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Evidence of Band Bending Induced by Hole Trapping at MAPbI3 Perovskite/Metal Interface

Electron injection by tunneling from a gold electrode and hole transport properties in polycrystalline MAPbI3 has been investigated using variable temperature experiments and numerical simulations. The presence of a large and unexpected band bending at the Au/MAPbI3 interface is revealed and attributed to the trapping of holes, which enhances the injection of electrons via tunneling. These results elucidate the role of volume and interface defects in state-of-the-art hybrid perovskite semiconductors.

Introduction

Hybrid organic-inorganic perovskite (HOIP) based solar cells represent an attractive technology that features record power conversion efficiency (PCE) in constant increase. This success story started in 2009 with the report by Kojima et al. of a HOIP solar cell with 3.8% PCE. 1 In 2016, the current PCE record obtained by Saliba et al. is 21.1 %. 2 The progression of perovskite solar cell PCE is the fastest for all types of solar cell technology. This class of materials benefits from preexisting knowledge of both inorganic semiconductors (charge transport, band structure) and organic semiconductors (wet process, soft substrates, etc.). Nevertheless, the spread of PCE found in literature is still very large, suggesting that material properties and interfaces remain very dependent on the fabrication process. The polycrystalline nature of the active layer thus gives rise to grain boundary defects which add to the bulk crystallographic defects. Using numerical simulations, Yin et al. 3 have shown that defects with low formation energies create only shallow traps, whereas defects with deep levels require high formation energies. In other words, formation of deep trap states is likely to be rather limited in HOIPs, leading to the observation of long charge carrier lifetimes, 4 and low Urbach tail energy. 5 These exceptional electrical properties are clearly one of the advantages of HOIPs for solar cell applications. Despite numerous investigations, the role of trapping is still under debate and recent studies report trap density as high as 10 16 -10 17 cm -3 , as determined by photoluminescence quenching or steady state PL intensity. 6 , 7 Wu et al. remarked that trap density are augmented at surfaces and interfaces where the perovskite crystal structure is most susceptible to deformation. 8 In their study, they have proven the presence of a broad distribution of hole traps at the surface of the CH3NH3PbI3 perovskite thin film. A recent review by Brenner et al. also highlights that numerous intrinsic parameters still need to be refined, and that future work should also consider temperature effects as well as the role of grain boundaries and material interfaces on defect formation. 9 From this, it emerges that surfaces and interfaces play a crucial role in the operation of lead iodide perovskite based devices. In this context, the aim of this work is to investigate the metal/HOIP interface by exploiting the injection of electrons by tunneling, allowing us to probe the nature of the barrier at this interface. Because the tunneling injection mechanism is strongly dependent on the barrier height and thickness, 10 this approach is extremely sensitive to the nature of the interface including, for example, modification of the barrier height induced by a local electric field due to doping or trapping at the metal/HOIP interface.
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Please do not adjust margins Tunneling injection depends on the energetics of the barrier as well as on the effective mass of the particle that is tunneling. Several groups reported theoretical values of this important parameter, but to date the only two experimentally determined values were obtained by Miyata et al. using magneto-absorption technique, 12 and by Price et al. using a band-filling model to fit transient absorption spectroscopy data. 13 Their finding gave values of m* ≈ 0.1-0.14 m0 (m0 ≈ 9.1×10 -31 kg is the free electron mass). From the theoretical values reported in literature although one can clearly observe discrepancies between the various reports, the majority of the values cluster at m* ≈ 0.2 m0, 14,15,16,17 but Feng et al. found values between 0.76 and 2.65 m0, 18 and Motta et al. values between 0.03 and 0.5 m0. 19 Therefore, it should be possible in theory to independently confirm m* from the tunneling electron injection experiments, provided that the metal/HOIP interface is ideal, i.e. without defects. In case of a non-ideal metal/HOIP interface, the nature of the barrier, potentially impacted by band bending, can be investigated by tunneling injection experiments, however at the cost of assuming a value for m*. Herein, we report an in-depth investigation of the interfacial trap densities and how these affect band bending in a typical HOIP device optimized for electron injection via tunneling. A gold electrode was selected in order to maximize the electron barrier height for tunneling both current and luminance intensity were recorded to discriminate electron from hole injection. Surprisingly, the results are consistent with a material possessing a very low doping level, but in which the presence of hole traps results in the appearance of significant band bending under standard operating conditions.

Results and discussion

In order to determine the schematic band diagram of MaPbI3 perovskite, UPS, UV-Vis absorption and electroluminescence data are required. The optical bandgap was determined by UV/vis absorption and by electroluminescence spectra. Earlier reports suggest that the exciton binding energy in MAPbI3 is less than 60 meV, 20,21 and Miyata et al. 12 have recently shown that the value can be as low as 16 ± 2 meV, indicating that the optical bandgap can be assumed equal to the electronic bandgap.

The structure of the solar cell used for electroluminescence characterization was ITO/PEDOT:PSS/MAPbI3/PC61BM/Ca/Al. Maximum emission is recorded at 760 nm (1.63 eV), in agreement with band-edge absorption as shown in Figure 1. Finally, we 1. This indicates that residual doping is low, confirming that the MAPbI3 layer is stoichiometric. This is also consistent with the theoretical work of Yin et al. 3 on the defect formation energies. Then, as shown in Figure 1, it is possible to deduce the theoretical metal/MAPbI3 barrier height, defined as the difference between the metal work function and the MAPbI3 electron affinity. For electrons, the barrier height between the gold electrode and the MAPbI3 semiconductor should be equal to 1.28 eV if we consider a gold work function of 5.1 eV and the MAPbI3 electron affinity to be 3.82 eV. For holes, the barrier is expected to be much lower, in the range of 0.4 eV.

In such a device architecture, the injections of electrons and holes in the direct regime is highly asymmetrical, rendering the electron current negligible compared to the hole current. Because radiative recombination requires both electron and holes, it is safe to assume that the recombination rate is limited by the electron current.

According to the electron continuity equation:

݆ ሺݐሻ െ ݆ ሺ0ሻ ൌ  ܴ݁ሺݔሻ݀ݔ ௧ (1) 
where R(x) is the radiative recombination rate and jn the electron current density. Assuming that electrons are injected at x = t (see Figure 2), and that the concentration of holes injected is much higher than the one of electrons (jn(0) << jn(t)), we may simplify the electron current density to be:
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In other words, the light intensity measured in the current and luminance versus voltage (IVL) experiments can be assumed to be proportional to the injected current density of electrons though the ∼ 1eV barrier. Electroluminescence (EL) was measured simultaneously with the current as shown in Figure 2. The presence of both charge carriers in the MAPbI3 layer is confirmed by the electroluminescence signal, which is assumed to be limited by the minority charge carrier injection. Then, the EL signal can be used to measure the electron injection (when a gold cathode is used). Relative intensities recorded at different temperatures are comparable since the geometry is fixed and the photodetector operates in the linear regime, far from saturation. However, because only a fraction of the photons produced by spontaneous emission can be collected, the value of the proportionality constant between the electron injection current jn and the measured photocurrent is not known. The quality of the MAPbI3 perovskite used in these studies was evaluated using X-ray diffraction (XRD), photoemission spectroscopies (XPS and UPS), atomic force microscopy, and from the performance of solar cells fabricated with this material. XRD spectra show that the deposited layer is polycrystalline and neither amorphous areas nor residual PbI2 were detected in the diffractograms (See supplementary information, Figure S1). XPS results confirm Please do not adjust margins Please do not adjust margins that only the expected elements are present in the lead iodide perovskite layer (Figure S2). CH3NH3PbI3 perovskite solar cells with ITO/PEDOT:PSS/MAPbI3 (200nm)/PC61BM (50nm)/Ca/Al were prepared and characterized. About 90 samples have been processed and average power conversion efficiency has been found equal to 11.2% ± 1.4% (Figure S3, Supporting Information) with typical Jsc = 22.6 mA cm -2 ; Voc = 0.73 V and FF = 0.78 (Figure S4, Supporting Information). All these results are consistent with most of those reported in literature. 22,23,24 Some samples had record efficiencies over 15% that is close to the state-of-the-art for this device architecture. 25,26 In conclusion, the process used in this work is representative of typical results obtained using MAPbI3 material. Typical variable temperature I(V) data are shown in Figure 2. Two regimes on the I(V) curves can be observed: at low voltage, the current is thermally activated, whereas at higher voltage, the current is almost temperature independent. This second regime is typical of tunneling injection and it coincides with the onset of electroluminescence, in agreement with the hypothesis that injection of electrons across the gold cathode is the limiting phenomenon for electroluminescence. Therefore, at low temperatures, electron injection occurs via tunneling and should obey the Fowler-Nordheim (FN) relationship governing tunneling through a triangular barrier.

A comparison between normalized simulations of Fowler-Nordheim tunneling currents with experimental normalized emission rate is reported on Figure 3. In the simulation, the electron effective mass has been taken equal to 0.2 m0 (which correspond to an average value of the reported electron conduction band effective mass) and the dielectric constant to be εr = 30 (obtained from the C(V) measurements at 0 V, 10 kHz). Clearly, the fit between the simulated data and the experimental observations is very poor. As expected, FN currents exhibit a strong voltage and thickness dependency, which is however almost absent in the experiments. Further refinement of the FN model does not improve the quality of the fit. For example, the inclusion of image force lowering or the introduction of a 2 band Franz dispersion relation provides no significant improvement, [START_REF] Franz | Handbuch der Physik[END_REF] essentially because of the high value of the perovskite dielectric constant. Only an unrealistically low value of the tunneling effective mass, m* < 0.01 m0 improves the comparison between the experiment results and the FN simulations. Moreover, it has to be noted that the electron current in the approximation of tunneling through a triangular barrier is calculated to be extremely low, meaning that light emission should negligible. All these observations suggest the existence of a mechanism that is enhancing the injection of electron by tunneling. Significant band bending at the Au/MAPbI3 interface would explain both the increase of electron tunneling injection as well as the almost thickness independence of the luminance versus voltage curves. Band bending is often the consequence of the formation of a depletion layer induced by residual doping. However, this hypothesis is highly unlikely in the present case. Indeed, contrary to a typical Schottky diode, capacitance versus voltage experiments (Figure 4) are flat around 0 V. This result clearly demonstrates that no band bending exists under short circuit conditions as expected for an undoped semiconductor. This is further emphasized by the UPS results presented in Figure 1 which show that the Fermi level is close to the middle of the bandgap, as is the case for non-intentionally doped material. Another possible explanation for the occurrence of band bending at the interface would be the accumulation of ions in a non-doped material. Such ionic transport is well known in perovskites, but it is highly temperature dependent and unlikely at low temperatures. Indeed, we observe ion mobility effects in the C(V) experiments at room temperature, but they disappear Please do not adjust margins immediately as soon as the temperature is lowered. In front of this paradox, the assumption of the existence of an unexpected space charge effect has to be considered. The explication proposed in this work is that this band bending is in fact induced by the trapping of holes near the Au/MAPbI3 interface. In the following, we demonstrate by comparison with simulation that this assumption is consistent with both the experimental electroluminescence and current measurements for all device thicknesses. As one can see in Figure 1b, a band tail of states is present in the bandgap above the valence energy. These states can trap holes once injected in the MaPbI3 layer shifting the Fermi energy toward the valence energy. One can thus assume that a large concentration of hole traps are localized in vicinity of the Au contact. To simplify the calculation, the energy level of these traps is assumed to be close to the valence band, and the traps are charged only when occupied by a hole. In the high voltage regime where emission is measured, it is reasonable to assume that all these traps are filled, leading to an important positive charge localized close to the MAPbI3/Au interface as shown in Figure 5. In order to test this assumption, the following model has been proposed. First of all, the hole trap concentration is set equal to:
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where t is the MAPbl3 thickness, NT1 the volume trap concentration and NT2 the perovskite/Au interface trap concentration x = t. Eq. 3 essentially states that the concentration of hole traps exponentially increases in a region localized at few λ from the MAPbI3/Au interface. The electrostatic potential can be deduced for the trap concentration by solving the Poisson equation, with the following boundary conditions V(x = 0) = -Va, V(x = t) = 0, leading to:
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Once knowing the band curvature, the electron tunneling current can be numerically calculated using the following formulae:
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where T(E,Va) is the tunnel transparency calculated using the Wentzel-Kramers-Brillouin (WKB) approximation and the electron tunneling mass is 0.2 m0. This latter is given by:
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where Ep is the potential energy (band curvature), related to the MAPbI3 /Au interface barrier height φ and the

electrostatical potential V(x) by ܧ ሺ,ݔ ܸ ሻ ൌ ߶ െ ܸ݁ሺ,ݔ ܸ ሻ (7)
Both the trap concentration (Figures S5 andS6, Eq(3)) and the corresponding band curvature Eq(7) illustrate the impact of localized high trap concentrations at the MAPbI3/Au interface on the tunneling barrier.

Concerning the emission rate experiments, as seen in Figure 6, a much better agreement between experiments and simulations is obtained, allowing one to extract λ ∼ 6.5 nm and NT2 ∼ 5.5 10 19 cm -3 (NT1 has little impact on the tunneling current, and has been estimated from the I-V curves as explained below). The corresponding charge density q NT2 λ is high, in the range of ∼ 0.055 C/m 2 . The assumption of a uniform volume trap density has also been considered (NT(x) = NT). However, in this case, the model would predict a stronger thickness and voltage dependence, which is not compatible with the experimental data. This further confirms the assumption of equation ( 3) concerning the "localized" trapping of holes at the MAPbl3 / Au interface. The I-V curves are simulated considering only hole transport as the electron current remains negligible, especially for an applied voltage lower than 3 V. Therefore, the model is essentially a space charge limited current (diffusion has been neglected) in presence of both volume and interface hole traps. [START_REF] Lampert | Current Injection in Solids[END_REF] The incomplete filling of traps along the device has been considered. For simplicity, in order to limit the number of fitting parameters, only one energy level of traps are included (the same energy level for both volume and interface traps). The corresponding system of equations is:
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As the right-end side of equation ( 8) depends both on p and x, it is not possible to find a closed form solution for all 
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Please do not adjust margins voltages. Equations (8-10) have thus been solved numerically. In this approach, the unknown parameters are the mobility µ, NT1 and p1, which are obtained by fitting (see results Table 1). NT2 and λ were not considered as fitting parameters because they have been determined previously from the emission experiments for all devices. It is not possible to keep the same trap parameters NT1 and p1 for all the devices (featuring different thicknesses), but this seems reasonable in view of some moderate variability. Nevertheless, as seen Table 1, the NT1 and p1 variation remains reasonable enough to validate this approach. Finally, the energy trap levels can be deduced from p1 using the following equation:

 ଵ ൌ ܰ ௩ ሺܶሻexp ሺ ିா ் ሻ (9) 
with ܰ ௩ ሺܶሻ ∝ ܶ ଷ/ଶ and Nv(300K) = 1.8 × 10 19 cm -3 according to Minemoto and Murata. [START_REF] Minemoto | [END_REF] Simulations and experiments therefore show an overall good agreement, as illustrated in Figure 7. Furthermore, it can be seen that neither simple SCLC (neglecting all traps), nor the SCLC model with constant volume trap density, can reproduce the experimental results. Only a model including the trap density given by equation ( 3) can correctly fit the experiments, which further confirms the existence of enhanced trapping at the MAPbI3/Au interface. Interestingly, the value of the volume trap density found in this work is in good agreement with previous studies. 6,7 Similarly, the value of ET obtained (3.7-6 meV) is consistent with calculations by Yin et al. 3 Also, we would like to emphasize that the value of ET obtained is coherent with the rapid hole release at 10K when the device is short-circuited. It is also important to note that the extracted charge carrier mobility has a surprisingly low value (∼10 -4 cm 2 V -1 s -1 at high field), which is however plausible in a disordered medium such as polycrystalline MAPbl3 at low temperatures. In the literature, reported charge carrier mobility values vary over a large range (between 10 cm 2 V -1 s -1 and 10 -4 cm 2 V -1 s -1 ), 30,31,32 presumably due to different material processes and experimental techniques. The highest values are obtained on single crystals using THz spectroscopy, whereas the lower values are typical of polycrystalline materials. In order to assess the charge carrier mobility at low temperature, we carried out time of flight (TOF) experiments on a device with structure ITO/PEDOT:PSS/MAPbI3 (300 nm)/Au. The results are shown in Figure 8, where the mobility obtained is given as a function of temperature. Although a modest temperature dependence is observed, the TOF mobility is indeed found to be ca. 10 -4 cm 2 V -1 s -1 .

Experimental

Thin film preparation: The ITO-covered glass substrates (ITO thickness 150 nm, resistivity ~15 Ω sq -1 supplied by Visiontek) were cleaned by successive sonication in acetone, ethanol, and isopropyl alcohol (15 minutes each), followed by UV-Ozone treatment for 10 minutes. Poly(3,4ethylenedioxythiophene) polystyrene sulfonate 1.
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Please do not adjust margins (PEDOT:PSS, Heraeus, Clevios-PH) was spin coated onto the clean substrates at 4000 rpm for 1 minute. The samples were then placed in an oven at 110 °C for 1 hour. The resulting PEDOT:PSS film was 50 nm in thickness, as measured using a stylus profiler (KLA Tencor). The PEDOT:PSS covered ITO substrates were then transferred to a nitrogen-filled glove box. The precursor solution for the lead iodide perovskite consisted of a 3:1 molar ratio of methylammonium iodide (2.4 M, Ossila) and lead (II) acetate (0.8 M, Sigma-Aldrich, 99.999%) in dimethyformamide (Sigma-Aldrich, 99.9%), prepared according to recent literature reports. 33,34 The solution was filtered through a PTFE syringe filter (0.2 μm, VWR International) and then spin-coated onto the ITO/PEDOT:PSS films for 2 minutes at different rotation speeds in order to tune the film thickness. As measured by a stylus profiler, the rotation speed of 1250 rpm, 1750 rpm, and 2500 rpm resulted in film thickness 450 nm, 300 nm, and 200 nm, respectively. The surface morphology of the 450-nm-thick film and 200-nm-thick film is shown in Figure S8 and highlight the polycristallinity of the MAPbI3 layer whatever the The light yellow film obtained was then transferred onto a hot plate to be annealed at 90 °C for 25 minutes. During annealing, the color of the film slowly turned to dark brown, indicating the crystallization of lead iodide perovskite. All operations were performed in a nitrogen-filled glove box. Device Fabrication and Characterization: For solar cell devices, a 50-nm thick phenyl-C61-butyric acid methyl ester (PC61BM) layer was deposited on top of the lead iodide perovskite layer (thickness 200 nm) by spin coating (2500 rpm, 1 minute) a solution of PC61BM dissolved in chlorobenzene (20 mg ml -1 , Sigma Aldrich, 99.8%) and stirred overnight at 50 °C before use. The top electrode (30 nm of calcium/70 nm of aluminum) was then thermally evaporated on top of the PC61BM layer under a vacuum of ~10 -6 mbar. The dark and illuminated current-voltage curves were measured in a nitrogen-filled glove box using a Keithley 2400 sourcemeter (scan rate ~0.1 V s -1 in forward and reverse). The AM1.5G illumination condition was simulated by using a K.H.S. SolarCelltest-575 solar simulator with AM1.5G filters set at 100 mW cm -2 with a calibrated radiometer (IL 1400BL).

For the tunneling current and electroluminescence experiments, a 70-nm thick gold layer was thermally evaporated on the lead iodide perovskite films to form a metal-semiconductor contact. The samples (ITO/PEDOT:PSS/MAPbI3/Au) were loaded into a cryostat chamber connected to a glove box so that the sample can be transferred without being exposed to humidity or oxygen. Cooling to 10K was achieved using a closed cycle helium cryostat (Advanced Research Systems). At each temperature (as specified in the text), the chamber is stabilized for 10 minutes before the current-voltage measurement is taken. Photoelectron Spectroscopy Measurements: X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectroscopy (UPS) measurements were performed at the HEISY-ORG (Heidelberg integrated system for organic materials) facilities. A monochromatic Al Kα (photon energy= 1486.6 eV) provided the excitation source for XPS. In UPS, a gas discharge lamp operated with helium to achieve He-I emission (energy 21.22 eV) was used. A small bias of 2.5 eV was applied to the sample when recording the secondary electron cutoff. A Phi VersaProbe II spectrometer was used as the photoelectron energy analyzer, with Gaussian broadening of 0.35 eV and 0.13 eV for XPS and UPS, respectively. Time of Flight measurements: A 532-nm laser (Continuum Minilite) with pulses < 7 ns was used to photogenerate charge carriers from the ITO side of the sample (ITO/PEDOT:PSS/MAPbI3 (300 nm)/Au), with an applied bias voltage to separate the electron-hole pairs. The photocurrent was then monitored by a digital oscilloscope (Tektronix). From the large absorption coefficient of MAPbI3 at the excitation wavelength, we estimate the absorption depth of 532-nm light in MAPbI3 to be around 150 nm, making it possible to obtain the charge carrier mobility from the plateau of the photocurrent (Figure S7).

Conclusions

In this work, the electrical properties of hole transport in typical polycrystalline MAPbl3 used in the fabrication of solar cell has been investigated by means of physical (XPS, UPS, X-ray diffraction) and electrical (I-V, C-V, EL, TOF) experiments and simulations at low temperature. In samples featuring an electron blocking gold electrode, an electroluminescence signal can still be measured at high field at temperatures as low as 10K, evidence of electron injection in the active layer. Detailed comparison between simulation and experiments have shown that simple tunneling through a triangular barrier (Fowler-Nordheim Please do not adjust margins Please do not adjust margins tunneling) cannot explain the injection of electrons, suggesting the presence of strong band bending at the Au/MAPbI3 interface. As this band bending cannot be the consequence of residual doping or ion accumulation, it has been attributed to an excess of hole acceptor traps localized at this interface. Further comparison between SCLC simulations including both volume and interface traps have confirmed this assumption, allowing us to extract both hole mobility ∼ 10 -4 cm 2 V -1 s -1 (in agreement with experiments), volume shallow trap density ∼ 10 16 cm -3 (in agreement with previously reported values) and interface traps (in concentration up to 5×10 19 cm -3 ). These results provide essential information regarding the role of volume and interface defects in state-of-the-art hybrid perovskite semiconductors, such as those typically used in perovskite solar cells. The occurrence of trapping has to be taken into account for the conception and simulation of perovskite based devices.

Figure 1 :

 1 Figure 1: UPS spectrum of ITO/PEDOT:PSS/MAPbI3 (300 nm) at (a) the cut-off region and (b) the valence region. To determine the valence band maximum, the valence region is displayed in logarithmic scale. 11 The Fermi level and the ionization potential can be derived from the intercepts shown in the graphs. (c) The absorption and electroluminescence spectra of MAPbI3 film. The electroluminescence was recorded from ITO/PEDOT:PSS/MAPbI3 (300 nm)/PC61BM/Ca/Al. (d) Summary of the determined energy levels of MAPbI3. The Fermi level is almost in the middle of the bandgap

Figure 3 :

 3 Figure 3: Comparison of the normalized emission rate between simulations assuming Fowler-Nordheim tunneling through a triangular barrier (lines) and experimental data (dots) with MAPbI3 thickness 200 nm, 300 nm and 450 nm. The experimental data at 10 K are used. In all 3 cases, the simulated rates are much lower than the experimental data.

Figure 2 :

 2 Figure 2: (a) Working principle scheme of the experiment. Electrons are injected through MAPbI3/Au contact by tunneling and recombine with holes from bottom electrode in MAPbI3 layer. (b) Current and (c) luminance versus voltage as function of temperature of ITO/PEDOT:PSS/MAPbI3 (200nm)/Au device. The EL signals are invariant with respect to temperature, supporting the tunneling injection mechanism

Figure 4 :

 4 Figure 4: The Mott-Schottky plot of ITO/PEDOT:PSS/MAPbI3 (300 nm)/Au. The zero slope near 0 V indicates the absence of intrinsic doping. Data recorded at 10 kHz with alternating voltage of 30 mV. The sample temperature was 15K.

Figure 5 :

 5 Figure 5: Schematic view of the expected band structure of the ITO/PEDOT:PSS/MAPbl3/Au device, assuming a space charge effect band curvature induced by trapped holes at the MAPbl3/Au interface.

Figure 6 :

 6 Figure 6: Comparison between normalized tunneling current simulations (lines) considering a strong space charge effect at the MAPbl3/Au interface. (thickness 200 nm, 300 nm and 450 nm) and corresponding experimental normalized emission rate at 10 K (symbols).
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 77 Figure 7. Sample thickness nm 200 300 450 Mobility cm 2 V -1 s -1 10 -4 NT2 cm -3 5.5 × 10 19 λ nm 6.5 NT1 cm -3 1.6 × 10 17 5 × 10 16 2.3 × 10 16 p1 cm -3 2 × 10 15 8 × 10 13 8 × 10 13 ET meV 3.7 6 6

Figure 8 :

 8 Figure 8: The temperature dependence of MAPbI3 hole mobility using time of ϐlight measurement. An bias of -3 V was applied on ITO/PEDOT:PSS/MAPbI3 (300 nm)/Au to separate the photogenerated electron-hole pairs. The time of ϐlight photocurrent is shown in Figure S3.

Table 1 : Fitting parameters for current-voltage curves presented in
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