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Two spiro-MeTAD compounds (1 and 2) were synthesized, characterized by experimental and quantum mechanical methods, and used as hole transporting materials (HTMs) in perovskite solar cells (PSC). The new compounds differ from spiro-OMeTAD only by the presence of methyl substituents as compared to methoxy groups. This modification results in absorption-band blue shift by ~20 nm as compared to spiro-OMeTAD, increased glass transition temperature for 2, and reduced ionization potentials by 0.02-0.12 eV. Compared to the time-of-flight hole mobility of 9.10 - 4 cm 2 /Vs measured for spiro-OMeTAD in vacuum-deposited layers, hole mobilities larger by five times were obtained for spiro-MeTAD compounds, ranging between 2-5.10 -3 cm 2 /Vs. Despite this improvement, J-V measurements in PSCs resulted in power conversion efficiency (PCE) of 17.2% and 17.05% for 1 and 2 HTMs, respectively, as compared to 19.24 % for spiro-OMeTAD. These results point to the dominant importance of the perovskite/HTM interfacial properties as compared to HTM hole-transport properties in the bulk. The impact of additives on the hole mobility of HTMs and on the PCEs is also discussed. Given that improved hole-mobility and energy-level alignment are the main targets of the current research efforts in this domain, our results alert on the necessity to give priority to improving perovskite-HTM interaction properties.

INTRODUCTION

Efficient and low cost solar-energy harvesting by means of photovoltaic devices constitutes one of the main objectives for present research. Among different solar cell concepts, dye sensitized solar cells (DSSC) and perovskite based solar cells (PSC) have shown increasing power conversion efficiencies (PCE) recently reaching 14.3% 1 and 25.2% 2 , respectively. In both types of solar cells, the prevalently used hole transporting material (HTM) is 2,2′,7,7′-tetrakis(N,N-di-pmethoxyphenylamine)-9,9′-spirobifluorene (spiro-OMeTAD). While several phenomena jointly determine the solar cell performances, here we focus on the impact of the HTM properties in PSC.

The success of spiro-OMeTAD is supposed to reside at least on the good energy level matching between HOMO of this HTM with that of several dyes and of the perovskite absorber. However, this semiconductor suffers from low hole mobility of roughly 10 -6 -10 -5 cm 2 /Vs in the amorphous phase, 3 reaching only ~10 -3 cm 2 /Vs in single crystals, 4 which constitutes an important drawback for its use in high efficiency photovoltaic devices. This issue has motivated intensive research efforts in order to replace spiro-OMeTAD by more efficient HTMs, which dominance has indeed been already overcome. [5][6][7] However, a general mechanism that could explain this success has not been identified so far, due to multiple differences between the new molecules and spiro-OMeTAD.

Consequently, a seemingly random optimization process is still required with every new HTM, rendering their further development unpredictable, cost intensive, and inefficient.

As a means to render more efficient the research for new HTMs, a detailed analysis of the pros and cons of spiro-OMeTAD properties is needed. While detailed analyses on the hole mobility of amorphous spiro-OMeTAD are missing, interesting insights come from two recent studies: (i) a theoretical upper-limit hole mobility of roughly 4.10 -3 cm 2 /Vs was found along one crystallographic direction in spiro-OMeTAD single crystals, 4 which is due to large electronic couplings along this direction, whereas vanishingly small electronic couplings as low as only a few meV were found along the other directions. Geometrical deformations, strong dipole moments, and steric hindrance were found to constitute the bottlenecks preventing spiro-OMeTAD from high hole mobility.

Accordingly, very small electronic couplings and hole mobilities can be expected with regard to the hole mobility of spiro-OMeTAD in the amorphous phase. (ii) Important energy disorder in hole transport levels was found in amorphous spiro-OMeTAD, which, in the frame of a Gaussian distribution, was characterized by a standard deviation (-parameter) of 0.16 eV. 8 The origin of the important  value of spiro-OMeTAD can in part stem from the distribution of dipole moments ranging between 0-5.3 Debye 4 generated by the presence and random orientations of eight methoxy groups. Indeed, methoxy substituents in triphenylamine compounds were found to reduce the hole mobility as compared to the non-substituted one, due to the enhancement of the dipole moment and their disorder. [9][10][11][12][13] On the other hand, several methoxy-and methyl substituted triphenylamine-based compounds were found to transport holes faster than non-substituted ones in spite of important dipole moments, 14,15 with better effect in the case of methyl substituents. 16 Detailed analysis of these contradictory results pointed to the competition between two factors playing important roles for the hole mobility: 16 (i) the permanent molecular dipole moments impacting negatively the hole transport, and (ii) the strength of intermolecular interaction. The latter factor was found to strongly reduce the intra-and intermolecular geometrical randomness and their contribution on the energy disorder. 16 Interestingly, it was found that the methyl substituents are able to enhance the intermolecular interactions, hence to reduce the geometrical disorder, without modifying the permanent dipole moments of the parent molecules. On the contrary, while the methoxy groups enhance the intermolecular interactions more importantly as compared to methyl groups, they increase the dipole moments of the parent molecules, thus destroying part of the beneficial effect stemming from the stronger intermolecular interactions.

Motivated by these results, and aiming to obtain new HTMs exhibiting improved hole transport properties, but very similar structural, electrochemical, and optical properties as compared to spiro-OMeTAD, here we present two new molecules called spiro-MeTAD-1 and spiro-MeTAD-2, reported hereafter as 1 and 2, differing from spiro-OMeTAD by only replacing the methoxy groups with methyl groups linked in different positions and different numbers. The basic idea was to reduce the energy disorder (value of -parameter) by removing the detrimental effect of the dipole moments induced by the methoxy groups. We show that the new compounds indeed exhibit smaller , higher hole mobility by at least five times as compared to spiro-OMeTAD, while simultaneously preserving similar electronic and structural characteristics as the original molecule. Interestingly, the use of these new compounds in the device structure of FTO/compactTiO 2 /meso-porousTiO 2 /perovskite/HTM/Au results in PCE of 17.2% and 17.05% for 1 and 2-based devices, respectively, as compared to 19.2% for spiro-OMeTAD. In view of the better transport properties found for the new HTM compounds as compared to spiro-OMeTAD, the slightly smaller PCEs of the new HTMs point to the dominant importance of the perovskite/HTM interfacial properties.

In spite of the slightly smaller PCE of the new HTMs as compared to spiro-OMeTAD, their use in PS solar cells seems very promising. Last but not least, the new compounds are less costly than spiro-OMeTAD with respect to laboratory procedure, which may result in decreased cost efficiency of their use in PV devices.

The paper is organized as follows: we firstly focus on the intrinsic and bulk properties of the new compounds, after which we compare their performances in perovskite solar cells with respect to spiro-OMeTAD.

EXPERIMENTAL SECTION

2.1. Materials. Synthesis. 1-iodo-3,5-dimethylbenzene (98%), Copper iodide CuI (>99%), potassium phosphate K 3 PO 4 (97%), lithium amide LiNH 2 (95%) were purchased from Alfa Aesar.

Sodium tert-butoxide (97%), palladium acetate Pd(OAc) 2 (98%), tri-tert-butylphosphine P(tBu) 3 (98%) were purchased from Aldrich. 2,2',7,7'-tetrabromo-9,9'-spirobifluorene (>98%) and p,p'ditolylamine (>97%) were purchased from TCI Chemicals. DMF and toluene were dried by distillation from calcium hydride CaH 2 and sodium metal, respectively. Column chromatography and TLC were performed on silica gel 60 (230-400 mesh, Merck) and silica gel 60 F254 plates (Merck), respectively.

Devices. PbI 2 and PbBr 2 were purchased from TCI Chemicals. Cesium iodide CsI was purchased from abcr GmbH. FAI was purchased from Dyesol. Anhydrous DMF and DMSO were purchased from Acros Chemicals.

2.2.

Characterizations. 1 H and 13 C NMR spectra were recorded on a Bruker DPX-400 NMR spectrometer in 5 mm tubes with CDCl 3 as solvent in all cases. The 1 H and 13 C chemical shifts were referenced to solvent peaks, 7.26 and 77.2 ppm, respectively. High-resolution mass spectroscopy was performed by the CNRS IMAGIF in Gif-sur-Yvette. Thermogravimetric analysis (TGA) was carried out on a TA Instrument Q50 TGA under argon flow at a heating rate of 20°C/min. The temperature of thermal degradation (T d 5% ) was measured at the point of 5% weight loss. Differential scanning calorimetry analysis (DSC) was performed on a TA Instruments Q100 calorimeter, calibrated with indium and flushed with argon. Samples were scanned from 0 °C to 200 °C at a heating rate of 20°C/min then rapidly cooled to 0 °C (quenching) and heated at the same rate to 200 °C. UV-Vis measurements were performed at room temperature in spectrometric-grade THF solutions and on glass subtrates using a Jasco (V-570) spectrometer. Cyclic voltamperometry (CV) was carried out using an Autolab (AU128N, FRA2) electrochemical analyser with Pt disc used as working and counter electrodes and Ag wire as pseudo-reference. The three electrodes were immersed in a CH 2 Cl 2 solution with 0.1 M tetrabutylammonium hexafluorophosphate (n-Bu 4 PF 6 )

and 10 -3 M 1 or 2 derivatives. Ferrocenium/ferrocene (Fc + /Fc) redox potential was measured in order to calibrate the pseudo-reference electrode.

Ionization potentials and hole mobility measurements.

To obtain ionization potentials (IP PES ) of the compounds in solid-state, photoelectron emission spectra were taken under similar setup of electron photoemission spectrometry in air (PESA) as it was described elsewhere. 17 The vacuum-deposited films onto fluorine doped tin oxide glass substrates were fabricated for PESA measurements. The samples under electric field of 10 ) and CuI (171 mg, 0.9 mmol) under argon. The reaction mixture was heated at 130 °C for 24 h. After cooling, the solution was filtered under celite and the solid washed with CH 2 Cl 2 (100 mL). The organic phase was washed with water (4×25 mL) and dried with MgSO 4 .

After evaporation of solvent, the residue was purified by column chromatography (SiO 2 ) with cyclohexane/ CH 2 Cl 2 (1/1) as eluent to obtain white solid (740 mg, 75%). 1 H NMR (CDCl 3 )  6.71 (s, 4H), 6.60 (s, 2H), 2.29 (s, 12H). 13 C NMR (CDCl 3 )  General procedure for the synthesis of 1 and 2. To a solution of 2,2',7,7'-tetrabromo-9,9'spirobifluorene (0.5 mmol) in dry toluene (15 mL) were added diphenylamine 3 or 4 (2.5 mmol), sodium tert-butoxide (288 mg, 3 mmol) and Pd(OAc) 2 (6 mg, 0.025 mmol). The solution was degassed with argon for 30 min. Then P(tBu) 3 (10 mg, 0,05 mmol) was added and the reaction mixture was refluxed (115 °C) for 12 h. After cooling, the solution was poured into 30 mL of water.

The aqueous layer was extracted with ethyl acetate (2×30 mL).The organic phase was washed with brine (3×20 mL) and water (2×20 mL) and dried with MgSO 4 . After evaporation of solvent, the residue was purified by column chromatography (SiO 2 ) with cyclohexane/ CH 2 Cl 2 (7/3) as eluent.

1: white solid, 85% yield. compact layer was deposited on FTO via spray pyrolysis using O 2 as carrier gas at 450 °C from a precursor solution of titanium diisopropoxide in anhydrous ethanol with the molarity of 0.2 M.

Then, a mesoporous TiO 2 layer was deposited by spin coating for 15 s at 5000 rpm with a ramp of 2000 rpm/s, using a 30 nm particle paste (Dyesol) diluted in ethanol with weight ratio of 1:6. After the spin coating, the substrates were sintered at 450 °C for 30 min under dry air flow.

The perovskite composition used for this study is Cs 0.1 FA 0.9 Pb(I 0.9 Br 0.1 ) 3. The perovskite precursor solution was prepared by dissolving of FAI, PbI 2 , CsI and PbBr 2 powder in anhydrous DMF:DMSO 4:1 (v:v) and the molarity of solution is fixed 1.35 M. This solution was kept at 70 °C for 30 min.

The perovskite solution was spin coated in a two steps program at 2000 and 6000 rpm for 10 and 20 s, respectively. During the second step, 200 μL of chlorobenzene was poured on the spinning substrate 10 s prior to the end of the program. The substrates were then annealed (usually at 100 °C) for 1 h in a dry box. The substrates were cooled down for few minutes and a spiro-OMeTAD solution (74 mM in chlorobenzene) was spin coated at 4000 rpm for 20 s. Spiro-OMeTAD was doped with Li-TFSI salt and TBP. The molar ratio of additives for spiro-OMeTAD was: 0.5, and 3.3 for Li-TFSI, and TBP, respectively. For spiro-MeTAD labelled as 1 and 2, the molarity of solution was chosen as 37 mM with the same molar ratio of additive. We also investigate the effect of molar ratio of the additives. For spiro-MeTAD labelled as 1-2 and 2-2, the molar ratio of additives was selected as: 1 and 6.6 for Li-TFSI, and TBP with the same solution molarity of 37 mM, respectively. Finally, 70-80 nm of gold top electrode was thermally evaporated under high vacuum.

A spectrophotometer (Varian Cary5) was used to measure UV-Vis absorption spectra of the samples. Current-voltage characteristics are measured by a digital source meter (Keithley 2400)

with voltage scan rate of 10 mV/s using a 450 W xenon light source under AM 1.5G. IPCE spectra were measured under constant white light bias with an intensity of 10 mW/cm 2 through a Gemini-180 double monochromator.

2.6. Computational Details. Density functional methods (DFT) 20 by employing the B3LYP 21,22 and B97X-D 23 functionals in conjunction with the 6-31G* basis set were used in this study.

Symmetry unconstrained geometry optimizations were carried out on the isolated molecules and on four type of dimers constructed for each of compounds spiro-OMeTAD and 1 (Annex I, SI).

Frequency calculations for the isolated molecules and for the dimers indicated in all cases presence of only positive frequencies, thus assuring that the obtained geometries correspond to minimum points on the potential surfaces of individual molecules or dimers. The intermolecular interaction energy calculations were performed with the B97X-D functional and the same basis set. The interaction energies calculated on the bases of the total energies of the isolated molecules and of th e dimers were subsequently corrected for the zero point energy (ZPE), and for the basis set superposition error (BSSE) following the counterpoise method. The B3LYP functional was used for the rest of the calculations. The optical properties of the monomers and dimers were calculated by means of the time dependent density functional theory method (TDDFT). [24][25][26][27][28] The vertical ionization potentials (IP) were calculated as energy difference between neutral and cation radical species at the neutral state geometry. The intramolecular reorganization energies ( i ) were calculated in the frame of the potential surface method. 29 The electronic couplings between the molecular orbitals were calculated according to the direct interaction method. 30 All calculations were performed with Gaussian 09 program. 31 A more detailed description on the choice of the theoretical method and the theoretical model compounds and dimers is given in Annex I in the Supporting Information (SI).

RESULTS AND DISCUSSION

Synthesis and thermal characteristics

The synthetic route for the studied compounds is outlined in scheme In particular, compound 2 shows a significant increase in T g (143 °C) compared to spiro-OMeTAD (110 °C), which may lead to better thermal stability of the device over time. 

Characteristics of pristine compounds

Geometries and frontier orbitals of isolated compounds

The geometries of compounds 1 and 2 obtained in the absence of medium effects ("gas phase") are

shown in Figure 1a. The geometry of spiro-OMeTAD is also shown for comparison. Except for the substitutions on the diphenylamine moieties, quite similar global geometries were obtained. 

(b)

The HOMOs and LUMOs of spiro-OMeTAD and compounds 1 and 2 also show quite similar shapes, with the dominant contribution coming from the spirofluorene moieties (Figure 2). Both HOMO and LUMO levels of spiro-OMeTAD are higher than those of compounds 1 and 2 (Table 2), which is due to the -donor effect of the methoxy groups in the former case. Nevertheless, this effect is more pronounced in the case of HOMOs due to their important delocalization over the peripheral di-phenyl moieties, thus resulting in smaller HOMO-LUMO gap in the case of spiro-OMeTAD as compared to compounds 1 and 2. It is worth noting that the delocalization of the HOMOs over both fluorene moieties (Figure 2) is expected to be strongly affected by the geometrical deformations occurring in the real materials, 4 in which case HOMO localization on only one of the arms is to be expected.

Impact of substituents on the strength of intermolecular interactions

The replacement of methoxy groups of spiro-OMeTAD by one or more methyl groups is expected to influence the strength of intermolecular interactions in the bulk of these materials. Indeed, changes in the intra-and intermolecular geometrical randomness, directly impacting the energy disorder and hole mobility, have already been reported. 16 Additionally and importantly, the methyl vs methoxy substituents are expected to impact on the perovskite-HTM interfacial interactions.

In order to obtain some insight on these aspects, four model dimers were optimized for spiro-OMeTAD and compound 1 (Figure 2). The average dissociation energy in the case of 1 is larger than for spiro-OMeTAD (23 kcal/mol and 12 kcal/mol respectively) indicating that the intermolecular interactions are strengthened upon methyl substitutions. In the following we show that the stronger intermolecular interactions for compounds 1 and 2 as compared to spiro-OMeTAD impact several properties, such as polarization energies in the bulk of these materials, hole transport properties, and characteristics of layer-deposition from solutions. obtained at the B97XD/6-31G* level ("gas phase"). For clearer representation, one molecule of each dimer is highlighted in yellow. Note that in each dimer type, the intermolecular interactions in the case of spiro-OMeTAD and of compound 1 involve strictly equivalent molecular moieties, which allows for a pertinent comparison between the corresponding dissociation energies.

Physical and optical properties

Cyclic voltammetry (CV) was employed to investigate the redox properties and to estimate the ionization potentials (IP SS ) of compounds. The ionization potentials were additionally determined by photoelectron spectroscopy in air (IP PES ). The results of these measurements on compounds 1 and 2 and spiro-OMeTAD are shown in Figure 3 and in Table 2 3. All compounds exhibit similar optical behaviour in dilute solution, with a strong absorption band located in the UV spectral domain (380-400 nm). It should be noted that the absorption peaks of the two compounds 1 and 2, both in solution and in the solid state, are narrower than those of spiro-OMeTAD allowing a better transparency of the HTM layer.

The optical band gaps (E g opt ) of 1-2 and spiro-OMeTAD were estimated from the edge of the first absorption peak in solution (Table 3). The smaller bandgap of spiro-OMeTAD as compared to compounds 1 and 2 seems to correlate with the similar trend of the corresponding HOMO-LUMO gaps (see Figure 1).

Photoluminescence spectra of HTMs in chlorobenzene are shown in Figure 4c. The trend of the emission peaks at 420 nm for spiro-OMeTAD [START_REF] Arora | [END_REF]34 and at 407 nm for compounds 1 and 2 is in line with the similar trend of the absorption onset wavelengths and with the one between the corresponding HOMO-LUMO gaps. It is worth noting that the hole mobility found for the vacuum-evaporated "home-made" spiro-OMeTAD is at least 1-2 orders of magnitude larger than values found in literature for spin coated layers (4•10 -5 cm 2 /Vs and 1.7•10 -6 cm 2 /Vs from SCLC 3 and FET 35 measurements, respectively) and only one order of magnitude smaller than the FET value of 1.3•10 -3 cm 2 /Vs found for single crystals of spiro-OMeTAD. 35 While these comparisons suggest enhanced degree of ordering in our layers obtained by vacuum evaporation, the pertinent information remains that the transport properties of the methyl-containing compounds 1 and 2 are improved as compared to spiro-OMeTAD. In order to obtain some insight on the reasons for the observed improvements, temperature dependent TOF hole-mobility measurements were performed, and different intra-and intermolecular properties for compounds 1, 2 and spiro-OMeTAD were calculated. Additionally, four model dimers were optimized for each compound (Figure 2) and the HOMO-HOMO electronic couplings between adjacent molecules were calculated.

The energetic disorder parameter (σTable 4) was deduced within the Gaussian disorder model, according to the following equation: 36
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Here, σ is the standard deviation of the hopping site manifold, Σ is the positional disorder, C is a constant, and ˆ= σ/kT. S2,S3, and S4 (SI) and only selected numerical results are given in Table 4. The important result is that the energetic disorder parameter σ decreases importantly from 0.106 eV to 0.084 eV in the order spiro-OMeTAD > 2 = 1 (Table 4), which is consistent with the increasing hole-mobilities in the same order.

Details on different methods are given in the Figures

Interestingly, the largest   value, which characterizes the intramolecular charge transport properties, was obtained for spiro-OMeTAD (0.36 cm 2 /Vs, Table 4). Given the similar electronic couplings shown in Table 4, the larger   of spiro-OMeTAD simply translates to lower intramolecular reorganization energies  h as compared to 1 and 2 compounds.

However, the highest σ and the lowest mobility  values found for spiro-OMeTAD suggest that the differences in the hole mobilities of these compounds are dominated by disorder phenomena. Indeed, the almost zero dipole moments of the methylated compounds (Table 4) indicate absence of the detrimental effect from the dipole-moment disorder. This effect is in strike contrast to the large dipole moments as high as 5.3 Debye calculated for spiro-OMeTAD, which has been found to negatively impact the charge-transport properties of organic semiconductors. [9][10][11][12] Additionally, stronger intermolecular interactions were calculated for the 1 compound as compared to spiro-OMeTAD (Table 4), which effect has been shown to reduce the geometrical contribution to the disorder parameter of 1 and 2 compounds as compared to methoxy-substituted ones. 16 The global hole mobility improvement for methyl-substituted compounds wrt spiro-OMeTAD results consequently from a delicate balance between two opposite factors, the positive effect being dominant: (i) detrimental increase in intramolecular reorganization energy ( h ), and (ii) positive impact from the decrease in energy disorder parameter (), in turn stemming from the decrease in dipole moment.

CELIV hole mobilities. The electric field dependences of CELIV hole mobilities in spin-coated layers of pure spiro-OMeTAD and spiro-MeTAD compounds are shown in Figure 5. Similar global trends wrt TOF results can be observed, with hole mobilities increasing in the order spiro-OMeTAD < 1 < 2.

In view of the large utilization of additives in perovskite solar cells, we performed hole mobility measurements of spiro-OMeTAD, 1, and 2 compounds in spin-cast layers with-and without additives. The results shown in Figure 5 indicate hole-mobility improvement for spiro-OMeTAD and 1 compounds, but missing impact in the hole mobility of 2. While the results for spiro-OMeTAD and 1 compounds correspond to the common-knowledge based expectations, the missing sensitivity of 2 hole-mobility wrt the presence of additives is intriguing. We suspect these differences to correlate with the increasing intermolecular interaction energies, probably making the HTM-additives mixture less homogeneous in the case of strong HTM-HTM interactions.

Device characteristics

A schematic energy level diagram of the solar cell device is illustrated in As shown in figure S7, the Scanning electron microscopy (SEM) images in cross-section view reveal that roughly 126-148 nm thick HTL has covered the perovskite film in devices based on new compounds while the thickness of spiro-OMeTAD is roughly 190-196 nm in control devices.

According to owing larger hole mobility, this thickness is appropriate for hole extraction process in new compounds-based devices, as proven in J-V characteristics. 5. The control sample with spiro-OMeTAD as HTM showed a power conversion efficiency (PCE) of 19.2% and 16.9% in backward and forward scan direction, respectively, with an open circuit voltage (V OC ) of 1.128 V, a short current density (J SC ) of 22.86 mA cm -2 and a fill factor (FF) of 74.6% under reverse scan conditions. For 1-based devices we observe a small hysteresis with V OC of 1.109 V, J SC of 22.57 mA/cm 2 , FF of 68.7% resulting in a PCE of 17.2% in backward scan. Spiro-OMeTAD-, 1-, and 2-based devices show hysteresis which can be due to inappropriate ambient atmospheric condition during the film deposition. Although the highest PCE of 18.0% in backward voltage scan can be obtained for devices labelled as 2-2 with V OC of 1.124 V, J SC of 22.86 mA/cm 2 and FF of 70.2%, the hysteresis effect is increased as well with increasing concentration of additives (molar ratios of additives in 2-2 being two times larger as compared to 2). Increasing the amount of additives has thus a negative impact on the photovoltaic As a final and general comment, we observe that the trends observed in the PV performances of the studied compounds are at odds wrt the larger hole mobility of 1 in presence of additives as compared to both other compounds (Figure 5), thus pointing to other dominant factors.

Additionally, these trends could hardly be related to differences in the corresponding HOMO levels, as the IP SS or IP PES values for 1 and 2 compounds vary by only 0.02 eV and by a maximum of only 0.04 eV with spiro-OMeTAD. Impact of the additives in the HTM layer morphology, or differences in interfacial properties could thus be in play, such as, amongst others, eventual energy level-shifts, the quality and strength of perovskite-HTM contact and interactions, polarity mismatch, etc. 

Conclusions

The new spiro-MeTAD HTMs labelled as 1 and 2 were synthesized and applied in perovskite solar cells with the aim to outperform the spiro-OMeTAD based ones by means of improved hole mobility. Indeed, the results obtained for the pure HTM indicate stronger intermolecular interactions, smaller polarity, and larger hole mobility for 1 and 2 as compared to spiro-OMeTAD.

However, the spiro-MeTAD-based PSC devices showed slightly inferior performances, with the best PCE of 17.2% and the lowest hysteresis obtained for 1-based devices, as compared to 19.2%

for spiro-OMeTAD -based devices. Given the better transport properties but slightly smaller performances of 1 and 2 compared to spiro-OMeTAD, these results comfort the idea that interface properties dominate the performances of PV devices in general as compared to HTM bulk properties. Our results suggest that the smaller PV performances of spiro-MeTAD compounds stem from less efficient perovskite → HTM hole transfer. The striking similarity of the new compounds with regard to the molecular shape, frontier orbital space-distribution, and energy levels of spiro-OMeTAD allows highlighting the dominant impact of the nature of the terminal groups (methyl versus methoxy) in the interaction between HTM-perovskite layers at their interface.

The influence of additive concentration in the HTM on the perovskite solar cell performance was investigated and showed important differences between the spiro-MeTAD-versus spiro-OMeTADbased perovskite solar cells. Results showed that for 2-2-based devices, efficiency reached to 18.0% in comparison with PCE of 19.2% in spiro-OMeTAD devices, but increasing additives concentration has a negative effect on hysteresis. Accordingly, the inclusion of additives in HTMs using the new spiro-MeTAD compounds would need further and careful optimization. As such, the similarity of PV performances of the new spiro-MeTAD compounds wrt spiro-OMeTAD suggests promising PV properties for these methylated spiro compounds, which could become even more attractive if their lower laboratory cost as compared to spiro-OMeTAD were to be similarly observed at the industrial level. Larger light transparency found for the new compounds and higher
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 1 Figure 1. (a) Geometries of spiro-OMeTAD (with orientation of methoxy groups arbitrary chosen)
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 5 Figure 5. Electric field dependencies of hole-drift mobility of compounds 1, 2 and spiro-OMeTAD
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 6 After light absorption by the perovskite layer, photogenerated electrons and holes are moved to the photoanode (TiO 2 layer) and hole conductor layer, respectively. The HOMO level of HTMs should be higher than the valence band of the perovskite layer for hole extraction. As shown in CV results, the HOMO levels of both spiro-MeTAD compounds 1 and 2 are a little deeper than spiro-OMeTAD.
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 6 Figure 6. Schematic energy level diagram of the solar cell device. The ionization potentials of spiro-OMeTAD is as reported in Ref 32
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 7 Figure 7 shows photoluminescence spectra of perovskite-HTM systems for different HTMs
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 7 Figure 7. The PL spectra of the samples. The notations 1 and 1-2 correspond to two
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 12 and 2-2 -based devices. As shown, hysteresis is increased while PCE is decreased compared to 1 and 2 -based devices. Interestingly, the performances of spiro-OMeTAD PSCs remain basically unaffected when the additive amounts are increased by the same amount (two times).
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 8 Figure 8. J-V curves of the best cells recorded with reverse (from V OC to J SC ) scan direction.
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 91 Photovoltaic parameters from different devices in backward direction are shown in Figure9. 1-
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 9 Figure 9. Statistical plot of J SC , V OC , FF and PCE of different devices.
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 10 Figure 10. Incident photon-to-current efficiency (IPCE) curves for HTM.
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 11 Figure 11. Maximum power conversion efficiency devices: (a) after device preparation (b) after 2

  Pd(OAc) 2 , P(tBu) 3 , toluene, 115 °C, 12 h.)It is worth noting that following the same synthesis path, the yields of compound 1 and 2 are roughly 20-30% larger as compared to that of spiro-OMeTAD. This is due to the smaller amount of solvent and shorter time needed for the separation of the new compounds by chromatographic methods as compared to spiro-OMeTAD. While we are not able to evaluate the impact of this aspect at the industrial level, we believe that the same trend might be observed in both laboratoryand industrial synthesis conditions.

1. p,p'-ditolylamine 3 is a commercially available product. Diphenylamine intermediate 4 was synthetized by a Cu-catalysed amination of 1-iodo-3,5-dimethylbenzene. Spiro derivatives 1 and 2 containing substituted methyl functional groups were synthesized by the Buchwald-Hartwig amination reaction, carried out between 2,2',7,7'-tetrabromo-9,9'-spirobifluorene and the respective bis(methylphenyl)amines containing p-Me or m,m-Me substituents (3 or 4 respectively). The two spiro-MeTAD compounds were purified by column chromatography and characterized by NMR spectroscopy ( 1 H and 13 C) and mass spectrometry. All the analytical data were consistent with the proposed structures. The two compounds have a good solubility in all of the common organic solvents. + Scheme 1. Synthesis of compounds 1-2 (Reagents and conditions: sodium tert-butoxide, Thermal properties of 1 and 2 were investigated by thermogravimetric analysis (TGA) and differential scanning calorimetry (DSC) under argon atmosphere. The thermal decomposition (T d ) and the glass transition (T g ) temperatures are summarized in

Table 1. 1 and 2 showed high thermal stabilities with T d 5% values superior to 400 °C, which are high enough for applications in optoelectronic devices. Confirmed by DSC analysis, compounds 1 and 2 are revealed as amorphous materials. All compounds exhibit high glass transition temperatures (T g ) ranging from 96 to 143 °C.

Table 1 .

 1 The thermal characteristics of spiro-OMeTAD and compounds 1 and 2.

	Molecules	T d	5% (°C)	T g (°C)
	1		450	96
	2		443	143
	spiro-OMeTAD		424	110

Table 2 .

 2 . Ionization potentials (IP SS ) (and electron affinities (EA SS )) from cyclic voltammetry (and

	optical band gap E g opt ), ionization potentials from photoelectron emission spectra (IP PES ), and
	HOMO ( HOMO ) and LUMO ( LUMO ) energies (B3LYP/6-31G* level in "gas" phase) corresponding

to compounds 1, 2 and Spiro-OMeTAD.

Table 4 .

 4 Hole transport parameters of compounds 1, 2 and spiro-OMeTAD. The hole mobilities are approximate values taken at the electric field of 3.6 . 10 4 V/cm. Theoretical parameters calculated for

	compounds 1, 2 and spiro-OMeTAD at the B3LYP/6-31G* and B97WD/6-31G* levels in gas
	phase are also given, such as HOMO and LUMO energies, intramolecular reorganization energies
	( h ), HOMO-HOMO electronic couplings (t H-H ) deduced from a selected set of optimized dimers
	(average over 4 dimers for each compound, Figure 2), and dipole moments of isolated compounds.
	Compound	μ	σ	μ 0	 h	t H-H	Dip. Mom.

Table 5 .

 5 Photovoltaic parameters of different HTM based-devices under backward and forward

	scan direction.						
	HTM	Scan	J SC (mA/cm 2 )	V OC (V)	PCE (%) FF (%)	Integrated
		direction					Jsc (IPCE)
	Spiro-	Rev	22.86	1.128	19.24	74.6	22.04
	OMETAD	For	23.19	1.085	16.99	67.5	

Table 6 .

 6 Maximum power point tracking (MPPT) for HTM devices for initial measurements and after 2 months.

	HTMs	Spiro-	1	1-2	2	2-2
		OMeTAD				
	MPPT(%)	18.26	15.076	12.68	14.79	15.33
	MPPT(%) After	17.93	15.01	------	14.43	-----
	2 month					

glass transition temperatures in the case of compound 2 as compared to spiro-OMeTAD could additionally constitute valuable advantages for their use in perovskite solar cells. 
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