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Abstract: Nanorod-like TiO, was grown on Ti wafers by annealing at 700°C for 1.5h. Hybrid
Organic Solar Cells (HOSC) were then prepared by using a nano hybrid material of
P3HT:PCBM/nc-TiO,. The HOSC have the laminar structure of Al/P3HT:PCBM/TiO,/Ti, where
P3HT:PCBM were made by spincoating. Under illumination of the standard light wavelength (A =
470 nm), the polymer luminescence quenching was observed at the heterojunctions, resulting in
the charge separation. With an illumination power of 56 mW/cm® a best hybrid solar cell
exhibited an open circuit voltage of 0.60 V, short cut current density of 4.60 mA/cm?, fill factor of
0.54 and photoelectrical conversion efficiency of 2.6 %. This suggests a useful application for
fabricating “reverse” OSCs, where the illumination light goes-in through the windows of Al-
electrode cathode, instead of the indium tin oxide (ITO). For these devices, the Ohmic contact of
wires to metallic Ti-substrates can be made much better than to ITO electrode.

Keywords: Organic Solar cell (OSC); nanorod-like TiO,, P3HT:PCBM/nc-TiO, heterojunctions;
polymer quenching.

1. Introduction

Recently, there has been increasing interest in both theoretical and experimental works on
conducting polymers and polymer-based devices, due to their potential application in optoelectronics,
organic light emitting diodes (OLED), organic solar cells (OSC), etc [1-4]. Similar to inorganic
semiconductors, from the viewpoint of energy bandgap, semiconducting polymers also have a
bandgap — the gap between the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO). When sufficient energy is applied to a semiconducting
polymer, electrons from the HOMO level (valence band) are excited to the LUMO level (conduction
band). This excitation process leaves holes in the valence band, and thus creates “electron-hole-pairs”
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(EHPs). When these EHPs are in intimate contact (i.e., the electrons and holes have not dissociated)
they are termed “excitons”. In presence of an external electric field, the electron and the hole will
migrate (in opposite directions) in the conduction and valence bands, respectively. It is well-known
that inorganic semiconductors when reduced to the nanometer regime possess characteristics between
the classic bulk and molecular descriptions, exhibiting properties of quantum confinement. Thus,
adding metallic, semiconducting, and dielectric nanocrystals into polymer matrices enables the
enhancement of efficiency and service duration of the devices [5, 6]. The inorganic additives usually
were nanoparticles. The influence of nanocrystalline oxides on the properties of semiconducting
polymers has been largely investigated by many groups [7,8]. It has been found that nanostructured
composites and nanohybrid layers or heterojunctions can be applied to a variety of practical purposes.

It is seen that to develop viable devices such as organic solar cells (OSC) there are two approaches
have been developed [9]: (i) the donor—acceptor bilayer, commonly achieved by vacuum deposition of
molecular components, and (ii) the so-called bulk heterojunction (BHJ), consisting of a bicontinuous
composite of donor and acceptor phases. The BHJ solar cells based on poly(3-hexylthiophene) (P3HT)
with an energy bandgap of 1.9 eV [10] and the fullerene derivative [6,6]-phenyl-C61-butyric acid
methyl ester (PCBM) - that are currently considered to be the ideal acceptors for OSC - are most
investigated. PCBM have an energetically deeplying LUMO [11], which endows the molecule with a
very high electron affinity relative to the numerous potential organic donors like P3HT. However to
improve photoelectrical conversion efficiency in such BHJ solar cells, the following difficult problems
can be dealt with: the charge separation efficiency, electronic interactions between the polymeric
donors and the fullerene acceptors, Ohmic contact between wires and electrodes, etc.

This work presents recent results of our research on nanohybrid materials used for OSCs. Those
are BHJ of a mixture of P3BHT:PCBM and nanorod-like TiO, (nc-TiO,) grown directly from metallic
Ti wafers.

2. Experimental

To grow nanorod-like TiO,, a Ti wafer with a size of 2 mm in thickness, 20 mm in width and 25
mm in length were carefully polished using synthetic diamond paste. The polished surface of Ti was
ultrasonically cleaned in distilled water, followed by washing in ethylene and acetone. Then the dried
Ti wafers were put in a furnace, whose temperature profile could be controlled automatically. The
annealing temperature profile is as follows: from room temperature, the furnace was heating up to
700°C, kept at this temperature with duration of 1.5 h, then followed by cooling down to room temperature
during three hours. A mixture of P3HT and PCBM (abbreviated to MPL) was used for the photoactive
layer. For this, the MPL mixture was prepared with a volume ratio of P3HT: PCBM equal to 1:1, then
dissolved in chlorobenzene with a concentration of 1wt% and stirred at 50°C for 5 h. The MPL
solution was kept at 20°C in a dark bottle which was placed in a glove-box until use. To get hybrid
heterojunctions of MPL/nc-TiO,/Ti the MPL solution was coated onto nc-TiO, layer by spincoating,
followed by annealing at 120°C in a low vacuum (the pressure ~ 107 Pa). The coating process was
carefully carried-out in order that a thin layer (~ 70 nm) of MPL would be left on the nc-TiO, surface.
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Then a 100 nm-thick Al-electrode onto MPL/nc-TiO,/Ti was thermally evaporated in vacuum of
1.33x107 Pa, using a mask with windows of 4 mm x 5 mm in size for each. Therefore, the active area
of a cell is 0.20 cm’. By this way, the hybrid organic solar cells (HOSC) having the structure of
Al/MPL/nc-TiO,/Ti were prepared, as shown in Fig. 1.
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Fig. 1. Schematic drawing of a HOSC. Thickness of nc-TiO, sensitized by MPL (MPL/TiO,) layer is ~ 200 nm,
the MPL layer — 70 nm and the aluminum electrode — 100 nm.

Crystalline structure and surface morphology of TiO, were checked, respectively on a "Brucker
D8-Advance" diffractometer using filtered Cu Ko radiation and on a "Hitachi S-4800" Field Emission
Scanning Electron Microscope (FE-SEM) using a high Dc-voltage of 5 kV. The performance of the
HOSCs was carried-out on a AutoLab-Potentiostat PGS-12 electrochemical unit with an illumination
power of 56 mW/cm” taken from "Sol 1A" Newport source which provides an energy spectrum similar
to solar one. Absorption spectra of the samples were carried-out on a Jasco V-570 UV-Vis-Nir
spectrometer. Quenching effect of the hybrid layer was studied by photoluminescence spectra (PL) on
a FLuoroMax-4 spectrofluorometer, using radiation of Xe-lamp for excitation.

3. Results and discussion

The XRD patterns of the annealed Ti-wafer are similar to the reported in [12] result that showed an
average value of the TiO, particles equal to about 40 nm. The surface morphology of an annealed
sample is revealed by FE-SEM micrograhps (Fig. 2). This figure shows the porous titanium surface
layers, where Ti oxides were grown in form of nanorods. This image reflects such a high resolution of
the FE-SEM, that from them one can determine approximately both the size on the surface and the
depth of TiO, nanorods grown from the Ti-wafer. The result showed that TiO, rods have a width of ~
50 nm and a length of from 100 to 200 nm. Moreover, a large number of the rods have orientation
close to the vertical direction (Fig. 2).

In Fig. 3 there are presented two spectra of the same MPL sample. Left side curve is the UV-Vis
spectrum with 4 peaks; among them three peaks in the visible range belong to P3HT and one peak in
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ultra-violet (330 nm) is of the PCBM [13]. Right side curve is the PL spectrum with an excitation
wavelength A = 325 nm. With such a short wavelength excitation the MPL emitted one strong broad
peak at 720 nm and less intensive peak at 670 nm. According to Ulum et al [14] the PL spectrum of
P3HT has two transitions, namely 0-0 and 0-1, resulting in peaks at 670 nm and 720 nm, respectively.
A rather weak peak at a short wavelength (370 nm) belongs to PCBM.
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Fig. 2. A FE-SEM micrograph of the Ti-wafer annealed at 700°C for 1.5 h.

In Fig. 4 the PL spectra for the MPL and the MPL/nc-TiO, hybrid films with excitation
wavelength of 470 nm are plotted. In this case, the clear MPL luminescence quenching was observed
at red wavelengths. For MPL sample, the photoemission has a broad peak at 720 nm, whereas for the
hybrid sample, containing numerous nano-heterojunctions of MPL/ nc-TiO,, the photoemission peak
shifted ~ 25 nm toward the blue wavelength range. It is a blue shift that was observed for the hybrid
sample of poly(para-phenylene vinylene) (PPV)/nc-SiO, [15] and the authors explained this due to a
reduction in the polymer conjugation chain length, when nanoparticle of SiO, were embedded in the
polymer. In our experiments, the MPL polymer was partially broken by the TiO, nanorods.
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Fig. 3. Absorption (left curve) and PL spectra (right curve) of a MPL sample.
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Fig. 4. PL spectora of a MPL (solid curve) and MPL/nc-TiO, (dash curve).

As seen in [3], for a composite, in the presence of rod-like TiO, nanocrystals, PPV quenching of
fluorescence is significantly strong. This phenomenon was explained by the transfer of the
photogenerated electrons to the TiO,. Thus, the fluorescence quenching of PPV is the consequence of
the charge-separation at interfaces of TiO,/PPV. This is a specific property that is desired for
designing a simple, but prospective organic solar cell. The similar quenching effect that occurred in
the P3HT:PCBM/nc-TiO, can be explained by use of the energy bandgap structure of the
heterojunctions relative to a large bandgap (Eg) of TiO, [16] (Fig. 5).

The light (excited photons) of an energy larger than Eg of P3HT go through the windows of Al-
electrode, then excite electrons from the HOMO level of P3HT. These electrons jump to the LUMO,
generating holes (or creating excitons in P3HT). In case of a pure P3HT (i.e. there are neither PCBM
nor nc-TiO, for a short life-time these excitons decay, emitting luminous photons. However, in the
hybrid materials, due to the lower barriers between P3HT, PCBM and TiO,, the generated electrons
move to the Ti/TiO, (namely cathode) and holes move to opposite side — Al electrode (anode). By this
way, one can have a voltage between two electrodes.
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Fig. 5. Band structure diagram illustrating the HOMO and LUMO energies of P3HT and PCBM relative to the
band structure of TiO,. Energy values are reported as absolute values relative to a vacuum.
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The performance of the HOSC is revealed by a cyclic voltammetry (CV) measurement in both the
dark and the illuminated light. The obtained CV curves just exhibited the current-voltage (I-V)
characteristics of the device which are shown in Fig. 6. In this figure the light-gray rectangle illustrates
afill factor (FF) that can be determined by formula:

(J xV)max
JsexVoc

FF = (D

where Jsc is the density of short cut current, Voc - open circuit voltage of the cell. Then the
photoelectrical conversion efficiency (PEC) can be determined from formula:

PEC:FFXJ;CXVOC’ 2)

in

where Py, is the density of the illuminating power, in mW/cm”. From the calculation results, FF and
PEC were found to be of 0.54 and 2.6%, respectively.
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Fig. 6. Current-voltage characteristics of the HOSC measured in dark (dash line) and in illumination light with a
power of 56 mW/cm?® (solid line), showing Voc = 0.60 V, Jsc = 4.60 mA/cm’, FF = 0.54.

The fact that the FF is considerably large proves that the conjugate polymer of P3HT is a good
matrix where nc-TiO, nanorods are tightly surrounded. This is because during the spinning process in
the spin-coating technique, the TiO, nanorods can adhere by strong electrostatic forces to the polymer
and between themselves, and capillary forces can then draw the P3HT solution around the nanorods
into cavities without opening up pinholes through the device. The obtained results show that nc-
TiO,/Ti layer have played a role of the negative electrode in OSCs like the ITO electrode in the nc-
Ti0O, based dye-sensitized solar cell (DSSC). For the HOSC, the illuminating light goes inside through
the windows of the Al-cathode, such a device is called reverse OSC. The advantages of this solar cell
are: (i) to make Ohmic contacts to the metallic Ti much easier than to ITO electrode, and (ii) a larger
collection efficiency of the generated electrons due to numerous TiO, nanorods embedded within
P3HT and PCBM polymers. The PEC of 2.6% is a value that can be comparable to the PEC of a thin
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nc-TiO, based dye-sensitized solar cell or the polymer/nanocomposite solar cell that was obtained
after an annealing treatment under the electrical field of — 4V [17].

4. Conclusion

Nano hybrid materials containing heterojunctions of P3HT-PCBM/nc-TiO, were prepared by
spincoating P3HT-PCBM on nano-porous TiO,/Ti electrode. The last was made by thermal annealing
Ti-wafers at 700°C for 1.5h. Under illumination of the standard light wavelength (A = 470 nm), the
polymer luminescence quenching was observed at the heterojunctions, resulting in the charge
separation. Hybrid organic solar cells with a laminar structure of AI/P3HT:PCBM/TiO,/Ti were
prepared. With an illumination power of 56 mW/cm’, the best performance of hybrid solar cells
exhibited reasonable parameters, such as Voc = 0.60 V, Jsc = 4.60 mA/cm?, FF = 0.54 and PEC = 2.6 %.
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