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SHORT ABSTRACT:
In this study, in addition to the synthesis of a novel polymer, we fully characterize a ternary bulk-heterojunction solar cell, with a power conversion efficiency exceeding 4.6%, with the complementary use of optical and electrical techniques.

LONG ABSTRACT:
We report on a novel ternary bulk-heterojunction solar cell by implementing a novel conjugated polymer (ADV-2) containing alternating pyridyl[2,1,3]thiadiazole (PT) between two different donor fragments, dithienosilole (DTS) and indacenodithienothiophene (IDTT), into a host system of indacenodithieno[3,2-b]thiophene,2,3-bis(3-(octyloxy)phenyl)quinoxaline (PIDTTQ) and [6,6]-phenyl C71 butyric acid methyl ester (PC71BM). A clear absorption contribution in the near infrared (NIR) region leads to a power conversion efficiency (PCE) exceeding 4.6% in ternary device processed by doctor blading in air, fully avoiding any thermal treatment. Current-voltage (J-V) characteristics, external quantum efficiency (EQE) spectrum, charge extraction (CE) as well as photo-induced absorption (PIA) spectroscopy reveal the higher charge carrier generation in the ternary devices compared to the reference binary cells. Despite an enhancement of about 20% in the short circuit current density (Jsc), the lower fill factor (FF) achieved in PIDTTQ:ADV-2:PC71BM ternary system limits the solar cell performance. With the complementary use of photoinduced charge carrier extraction by linearly increasing voltage (photo-CELIV) and transient photovoltage (TPV) measurements, we found that the ternary cells suffer from a lower mobility-lifetime (&#181;τ) product, adversely impacting the FF. However, the significant improvement of light harvesting in the NIR region, compensating the transport losses, results in an overall power conversion efficiency enhancement of ~7% for ternary blends as compared to the PIDTTQ: PC71BM devices.

INTRODUCTION:
During the last decades, the power conversion efficiency (PCE) of organic bulk-hetorojunction (BHJ) solar cells based on donor/acceptor blends surpassed the 10% threshold, mainly due to the discovery of novel materials as well as device structure engineering.1–6 Nowadays, one of the main challenges in order to further boost the PCE of organic solar cells is to achieve better absorption match to the solar irradiance spectrum, by extending the narrow absorption window of organic polymers. In this regards, two main concepts have been developed: tandem and ternary organic solar cells.7–17 The former are based on a complex multi-layer stack with the main challenge of designing a robust solution-processed intermediate layer.18 The latter, made of two donors and one acceptor, mixed together in a unique solution, overcomes the complexities of the tandem device architecture, maintaining the easy processability of a single junction organic BHJ solar cell.19–25 To date, polymers,20 small molecules,21 dyes,26 quantum dots27 and fullerene derivates,23 have been adopted as “guest” in the polymer-fullerene “host” system.

In addition to the need for donor materials with the complementary absorption, one of the key points to surpass the performance of binary cells in ternary devices is to find donor materials with compatible physical and chemical natures.20 This can prevent the formation of recombination centers, or morphological traps, that deteriorate the photovoltaic properties.28,29

Here, we report a ternary organic solar cell system processed in air that shows a pronounced sensitization effect, resulting in a power conversion efficiency of more than 4.6%. As a sensitizer, we incorporate the near infrared (NIR) polymer ADV-2 that contains alternating pyridyl[2,1,3]thiadiazole (PT) between two different donor fragments, dithienosilole (DTS) and indacenodithienothiophene (IDTT), into a host system of indacenodithieno[3,2-b]thiophene,2,3-bis(3-(octyloxy)phenyl)quinoxaline (PIDTTQ)30 blended with [6,6]-phenyl C71 butyric acid methyl ester (PC71BM). In fact, in order to have components with a similar chemical nature in the ternary blend system, we used two polymers with the same backbone unit of indacenodithienothiophene for the host and the guest donors. We studied the aforementioned ternary system by employing various optoelectronic techniques such as current-voltage (J-V) characteristics, external quantum efficiency (EQE), photoinduced charge carrier extraction by linearly increasing voltage (photo-CELIV), charge extraction (CE), transient photovoltage (TPV) measurements and photo-induced absorption (PIA) spectroscopy.

PROTOCOL:

1.	Planning of experiment
1.1	Identify two donor copolymers with complementary absorption in the visible-NIR range and with suitable energy levels in comparison with the fullerene derivative acceptor (PC71BM).

2.	Synthesis of M1
2.1 Add a 10 mL freshly distilled toluene solution containing 5,5’-bis(trimethylstannyl)-3,3’-di-2-ethylhexylsilylene-2,2’-bithiophene (0.372 g, 0.5 mmol, the quantity as well as the representative mmol corresponds to 5,5’-bis(trimethylstannyl)-3,3’-di-2-ethylhexylsilylene-2,2’-bithiophene), 4,7-dibromo-[1,2,5]thiadiazolo[3,4-c]pyridine (0.295 g, 1 mmol) and Pd(PPh3)4 (57.8 mg, 0.05 mmol) into a microwave tube under the protection of nitrogen. 

2.2 Perform the Stille coupling with the following procedure: 120 oC for 10 min, 140 oC for 10 min, 160 oC for 10 min and 170 oC for 40 min (microwave step-wise).

2.3 Cool down the reaction to room temperature, and extract with chloroform (100 mL &#215; 3) in a separatory funnel. Wash with deionized water (100 mL &#215; 3) and dry with anhydrous magnesium sulfate. 

2.4. Using a rotary evaporator, remove the solvent under reduced pressure. Separate the mixture by adding the solute directly to a silica column (25 mm inner diameter x 300 mm length) with hexane/chloroform (from 100/0 to 0/100 in v/v) to give 0.49 g of dark-purple solid (92% yield).

3.	Synthesis of ADV-2:
3.1 Dissolve dibromo monomer M1 (180 mg, 1 equiv) and distannyl monomer M2 (286 mg, 1 equiv) in 1 mL toluene in a microwave vial. Fix the volume of the solvent and the quantity of the monomers to 0.025 M in concentration for each polymerization procedure.

3.2 Add Pd2dba3.CHCl3 (4.4 mg, 0.02 equiv) and tri(o-tolyl)phosphine (P(o-tol)3) (2.6 mg, 0.04 equiv) in the reaction mixture and stir at 120 &#176;C under argon atmosphere for 48 h. 

3.3 Purify the polymer by precipitation in methanol in a beaker, and then filter through a thimble and Soxhlet extract with methanol, acetone, ethyl acetate, chloroform and dichlorobenzene (DCB) in sequential order. Use 20% in excess of the volume of the polymeric solution. 

3.4 Collect the DCB fraction with a rotary evaporator and remove the solvents under reduced pressure. 

3.5 Isolate the polymer by precipitation into methanol in a beaker. Use 20% excess in volume. Filter and finally dry under high vacuum to give ADV-2 as a blue solid in 79% yield (142.2 mg).

4. Preparation of material solution
4.1	Prepare 10 mg/mL solution of indacenodithieno[3,2-b]thiophene,2,3-bis(3-(octyloxy)phenyl)quinoxaline in 1,2 dichlorobenzene (DCB). 

4.2	Prepare 10 mg/mL solution of ADV-2 in DCB.

4.3	Prepare 40 mg/mL solution of [6,6]-phenyl C70 butyric acid methyl ester (PC71BM) in DCB.

4.4	Stir all the solutions overnight on hot plate at 80 &#176;C.

5. Preparation of bulk-heterojunction(BHJ) solar cells
5.1	Mix the solutions with different composition ratios (Table 1), keeping the total solution concentration at 20 mg/mL; add 3% v/v 1-Chloronaphtalene (CN). Stir the ternary as well as binary solutions 1 hour at 80 &#176;C.

5.2	Clean the pre-structured indium tin oxide (ITO) substrates in acetone and isopropyl alcohol in an ultrasonic bath for 10 minutes each.

5.3	After drying, coat the substrates with 40 nm of zinc oxide (ZnO) with a doctor-blade.30

5.3.1	Coat the aforementioned (Table 1) active layer materials with a doctor-blade. Set the temperature of doctor blade at 80 &#176;C, the gap between the blade and the substrate at 400 &#181;m, use 60 &#181;L of solution and adjust the coating speed (10 mm/s) in order to have approximately 100 nm active layer thickness.

5.4 To complete the fabrication of the devices, transfer the substrate in glove-box filled with nitrogen.

5.5	In an ultra-vacuum chamber, thermally evaporate 10 nm of MoOx and 100 nm of Ag through a mask with a 10.4 mm2 active area opening and under a vacuum of 2&#215;10-6 mbar.

6. Electrical and optical characterization of solar cells
6.1	J-V characteristics:

6.1.1	Measure the J-V characteristics of the BHJ devices between -2 V to 2 V under darkness using a source measurements unit according to manufacturer’s protocol. Scan the voltages between -2 V and 2 V with steps of 20 mV to record the corresponding current (I). Calculate the current density (J) by the equation J=I/A, where A is the area of the solar cells (here, 10.4 mm2). 

6.1.2	Provide illumination with a solar simulator with AM1.5G spectrum at 100 mW cm-2. Measure the J-V characteristics of the BHJ devices between -2 V to 2 V under light conditions in ambient air using a source measurements unit according to manufacturer’s protocol. 

6.1.2.1.	Scan the voltages between -2 V and 2 V with steps of 20 mV to record the corresponding current (I). Calculate the current density (J) by the equation J=I/A, where A is the area of the solar cells (here, 10.4 mm2).

6.2	Absorption spectra and External Quantum Efficiency (EQE) measurements:
6.2.1	Measure the absorption spectra of the solar cells on film with a UV-VIS spectrometer according to manufacturer’s protocol. 

6.2.2	Calibrate the EQE setup with a silicon diode reference cells between 350 and 900 nm.

6.2.3	Measure solar cells EQEs using an integrated system between 350 and 900 nm. 30

6.3	Photoinduced charge carrier extraction by linearly increasing voltage (photo-CELIV): 30
6.3.1	Illuminate the devices with a 405 nm laser diode.

6.3.2	Connect the solar cells with the oscilloscope with BNC cable. Record the current transient across an internal 50 W resistor of an oscilloscope30. 

6.3.3	After a variable delay time (delay time reflects the time passing from the laser pulse to the start of the voltage ramp, can vary between 1us to 1-10 ms), apply a linear extraction ramp via a function generator. Set the ramp, which is 60 &#181;s long and 2 V in amplitude, to start with an offset matching the Voc of the cell for each delay time.

6.4	Transient Photo-Voltage (TPV): 31
6.4.1	Use two lasers at 405 nm, one as background illumination and the other one for creating voltage perturbation.

6.4.2	Connect the solar cell to an oscilloscope with BNC cable and adjust the intensity of the background illumination to reach the open circuit condition.

6.4.3	Adjust the laser intensity pulse to keep the voltage perturbation below 10 mV, typically at 5 mV. After the pulse, the voltage decays back to its steady state value in a single exponential decay.

6.4.4	Change intensity of background illumination in a range of 0.1 to 4 suns.

6.4.5	Record the transient with the oscilloscope.

6.5	Charge extraction (CE): 31
6.5.1	Use a 405 nm laser diode for background illumination.

6.5.2	Connect the solar cell to an oscilloscope with BNC cable and adjust the intensity of the background illumination to reach the open circuit condition.

6.5.3	Turn off the laser and trigger the bilateral switch in order to switch the solar cell from open-circuit to short-circuit (50 &#937;) conditions within less than 50 ns.

6.5.4	Record the transient with the oscilloscope.

6.6	Photo-induced spectroscopy (PIA):
6.6.1	Place the solar cell in a cryostat in order to reach a temperature of 10 K and a pressure of 5&#215;10-7 mbar.

6.6.2	Check the optical alignments for a 532 nm Nd:YAG laser (as pump) and a UV-VIS lamp light (as probe), focused on the same position on the sample.

6.6.3	Turn off the laser and measure the sample transmittance by a standard lock-in technique under the UV-VIS lamp light which is modulated by a mechanical chopper.

Note: In this method the excitation (laser PUMP) is done by using a green laser (=532 nm), which is modulated by a mechanical chopper. The sample is additionally illuminated by a monochromated light beam (“probe”) of a white light source. First the sample’s transmittance and the sample’s photoluminescence is measured. The measured signal is analyzed with a lock-in amplifier using the chopper frequency as the reference signal, allowing a very precise quantification of the change in absorption induced by the pump-light. Using various detectors (Si, Ge) a broad wavelength region ranging from 400 nm up to 1800 nm can be analyzed. Varying the material composition, material dependent effects can be characterized.

6.6.4	Turn off the lamp and turn on the laser beam, modulated by a mechanical chopper.

6.6.5	Measure the photoluminescence of the solar cells through the standard lock-in technique.

6.6.6	Turn on the lamp and then measure the PIA spectrum by a standard lock-in technique under modulated laser pulse.

REPRESENTATIVE RESULTS: 
Figure 1 shows 1H and 13C NMR spectra of M1 (a-b, respectively) and ADV-2 (c-d, respectively) with their respectively list of peaks. Figure 2 shows the synthetic route for the low band gap donor-acceptor copolymer ADV-2.  Figure 3 shows the absorption spectrum of ADV-2 in DCB solution and as solid. The copolymer for both cases shows a single band in the high energy region which is assigned to a localized π−π* transition and another absorption band in the low energy region (up to 1000 nm) which is assigned to an intramolecular charge transfer transition. The maximum of the near infrared absorption band of ADV-2 in the solid state is bathochromic shifted (738 nm) in comparison to the corresponding UV-Vis solution (695 nm). The optical band gap energy estimated from the absorption edge of film spectrum was estimated to be 1.87. Based on the onsets of the oxidation and reduction peaks in cyclic voltammetry measurements, the electrochemical HOMO and LUMO energies were estimated to be −5.34 and −3.71 eV, respectively, corresponding to an electrochemical band gap energy of 1.63 eV. 

Figure 4a shows the device architecture used in this work, based on ITO/ZnO/active layer/MoOx/Ag. PIDTTQ has been previously presented in the literature.30 All the solution processed layers are doctor-bladed in air. Figure 4b and 4c depict the energy levels of the polymers and the fullerene derivate, measured by cyclic-voltammetry (CV) and the chemical structure of the materials used, respectively. 

Figure 5a shows the current-voltage characteristics of the binary PIDTTQ:PC71BM (1:2 wt/wt) as well as ternary PIDTTQ:ADV-2:PC71BM (different composition) under 1 sun illumination (100 mW cm-2). In agreement with previous reports binary cells delivered a PCE of 4.35% with an open circuit voltage (Voc) of 0.84V, a short circuit current (Jsc) of 8.62 mA cm-2 and a fill factor (FF) of 60%. Adding 15 wt% of the NIR sensitizer, the ternary device delivered the highest performance with a Jsc of 10.60 mA cm-2, Voc of 0.84 V and FF of 52%, resulting the overall power conversion efficiencies of 4.6%. As shown in Table 1, the Jsc increased monotonically by increasing the of ADV-2 content up to 15 wt%, due to the better photon harvesting of the ternary system in the NIR region. For PIDTTQ:ADV-2:PC71BM (0.85:0.15:2) ternary blend a Jsc improvement of ~20% was achieved as compared to PIDTTQ:PC71BM binary system. Notably, the Voc obtained in the ternary cells are identical to the binary PIDTTQ:PC71BM, reflecting a cascade alignment between the HOMO and LUMO energy levels of the three components (Figure 4b).25 However, we observed a continuously decrease in FF by introducing higher amount of ADV-2, which can be attributed to the undesired morphology of the ternary blends. We further measured external quantum efficiency (EQE) spectra of OPV devices made from PIDTTQ:ADV-2:PC71BM, PIDTTQ:PC71BM and ADV-2:PC71BM (Figure 5b). Increasing the ADV-2 content, the EQE showed improved photoresponse at 700-800 nm region, which is the origin of the enhanced Jsc. We note that the integrated EQE for these devices matches the measured short circuit current within a margin of 5%. 

In order to understand the lower FF obtained in the ternary BHJ solar cells we first studied the charge transport properties by employing the technique of photoinduced charge carrier extraction by linearly increasing voltage (photo-CELIV).32–34 From the measured photocurrent transients, the charge carrier mobility (&#956;) was calculated using the following equation:
, 							(1)
where d is the active layer thickness, A is the voltage rise speed A=dU/dt, U is the applied voltage, tmax is the time corresponding to the maximum of the extraction peak, and j(0) is the displacement current.32 Figure 6a shows the transient recorded by applying a 2V/60 &#956;s linearly increasing reverse bias and a delay time (td) of 10 &#956;s. From analysis of the photo-CELIV traces the charge carrier mobility values of 1.13&#215;10-4 cm2V-1s-1, 8.54&#215;10-5 cm2V-1s-1, 7.53&#215;10-5 cm2V-1s-1 and 7.42&#215;10-5 cm2V-1s-1 were calculated for PIDTTQ:PC71BM (1:2), PIDTTQ:ADV-2:PC71BM (0.90:0.10:2), PIDTTQ:ADV-2:PC71BM (0.85:0.15:2), PIDTTQ:ADV-2:PC71BM (0.80:0.20:2) devices, respectively. The lower charge carrier mobilities measured with Photo-CELIV technique are in agreement with the lower FFs obtained for the ternary cells. We then analyzed the lifetime of charge carriers by employing transient photovoltage technique (TPV).35,36 The samples were connected to the terminal of an oscilloscope with the input impedance of 1 MΩ and illuminated with a continuous background laser to keep the samples at Voc condition. A small voltage perturbation was applied using a blue laser (l=405 nm). The pulse intensity was adjusted to keep the height of the photovoltage transient smaller than 10 mV resulting in a voltage transient with amplitude. The measured transient decays show the form of single exponentials, as expected for the pseudo-first order kinetic.35
 									(2)
V is the photovoltage, t is the time, &#916;n is change in the density of photogenerated carriers due to the perturbation pulse, keff is the pseudo-first order rate constant and τ&#916;n is the carrier lifetime. Figure 6b depicts normalized photovoltage decays as a function of time for the binary and ternary devices. As reported in Table 2, quite similar charge carriers lifetime of 6.72 &#181;s, 7.35 &#181;s and 7.23 &#181;s were achieved for PIDTTQ:PC71BM (1:2), PIDTTQ:ADV-2:PC71BM (0.90:0.10:2), PIDTTQ:ADV-2:PC71BM (0.85:0.15:2), respectively, suggesting that these ternary blends are not limited by the short lifetime of charge carriers.37 Otherwise, a reduce t of 4.72 &#956;s is observed for the PIDTTQ:ADV-2:PC71BM (0.80:0.20:2) based ternary system. Combining the results of Photo-CELIV and TPV measurements we were able to calculate the mobility-lifetime product (&#956;t). As presented in Table 2, &#956;t decrease from 7.59&#215;10-10 for PIDTTQ:PC71BM (1:2) to 6.72&#215;10-10, 5.44&#215;10-10 and 3.50&#215;10-10 cm2 V-1 for, PIDTTQ:ADV-2:PC71BM (0.90:0.10:2), PIDTTQ:ADV-2:PC71BM (0.85:0.15:2) and PIDTTQ:ADV-2:PC71BM (0.80:0.20:2), respectively, owing to the poorer transport properties of the ternary systems compared to the binary reference device. 

To have a better insight into the charge photogeneration in the ternary blends, we employed the charge extraction (CE) and photoinduced absorption (PIA) spectroscopy. In CE measurements the samples were illuminated under a continuous background laser to keep it at Voc condition. A nanosecond switch was used to sweep the photocurrent from open circuit to short circuit condition. The charge carrier density (n) was calculated based on the transient decay (Figure 7a).31 In agreement with the Jsc values obtained, we calculated n as 2.97&#215;1016, 3.02&#215;1016, 3.66&#215;1016 and 1.15&#215;1016 cm-3 for PIDTTQ:PC71BM (1:2), PIDTTQ:ADV-2:PC71BM (0.90:0.10:2), PIDTTQ:ADV-2:PC71BM (0.85:0.15:2) and PIDTTQ:ADV-2:PC71BM (0.80:0.20:2) devices, respectively (Table 2). Furthermore, the charge generation mechanism in the BHJ solar cells was studied with PIA spectroscopy.38,39 We utilized a 532 nm laser for pump and a UV-VIS lamp for probing. Figure 7b depicts the PIA spectra of binary and ternary devices measured under 60 mW cm-2 pump intensity at 10 K. All spectra showed a pronounced transmission minimum (bleach) around 1.81 eV and a photoinduced absorption feature around 1.24 eV. The ternary blends showed a novel bleaching feature around 1.55 eV. We ascribe the two transmission maxima at 1.81 eV and 1.55 eV to the photobleaching of the electronic ground states of PIDTTQ and ADV-2, respectively. As shown in Figure 6b, a higher polaron signal was observed for the PIDTTQ:ADV-2:PC71BM (0.90:0.10:2), PIDTTQ:ADV-2:PC71BM (0.85:0.15:2) ternary devices compared to the binary cell, confirming the higher charge photogeneration by adding 10-15% of ADV-2 into the PIDTTQ:PC71BM host system.

Figure 1 NMR of the NIR polymer. 1H and 13C NMR spectra of M1 (a-b, respectively) and ADV-2 (c-d, respectively).
Synthesis of M1:
1H-NMR (600 MHz, CDCl3), δ (ppm): 8.75 (t, 2H, J = 8.76 Hz), 8.63 (s, 2H), 1.55 (q, J = 1.53, 2H), 1.38-1.09 (m, 20H), 0.84-0.81 (m, 12H).
13C-NMR (151 MHz, CDCl3), δ (ppm): 156.52 (C), 154.12 (C), 148.12 (C), 147.85 (C), 147.60 (C), 146.16 (CH), 144.10, 136.18 (CH), 107.77, 36.22 (CH), 35.97(CH2), 29.17 (CH2), 29.13 (CH2), 23.15 (CH2), 17.86 (CH2), 14.31 (CH3), 10.98 (CH3).
MALDI-TOF: m/z: 847.2 (M+, 100).
Synthesis of ADV-2:
1H-NMR (600 MHz, CDCl3), δ (ppm): 8.80-8.76 (m), 8.04-8.00 (m), 7.36 (dd, J = 7.4 Hz), 7.02 (dd, J = 7 Hz), 2.73 (s), 2.62 (s), 1.74-1.61 (m), 1.39-1.22 (m), 0.89-0.85 (m). 13C-NMR (151 MHz, CDCl3), δ (ppm): 154.73, 153.71, 153.59, 148.07, 147.45, 146.14, 144.84, 143.76, 143.62, 142.71, 140.85, 136.68, 136.22, 135.28, 130.97, 130.57, 129.54, 129.35, 128.75, 128.21, 125.68, 119.52, 36.13, 35.87, 31.92, 30.81, 30.73, 29.68, 29.60, 29.48, 29.35, 29.28, 29.06, 29.04, 23.07, 22.68, 17.80, 14.22, 14.09, 10.87. GPC (TCB): Mn = 36800 g/mol; Mw = 120600 g/mol; PDI 3.3.

Figure 2: Synthetic route for ADV-2.

Figure 3: Optical properties of the NIR polymer. Absorption spectra of ADV-2 in solution (DCB) and as thin film.

Figure 4: Device representation, electrical and chemical structures of ternary blends. a) Schematic representation of the BHJ solar cells with the layout ITO/ZnO/Active layer/MoOx/Ag. b) Energy levels and c) Chemical structure of the materials used in this work.

Figure 5: Photovoltaic properties of ternary devices. a) Current density-Voltage characteristics and b) External quantum efficiency curves of PIDTTQ:ADV-2:PC71BM and PIDTTQ:PC71BM solar cells under solar simulator illumination (100 mW cm-2).

Figure 6: Transport characterizations of ternary blends. a) Time-dependent photo-CELIV traces and b) transient photovoltage (TPV) plots of PIDTTQ:ADV-2:PC71BM and PIDTTQ:PC71BM solar cells.

Figure 7: Charge generation ability of ternary devices. a) Charge extraction (CE) traces and b) PIA spectra of PIDTTQ:ADV-2:PC71BM and PIDTTQ:PC71BM solar cells recorded under 60 mW cm-2 blue light intensity (l=405 nm) at 10K.

Table 1: Photovoltaic parameters of PIDTTQ:ADV-2:PC71BM and PIDTTQ:PC71BM inverted solar cells under 1 sun illumination (100 mW cm-2). The values are averaged on 12 devices. Composition considered by weight.

Table 2: Summary of calculated charge generation and charge transport parameters of PIDTTQ:ADV-2:PC71BM and PIDTTQ:PC71BM devices: charge carrier (&#956;), charge carrier density (n), charge carrier lifetime (t) and mobility-lifetime product (&#956;t).

DISCUSSION:
We reported a novel ternary system with a clear contribution in the incident photon-to-current efficiency in the near IR region. A Jsc improvement of around 20% was obtained for PIDTTQ:ADV-2:PC71BM (0.85:0.15:2) ternary devices compared to PIDTTQ:PC71BM binary cells. However, the low FF limited the performances of the ternary BHJ solar cells. 

We found that by adding ADV-2 into the host system of PIDTTQ:PC71BM the &#956;t product is reduced, explaining the lower FFs. Despite the poorer transport properties, the complementary results of CE and PIA spectroscopy showed an improved charge generation in PIDTTQ:ADV-2:PC71BM (0.85:0.15:2) ternary solar cells, leading to a PCE of more than 4.6%. We studied the photogeneration ability of the ternary solar cells using these two complementary techniques that require the whole device architecture and just the active layer in CE and PIA measurements, respectively, allowing us to have a better insight into the process, by combining the two methods.

We use common state-of-the-art techniques to fully characterize organic ternary solar cells. In particular we study the transport mechanism of the organic solar cells by employing photo-CELIV and TPV techniques directly on the devices, without the fabrication of any “ad hoc” devices used for instance in space-charge limited current measurements.40 Moreover, in order to calculate reliable mobility values, we recorded more than 10 curves with different delay time and voltage ramp. Concerning the lifetime calculation, we used TPV as small perturbation method, allowing us to evaluate t at the real operating condition of the solar cells (1 sun condition). With our experimental procedure not only organic solar cells can be characterized but our method can be easily used for inorganic and hybrid solar cells as well. 

In conclusion, the combination of the aforementioned techniques allowed us to study the limitation mechanisms of ternary devices compared to the binary solar cells. Overcoming the losses will be a future challenge for the fabrication of high efficiency ternary organic solar cells. 

Overall, we reported a combination of standard characterizations, i.e. J-V measurements, with powerful tools such as PIA spectroscopy. The main problem that can arise during the characterization is the device degradation. Therefore, encapsulation as well as characterization in inert condition might preserve the stability of those devices. Having the aforementioned techniques in N2 or Ar atmosphere, i.e. glove-boxes, will increase the reliability of the device behavior. 
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