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Impedance studies have been summarized on bulk heterojunction solar cell in Universitat Jaume I. At the first weeks of the visit, using procedure of impedance analysers and other machines were learned. 
Ambition of the work was to investigate ITO/PEDOT:PSS/P3HT:PCBM/Al bulk heterojunction solar cell’ s a) T and light intensity dependent Voc characteristic by impedance spectroscopy and b) Mott-Schottky characteristics of different active layer thicknesses of bulk heterojunction solar cell with capacitance and impedance spectroscopy.

For Bulk Heterojunction Solar Cell;

Temperature and light illumination dependent open circuit voltage (Voc) characteristics were investigated in ITO/PEDOT:PSS/P3HT:PCBM/Al device with impedance spectroscopy.
Impedance measurements were performed with Autolab PGSTAT-30 equipped with a frequency analyser modul between 4 MHz - 1 Hz frequency range with 20 mV AC signal to maintain the linearity of the response. Measurements were performed at different temperatures (283.15 oK, 288.15 oK, 293.15 oK, 298.15 oK, 303.15 oK, 308.15 oK, 313.15 oK,                 318.15 oK) and different light intensities (20.4 mW/cm2, 41.5 mW/cm2, 66 mW/cm2, 122 mW/cm2, 217 mW/cm2).
Parameters such as recombination resistance, electron transport resistance, chemical capacitance was determined with the using equivalent circuit model that extract from impedance measurement spectra of bulk heterojunction solar cell.

Voc is decreasing with increasing temperature (Fig.1). Until 0.4 V Voc and 150 mW/cm2 illumination intensity, capacitance is decreasing with increasing temperature. Recombination resistance is decreasing with increasing light intensity and temperature (Fig.2 and 3). 
In the Arrhenius plot, from the slope of recombination resistance, activation energy was calculated and found that under illumination, activation energy is increasing (Fig.5a and 5b). This behavior can not be seen for low light intensity and dark. At high illumination and dark, capacitance increase with temperature (Fig.4).
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      Fig.1. Voc – T characteristic of bulk heterojunction solar cell.
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Fig.2. a) log Recombination resistance-Voc and b) log Capacitance - Voc characteristics of bulk heterojunction solar cell at different light intensities.
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Fig.3. a) log Recombination resistance - Light intensity and b) log Capacitance - Light intensity characteristics of bulk heterojunction solar cell.
a)
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Fig.4. a) log Recombination resistance – Temperature, b) log Capacitance – Temperature and c) RC - Temperature characteristics of bulk heterojunction solar cell.
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Fig.5. Activation energy- Light Intensity characteristic of bulk heterojunction solar cell.
In the other work, Mott-Schottky characteristic of the bulk heterojunction solar cell was investigated in reverse bias in dark condition with different active layer thicknesses. 

ITO/PEDOT:PSS/P3HT:PCBM/Al device composition was used with 4 different active layer thicknesses. Active layer thicknesses were 110 nm, 165 nm, 230 nm and 320 nm. Active areas of the cells were; 0.09 cm2, 0.25 cm2, 0.09 cm2 and 0.09 cm2.

Photovoltaic parameters such as Jsc, Voc, FF and efficiency of the devices were obtained under 1 sun illumination. 

Capacitance measurements of bulk heterojunction solar cells were performed at 1 KHz frequency between -1 V; 1 V potential with a small (20 mV) AC signal by Autolab PGSTAT-30 equipped with a frequency analyser modul in dark condition at room temperature.

Impedance measurements were performed under different illumination intensities with the using halogen lamp. Frequency range was 4 MHz – 1 Hz with 20 mV AC signal.
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Fig.6.   Band (in equilibrium) and cell structures of the ITO/PEDOT:PSS/P3HT:PCBM/Al device.

Photovoltaic parameters (current density, open circuit voltage, fill factor and efficiency) are shown in figure 7.
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Fig. 7  Thickness of active layer versus a) Jsc, Voc and b) FF, efficiency of BHJ SC.
Optical absorption is better in 165 nm thickness device which yields the highest Jsc and efficiency. 165 nm has a peak on these parameters, after 165 nm, with increasing thickness, efficiency and Jsc are decreasing.

Band bending with depletion region formed at the cathode contact. Bulk heterojunction cell characteristics follow Schottky diode behavior and depletion region capacitance follows Mott-Schottky characteristics. In the C-V plot of the cells, capacitance does not change with applied voltage between -1 V and built-in potential (Vbi). Vbi is decreasing with thickness, has the values of 0.65 V for 110 nm and 165 nm; 0.75 V for 230 nm and 320 nm devices. 

Cells are in full depletion at reverse bias. Capacitance has the geometrical value which is inversely proportional to the thicknesses.

Thinner layer devices (110 nm and 165 nm) have more depletion zone than thicker layer devices (230 nm and 320 nm). There is a shift at the peak of capacitances with the variation of thickness. Maximum peak value belongs to the thinnest device. Also, as bias increases, peaks are slightly shift due to the different thicknesses (Fig. 10 and Fig.11). 

Thinner active layer devices has lower recombination resistance, recombination time and higher capacitance (Fig.8 and Fig.9). 
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Fig. 8. a) log Rrec-Voc and b) log C- Voc characteristic of the bulk heterojunction solar cell with different active layer thicknesses.
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Fig. 9. Recombination time (effective lifetime) (calculated from RC time constant) versus a) Voc and b) active layer thickness.
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Fig.10.  log C- Vappl characteristic of the bulk heterojunction solar cell with different active layer thicknesses measurement between -1 V, 1 V potential at 1 KHz frequency with 20 mV ac amplitude.
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Fig.11. log 1/C2 - Vappl characteristic of the bulk heterojunction solar cell with different active layer thicknesses measurement between -1 V, 1 V potential at 1 KHz frequency.
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Fig.12. IPCE- Wavelength characteristic of the bulk heterojunction solar cell with different active layer thicknesses. 

Incident photon to current efficiency measurements were investigated. Photocurrent was measured using a Keithley 2400 source-meter. Intensity is inversely proportional to the active layer thickness. From 350 nm to 630 nm, IPCE profiles of different thickness devices are different. This is because of the charge generation distance difference from contacts.  

Reverse bias and dark condition charging characteristics (capacitance) of layer thickness dependent BHJ SC are investigated and experimental results show that charging characteristic of bulk heterojunction solar cell was found to be strongly active layer thickness dependent, with the variation of the geometrical capacitance. 

Autor thanks to European Science Fondation.

Measurements and characterizations were carried out during the visit in UJI laboratories and thanks for valuable discussions with Prof. Dr. Juan BISQUERT, Prof. Dr. Germa GARCIA-BELMONTE, and Pablo PEREZ-BOIX.

Gorkem MEMISOGLU
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