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Testing of PFV and PPyV, both electron acceptor conjugated polymers, as alternative to PCBM in organic solar cells
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Purpose of the visit

Conjugated polymers continue to attract increasing attention as a result of their promising properties for optoelectronic applications such as light emitting diodes,1 solar cells,2 sensors3 and field effect transistors.4 Whereas for selected applications suitable conjugated polymers are available, the quest for materials with improved properties continues. Our search for novel materials was inspired by the field of organic solar cells. Organic photovoltaics promise efficient low-cost  large-area solar cells if fast improvements of the power efficiency and the lifetime can be achieved. In such solar cells, which currently can already reach efficiencies as high as 5%,5 a p-type conjugated polymer such as poly(3-hexylthiophene) (P3HT) or OC1C10-PPV is combined with a soluble derivative of C60, PCBM, as the electron acceptor.2,5 However, an n-type polymeric alternative for PCBM is of interest to facilitate the formation of an optimal morphology.6 Such n-type materials will be obtained via introduction of electron groups either as side groups or part of the polymer backbone, or by introduction of heteroatoms in the backbone of the polymer. We synthesized two polymers Poly (Fluoranthene Vinylene) PFV and Poly (Pyrene Vinylene) PPyV. (Figure 1) These polymers have both polycyclic aromatic hydrocarbon repeating units in the backbone but differ from their non-alternant or alternant character.
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Figure 1. Chemical structures of a) Poly (Fluoranthene Vinylene) PFV and  b) Poly (Pyrene Vinylene) PPyV

PFV is the first PPV-type polymer with non-alternant polycyclic aromatic hydrocarbon, i.e. fluoranthene, repeating units. The incorporation of a substructure of C60, i.e. fluoranthene, can have a considerable impact on the electronic properties.9 Combining research efforts in the fields of conjugated polymers and non-alternant polycyclic aromatic hydrocarbons, has resulted in a novel conjugated polymeric material PFV with promising properties for application in organic optoelectronics. 
PPyV is a PPV-type polymer with alternant polycyclic aromatic hydrocarbon, i.e. pyrene, repeating units. 
While many properties of both polymers are similar to those of its “parent” polymer PPV, these polymers exhibit the unusual n-type behaviour under the applied electrochemical conditions (figure 2). 
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Figure 2.

It is relevant to fabricate plastic solar cells at LIOS (Linz Institute for Organic Solar Cells) in Austria by using this new n-type  polymers as electron acceptor. 

Description of the work carried out during the visit

The word ‘photovoltaic’ comes from the Greek word phos - which stands for light - and the term voltaic - which refers to the researcher Alesandro Volta (1745-1827), who was one of the pioneers in the study of electricity. Therefore, the word expresses in itself already that a photovoltaic device is able to convert light into electricity.

The basic parameters describing the performance of photovoltaic solar cells can be extracted from a current-voltage (IV) graph. This results from a measurement in which the external electrical current is measured as function of an externally applied voltage. Such a typical IV characteristic given in Figure 3 for a PV cell measured when light is shining on the device. The inset depicts the characteristic in semi-logarithmic representation, which is also very commonly used. We will focus here on the linear representation to introduce some important photovoltaic parameters. Due to illumination, the curve passes through the fourth quadrant, meaning that power P = I.V is extracted from device.
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Figure 3: Typical IV curve for a solar cell under illumination with some important photovoltaic parameters indicated, the inset shows a semi-logarithmic representation of the same data

The point (Vmp,Imp) where this power output is maximized is called the maximum power point Pmp and is given by:

Equation 1
 Pmp = Vmp. Imp      
This product corresponds also to the area of the smaller rectangle indicated in Figure 1. There are two other important parameters shown in this figure: the short-circuit current ISC and the open-circuit voltage VOC 
The short-circuit current ISC is the electric current flowing through the device under illumination when no external voltage applied (V = 0 V). Since the actually measured short-circuit current depends on the active area of a photovoltaic device, it is often more common to list the short-circuit current density Jsc. It results from dividing the measured short-circuit current by active area A of the solar cell. The open-circuit voltage VOC is the value of the external bias that has to be applied such that no external current is flowing through the illuminated device anymore (I = 0 A). Analogous to the coordinates of the maximum power point, ISC and VOC indicate a second rectangle in Figure 1. It can be seen from this figure that the two rectangles will resemble each other more if the IV curve has a more rectangular shape. The ratio of the areas of the two rectangles can therefore be regarded as a measure of the quality of the shape of the IV characteristic; it is called the fill factor FF:

 
Equation 2 
FF = Vmp.Imp / Isc.Voc
It can also be stated that the product of ISC and VOC is the theoretical upper limit for the total power that can be delivered to an extern load. The fill factor FF can in this way be defined as the ratio of the actual maximum power extracted to this theoretical upper limit. Furthermore, these parameters relate to the energy-conversion efficiency ηe as follows:

Equation 3   ηe = Pmp/Pin = Isc. Voc. FF/ A. 100 (mW/cm2)

expressing how much of the total power Pin of the light incident on the photovoltaic cell is converted into electric power Pmp. This expression Pin= A. 100 (mW/cm2) shows that it is necessary to identify the characteristics of the incoming light carefully to have a fair comparison between the performances of different solar cells. A commonly used reference radiation distribution is the global air mass 1.5 spectrum (AM1.5G). The total intensity is scaled to a value of 1000 W/m2 (=100 mW/cm2). It accords rather well to circumstances for Western European countries on a clear sunny day in summer.

1. Fabrication and basic characterization of the standard organic solar cell (MDMO-PPV:PCBM) (in collaboration with dr. Christoph Lungenschmied)

The standard bulk heterojunction solar cell, MDMO-PPV:PCBM is a well-known system to learn to procedure for the fabrication of organic solar cells.  

[image: image2.emf]
Figure 4. Schematic representation of the bulk MDMO-PPV:PCBM heterojunction solar cell

Standard solar cells are constructed on glass substrates coated with ITO as transparent conductive electrode.  After several cleaning steps, the active organic layer is deposited on top of it. The sandwich-like structure of the full photovoltaic device is then finalized by a vacuum evaporation of the metallic backside contact. It results in devices with a standard active area of ~0.08 cm2. A thorough description of the complete fabrication process will be given in the next paragraph.

Large ITO-coated glass sheets are bought (Merck Display Technologies) and afterwards diced on sizes of 1.5 by cm 1.5 cm. After protecting of 66% of the ITO area with adhesive tape follows the etching of the unprotected ITO for 20 min in HCl:HNO3:H20 (0,46:0,04:0,50 by volume). After rinsing with de-ionized water follows a basic cleaning process for ITO-coated glass substrates:

-10 min in ultrasonic bath in Helmanex (2% in de-ionized water)

-rinsing in de-ionized water

-10 min in ultrasonic bath in water

-drying with nitrogen gun

The transparent substrate was then coated with a thin (∼ 90 nm) layer of poly(3,4-ethylenedioxythiophene) doped with poly(styrene sulfonate) (PEDOT:PSS, Baytron, Bayer AG), deposited by spincoating. On top, a solution of poly[2-methoxy-5-(3’,7’-dimethyloctyloxy)-1,4-phenylene-vinylene] (MDMO-PPV, Covion GmbH) : 1- (3-methoxycarbonyl) propyl-1-phenyl[6,6]C61 (PCBM) with a mass ratio 1:4, was deposited by the same technique. Finally, an LiF:aluminium (0,6 nm:100nm) electrode was thermally vacuüm evaporated through a mask. This finalizes the standard photovoltaic device as described before and results in 3 solar cells on one substrate.

The basic characterization occurs in the glove box with an Agilent semiconductor parameter analyzer to perform current-voltage (IV) measurements in dark as well as under illumination. The cells showed a power conversion efficiency under AM 1.5 conditions of about 2,0% (fill factor, FF = 0.58; VOC =700mV; short circuit current ISC = 0.39 mA; active area A= 0.08 cm2). 


[image: image3.wmf]-2

-1

0

1

2

1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

10000

 

 

Current density J (mA/cm2)

Bias V (V)


Figure 5. Current-Voltage characteristic of the standard solar cell in dark and under simulated solar illumination (AM 1.5 G).

2. Bilayer solar cell structures using zinc phthalocyanine and PFV or PPyV (in collaboration with dipl. Ing. Robert Koeppe)

For the polymerization of both polymers, i.e. PFV and PPyV, the dithiocarbamate (DTC) precursor route was chosen. The DTC precursor route was previously developed in our laboratory and offers not only a straightforward monomer synthesis, but also a precursor polymer of higher quality than most other available precursor routes. The introduction of the dithiocarbamate groups substantially increases the solubility of the precursor polymer. DTC precursor polymers can be readily transformed into the corresponding conjugated polymers by thermal treatment either in solution or in a thin film.
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Figure 6. Polymerization by precursor route

 During this treatment the dithiocarbamate group is eliminated from the precursor polymer. Since it appeared that the conjugated PPyV polymer was insoluble in all common organic solvents tested for and only a limited solubility could be observed in dichlorobenzene for C12-PFV, the thermal conversion of the precursors into the conjugated systems were performed in a thin film. 

Metal phthalocyanines are widely used electron donor materials for organic solar cells because of their high absorption coefficients and their electrical properties. 

Bilayer solar cells based on evaporated Zinc Phthalocyanine (ZnPc) and spincasted fluoranthene or pyrene precursor polymer were fabricated and investigated by means of their current-voltage characteristics.

The molecular structures of Zinc Phthalocyanine (ZnPC) is shown in Fig. 7. 




Figure 7. Chemical structure of Zinc phthalocyanine (ZnPC)

Fabrication of  the bilayer solar cells ZnPC: PPyV or ZnPC: PFV

-glass substrates with ITO and spincoated with PEDOT:PSS (same procedure as described before)

-evaporation of 30 nm ZnPC by vacuum deposition


-spincasting of the precursor polymer PFV or PPyV from chloroform (10 mg precursor polymer/ mL CHCl3)

-convertion of the precursor into conjugated polymer by thermal treatment inside the glove box (185°C on a hotplate for 2 hours)

-vacuum evaporation of the LiF: Al electrodes (0,6 nm:100 nm)

Bilayer solar cell of Poly (Pyrene Vinylene): Zinc Phthalocyanine
Batch APy-3-8, PPyV 1% in CHCl3: ZnPC

Glass+ITO+PEDOT:PSS+30nm ZnPC+PPyV (1%, 1500rpm)+0.6nm LiF+100nm Al

Voc(mV)=280, Isc (A)=3,8 10-5, A = 0,064cm2, FF=0,28

This cell showed a power conversion efficiency under AM 1.5 conditions of about 0,05%.
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Figure 8. Current-Voltage characteristic of PPyV:ZnPC bilayer solar cell in dark and under simulated solar illumination (AM 1.5 G).

Bilayer solar cell of Poly (Fluoranthene Vinylene): Zinc Phthalocyanine
Batch AP-64-3, PFV 1% in CHCl3: ZnPC

Glass+ITO+PEDOT:PSS+30nm ZnPC+PFV (1%, 1500rpm)+0.6nm LiF+100nm Al

Voc(mV)=320, Isc (A)=6,0 10-6, A = 0,058cm2, FF=0,26

The cell showed a power conversion efficiency under AM 1.5 conditions of about 0,01%.
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Figure 9. Current-Voltage characteristic of PFV:ZnPC bilayer solar cell in dark and under simulated solar illumination (AM 1.5 G).

3. Bulkheterojunction solar cell structures using MDMO-PPV as donor and PFV or PPyV as acceptors - precursor polymer approach (in collaboration with dr. Christoph Lungenschmied) 

Because PPyV is insoluble in all common organic solvents and C12-PFV has only a limited solubility in dichlorobenzene, MDMO-PPV was mixed with the precursor polymers ( 1:1 MDMO-PPV: PPyV or C12-PFV, 5mg MDMO-PPV/10mL CHCl3) and a thermal treatment was made in situ in thin film.
The molecular structures of MDMO-PPV is shown in Fig. 10. 
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Figure 10. Chemical structure of MDMO-PPV

Fabrication of  the bulkheterojunction solar cells MDMO: PPyV or MDMO: PFV

-glass substrates with ITO and spincoated with PEDOT:PSS (same procedure as described before)


-spincasting of the mixture 1:1 MDMO-PPV:PPyV or MDMO-PPV:C12-PFV, 5mg MDMO-PPV/1mL CHCl3

-convertion of the precursor into conjugated polymer by thermal treatment inside the glove box under inert atmosphere(165°C on a hotplate for 2 hours)

-vacuum evaporation of the LiF: Al electrodes (0,6nm:100nm)

The solar cells are investigated by their current-voltage characteristics.

Bulkheterojunction solar cell of Poly (Pyrene Vinylene): MDMO-PPV

This solar cells didn’t show any photo activity.

Bulkheterojunction solar cell of Poly (Fluoranthene Vinylene): MDMO-PPV

Batch AP-64-3, 1:1 MDMO-PPV:C12-PFV ,0,5% MDMO-PPV in CHCl3
Glass+ITO+PEDOT:PSS+MDMO-PPV:C12-PFV+0.6nm LiF+100nm Al

Voc(mV)=700, Isc (A)=3,98 10-6, A = 0,062cm2, FF=0,24

This cell showed a power conversion efficiency under AM 1.5 conditions of about 0,01%.
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Figure 11. Current-Voltage characteristic of MDMO-PPV:C12-PFV bulkheterojunction solar cell in dark and under simulated solar illumination (AM 1.5 G).

4. Bulkheterojunction solar cell structures using MDMO-PPV as donor and PFV as acceptor - conjugated polymer approach (in collaboration with dr. Christoph Lungenschmied) 

This approach is not possible for PPyV because PPyV is insoluble in its conjugated form in all common solvents. After conversion in solution an intractable solid is obtained. The conjugated polymer C12-PFV has a limited solubility in dichlorobenzene or trichlorobenzene after conversion (10 mg/mL dichlorobenzene). The use of dichlorobenzene is preferable for spincoating, therefore MDMO-PPV was dissolved in the same solvent (5mg/mL dichlorobenzene). Both solutions were mixed at high temperature (80°C) in a 1:1 volume ratio. This bulk heterojunction mixture was spincoated onto the ITO with PEDOT:PSS substrates after filtering through a 0.45 μm filter.  After vacuum evaporation of the LiF:Al electrodes (0,6 nm:100 nm), the solar cells are investigated by means of their current-voltage characteristics.

Bulkheterojunction solar cell of Poly (Fluoranthene Vinylene): MDMO-PPV

Batch AP-64-3

Glass+ITO+PEDOT:PSS+MDMO-PPV:C12-PFV+0.6nm LiF+100nm Al

Voc(mV)=660, Isc (A)=7,33 10-6, A = 0,068cm2, FF=0,28

This cell showed a power conversion efficiency under AM 1.5 conditions of about 0,02%.
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Figure 12. Current-Voltage characteristic of MDMO-PPV:C12-PFV bulkheterojunction solar cell in dark and under simulated solar illumination (AM 1.5 G).

5. PL quenching between ZnPC or MDMO-PPV:PPyV or MDMO-PPV:PFV (in collaboration with dipl. Ing. Anita Fuchsbauer)

Charge-Transfer Processes. PL measurements were performed to examine the charge-transfer efficiency in blends of these polymers C12-PFV or PPyV (acting as a acceptor) with ZnPC or MDMO-PPV (acting as an donor). 

5.1 PL-quenching between PPyV and MDMO-PPV

 The PL emission is quenched by a factor of 2. (see Figure 13)

[image: image10]
Figure 13. PL quenching between PPyV and MDMO-PPV
5.2 PL-quenching between C12-PFV and MDMO-PPV

There was no PL quenching observed. (see figure 14)


[image: image11]
Figure 14. PL-quenching between PFV and MDMO-PPV

5.3 PL-quenching between PPyV and ZnPC

The PL emission is quenched by a factor of 3. (see Figure 15)

[image: image12]
Figure 15. PL-quenching between PPyV and ZnPC

6. PIA measurements (dipl. Ing. Anita Fuchsbauer)

Results are not yet available, data must be analysed in the following days/weeks.
7. TOF and CELIV measurements ( dr. Almantas Pivrikas)

Results are not yet available, data must be analysed in the following days/weeks.
Description of the main results obtained

To conclude, we investigated two new conjugated polymers, namely Poly (Pyrene Vinylene) and Poly (Fluoranthene Vinylene). We made solar cells of both polymers (acting as acceptor) and ZnPC or MDMO-PPV (acting as donor). Remarkable is the high open-circuit voltage ( up to 700 mV). The short-circuit current is low, J~0,5 mA/cm2 for PPyV and J~0,1 mA/cm2 for PFV. We need further investigation to explain this low current. We observed PL quenching between PPyV and MDMO-PPV (quenching of the PL emission by a factor 2) and between PFV and ZnPC (quenching of the PL emission by a factor 3).

Future collaboration with host institution

Possible future collaborations involve the complete photo physical characterization, determination of the mobility by TOF or CELIV measurements, investigation of the morphology and further optimalization of devices for both n-type polymers.

Projected scientific publications resulting from your exchange grant

This results will be used for the publication of a full article on these new n-type conjugated polymers. 
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