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1 – Introduction:
a) Organic solar cells
Today alternative and renewable energy sources such as sunlight, wind, hydro, thermal and many others are gaining more importance against non-renewable energy sources such as fossil fuels. Solar energy is one of the most promising renewable energy sources. Photovoltaic industry is a rapidly growing area since the invention of first crystalline silicon solar cells in Bell Laboratories in 1954.
 These crystalline silicon based photovoltaic devices which are called as first generation solar cells are today still mostly used photovoltaic devices. People call two other generations also: Second and third generation photovoltaics. Second generation devices which are also known as thin film solar cells can also be found abundantly in use today, however they lack due to their low efficiencies as compared to first generation devices. In third generation photovoltaics most of the devices are under scientific research, however today there are some types such as organic solar cells which are already commercialized. Photovoltaics industry has some drawbacks due the limitations of the first generation devices. First generation photovoltaic devices can not be produced at lower costs easily, because there are fundamental limitations causing from the costs of conventional fabrication methods and raw material processes related with first generation solar cells.
 However, organic photovoltaics which started to emerge at early 90s offer great advantages with respect to their inorganic opponents in terms of remarkable cost reduction, flexibility, easy fabrication and manufacturing methods. Organic photovoltaics (O-PV) already have an important position in the photovoltaic industry. Today organic photovoltaics is an umbrella term that include dye-sensitized hybrid nanocrystalline photo-electrochemical solar cells, conducting polymer-fullerene based organic solar cells and organic-inorganic hybrid solar cells.
 
Organic solar cells based on polymer-fullerene photoactive layers are intensively researched.
  Although having the basic advantages of organic solar cells such as reduced costs and flexibility, these solar cells are considerably deficient than crystalline silicon solar cells in terms of power conversion efficiencies. There are a lot of scientific research efforts in order to increase the total power conversion efficiencies as high as possible. We propose to use inorganic nanocrystals in order to enhance the power conversion efficiency of polymer-fullerene based organic solar cells. 
b) Inorganic Nanocrystals

Today inorganic nanocrystals are widely used in photonics related applications such as quantum dot LEDs, nanocrystal solar cells, biological applications and memory devices.
 Inorganic nanocrystals benefit from quantum confinement effects, the size of the nanoparticles can be tuned such that we can tune the absorption and emission spectra of them via quantum confinement effects. Up to today there are some works which propose to utilize inorganic quantum dots such CdSe, CdTe, PbSe and ZnO within organic solar cells in hybrid structures in order to enhance the device parameters and performances. 
 
 
c) Aim of the Visit

In this short visit we aimed to show that we can enhance the power conversion efficiency of a polymer organic solar cell via utilizing CdTe inorganic nanocrystals as an external absorber and emission layer in front of the solar cell. Our aim was to use the scintillation idea 
 where nanocrystals are used as an absorber layer in front of the active layer of the device. Light of lower wavelength is converted into light of higher wavelength by this nanocrystal layer via absorption and emission processes of nanocrystals. Especially the part of the solar spectra (i.e., below 350 nm) which can not be utilized by organic solar cells effectively can be better utilized. Converting the light of lower wavelengths where solar cell has lower IPCE values into longer wavelengths where solar cell device has higher IPCE would enhance the conversion efficiency of the device. With this method light of lower wavelength can be  better utilized in these nanocrystals incorporated solar cells. 
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Figure 1. Lower wavelength light is converted into longer wavelength (Stokes shift) via nanocrystal absorber layer.
We synthesize our CdTe nanocrystals similar to the reported paper by Rogach et al. 
 Our as-synthesized CdTe nanocrystals have quantum efficiencies around % 40-50 in solution and  % 10-20  in film. 
The amount of radiation in the UV region (under 400 nm) makes % 7 of the total solar radiation incident on earth.
 That amount can not be neglected.  O-PV devices generally can not convert this lower wavelength regime efficiently. Fig. 2 and 3 show two different O-PV devices’ IPCE data under zero bias. In Fig.2 shows a device which is based on P3HT-PCBM bulk heterojunction and its IPCE drops rapidly for wavelengths fewer than 350 nm. Fig.3 shows Zn-Phthalocyanine-C60 based solar cell whose IPCE is low at lower wavelengths.  
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Figure 2. IPCE for glass/ITO/PEDOT:PSS/P3HT:PCBM/LiF/Al organic solar cell. 
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Figure 3.  IPCE of Zn-Phthalocyanine:C60 based bulk heterojunction device. 

In the application letter to ESF ORGANISOLAR program, we had proposed that we would use bulk heterojunction P3HT – PCBM based organic solar cells. However, during the visit after discussing the scintillation idea with Prof. Sariciftci, we decided to use Zn-Phthalocyanine: C60 based organic solar cells since these solar cells have more suitable IPCE spectra which would make it easier to observe the enhancement in IPCE spectra due to nanocrystal incorporation. Nanocrystal layer would absorb strongly at low wavelengths (i.e., below 500 nm) and then emit around 600 nm where Zn-Phthalocaynine: C60 solar cells have higher external quantum efficiency.
With this approach, enhancement in power conversion efficiency for lower wavelength part of the solar irradiation (UV, near UV) is expected to be observed via IPCE measurements. Our other aim was also to show that overall efficiency can also be enhanced via incorporation of this external inorganic nanocrystal layer. End of the visit we were not able to show an increase in overall efficiency due to practical problems causing from the samples that we prepared in Turkey which will be mentioned in the experimental part of the report. We are intended to continue this work as collaboration between our home institution in Turkey and LIOS in Austria to obtain better and more results from the proposed designs. 

2 – Experimental and Results:

a) Fabrication of P3HT-PCBM based organic solar cell
Our first task in LIOS was to learn to fabricate a generic organic solar cell in order to become familiar with organic solar cell fabrication carried out in LIOS. We fabricated a few organic solar cells in the structure of glass/ITO/PEDOT:PSS/P3HT:PCBM/Al.
Fabrication of P3HT:PCBM based bulk heterojunction organic solar cell consists of five consecutive steps as follows: glass preparation, ITO etching and cleaning of the substrate, PEDOT:PSS coating, active layer coating and Al contact evaporation. In Fig.4 all fabrication steps are also illustrated.
Glass preparation:  In LIOS for the fabrication of organic solar cells, 1.5 cm x 1.5 cm of glasses are used as substrates. These glasses are already coated with ITO. Diamond tipped glass scriber is used to scribe the glasses. Then the glasses can easily be broken after scribing the surface. The back sides of the samples should be given a sample number by using a diamond pen.

ITO etching and cleaning : P3HT-PCBM organic solar cell made in LIOS has a structure as shown in Fig 4 (6). In order not to have a short circuit between ITO and top Al contact, we erase some part of the ITO with chemical wet etch method. HCl : HNO3 : H2O  (4.6 : 0.4 : 5) solution is used as the etching solution. We cover the part with a tape where we want ITO to stay. We wait for 10-20 min. for acidic solution to fully etch ITO.

After etching we start the cleaning process. We put our samples into a beaker and fill the beaker with Hellmanex (kind of detergent) and wait for 15 min. while beaker staying in sonicator. We repeat this cleaning in using the beaker in sonicator with de-ionized water, acetone and isopropanol, respectively. 

PEDOT:PSS coating: After the cleaning process, we dry our samples. Then, we take our PEDOT:PSS which we let it stir overnight. We filter the PEDOT:PSS with PES filter, then we spin coat over our glass-ITO substrate using a fast enough rpm in order not to coat too thick layer (more than 3000 rpm). We erase PEDOT:PSS from where we had etched the ITO as shown in Fig.4 (3). We let the coated samples wait at 150°C for 5 min.
Active layer coating:  Active layer consists of the mixture of P3HT (poly (3-hexylthiophene-2,5-diyl)) and PCBM (1-(3-methoxycarbonyl)propyl-1-phenyl[6,6]C61). P3HT is a conducting polymer used as hole transporting element. PCBM is a C60 derivative and utilized as an electron transport element in organic solar cells. We solve P3HT and PCBM in Chlorobenzene. Weight ratio of P3HT:PCBM can be around 1:1 to 1:2. Active material amount is % 2.5 weight percent in Cholorobenzene. We let the P3HT:PCBM:Chlorobenzene solution stirred for a few hours. First, we filter with a PTFE filter, then spin coat the active layer onto our glass/ITO/PEDOT:PSS coated samples. We erase some of the active layer via Q-tip dipped into Chlorobenzene as shown in Fig.4 (5) to devote some space for ITO contact on the sample surface.

Al contact evaporation: Al is evaporated by an evaporator located in the glove box. Approximately 100 nm of Al is evaporated at a few 10-6 mbars pressure. We obtain 3 solar cells on the same sample as showed in Fig.5.        
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Figure 4. Fabrications steps of organic solar cells produced in LIOS.

                                               
[image: image7]
Figure 5. Hard-mask used for Al contact evaporation. We obtain three solar cells from one sample. Vertical is for ITO contact, horizontals are for top contact.
We don’t take the solar cells out of the glove box after Al evaporation. After evaporation we treat the solar cells  at 140°C for 5 min in glove box.
Measurements: For the measurements we used I-V set-up and IPCE measurement set-up located in glove box. P3HT-PCBM solar cells that we fabricated has I-V (under AM1.5 illumination) and IPCE results as shown in Fig. 6.
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Figure 6. I-V of P3HT:PCBM generic solar cell under AM1.5 illumination is showed (left). 
Isc = 1.76 mA, Voc = 0.65 V, Pmpp = 4.94 x 10-2 mW. Efficiency = % 0.494 (assuming 0.1 cm2 surface area). IPCE measurement results (right).
b) Nanocrystal Incorporated Designs

We had two different designs as presented in the ESF proposal for nanocrystal incorporation to organic solar cells as an absorber layer which are shown in Fig 7.
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Figure 7. Two designs that were proposed for the short visit. Design 1: Nanocrystal layer is between glass and ITO (left). Design 2: Nanocrystal layer is between ITO or PEDOT:PSS and active layer (right).

As it is mentioned in the “aim of the visit” in the introduction part, in LIOS we decided to use Zn-Phthalocyanine-C60 based organic solar cell because observing the enhancement in IPCE in lower wavelength region would be easier with this type of solar cell. As it can be seen in Fig.3 that Zn-Phthalocyanine-C60 based solar cells have lower external quantum efficiencies for lower wavelength regions of the solar spectra.
Our proposed designs have their advantages and disadvantages: 

For design 1; NC layer is separated from the device, however coupling of emitted light of NCs would be weaker. 
For design 2; NC layer between active layer and ITO would possibly decrease or block the charge transport of holes from active layer through ITO electrode. However coupling of light to active region would be high and further studies such as charge transfer between NC layer and active layer might be investigated further on with this structure. In order to overcome the disadvantage of charge transport blockage we are agreed to structure/pattern NC layer under active region. Charge transport would be provided through patterned NC layers as shown in Fig 8. In the report of Gurkan Polat, second design will be mentioned more detailed.
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Figure 8. Patterned nanocrystal layer for Design 2.
I - Design 1
For design 1 whose structure is shown in Fig. 7 (left), we prepared different  samples in the form of glass/NC/ITO in our home institution in Turkey to be fabricated as solar cells in LIOS. 
We used Corning glass as the substrate. We used two different sized CdTe NCs capped with TGA (Thioglycolic acid) emitting at 554 nm and 586 nm (in solution) and having quantum efficiencies % 54 and % 41.8, respectively. We formed nanocrystal films on glass substrates using two different methods: Spin coating and drop casting. Then we sputtered 100 nm ITO layer over CdTe nanocrystals staying over glass substrate. Our plan was be to continue the fabrication of the solar cells in LIOS using the as-prepared glass/NC/ITO samples. In Fig. 9 and 10 absorption and photoluminescence of one of the glass/NC/ITO samples can be seen. Used CdTe nanocrystal is emitting at 554 nm (in solution) at 565 nm (in film) and NC film is formed via drop casting method. Quantum efficiency of this NC is % 54 (in solution).
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Figure 9. Absorption of glass-NC-ITO sample.  
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Figure 10. Photoluminescence of glass-NC-ITO sample. CdTe emitting at 565 nm (in film)
In LIOS Zn-Phthalocyanine:C60/C60 based bulk heterojunction organic solar cells were fabricated on top of glass/NC/ITO samples that we brought in accordance with the design 1 as shown in Fig.7 (left). We followed the fabrication steps mentioned in the fabrication of generic organic solar cell part apart from the fact that photoactive material is not spin coated, instead evaporated since we use Zn-Phthalocyanine instead of PCBM-P3HT. 
Firstly, our glass/NC/ITO samples’ sizes were much bigger than 1.5cm x 1.5cm so we needed to cut them. After that, we tried to etch ITO layer according to the fabrication steps as shown in Fig.4 (2). However, we couldn’t etch ITO in a desired way. Although we apply HCl:HNO3:H2O solution to non-taped part of the surface, ITO over the whole surface of the sample becomes etched. We concluded that since there is a NC layer under ITO, acidic solution can march under sticky tape to undesired parts and etch the entire surface. We had to proceed through fabrication without etching the ITO which might cause our devices to work poorly or even worse our devices might be short circuited due to being not able to etch ITO. 
Then, PEDOT:PSS was coated as described before. After PEDOT:PSS coating and heating,  50nm / 30 nm of Zn-Phthalocyanine:C60 / C60 was evaporated in UNIVEX evaporator. 
At the same time in order to make comparison and understand the enhancement, we fabricated a control group solar cell which doesn’t have CdTe NC layer, however it uses a glass/ITO substrate which was prepared in the same batch in Turkey. 
After the fabrication, I-V and IPCE measurements were performed in order to understand the effects of NC incorporation as an external absorber layer to organic solar cell. In Fig. 11, I-V measurement under AM1.5 illumination of glass / CdTe NC / ITO / Zn Phthalocyanine:C60 / C60 / Al is shown.
In Fig.12, I-V measurement under AM 1.5 of control group solar cell glass / ITO / Zn-Phthalocyanine:C60 / C60 / Al is shown.
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Figure 11. I-V measurement under AM1.5 of Zn-Phthalocyanine : C60 / C60 based organic solar cell with CdTe NC external absorber layer. Device parameters are also given in right.
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Figure 12. I-V measurement under AM1.5 of control group solar cell based on Zn-Phthalocyanine : C60 / C60 (without nanocrystal layer). Device parameters are also given in right.
As it can be seen from the Fig.11 and 12, control group: glass / ITO / PEDOT:PSS / Zn-Phthalocyanine : C60 / C60 / Al has much higher power conversion efficiency than CdTe NC layer incorporated solar cells (ηcontrol = %0.62 and ηNC = % 0.016). This first result might seem that CdTe NC layer incorporation is decreasing the power conversion efficiency of the solar cell, however we think that two things are responsible for this result:

1) We couldn’t etch ITO of the NC layer incorporated sample as told before which resulted in poorly working, partially shunted solar cells. 
2) High surface roughness of ITO’s surface caused from the underlying CdTe NC layer’s high roughness is another critical issue which resulted in very poor device performance. Fabrication methods such as drop-casting and spin coating which are not very controllable methods might cause such results. We took AFM images of glass / NC / ITO samples prepared in Turkey. As it can be seen from Fig.13 and 14 that average roughness of the surfaces of glass / CdTe NC / ITO samples are very high. For spin coated NC layer sample average roughness is 15 nm. For drop casted average roughness of the sample is 21.8 nm. 

[image: image17]     
Figure 13. AFM image of surface of glass/NC/ITO sample. CdTe NC is spin coated. Average roughness is 15 nm.

[image: image18]
 Figure 14. AFM image of surface of glass/NC/ITO sample. CdTe NC is drop casted. Average roughness is 21.8 nm. 
This high roughness is caused from the roughness of CdTe NC layer under ITO. Having high roughness may cause short circuits between top electrode and bottom electrode at some points (low shunt resistance) which results in poor device performances and decrease in power conversion efficiency. 
IPCE measurement was also performed to NC incorporated organic solar cell and control group organic solar cell. Fig. 15, 16 and 17 show the IPCE data of the following solar cells:
Fig. 15 glass/ITO/PEDOT:PSS/Zn-Phthalocyanine:C60/C60/Al, 

Fig. 16 glass/CdTe NC (emitting at 565 nm (in film))/ITO/PEDOT:PSS/ Zn Phthalocyanine:C60/C60/Al

Fig. 17 glass/CdTe NC (emitting at 609 nm (in film))/ITO/PEDOT:PSS/ Zn Phthalocyanine:C60/C60/Al
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Figure 15. IPCE data of control group organic solar cell.
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Figure 16. IPCE of CdTe NC layer incorporated organic solar cell. NC emitting @565 nm (in film), @ 554 nm (in sol’n). QE of the NC is % 54 (in solution)
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Figure 17. IPCE of NC layer incorporated organic solar cell. NC emitting @ 609 nm (in film), @ 586 nm (in sol’n). QE of the NC is % 41 (in solution).
IPCE measurement data of the control group organic solar cell is higher than NC layer incorporated organic solar cells, however we think that this is again due to the poor device performance arising from very high surface roughness of ITO. Average surface roughness of ITO of the control group solar cell was also measured in Turkey and it is smaller than 1 nm.
If we could perform the experiments under same conditions such as same surface roughness, then we would be able to compare the IPCE measurements of NC incorporated solar cell and control group solar cell under same conditions. 
Since, for design 1 NC layer is below ITO and it is separated from the solar cell, we                 can just normalize IPCE data of these cells in order to see the enhancement causing from CdTe NC incorporation. Fig.18 shows the comparison of IPCE of three solar cells.
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Figure 18. Normalized relative IPCE spectral response of three solar cells. IPCE of NC incorporated solar cells scaled to control group solar cell. Peak of them are normalized to 1.
In Fig.18, we see that if we could fabricate solar cells with NC external absorber layer without causing any problems, we would see enhancements in wavelengths up to 610 nm. 
The difference in the results of two CdTe nanocrystals (at 609 nm and at 565 nm emitting) is not much. However, it would be expected that at 609 nm emitting NC to lead better enhancements in IPCE specta since Zn-Phthalocyanine:C60 / C60 based solar cells have IPCE maximum wavelength at around 610 – 620 nm as shown in Fig. 3 and 15. On the other hand in normalized relative spectral response data shown in Fig. 18 at 565 nm emitting nanocrystal seem to be better enhancing. This result might be directly related to the higher quantum efficiency of at 565 nm emitting CdTe nanocrystals than 609 nm emitting ones (in solution QE % 54 and % 42, respectively). 
We also observe a decrease in normalized relative spectral response plot for NC incorporated devices after 650 nm. This may be due the increased surface reflectance of NC incorporated samples. During absorption data measurement we had absorbed that there was not negligible absorption very long wavelengths (even around NIR) which is not due to CdTe nanocrystals’ absorbance but due to increased reflectance of the surface.
Ongoing work 

We are aware that the results obtained during the visit were just primitive, however we are still working on such as in short we will use LBL (layer by layer) assembly of CdTe nanocrystals to form external absorber layer in order to have less roughness which will improve the device performances of NC incorporated organic solar cells of design 1. We are also working to characterize the ITO layer which is sputtered over nanocrystals layer. After the visit we took AFM images in Turkey and made sheet resistance measurements. We will also take XRD data of ITO surface as soon as X-ray spectroscopy system starts to function in our home institution.
3 – Future Collaboration:

We are planning to continue our collaboration on the work of inorganic nanocrystal incorporated organic solar cells. This visit was a good way to initiate our collaboration. We are planning to improve our designs with the experience gained during the visit.   
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