM. Thermal annealing [8,9], slow

rying [10,11] and solvent annealing [12,13] have been found to
e effective to restore or facilitate the polymer chain organiza-
ion, resulting in PCBM segregation. Then, the formation of the
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donor and acceptor rich domains occurs [14–16]. Heeger et al. [17]
showed that polymer solar cells with power-conversion efficiency
approaching 5% and remarkable thermal stability are attained
after post-production thermal annealing at 150 ◦C. The authors
attributed the high efficiency to the thermally induced morphol-
ogy modification, thermally induced crystallization and improved
transport across the interface between the bulk-heterojunction
material and the Al electrode. Following the same methodology,
many papers showed the influence of the pre and post-annealing
in BHJ solar cells [18–21]. Slowing down the drying process of the
wet films leads to an enhanced blend self-organization, where the
rearrangement of P3HT chains and the formation of P3HT crystal-
lites are favored [22,23], which is expected to enhance the hole
transport in P3HT [10]. As a consequence, photoconversion effi-
ciency which exceeds 4% is observed. Mihailetchi et al. [24] using
hole transport measurements, also observed the P3HT/PCBM per-
formance enhancement when the active layer was  slowly dried.
The authors demonstrated that this procedure led to an increase in
the hole mobility, reaching a value as large as 5.0 × 10−7 m2 V−1 s−1

in the P3HT phase of the blend, and so, reducing the accumulation
of space charges in the film. Thereat, hole–electron recombination
is reduced, resulting in an increase in the photogenerated current.

Literature papers have also shown that the optical properties

of P3HT/PCBM composites are strongly affected by the annealing
step [25–28]. Zhokhavets et al. [29] studied the thermal annealing
effect on P3HT/PCBM thin films spin coated on Si substrates. The
authors concluded that thermal annealing led to an increase in the
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3HT crystallinity, which resulted in a change in the P3HT opti-
al absorption spectra peak, in the region between 2.0 and 2.5 eV,
nd minor changes were observed in the magnitude of the PCBM
eak, in the region between 3.5 and 4.0 eV. They also observed a red
hift in the P3HT peak, which was explained by an increase of the
ean conjugation length of the P3HT molecules upon annealing

30–32]. Such increase in the P3HT crystallinity could be explained
y the enhanced diffusion of the PCBM molecules, which allows
3HT crystallization in PCBM-free regions [33,34].

Although P3HT/PCBM systems have been extensively employed
n light conversion devices, to the best of our knowledge, the influ-
nce of the drying process on the electrochemical properties of
3HT/PCBM electrodes has not been described yet in the literature,
hich is, in this occasion, the main purpose of this work.

. Experimental procedure

All chemicals were of analytical grade. P3HT/PCBM compos-
te was made adding 0.0136 g of P3HT (Sigma–Aldrich, 99%)
nd 0.0034 g of PCBM (Nano C, 99.5%) in 500 �L of ortho-
ichlorobenzene (Aldrich, 99.9%). The composite was  stirred in a
losed vial at room temperature over 24 h prior to the electrode
abrication.

To fabricate the electrodes, indium tin oxide (ITO) substrates
ith an electrical resistance of 60 �/sq (Delta Technologies) were

leaned in ultrasonic bath with de-ionized water, acetone and
ethanol for 15 min, respectively. Thereafter, the composite was

ainted with a brush onto the substrate and the material was
lowly dried in a Petri dish at 30 ◦C for 12 h (Sample A), or at 100 ◦C
ver 10 min  (Sample B), resulting in a blend thickness very similar
or both procedures (about 200 nm). The painting procedure was
sed instead of the large used spin coating procedure in this paper
ecause when the blend is spin coated, part of the solvent is lost in
uch procedure, and the dry process study could be compromised.
ainting the blends, the dry process could be more under control
ecause the solvent lost is minimal.

Atomic force microscope (AFM) (2100 SPM
icroscope–Molecular Imaging) Pico LETM model operating

n taping mode at a scan rate of 0.5 line/s was used for mor-
hological characterization. Cyclic voltammetry (CV) was carried
ut in a three electrode cell at a scan rate of 0.020 V/s in a scan
indow from 0.6 V to 1.1 V. An Ag wire electrode was  used as a
seudo-reference electrode, a platinum sheet electrode was used
s a counter electrode and the coated P3HT/PCBM film onto ITO,

s working electrode. The electrolyte was a 0.2 M LiClO4 solution
n acetonitrile. Electrochemical impedance spectroscopy (EIS) was
arried out using the same electrochemical cell described above,
olarizing the electrode in a dc potential from 0.6 V to 1.0 V, in a

Fig. 1. AFM images of P3HT/PCBM electro
ic Metals 194 (2014) 82–87 83

step of 0.1 V, with an applied ac potential of 0.01 V, in the frequency
range from 10 KHz to 10 mHz. We  ensured the attainment of a
steady electrochemical state in the cell by waiting 5 min  between
the application of the dc potential and recording the data. After
this period of time, the current passing through the electrochem-
ical cell attains undetectable values. A potentiostat/galvanostat
Autolab model PGSTAT30 was  used for the CV and EIS experiments.
Electrochemical characterization was  made in the dark.

The UV–vis–NIR diffuse reflectance spectroscopy (DRS) exper-
iments were conducted on a Varian Cary 5E UV–vis–NIR
spectrophotometer attached with an integration sphere for diffuse
reflectance measurements. DRS measurements was  carried out in
a range from 200 nm to 800 nm at room temperature and the data
are presented in Kubelka–Munk plots [35].

3. Results

Fig. 1 shows AFM images of Samples A and B. One can see that
different P3HT/PCBM drying process leads to changes in film mor-
phologies. In agreement with Savenije et al. [36], the crystalline
regions are characterized by plain fibrils which can be observed in
Fig. 1B. These fibrilar-like regions stem from the formation of P3HT
crystals from the blend film, resulting in a homogeneous distribu-
tion of fibril-like P3HT crystals within the matrix. The roughness
was calculated from the AFM images and was found the values
of 5.44 nm and 2.51 nm for Samples A and B, respectively. This
increase in the roughness as a function of the drying process
could also be related with the increase in the P3HT crystallinity,
as showed by Zhao et al. [8].

The UV–vis–NIR diffuse reflectance spectroscopy (DRS) data are
shown in Fig. 2. In the spectra region E > 3.0 eV, the absorption
coefficients are mainly determined by the PCBM absorption peak at
4.0 eV. There are only minor changes in the magnitude of the PCBM
peak with the dry process. The peak around 2.2 eV has been asso-
ciated with �–�* transition of P3HT [29]. The lowest absorption
coefficient is observed for the sample B (fast drying) and the mag-
nitude of the absorption coefficient increased for Sample A (dried
slowly). Thus, there is a correlation between the morphology of
the films and their optical absorption in the visible region of the
spectrum, as we will show next. Such behavior was also showed by
Savenije et al. [36], correlating morphology and crystallinity. More-
over, it is possible to estimate the P3HT/PCBM composite bandgap
from the extrapolation in the x-axis of the linear spectrum part in
the region of 2.0 eV. It was found that the film A has a bandgap

slightly smaller than the film B (2.2 eV and 2.3 eV, respectively),
also showing a correlation between morphology and bandgap [29].

Cyclic voltammetries (CV) are shown in Fig. 3. The CVs present
similar characteristics, a broad oxidation peak appearing during the

des. (a) Sample B and (b) Sample A.
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Fig. 3. Cyclic voltammograms of P3HT/PCBM electrodes performed in a scan rate of
0.02 V/s in a solution of 0.2 mol  L−1 LiClO4 in acetonitrile. Sample A (line) and Sample
B  (dot).

Table 1
Oxidation onset peak (Eox) and the respective EHOMO, ELUMO and bandgap values for
the  P3HT and composites electrodes dried at distinct process.

Composite/dry Eox/V EHOMO/eV ELUMO/eV Bandgap/eV

P3HT/fast 0.66 −5.1 −2.9 2.2
P3HT/slowly 0.58 −5.0 −2.9 2.1

F
(

ig. 2. UV–vis–NIR diffuse reflectance spectroscopy (DRS) data of P3HT/PCBM elec-
rodes in Kubelka–Munk units (solid line) Sample A and (dashed line) Sample B.

ositive sweep and a shifted reduction peak toward negative poten-
ials, caused by the redox hysteresis [37], in the negative sweep.
ne can see that the electrochemical response is enhanced with the
rying process, in other words, as the P3HT crystallinity increases,
he electrochemical response increases. Besides, this behavior does
ot depend on the presence of PCBM, once we observed the same
ehavior for P3HT electrodes (not shown here).

In order to obtain information about HOMO level of the blends,
he well-established equation was used:

HOMO = −(EOX + 4.4) eV (1)

here EHOMO is the HOMO energy level, EOX is the onset oxi-
ation peak and the constant (4.4) is related to the reference
lectrode [38,39]. Using the bandgap values calculated from the dif-

use reflectance spectroscopy (DRS), we can infer the LUMO energy
evel (ELUMO) and the results are summarized in Table 1. One can see
hat the drying process affects the bandgap rising the HOMO energy
evel, and no displacement in the LUMO energy level was observed,

ig. 4. EIS data of P3HT/PCBM electrodes dried fast (Sample B) carried out in 0.2 mol  L−1 L
�)  0.8 V, (�) 0.9 V and (�) 1.0 V. (B) and (C) high-frequency magnification.
P3HT:PCBM/fast 0.66 −5.1 −2.8 2.3
P3HT:PCBM/slowly 0.64 −5.0 −2.8 2.2

independently of the PCBM presence or not. Moreover, the rising
in the HOMO energy level is also independent on the presence of

the PCBM, once the displacement was  0.1 eV in both cases.

Fig. 4 shows the electrochemical impedance spectroscopy (EIS)
behavior of the P3HT/PCBM film dried fast (Sample B) at sev-
eral potentials from 0.6 V to 1.0 V. The EIS response has a typical

iClO4 in acetonitrile at distinct applied DC potentials from (A): (�) 0.6 V, (©) 0.7 V,
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ig. 5. EIS data of P3HT/PCBM electrodes dried slowly (Sample A) carried out in 0.
.7  V, (�) 0.8 V, (�) 0.9 V and (�) 1.0 V. (B) High-frequency magnification.

onducting polymer behavior one [40,41], that is, at high enough
requencies an arc is obtained, related to interfacial processes.
he resistance of this arc is potential-dependent and is reduced
s the potential reaches more positive values, evidencing the
etal/insulator transition in the polymer backbone [42]. On the

ther hand, the low-frequency region of such plots points to the
ise of capacitive behavior related to the film charging mechanism
43]. Such behavior was also observed by Hass et al. for PEDOT films
37].

In Fig. 5 are shown the EIS data for the P3HT/PCBM electrode
ried slowly (Sample A). One can see the same process depicted for

ample B (a potential-dependent arc in high frequency region and a
apacitive behavior in low-frequency region), additionally, one can
bserve a diffusion process (45◦ straight line) at medium frequency

ig. 6. Equivalent circuit model used to fit EIS data, (A) for Sample B and (C) for Sample A
or  (B) Sample B and (D) Sample A. Inset is the high-frequency region magnification.
 L−1 LiClO4 in acetonitrile at distinct applied DC potentials from (A): (�) 0.6 V, (©)

region, between the high-frequency arc and the low-frequency
capacitance. The observation of complete diffusion impedance pat-
terns (i.e. clear transition between Warburg- and capacitive-like
behaviors) is possible in such spectra because the ionic diffu-
sion is the actual rate-controlling factor [44]. The change in the
low-frequency capacitance, as we  can see by the change in the
straight-line slope in the low-frequency region, is also more pro-
nounced, which is a strong indication that the intercalation process
is more evidenced in Sample A than Sample B.

The EIS data of both, Sample A and Sample B, were fitted using
the appropriate equivalent circuit model, as showed in Fig. 6. It is

well known that a polymeric film coated in a substrate presents
a porous morphology, therewith, the more appropriate way to fit
the impedance data is using the transmission line model, once this

. EIS data obtained at 0.8 V and the fit using the respective equivalent circuit model
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[11] J.H. Chang, Y.H. Chen, H.W. Lin, Y.T. Lin, H.F. Meng, E.C. Chen, Org. Electron. 13
(2012) 705.
Fig. 7. (A) Charge transfer resistance, (B) low-frequency capacitance fitted with 

odel takes into account the potential drop inside the pore and
he polymeric film [40,45–48]. However, in the present case, there
s no potential drop inside the film, once a straight line at high
requency region was not observed [49,50]. The equivalent circuit
as a series resistance (RS), accounting for electrolyte and contacts
ontribution, a capacitance accounting for the double-layer at the
lectrode/electrolyte interface (Cdl), a charge transfer resistance
Rct), that represents the interfacial faradaic process, and an ele-

ent accounting for the low-frequency response of the impedance
ata. The low-frequency response for Sample B is represented
nly by a capacitance element, the low-frequency capacitance (Clf),
elated to the film charge storage (Fig. 6A). For Sample B, in addi-
ion to the low-frequency capacitance, one element representing
he ionic diffusion process is also taking account, the Warburg ele-

ent (Wo) (Fig. 6C) [51]. Fitting data are shown in Fig. 6B and D for
ample B and Sample A, respectively. In all cases, the capacitance
lements was fitted using a constant phase element (CPE), and the
egression coefficient was greater than r2 > 0.996.

In Fig. 7 are shown the charge transfer resistance (Rct) and the
ow-frequency capacitance (CPE) as a function of the applied poten-
ial. As the applied potential increase (Fig. 7A), one can see the
ecrease in the charge transfer resistance, reflecting the metal insu-

ator transition. We  can also observe that the values of the charge
ransfer resistance for Sample A are smaller than for Sample B,
hich is related to the dry process, showing that slowing down

he velocity of the drying process, the film became more conduc-
ive, as also depicted by the CV analysis. Fig. 7B and C we can see the
onstant phase elements related to the low-frequency capacitance.
s depicted above, this element is related to the charge film stor-
ge, once the potential applied is increase, the film became more
onductive and the intercalation process of the counter-ions must
ccurs to guarantee charge neutrality in the film, and so, increas-
ng the low-frequency capacitance values. We  can also see that the
ow-frequency dependence on the applied potential is much more
videnced for Sample A (dried slowly), which could be explained
y the film conductivity, once Sample A is more conductive than
ample B, more ions should be intercalated in such process. n can
ssume values from 0 to 1 and as we can see from the Q units, when

 assumes the 1 value, Q recovers a perfect capacitor. As the poten-
ial is increased, the n values are also increased, showing that the
onstant phase element is becoming more capacitive as the film
s oxidized. Moreover, the dependence on the applied potential of

 is also more pronounced by Sample A than Sample B, showing
hat the intercalation process, and so, the charge storage, is more
videnced in Sample A.

In summary, considered the data presented here, it is possible
o propose that the drying process has an important consequence

n film morphology – which affects both the optical behavior
nd the electrochemical properties. It is also important to point
ut that the considerations made in this paper come from the
nique (P3HT/PCBM) blend ratio used in this study (1/0.25 wt%).

[
[

[

tant phase element (CPE) and (C) CPE n values. (©) Sample A and (�) Sample B.

Any further considerations have to be provided by new
experiments.

4. Conclusions

In this paper we have shown the influence of the dry pro-
cess on the morphology and on both optical and electrochemical
properties of P3HT/PCBM thin films. Two distinct dry processes
were carried out, differing simply by the heat rates. Samples
dried for 12 h at 30◦ (Sample A) revealed the formation of P3HT
fibrilar-like nanostructures by AFM images, whilst the same mor-
phology was  not observed for those samples dried at 100 ◦C
for 10 min  (Sample B). This sort of nano architecture intro-
duced a great impact over the conductivity for sample A, as
showed by enhanced responses in CV tests, a decrease in the
charge transfer resistance and an increase in the low-frequency
capacitance, related to the charge storage, evaluated by EIS
measurements. These fibrilar-like nanostructures also promoted
increased absorption coefficients and slight changes for the P3HT
bandgap, as showed by UV–vis–NIR diffuse reflectance spec-
troscopy.
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