Exchange Grant Scientific Report during 28 June - 26 August 2007 at Linz Institute for Organic Solar Cells (LIOS) under (Organisolar ) Programme (Ref. No Exchange grant 1408)
Dr. Serap Günes

[image: image1.wmf]0.0

0.1

0.2

0.3

0.4

0.5

0.6

-0.5

-0.4

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

I (mA)

U/V

I

sc

V

oc

I

MPP

V

MPP

(a)

(c)

(b)

(d)


Title: Hybrid Solar Cells Using Inorganic Nanoparticles and Conjugated Polymers

Objectives: Historically, conventional solar cells were built from inorganic materials such as silicon. Although the efficiency of such conventional solar cells is high, very expensive materials and energy intensive processing techniques are required.[1]
Hybrid and photoelectrochemical (dye sensitized) solar cells have been the cheap alternatives for conventional silicon solar cells.  A hybrid solar cell consists of a combination of both organic and inorganic materials therefore, combines the unique properties of inorganic semiconductors with the film forming properties of the conjugated polymers.[2] Organic materials are inexpensive, easily processable and their functionality can be tailored by molecular design and chemical synthesis.[3] On the other hand, inorganic semiconductors can be manufactured as nanoparticles and inorganic semiconductor nanoparticles offer the advantage of  having high absorpion coefficients and size tunability. By varying the size of the nanoparticles the bandgap can be tuned therefore the absorption range can be tailored. [4]
The aim of this project is to fabricate and characterize different kinds of hybrid solar cells and also to understand the limiting factors for the efficiency of these solar cells and to find solutions meeting all these limiting factors. Two types of hybrid solar cells will be the main interests of this project: First part of the project will mainly focus on bulk heterojunction solar cells by blending inorganic semiconductor nanoparticles such as CuInS2, CdSe, CdSeTe with semiconducting polymers such as poly (3-hexylthiophene) (P3HT). In the second part, solid state hybrid solar cells replacing the liquid electrolyte in photoelectrochemical solar cells with semiconducting polymers will be fabricated and characterized.
Visit Report

This report is based on the results of the scientific research which was performed at Linz Institute for Organic Solar Cells (LIOS) to achieve the objectives above which were proposed to European Science Foundation (ESF) before the visit. Different materials obtained from several groups (Gregory Scholes (Canada), Jovan Nedeljkovic (Serbia), Sule Erten (Turkey), Daniel Egbe (Germany), Levent Toppare (Turkey), Belkis Bilgin Eran (Turkey)) were investigated at Linz Institute for Organic Solar Cells (LIOS). The time for the studies mentioned here was organized efficiently so that there was still time within two months visit to study some more organic solar cells besides hybrid solar cells although this was not proposed before the visit. These studies can be summarized as following:

1. Description of the work carried out during the visit
1.1 General Characterization of a Solar Cell

The basic parameters describing the performance of  a solar cell can be deduced from a current-voltage (I-V) curve (see figure 1). 
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Figure 1. Current-voltage characteristics of a solar cell

In the dark, there is almost no current flowing, until the contacts start to inject heavily at forward bias for voltages larger than the open circuit voltage. (a) Short-circuit current condition where the maximum generated photocurrent flows (b) Flat band condition where the photogenerated current is balanced to zero. The fourth quandrant (between (a) and (b)) the device generates power. At maximum power point (MPP), the product of current and voltage is the largest.[5]
The photovoltaic power conversion efficiency of a solar cell is determined by the following formula:
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where Voc is the open circuit voltage, Isc is the short circuit current, FF is the fill factor and Pin is the incident light power density, which is standardized at 1000 W/m2 for solar cell testing with a spectral intensity distribution matching that of the sun on the earth`s surface at an incident angle of 48.20, which is called the AM 1.5 spectrum.[6] Impp and Vmpp are the current and voltage at the maximum power point in the fourth quadrant of the current-voltage characteristics.

2. Experimental

2.1 Fabrication and Characterization of Bulk Heterojunction Hybrid Solar Cells Using Inorganic Nanoparticles and Conjugated Polymers:
Hybrid solar cells were prepared as following: As substrates, glass sheets of 1.5x 1.5 cm2 covered with ITO, from Merck KG Darmstadt, were used with an ITO thickness of about 120 nm and sheet sheet resistance < 15 Ωcm-2.

The ITO was patterned by etching with an acid mixture of HClkonz:HNO3konz:H2O (4.6:0.4:5) for ~ 30 min. The part of the substrate which forms the contact is covered with a scotch tape preventing the etching. The scotch tape was removed after etching and the substrate was then cleaned by using acetone in an ultrasonic bath and finally with iso-propanol. 
An aqueous solution of poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS) was spin coated on the glass–ITO substrate, and dried under a dynamic vacuum. 
CdSeTe nanoparticles were obtained from Gregory Scholes`s group from Canada which was synthesized by Sandeep Kumar. CdSeTe nanoparticles were suspended in a mixture of chloroform and pyridine with 4:1 ratio, respectively. MDMO-PPV was dissolved in chlorobenezene with 0.35 wth % and the blends of CdSeTe and MDMO-PPV was prepared by blending them with 1:1 ratio.  The blends were spin cast on PEDOT:PSS covered ITO glasses and 0.6 nm lithiumfluoride (Lif) and 100 nm Aluminum (AL) was evaporated as top contacts (see figure 2).

[image: image4]
Figure 2. Schematic description of the bulk heterojunction hybrid solar cell using CdSeTe nanoparticles and MDMO-PPV.

 All current–voltage (I–V) characteristics of the PV devices were measured (using a Keithley SMU 236) under nitrogene in a dry glove box immediately after production. A Steuernagel solar simulator, simulating AM1.5 conditions, was used as the excitation source with an input power of 100 mW/cm2 white-light illumination.

The spectrally resolved photocurrent was measured with a EG&G Instruments 7260 lock-in amplifier. The samples were illuminated with monochromatic light from a Xenon lamp. The incident photon to current efficiency (% IPCE) was calculated according to the following equation:

IPCE (%)= 
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where Isc ( μA/cm2) is the measured current under short-circuit conditions of the solar cell,

Pin (W/m2) is the incident light power, measured with a calibrated silicon diode, and λ (nm) is the incident photon wavelength.
Atomic force microscope was used to investigate the morphology of the blends. Atomic force microscopy studies were performed using Digital Instruments SPM3. 
2.2. Results of Bulk Heterojunction Hybrid Solar Cells Using CdSeTe Nanoparticles and MDMO-PPV:
Several solar cells were prepared using the above configuration. The performance of CdSeTe nanoparticles was evaluated as possible electron acceptor material for incorporation in hybrid bulk heterojunction solar cells with MDMO-PPV. Using the device architecture shown in Figure 1. The devices using the blends of CdSeTe and MDMO-PPV with 1:1 ratio showed short circuit current density, Isc of 0.12 mA/cm2, an open circuit voltage, Voc of 750 mV and fill factor of 0.26 (see figure 3). Solar cells composed of the pristine polymer in the active layer didn`t significantly generate photocurrent under illumination
[image: image6.png]o N
Z .3

0,01
1E-3
1E-4
1E-5
1E-6

Current Density [mA/cm”]

CdSeTe

1,,=0.12 mAvem”
v, =750 my
FF=026

'!

2 A 0 1 2
Voltage [V]




Figure 3. Current-Voltage characteristics of a bulk heterojunction hybrid solar cell consisting of CdSeTe nanoparticles and MDMO-PPV in dark and under simulated solar illumination (AM 1.5)
2.3. Fabrication and Characterization of Bulk Heterojunction Hybrid Solar Cells Using Red TiO2 Nanoparticles and P3HT:
Red TiO2 nanoparticles were obtained from Jovan Nedeljkovic from Serbia. Red TiO2 nanoparticles were suspended in toluene. Substrate preparation and the PEDOT:PSS spincoating were done using the same methods as described in section 2.1. Blends of  red TiO2 and P3HT was prepared as following: 1 % wt of P3HT was dissolved in chlorobenzene and mixed with red TiO2 with 1:1, 1:2, 1:3 ratios, respectively. As a reference, a cell consisting of only bare P3HT with the configuration ITO/PEDOT:PSS/P3HT/LiF/Al was also prepared. However, such a cell did not show a significant photovoltaic response. The highest result of all was obtained with the blends of 1:3 ratio. Such a cell showed an Isc of 0.4 mA/cm2 and a Voc of 450 mV with a fill factor of 0.28 (see figure 4).
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Figure 4. Current-Voltage characteristics of a bulk heterojunction hybrid solar cell consisting of red TiO2 nanoparticles and P3HT in dark and under simulated solar illumination (AM 1.5)

2.4. Fabrication and Characterization of Solid State Dye Sensitized Solar Cells Using Perylene and Poly(3-hexylthiophene) (P3HT)
As substrates, glass sheets of 1.5x 1.5 cm2 covered with ITO, from Merck KG Darmstadt, were used with an ITO thickness of about 120 nm and sheet sheet resistance < 15 Ωcm-2.

The ITO was patterned by etching with an acid mixture of HClkonz:HNO3konz:H2O (4.6:0.4:5) for ~ 30 min. The part of the substrate which forms the contact is covered with a scotch tape preventing the etching. The scotch tape was removed after etching and the substrate was then cleaned by using acetone in an ultrasonic bath and finally with iso-propanol. 

Compact TiO2 layers were prepared according to ref [7] except the addition of isopropanol and were spincast under ambient conditions on top of the cleaned and patterned ITO substrates by using 8000 rpm resulting in approximately 100 nm thick films. After spin coating, the substrates were placed in an oven and sintered at 450 oC for 30 minutes yielding insoluble compact layers. 
Perylene was obtained from Ass. Prof. Sule Erten from Turkey which was syntesized by her group. 1% of P3HT and perylene was dissolved in chlorobenzene and blended with 1:1, 1:2, 1:3 and 1:4 ratio and the blend was drop cast on sintered compact TiO2 layers and 160 nm gold was evaporated as top electrodes (see figure 5).


[image: image8]
Figure 5. Schematic description of  the investigated solid state dye sensitized solar cell 
2.5. Results of  the Solid State Dye Sensitized Solar Cells
Several solar cells were prepared using the above configuration. As a reference a cell consisting of only compact TiO2 and P3HT with the configuration of ITO/compact TiO2/P3HT/Au where there was no perylene added was prepared. This cell showed an Isc of 0.38 mA/cm2 and a Voc of 500 mV with a fill factor of 0.58. Upon addition of perylene into the cell configuration as mentioned above improved the device performance. The cell with perylene showed a short circuit current density of 1.2 mA/cm2 and Voc=300 mV (see figure 6). It has been shown with this study that the additional perylene dye improves the solar cell performance.
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Figure 6. Current-Voltage characteristics of a  solid state dye sensitized solar cell consisting of TiO2, perylene and P3HT in dark and under simulated solar illumination (AM 1.5)

2.6. Fabrication and Characterization of Organic Solar Cells Based on MEH-PThE-PPV   and PCBM

As substrates, glass sheets of 1.5x 1.5 cm2 covered with ITO, from Merck KG Darmstadt, were used with an ITO thickness of about 120 nm and sheet sheet resistance < 15 Ωcm-2.

The ITO was patterned by etching with an acid mixture of HClkonz:HNO3konz:H2O (4.6:0.4:5) for ~ 30 min. The part of the substrate which forms the contact is covered with a scotch tape preventing the etching. The scotch tape was removed after etching and the substrate was then cleaned by using acetone in an ultrasonic bath and finally with iso-propanol. 

An aqueous solution of poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS) was spin coated on the glass–ITO substrate, and dried under a dynamic vacuum. 

Polymer MEH-PThE-PPV was obtained from Prof. Daniel Egbe from Germany which was synthesized by his group. Blends of this polymer and PCBM was prepared by dissolving 6mg of  MEH-PThE-PPV in chlorobenzene and varying the PCBM amount with 1:1, 1:2, 1:3 and 1:4 ratio.
2.7. Results of Organic Solar Cells Based on PPV and PCBM
Several solar cells were prepared using the above configuration. The performance of  MEH-PThE-PPV was evaluated as possible donor material for incorporation in organic solar cells with PCBM. The devices using the blends of  MEH-PThE-PPV and PCBM with 1:3 ratio showed Isc of 5.15 mA/cm2, a Voc of 800 mV and fill factor of 0.44.
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Figure 7. Current-Voltage characteristics of an organic solar cell consisting MEH-PThE-PPV and PCBM in dark and under simulated solar illumination (AM 1.5)

2.8. Fabrication and Characterization of Organic Solar Cells Based on poly-2,3-bis(4-tert-butylphenyl)-5,8-bis(4-hexylthiophen2yl)quinoxaline (PHTQ) and PCBM

As substrates, glass sheets of 1.5x 1.5 cm2 covered with ITO, from Merck KG Darmstadt, were used with an ITO thickness of about 120 nm and sheet sheet resistance < 15 Ωcm-2.

The ITO was patterned by etching with an acid mixture of HClkonz:HNO3konz:H2O (4.6:0.4:5) for ~ 30 min. The part of the substrate which forms the contact is covered with a scotch tape preventing the etching. The scotch tape was removed after etching and the substrate was then cleaned by using acetone in an ultrasonic bath and finally with iso-propanol. 

An aqueous solution of poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS) was spin coated on the glass–ITO substrate, and dried under a dynamic vacuum. 

A thiophene derivative poly-2,3-bis(4-tert-butylphenyl)-5,8-bis(4-hexylthiophen-2-yl)quinoxaline (PHTQ) was obtained from Prof. Levent Toppare from Ankara/Turkey which was synthesized by his group. Blends of (PHTQ) and PCBM was prepared by dissolving 5mg of PHTQ in dichlorobenzene and varying the PCBM amount with 1:1, 1:2, 1:3 and 1:4 ratio.
2.9. Results of Organic Solar Cells Based on PHTQ and PCB
Several solar cells were prepared using the above configuration. The performance of PHTQ was evaluated as possible donor material for incorporation in organic solar cells with PCBM. The devices using the blends of PHTQ and PCBM with 1:2 ratio showed Isc of 2.2 mA/cm2, a Voc of  550 mV and fill factor of 0.32.

Figure 8. Current-Voltage characteristics of an organic solar cell consisting of  PHTQ and PCBM in dark and under simulated solar illumination (AM 1.5)

2.10. Fabrication and Characterization of Bilayer Heterojunction Solar Cells Using Liquid Crystals, P3HT and C60
As substrates, glass sheets of 1.5x 1.5 cm2 covered with ITO, from Merck KG Darmstadt, were used with an ITO thickness of about 120 nm and sheet sheet resistance < 15 Ωcm-2.

The ITO was patterned by etching with an acid mixture of HClkonz:HNO3konz:H2O (4.6:0.4:5) for ~ 30 min. The part of the substrate which forms the contact is covered with a scotch tape preventing the etching. The scotch tape was removed after etching and the substrate was then cleaned by using acetone in an ultrasonic bath and finally with iso-propanol. 

An aqueous solution of poly(3,4-ethylenedioxythiophene)–poly(styrenesulfonate) (PEDOT:PSS) was spin coated on the glass–ITO substrate, and dried under a dynamic vacuum. 

 4-(alkyloxy)-N-(4-hexylphenyl)-2-hydroxybenzalimine (BB1) liquid crystals were obtained from Prof. Belkis Bilgin Eran from Istanbul/Turkey which was synthesized by her group. 5 mg of BB1 and 10 mg of P3HT were dissolved in chlorobenzene and then blended with 1:1, 1:2, 1:3 and 1:4 ratios. These blends were spincast on Pedot:PSS coated ITO substrates and 60 nm of C60 was thermally evaporated on blend films. Finally, 150 nm aluminum was evaporated as a top contact.

2.11. Results of Bilayer Heterojunction Solar Cells Using Liquid Crystals, P3HT and C60
As reference, bilayer solar cells with only P3HT and 60 nm C60 was prepared. Such cells showed Isc of 0.8 mA/cm2, a Voc of  150 mV and fill factor of 0.5. The best performance of these solar cells was achived with 1:3 ratio of BB1:PCBM blend and 60 nm of C60 evaporation. Such a cell showed Isc of 2.13 mA/cm2, a Voc of  250 mV and fill factor of 0.48. It has been shown that the liquid crystals improve the performance of bilayer heterojunction organic solar cells.
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Figure 9. Current-Voltage characteristics of a bilayer heterojunction organic solar cell consisting of BB1, P3HT and C60 in dark and under simulated solar illumination (AM 1.5)

3. Description of the Main Results Obtained

As conclusion, we focused in two main types of solar cells, namely hybrid and organic solar cells. Within the hybrid solar cells part, we investigated two new nanoparticles, namely CdSeTe and red TiO2. We made bulk heterojunction hybrid solar cells using these two nanoparticles. They both improved the solar cell performance as compared with bare polymer. The high Voc (750 mV) for the cells with CdSeTe nanoparticles was remarkable. We also investigated the effect of perylene on the device performance of solid state dye sensitized solar cells using a new strategy (blending with polymer). It has been shown that the device performance improved upon addition of the perylene dye. 

Within the organic solar cell part, we investigated two new polymers and liquid crystals. The polymer from Prof. Egbe`s group MEH-PThE-PPV showed remarkable results. The second polymer from Prof. Levent Toppare`s group namely PHTQ is also interesting since it can be both used for photovoltaic and electrochromic devices. Also, the liquid crystals (BB1) obtained from Prof. Belkis Bilgin Eran`s group improved the device performance of bilayer heterojunction organic solar cells.

4. Future Collaboration 

We will continue the collaboration with the host institute. Future collaboration includes photo physical characterization, mobility measurements, morphology characterization and further devices with new materials.

5. Scientific Publications Resulting from Exchange Grant

These results will be published separately for all the materials investigated, separately.
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