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Purpose of the Visit:
Work carried out during the visit contains potential of photovoltaic applications for two novel benzotriazole bearing conjugated polymers. They were used as p type materials in a bulk where 1-(3-methoxycarbonyl) propyl-1-phenyl-[6,6]-methanofullerene (PCBM) is acceptor. Their HOMO, LUMO and band gap energies were determined. Their current–voltage (I–V) characteristics, PL quenchings and IPCEs were investigated. 
Introduction
Conducting plastics can be considered as polymeric systems which allow the charge transportation through alternated single and double bonds by doping. Since the discovery1 of conducting polymers they became a fundamental research subject both in academia and industry. They have been used as active materials in numerous industrial applications namely electrochromics2, field effect transistors3, sensors4, LEDs5, and photovoltaic devices6. In the context of the fast growing demand for inexpensive and renewable energy sources, organic-conducting polymers are fulfilling the requirements for innovative, efficient and low-cost photovoltaic devices. The process of conversion of light into electricity by an organic solar cell requires absorption of a photon leading to the formation of an excited state, and an electron-hole pair namely exciton. Dissociation of exciton, diffused to an appropriate region, leads to charge separation and charge transport within the organic semiconductor to the electrodes. The created charges are to be transported by charge carriers to reach the electrodes within their life time in order to obtain an efficient photovoltaic device7. This force is the chemical potential gradient that is built up in a donor-acceptor junction. Bulk heterojunction solar cells define the state of the art in organic photovoltaics with reported efficiencies as high as ∼6%8. Usually this type of photovoltaics are based on polymer-fullerene composites in which polymer is p type, hole conducting material that works as electron donor, whereas fullerene (C60) or its derivatives show an n-type, electron conducting behaviour and serve as electron-acceptor material. The electron donor components in organic solar cells are mainly poly (3-alkylthiophene) derivatives9 due to their strong absorption in the visible region and solubility at the polymeric state as well as their p type dopable nature. Recently, donor acceptor type polymers having electron rich and electron deficient groups on the same chain are getting great attention for organic solar cells. As the synthetic organic chemistry allows the modification of polymer structure, novel and more efficient polymers can be synthesized, since this type of molecules are great candidates due to their broad absorption bands and both p and n type doping properties.    
This report highlights the work done in the host institute during visit which are characteristics of solar cells constructed using two different benzotriazole bearing donor acceptor type polymers, PBEBT and PTBT. These polymers were previously synthesized and their electrochromic properties were investigated in our group10. 
Experimental:

Polymers were previously synthesized in our laboratory. They were prepared by initially synthesizing the corresponding monomer. First of all, benzotriazole was alkylated in order to obtain solubility in polymer. Then this alkylated compound was brominated and coupled with the electroactive group which are EDOT (ethylene dioxythiophene) and thiophene. Monomer was oxidaitvely polymerized with FeCl3. Obtained polymer was purified and characterized by the means of structure. Detailed synthetic route was given in Scheme 1. 
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Scheme 1.  Synthetic route and chemical structures of the monomers (BEBT and TBT) and their polymers (PBEBT and PTBT).

Photovoltaic devices were constructed on 1.5 cm x 1.5 cm large glass sheets covered with ITO (indium tin oxide). To prevent the shortcut between electrodes part of the ITO was removed by chemical wet etching. This was done by exposing the surface to a strong acid (HCl conc : HNO3 conc: H2O = 4.6 : 0.4 : 5) for 20 minutes. Then cleaning process took place where etched substrates underwent in water, acetone, isopropanol 20 min for each in ultrasonic bath. 
All current–voltage (I–V) characteristics of the PV devices were measured using a Keithley SMU 236 under nitrogen in a dry glove box. A Steuernagel solar simulator for AM1.5 conditions was used as the excitation source with an input power of 100mW/cm2 white-light illumination, which was calibrated using a standard crystalline silicon diode. The solar cells were illuminated through the ITO side. 
UV–vis absorption spectra of the solid thin films were obtained using Varian Carry spectrophotometer. Thin films for UV–vis measurements were spin cast on glass from chlorobenzene (CB) solutions containing blends in different ratios.
The incident photon to current efficiency (% IPCE) was calculated by illuminating samples with monochromatic light of a Xenon lamp. Photocurrent was measured with an EG&G Instruments 7260 lock-in amplifier. A calibrated silicon diode was used to measure the incident light power (Pin W/m2).

IPCE = Isc x 1240 / Pin x λin
Isc (mA/cm2) is the measured short circuit current and λ (nm) is the incident photon wavelength.
Atomic force microscopy (AFM) studies were performed using Digital Instruments DIMENSION 3100 in the tapping mode.

Results and Discussion:
Donor acceptor type polymers PBEBT and PTBT were investigated in terms of their potentials in solar cells. They were used as p type material (electron donor) with PCBM as n type material (electron acceptor). The two most decisive parameters for efficiencies of polymer solar cells are the open-circuit voltage (Voc) and the short-circuit current (Jsc).  Jsc is determined by the light absorption ability of the material, the charge-separation efficiency and carrier mobilities. However, Voc is defined as the difference between the highest occupied molecular orbital (HOMO) of the donor and the lowest unoccupied molecular orbital (LUMO) of the acceptor. Thus, first of all both polymers were subjected to cyclic voltammetry (CV) to calculate band gaps and HOMO, LUMO energies.  
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Figure 1. CV for p doping of the polymers: PBEBT and PTBT.
According to the band theory onset of the oxidation obtained from Cyclic Voltammetry (CV) reveals the information about HOMO. Also LUMO energy of the polymers can be obtained from the onset of reduction potential. Because polymers described in this report are both p and n type dopable polymers, LUMO levels were also measured by CV. All CV data were obtained using 0.1M tetrabutylammonium hexafluoro phosphate solution in ACN (acetonitrile). Polymers were drop casted onto Pt foil. Three electrodes cell consisting Pt as counter and working electrodes and Ag/Ag+ as reference electrode was used. Electrodes were calibrated with respect to Fc/Fc+. 
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Figure 2. CV for n doping of the polymers: PTBT and PBEBT.

According to the CV, PBEBT has -300 mV oxidation onset and -1416 mV reduction onset. Also, PTBT has 810 mV oxidation and -1755mV reduction onsets. Assuming a value of -4.75 eV vs. vacuum level for the NHE, the band edges for the HOMO and the LUMO can be estimated. HOMO, LUMO values, electronic band gaps and optical band gaps of the polymers were summarized in Table 1. 

Polymers’ band gaps were also investigated from the onset of maximum absorption in UV-Vis. Both PBEBT and PTBT are electrochromic; their UV-vis-NIR absorbance spectra and colors in different states are shown in Figure 3.

	Polymer
	HOMO
	LUMO
	Eg CV
	Eg UV

	PBEBT 
	-4.45 eV
	-3.33 eV
	1.12 eV
	1.60 eV

	PTBT
	-5.55 eV
	-3.00 eV
	2.55 eV
	2.00 eV


Table 1. HOMO, LUMO, electronical (EgCV) and optical (EgUV) band gaps of the polymers.
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Figure 3. Absorbance spectra and colors of polymers in their different oxidation states. 1) PBEBT and 2) PTBT.
PBEBT and PTBT were used as electron donor materials in bulk heterojunction solar cells. Photovoltaic devices were prepared by spin coating the blend from a chlorobenzene solution after PEDOT:PSS (poly ethylene dioxythiophene : poly styrenesulfonate) (50 nm) onto ITO coated glass substrates. As the metal contact (Al) was deposited under vacuum. It has been shown in the literature that solar cell efficiency can be enhanced by varying the polymer to PCBM ratio11. Thus, composition of the blend was varied weight to weight 1:1, 1:2, 1:3, 1:4 mixtures of polymer and PCBM.  These blends containing active layer components were spin cast from chlorobenzene (CB) onto glass+ITO and freshly prepared glass+ITO+PEDOT:PSS substrates.  Thickness of the active layers was measured by AFM from the substrates without PEDOT:PSS.
	
	Thickness
	
	Thickness

	Pristine PBEBT
	30 nm
	Pristine PTBT
	70 nm

	PBEBT:PCBM(1:1)
	50 nm
	PTBT:PCBM(1:1)
	40 nm

	PBEBT:PCBM(1:2)
	60 nm
	PTBT:PCBM(1:2)
	60 nm

	PBEBT:PCBM(1:3)
	80 nm
	PTBT:PCBM(1:3)
	70 nm

	PBEBT:PCBM(1:4)
	100 nm
	PTBT:PCBM(1:4)
	90 nm


 Table 2.  Film thicknesses of the polymers and polymer: PCBM blends.
Electron transport between donor and acceptor components was proved with PL spectra of blends. PL quenching for blends showed true electron transport. 
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Figure 4. PL quenching in polymer:PCBM blends.
Several solar cells were prepared using PBEBT or PTBT and PCBM blends. The performances of conjugated polymers were evaluated as possible donor acceptor material for incorporation in organic bulk heterojunction solar cells. I–V characteristic curves in dark and under illumination of PBEBT: PCBM and PTBT: PCBM blends under simulated AM 1.5 are shown in Figure 5 and Figure 6 respectively. 
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Figure 5. Current–voltage (I–V) characteristics of solar cells. PBEBT/PCBM (w/w) blends: (a) 1:1, (b) 1:2, (c) 1:3 and (d) 1:4.
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Figure 6. Current–voltage (I–V) characteristics of solar cells. PTBT/PCBM (w/w) blends: 

(a) 1:1, (b) 1:2, (c) 1:3 and (d) 1:4.
IPCE is used to obtain information on the charge-generation mechanism and number of photons with different energy that contributes to charge generation in the solar cell. It is done by comparing the spectral response of the solar cell and the optical absorption spectra of the components. Figure 7. shows the IPCE obtained for 1:1, 1:2, 1:3 and 1:4 ratios.
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Figure 7. IPCE spectra of the solar cells PBEBT:PCBM blends (left), PTBT:PCBM blends (right).
The % IPCE plot exhibits a maximum photocurrent contribution for PBEBT and PTBT of a 7% and 43% at around 450 nm were obtained respectively. It is noted that the spectrum lies over a wide range of wavelengths, 400-600 nm. It can be clearly seen that optical absorption and IPCE spectra both match.
These results will be published as a full paper soon.
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