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ABSTRACT

The photo induced charge transfer and optoelectronic efficiency of the solar
cells correlated to the morphology and the structure of P3HT:Cgo blend was
studied by means of photoluminescence (PL) and electron spin resonance
(ESR). The occurrence of photoinduced charge transfer, well-known for
blends of P3HT with fullerenes, was evidenced in blends of P3HT:Cgo (1:1 wt.
ratio) by a strong partially quenching of the P3HT luminescence. The ESR
measurements allowed one to quantify the charge transfer between P3HT
and Cgp, Which resulted in positive P3HT polarons. Wide angle x-ray
scattering (WAXS) and UV-vis spectroscopy showed that an inclusion of a Cg
fullerene in the P3HT matrix lead to lower peak intensities and dark Debye
rings and a blue shift on the Te1t* interband transition of the P3HT as well as a

reduction in the absorption coefficients. Selected area electron diffraction
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patterns of a well-ordered sample of P3HT exhibit distinct diffraction rings
indicating that the P3HT forms a polycrystalline film. The large-scale phase
separation of P3HT and Cgo resulted from large Cgo agglomerations during

spin coating lead to a low power conversion efficiency of 0.2x10™ %.

Keywords: Poly(-3-hexylthiophene); optical properties; regioregularity;

morphology; solar cells.

1. INTRODUCTION

Since the discovery of charge separation in polymer/fullerene systems by
Sariciftci et al. [1], organic photovoltaics (OPVs) became one of the most
promising alternative concepts of the solar cells-based crystalline silicon
technology. This is due to their low cost, low temperature processing,
flexibility and a very high speed of processing [2]. The technology of polymer
photovoltaics has seen some drastic improvements in their power conversion
efficiency with the introduction of the bulk heterojunction consisting of an
interpenetrating network of electron donor (D) and acceptor (A) materials [3,
4]. Power conversion efficiencies in the range of 6.5 % have been achieved
[5] successfully through selection of materials with suitable energy levels,
control of nano-morphology [6] either during film deposition [7] or using post-
fabrication procedures such as thermal annealing [8, 9-14] and by

optimisation of electrode materials [15].



Such progress makes polymer solar cells more competitive with
amorphous silicon based solar cells. The main factors that limit the
performance of polymer solar cells are charge carrier transport [16], narrow
absorption in the visible range of the solar spectrum of the active layer and
low open circuit voltages [17, 18]. In general, bicontinuous nanoscale
morphology is pleasing for the D/A acceptor junctions, and high crystallinity in
the D/A phases is also essential for better transportation ability of the charge
carrier. Though, the ideal bicontinuous two-phase nanoscale morphology is
difficult to obtain due to reduced solubility of the fullerene and inappropriate
phase separation during the film cast process. Currently, several works have
been reported on making nanorods or nanowires structures of P3HT or Cgg to
form a three-dimensional (3D) interpenetrating network such as the formation
of fullerene nanorods structure with different sizes by solvent-vapour

treatments at different vapour pressures [19].

These approaches provide promising protocols for morphology
manoeuvring of conjugated polymer/Cg for solar cells to obtain better charge
carrier mobility and increase the absorption of solar energy. The Cg
derivative; PCBM was mainly used in published works, due to its higher
solubility. However, Cso may be a good candidate for an efficient acceptor
material due to its higher electron mobility and crystalline structure compared
to PCBM. The morphology fabrication of P3HT/Cg blends remains a
fundamental challenge in the field of conjugated polymer/Cgo solar cells [19,

20]. In this article, photo induced charge transfer and optoelectronic



properties of photovoltaic cells correlated to the morphology and the structure

of P3HT:Cgg blend was studied in detail.

2. EXPERIMENT DETAILS

2.1. Materials

A regioregular poly (3-hexylthiophene) (rr-P3HT) polymer with a
molecular weight (M,) of ~64,000 gmol™; with regularity that is greater than
98.5 % for head-to-tail, buckminsterfullerene-Cgo with a purity of 99.5%,
Indium tin oxide (ITO) coated on a 1 mm glass substrate with a sheet
resistance of 8-12 Q/sq?, poly (3,4-ethylenedioxythiophene):poly

(styrenesulfonate) (PEDOT:PSS), and a chloroform (CHCI3) solution were

purchased from Sigma-Aldrich.

2.2. Sample preparation

All materials used in this study were used as received, without any
further purification. Regioregular P3HT was used as an electron donor
material; while a fullerene-Cg, was used as an electron acceptor material. A

mixture of rr-P3HT (5 mg) and Cgo (5 mg) dissolved in 1mL of CHCI3 solution

was stirred over night at a temperature of 50 °C in order to promote a
complete dissolution. It should be noted that the solubility of Cgg fullerene on
chloroform is about 0.16 mg/mL [21].

For solar cells fabrication, a thin layer of PEDOT:PSS solution was spin

coated onto the ultrasonically cleaned ITO glass substrates and silicon (Si)



substrates with the spin rate of 2500 rpm for 30 s. This was followed by
thermal treatment of the substrates at 100 °C for 30 min. The P3HT and
blend films with a thickness of about 100 nm was spin coated onto the
PEDOT:PSS layer. The spinning rate and time of spin-coating were 2500 rpm
and 30 sec, respectively. The samples were dried on a hot plate at a
temperature of 50 °C for 15 min to dry (or evaporate) the excess solvent.
Solar cells were completed by evaporating about 100 nm of aluminium (Al) on
top of the active layer (ITO/P3HT:Cg (1:1 wt. ratio)/Al) through a shadow
mask by means of thermal evaporation in vacuum at a pressure of about

5x107* Pa resulting in an active device area of 0.14 cm?.

2.3 Characterization

Surface morphological studies of P3HT and P3HT:Cgo (1:1 wt ratio) were
carried out using an atomic force microscope (AFM) and a LEO 1525 SEM,
operated at an accelerating voltage of 5 kV. The AFM images of the polymer
films were acquired using a Veeco NanoScope IV Multi-Mode AFM with the
tapping mode. A JEM-2100 JEOL high resolution transmission electron
microscope (HR-TEM), operated at 100 kV was employed to examine the
internal structure of the P3HT and the blends. Specimens for HR-TEM

analysis were prepared by a placing a drop of P3HT dispersed in CHCIS, onto

a holey-carbon copper (Cu) grid and dried at ambient conditions. In order to
determine the structural modification during heating; wide angle x-ray
scattering (WAXS) measurements were performed using an Anton Paar
SAXSess instrument, operating at an accelerating voltage of 40 kV and

current of 50 mA. A Nickel (Ni) filtered CuK, radiation source (0.154nm)



(PW3830 x-ray generator PANanalytical) radiation was used. Intensity
profiles were obtained with a slit collimated compact Krathy Camera and
recorded with a two-dimensional (2-D) imaging plate. Sample to detector
distance was 264.5 mm and covers the length of the scattering angle (20)
from 0.1 to 30 °. The samples were heated in a paste cell at room
temperature and 110 °C by a TCU50 (Anton-Paar) temperature control unit,

which is attached to the SAXSess instrument.

The optical absorption study of spin-coated films was investigated by
means of PekinElmer Lamda 750S  Ultraviolet-visible  (UV-vis)
spectrophotometer. The photoluminescence measurements were carried out
at room temperature by exciting the samples with the 350 nm deuterium lamp.
The emission was detected with Jobin-Yvon PMT detector. It should be noted
that for some PL measurements, the PEDOT:PSS layer was omitted in order
to avoid masking of P3HT features which overlap with those of PEDOT. The
film thickness was determined by a-stepper DEKTAK 6M Stylus profilometer
(Veeco instruments). Electron spins resonance (ESR) measurements were
performed with a JEOL, X-band spectrometer JES FA 200 equipped with an
Oxford ESR900 gas-flow cryostat and a temperature control (Scientific
instruments 9700). Measurements were done at room temperature (23 °C).

The power of 6.0 mW and frequency of 9.46 GHz were used.

The current density—voltage (J-V) characteristics of the polymer based
organic solar cells were measured both in the dark and under illumination

using a Keithley 2420. The devices were irradiated at 100 mW cm™ using a



xenon lamp-based Sciencetech SF150 150W solar simulator equipped with
an AM1.5 filter as the white light source; the optical power at the sample was
100 mW cm™?, detected using a daystar meter. All the photovoltaic properties
were evaluated in ambient air conditions at room temperature. The solar cells

were illuminated through the side of the ITO-coated glass plate.

3. RESULTS AND DISCUSSION

The morphology of polymer/fullerene photo-active layers that plays a
key role in the final solar cell performance was investigated using scanning
electron microscopy (SEM) analysis. Figure 1 shows the SEM micrographs of

the surface of P3HT and blended films spin-coated from a CHCI3 solvent onto

a silicon substrate. It is evident in Figure 1(a) that the P3HT film shows a less
ordered morphology with pores uniformly across the film surface. Smooth
surface for the P3HT film prepared from pyridine-chloroform solution was
observed by Verma et al. [22]. The micrograph in Figure 1(b) shows that the
surface has clusters/agglomerates of Cgo fullerene in the polymer matrix which

is uniformly distributed across the surface.

It is suggested that these clusters are nucleation sites for charge carrier
transport and reduces the distance travelled by excitons to the respective
polymer/Cgp interface which greatly enhancing the effectiveness of photo-
induced charge transfer from the polymer to Cg. Large agglomerated

nanotubes in a P3HT film blended with a non functionalized single walled



carbon nanotubes (non-FSWCNTs—P3HT) were observed by Kumar et al.

[23].

To complement the HR-SEM analysis, AFM measurements were
performed on the samples. Figure 2 presents 2-D and 3-D height images of
P3HT and blended film of P3HT:Cgp in a 1:1 wt. ratio. It is clear in Figure 2(a)
that the sample show pores with diameters ranging from 70-100 nm and
lengths/depth that ranges between 3.5 and 9.0 nm. A series of small clusters
is observed in the P3HT:Cgo blended film (Fig. 2(b)), which may be attributed
to the Cgo aggregates. The surface of P3HT and P3HT:Cg (1:1 Wt. ratio) films
shows a root mean square (rms) roughness of 2.194 and 4.202 nm,
respectively. It has been reported that the D/A blend morphology can be
controlled by spin-casting the blend from a specific solvent preventing large-

size phase separation or enhancing the polymer chain packing [6, 24].

High resolution TEM was used to further study the details of ordering of
the P3HT active layer as shown in Figure 3. The inset in Fig. 3(a)
corresponds to the (200) reflection, with a d-spacing of 0.86 nm. The selected
area electron diffraction (SAED) pattern (Fig. 3(b)) of a well-aligned sample of
P3HT exhibits distinct diffraction rings (spots) indicating that the P3HT forms a
polycrystalline film. The P3HT structure shows the (100), (300) as well as the
(010) reflections, with a d-spacing of 1.73, 0.52 and 0.37 nm, plane

respectively, which are consistent with the WAXS results.



The microstructure and domain spacing for P3HT and blend were
examined using wide-angle x-ray scattering techniqgue (WAXS).
Representative WAXS patterns for the as prepared P3HT and its blended
samples measured at room temperature (RT) and heated at 110 °C are
presented in Figure 4 and 5. It is noticeable in Figure 4 and 5 that P3HT
depicts its characteristic peaks at 26 = 5.2, 10.7, 16.3 and 23.4 °© at RT, with
broadly bright Debye rings of (h00) assigned to (100), (200) (300) and (010)

reflections [25].

The P3HT:Cgp (1:1 wt. ratio) blend in Figure 4 and 5 (c, d) shows low
peak intensities and diffused Debye rings of (100) and (010) crystalline
reflections assigned to P3HT and (111), (220), (311) assigned to Cgp
fullerene. This indicates that the blended sample has low crystallinity and less
ordered structure crystal orientation than a pure P3HT sample. The intensity
of the (100) reflection due to lamella layer structure (1.64 nm) is strong, while
the intensity of the (010) reflection due to teTt interchain stacking (0.38 nm) is

very weak [26].

The Cgo diffraction patterns (Fig 5 (e, f)) are consistent with results
obtained for buckminsterfullerene [25, 27-29], which is known to have a face-
centred-cubic (fcc) crystal structure at room temperature, and shows
reflections for the (111), (220), (311), (222) and (331) diffraction peaks at
10.6, 17.7, 20.9, 21.7 and 27.4° [25, 27-29]. From the WAXS patterns of

P3HT and the blended sample, the d-spacing ranges between 0.37 and 1.96



nm, and were estimated using Bragg's law [30], while the crystal sizes were

estimated using Scherrer’s relation [31] as shown in Table 1.

However, when the P3HT sample is heated at a temperature of 110 °C,
diffraction peaks shift to lower angles (26 = 4.7, 9.8 and 16.0 °), giving a,
significant increase in d-spacing and grain sizes of the (100) plane, as
depicted in Table 1. This indicates an increase in the ordering of the alkyl
chains within the main thiophene chains. It is interesting to note that at 110
°C a broad peak formed around 17.1 ° with a d-spacing and crystal size of
0.51 nm and 1.99 nm, respectively (Figure 4). The formation of this peak is

clear in Figure 5(b) as indicated by an arrow.

Figure 6 compares the optical absorption coefficients spectra of rr-P3HT
films with Cg fullerene and a blend of P3HT:Cg in a (1:1 wt. ratio) spin coated
on an ITO glass substrate. Both polymers showed the band gap edge at 1.9
eV which is in agreement to the literature [32-35] and an absorption maximum
at around 2.4 eV, which is characteristic of the te1t* transition between the
highest occupied 1 electron band and the lowest unoccupied one of the
polymer [36].

The development of a vibronic structure is also observed (refer to the
shoulders peak around 2.25 eV and 2.06 eV), which is generally explained by
a higher crystallization or ordering of intra-chain interactions in
semiconducting polymers [37, 38]. The Cgo fullerene shows a small
absorption peak at around 3.31 eV. Upon blending the polymer with a Cg

fullerene, a distinctive change in the peak wavelength is observed.
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A blue shift on the Te1t* interband transition of the P3HT blend as well as
a reduction in the absorption coefficients is observed [35]. This is probably
due to an altering in the stacking conformation of the polymer structure and a
reduction of intraplane and interplane stacking, which causes a reduced TeT1t*
transition and a lower absorbance (Fig. 6). Chirvase et al. [39] reported that
the modification in the absorption spectra of P3HT:PCBM composite films is
due to the presence of PCBM which destructs the ordering in the P3HT

chains.

Photoluminescence (PL) measurements were carried out extensively to
evaluate the effectiveness of the photo-induced charge transfer in an electron
donor-acceptor pair. The PL spectra of P3HT and its blend with Cg fullerene
measured at room temperature (RT) are shown in Figure 7. The P3HT film
shows a strong PL signal around 1.75 eV and a shoulder around 1.92 eV
which are assigned to the first vibronic band and the pure electronic transition
respectively [40-43]. The PL emission peak in the shorter energy region
(~1.55 eV) indicates an ordering in the P3HT lamella structure within the
spherulites [40-43]. It is evident in Figure 8 that, when fullerene is added in
the P3HT matrix, the intense photoluminescence of the P3HT is almost
completely quenched. The Iluminescence studies indicate a profound
photoinduced charge transfer in the bulk of P3HT:Cgp (1:1 wt. ratio) blended

film.
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The effective charge separation in the P3HT:Cgo (1:1 wt. ratio) system
has been studied by ESR (electron spin resonance) signals. The spectrum of
the blended film shown in Figure 8 was extracted at a microwave power of 6.0
mW in the dark at room temperature. Large ESR signal caused by a partial
charge transfer is observed between rr-P3HT and fullerene in the dark state
[44, 45]. Only rr-P3HT signals can be observed at room temperature, due to
the spin-relaxation time for the Cgp anions is short. The g-factor of the P3HT
sample is about 2.0020, which can be attributed to the positive polarons in
P3HT (P). These results are in good agreement with that obtained in the
literature [46, 47]. A peak to- peak line width (AHpp= 9 G) is observed for the
blend. This indicates that rr-P3HT orientation is disturbed [48], caused by the
incomplete mixing of Cg as shown in the SEM (Fig. 1b). More detailed

discussion, however, is beyond the scope of this work.

Figure 9 presents the current density-voltage (J-V) characteristics of a
P3HT:Ceo (1:1 wt ratio) device measured in the dark and under AM1.5
conditions with a white light illumination. The device achieved a short-circuit
current density (Jsc) of 2.55 pAcm™, an open circuit voltage (Voc) of 0.092 V,
the fill factor of 0.20 and a final power conversion efficiency of about 0.2x10
%. The low Vqc, Jsc and efficiency may be attributed to the formation of large-
size Cgo crystals (Fig. 1), which causes not only a large-scale phase
separation between P3HT and Cego, but also a rough P3HT:Cgo (1:1 wt ratio)
blend film as depicted in Figure 2. The rough P3HT:Cgo layer may form some
shunt paths after the top electrode deposition resulting in a low open circuit

voltage.
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Moulé et al. [49] reported that the morphology of the active layer strongly
influences the performance of bulk heterojunction (BHJ) polymer solar cells.
Previous studies of polycrystalline perylene diimide films have demonstrated
exciton diffusion lengths of up to 2.5 ym [50]. However, the exciton diffusion
length in conjugated polymers is merely about 10 nm, which are several
orders of magnitude smaller than that in perylene diimide polycrystals.
Therefore, the large phase separation of P3HT:Cgo blend device might causes
inefficient charge separation of excitons created in P3HT due to its short

diffusion lengths.

4. CONCLUSION

In conclusion, we investigated the photo induced charge transfer
correlated to the morphology and the structure of P3HT:Cgo blended organic
solar cells. The occurrence of photo-induced charge transfer was evidenced
in blends of P3HT:Cgo (1:1 wt. ratio) by a strong partially quenching of the
P3HT luminescence. The ESR measurements allowed one to quantify the
charge transfer between P3HT and Cgo, Which resulted in positive P3HT
polarons. Wide angle x-ray scattering (WAXS) data and UV-vis spectroscopy
showed that an incorporation of Ceo in P3HT matrix lead to lower peak
intensities, dark Debye rings and a blue shift on the 1t interband transition
of the P3HT as well as a reduction in absorption coefficients. The shift in
diffraction peaks to lower angles, giving a significant increase in d-spacing
and grain sizes of the (100) plane for films evaluated at 110 ° C was

observed. The large-scale phase separation of P3HT and Cg resulted from

13



large Ceo agglomerations during spin coating were observed by AFM and

SEM leading to low power conversion efficiency of 0.2x10™ %.
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Figure 4
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Figure 6
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Figure 7

—— P3HT
25000 4 - = = P3HT:C, (1:1 wt. ratio)

~ 20000 -

®

c

>

L2 15000 -

S

>

‘n

c 10000

2

L=

|

Q- 5000 4

0 T T | ! | ! | !
14 1.6 1.8 2.0 22
Energy (eV)
Figure 8
1500

—— P3HT:C,,(1:1 wt. ratio

[

1000

500

-500

ESR signal amplitude (arb. units)
o
1

A0 panT : :
g=2.0002 > e AHp=9G
-1500 A——m———————————————
160 240 320 400 480 560

Magnetic Field (mT)

o



Figure 9
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