Transition metal carbides (MXenes) for efficient NiO-based inverted perovskite solar cells
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Abstract
In this work we demonstrate the beneficial role of MXenes doping for both perovskite absorber and electron transporting layer in NiO-based inverted perovskite solar cells. The addition of MXenes permits on one side to easy tune the energy level alignment at perovskite/charge transporting layer interface, and on the other side to passivate traps states within the cell structure, which in turn improve charge extraction and collection at the electrodes. The MXenes-based engineered cells showed superior performance, with power conversion efficiency exceeding 19% and improved stabilized power output with respect to reference devices. Due to the possibility to finely tune the MXene work function during their chemical synthesis and to their capability in modifying the optoelectronic properties of PSC layer when used as dopant, the proposed approach opens countless ways for engineering inverted PSC structure, strongly promising in term of long-term stability and future scalability on large area devices. 
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1. Introduction
In the last decade, perovskite solar cells (PSCs) emerged as a promising new generation photovoltaic technology able to provide high power conversion efficiency-PCE (now overcoming 25%) while retaining low fabrication costs. Since the first pioneering work by Miyasaka and co-workers in 2009,[1] PSCs were developed and optimized in term of perovskite active layer composition [2] and deposition techniques [3] as well as the proper choice of charge transporting layers (CTLs) [4] and electrodes [5] for both positive and negative charges. Depending on the application,[6] several cell architectures have been proposed mainly divided into two classes.[7] The first one is known as mesoscopic PSCs, including a mesoporous film as support layer for perovskite absorber, while the second one, planar, has a similar multi-layer thin film structure as that employed for organic bulk heterojunction thin film solar cells. Moreover, mesoscopic and planar architectures can be divided in n-i-p and p-i-n architectures, depending on the side exposed to the radiation (n-doped material in the first case, p-doped material in the second one). So far, the highest efficiencies ever reported for PSCs were achieved by employing the n-i-p structure comprising a mesoscopic layer. Such layer increases the absorber surface area and acts as a template for the perovskite crystal growth.[8] However, the commonly employed mesoporous layer in n-i-p structure, such as TiO2 or Al2O3, usually requires an additional high temperature sintering process (T>450°C), after the deposition of the compact TiO2 (cTiO2) layer by spray pyrolysis (T>450°C), thus enlarging the processing time and the final cost for device production. Regarding planar devices, simpler and low-temperature production processes guaranteed PCE overcoming 21% [9] with negligible hysteresis effect. However, even for planar configuration, perovskite/charge transporting layer (CTL) interfaces still represent the most challenging parts of the device. In fact both energy level alignment at such interfaces [10] and charge injection/transport [11] rule the device performance and stability. In planar p-i-n PSCs, Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) -PEDOT:PSS- and nickel oxide (NiO) films were the most frequently employed HTLs till now. However, despite the extensive use of PEDOT:PSS in PSCs, it suffers from hygroscopic effect and high acidic property, causing fast degradation of organic layers and organolead-halide perovskites layer. On the contrary, NiO-based device showed promising stability [12] under prolonged light soaking conditions. Unfortunately, so far only high temperature (T>500°C) spray pyrolysis NiO layer can achieve PCE exceeding 19%, [12] which limits its applicability onto indium thin oxide, plastic substrates and in two-terminal (2T) configuration for silicon/perovskite tandem devices. A different way to enhance PCE of the NiO-based PSC consists in modifying the NiO composition as demonstrated by W. Chen and co-workers.[13] The authors employed a peculiar molecular doping of NiO hole transport layer (HTL) by 2,2′-(perfluoronaphthalene-2,6-diylidene) dimalononitrile (F6TCNNQ), achieving PCE of 20.86% and 19.75% for cesium-formamidinium-methylammonium (CsFAMA) mixed cations and methylammonium lead triiodide (MAPbI3)-based devices, respectively. In alternative to the HTL doping, perovskite/phenyl-C61-butyric acid methyl ester –PCBM- interface can be also improved to achieve higher PCE. In inverted PSCs, the electron transporting layer (ETL) is placed after the perovskite absorber, thus electrons which are mainly photogenerated close to the HTL/perovskite interface need to travel a long distance before reaching the ETL and subsequently the counter-electrode (CE). Consequently, the electron-transporting properties of the perovskite layer as well as charge transfer at perovskite/ETL interface play an important role and can be improved as demonstrated by Y. Wu and co-worker.[12] The authors proposed the use of perovskite–fullerene graded heterojunction, where the electron-accepting material is distributed in the perovskite layer with a concentration gradient, which improves the photoelectron collection and reduces recombination losses. Following this approach, a PCE of 18.21% was demonstrated and certified for cells with an aperture area of 1.022 cm2. 
As an alternative route to develop efficient and stable PSCs, interface engineering (IE) with bi-dimensional (2D) materials was demonstrated to be a real breakthrough, by revealing a boost in the PSC efficiency and stability both on small cells and large area modules.[14][15][16] Graphene [17] [18] and related materials,[19] transition metal dichalcogenides (TMDs),[20] phosphorene and antimonene [21] and transition metal carbides, nitrides or carbonitrides (MXenes) [22] were used as dopant for the different PSC layers or as interlayers to tune the morphology and/or the optoelectronic properties of CTLs,[23] perovskite absorber [22][24] or their interfaces.[25] 2D-materials improve the charge collection capability of the CTLs,[26][27] speed-up the charge injection process at perovskite/CTLs interfaces,[28][29] control the perovskite crystal growth and morphology[30][31,32] and even stabilize the interface thus increasing the device lifetime.[33][34][35] Regarding planar p-i-n devices, few attempts were reported to optimize the electron extraction/collection at the CE. Chung et al. [36] doped perovskite layer with graphene oxide (GO) to increase the interfacial contact between the perovskite and ETL by balancing the holes and electron extraction and improving the photovoltaic performance. A graphene-doped PCBM (G-PCBM) layer has been used together with a nanocarbon layer to hinder the loss of iodide from the perovskite film and the consequent degradation in comparison with conventional PCBM ETL.[37] In this case, the electron capture is likely accelerated by the faster electron transport in the G-PCBM compared to the reference PCBM film, leading to PCE exceeding 15% over 1.02 cm2 active area. However, even if graphene and 2D-materials have been used to improve perovskite and/or PCBM morphology together with the electron transport, no demonstration about their role on the energy level alignment at perovskite/PCBM interface has been provided till now. In our recent work, we theoretically and experimentally show that Ti3C2 MXenes can be used to tune the work-function (WF) of both perovskite and TiO2 layers of a mesoscopic n-i-p cell.[22] MXenes are single or multilayer 2D structures with the general formula of Mn+1XnTx (n = 1, 2, 3), where M represents an early transition metal, X is a carbon and/or nitrogen atom and T are surface functionalization groups (–F, –O, –OH). These groups strongly affect the electrostatic potential near the surfaces and induce a dramatic effect on the electronic structure of MXenes, shifting the WF in a wide range (from 1.6 eV for OH termination to 6.25 eV for O termination).[38] More importantly, MXenes can change the WF of perovskite absorber or of CTLs when used as dopant in their precursor solutions, and this approach was exploited to design efficient PSCs with PCE exceeding 20%.[22]  As a matter of fact, the tuning of materials WF has a pivotal role in inducing proper interfacial dipoles at perovskite/CTL interfaces strongly improving the energy level alignments and eventually the resulting cell PCE. 
In this work we demonstrate that this WF tuning approach can be extended to inverted PSCs with the NiO/MAPbI3/PCBM/bathocuproine(BCP)/Ag structure. Notably, the use of Ti3C2Tx MXenes in both perovskite and PCBM layers allowed to improve the electron extraction/collection at the device CE by achieving 19.2% PCE. Since the proposed approach consists in doping the layer precursor solutions, it provides an easy and highly repeatable way to boost the performance for standard p-i-n device based on solution-processed NiO as HTL, without affecting the layer deposition condition and its resulting morphology.

2. Material and methods
2.1 MXenes preparation 
The Ti3C2Tx MXenes were chemically etched from the Ti3AlC2 MAX phase precursor (average particle size is 25 µm) using the minimally intensive layer delamination conditions.[39] This means exfoliation of 1 g of Ti3AlC2 at 25 °C in 20 ml solution of 1 g LiF dissolved in 6M HCl under continuous magnetic stirring during 24 h. The obtained multilayered Ti3C2Tx was repeatedly washed with deionized (DI) water, followed by centrifugation at 3500 rpm for 5 min and decantation until the pH of the suspension reached ∼ 6–7. After the final centrifugation, the sediment of Ti3C2Tx MXene was collected via vacuum-assisted filtration, and the obtained Ti3C2Tx powder was kept under vacuum at room temperature to prevent any deterioration due to oxidation. 
2.2 MXene and MXene-doped layers: Characterization Methods
X-Ray Difraction patterns of Ti3AlC2 MAX phase and Ti3C2Tx MXene samples were collected using a Rigaku Miniflex 600 desktop X-ray diffractometer with monochromatic Cu-Kα radiation (=1.5406 Å). Transmission Electrons Microscope (TEM) micrographs and Selected Area Electron Diffraction (SAED) patterns were recorded using a JEOL LEM-1400 transmission electron microscope. 
The UPS and XPS characterization of MXenes and of pure and MXenes-doped PCBM films deposited on TiO2/FTO substrates were carried out at the SuperESCA beamline of the Elettra synchrotron radiation facility (Trieste, Italy). Survey and core level spectra were acquired by exciting the sample with x-ray photons at selected energies and detecting the photoelectrons at normal emission. When not differently specified in the text, the secondary electron cutoff spectra were measures at the minimum photon energy each time available during the experimental runs (100 eV for MXenes and 150 eV for PCBM samples). The UPS measurements on pure and MXenes doped MAPbI3 samples were carried out at the Material Science Laboratory of the LNF- INFN (Frascati, Italy) by exciting the sample with the HeIIα (40.81 eV) and collecting the photoelectrons with a Omicron EA 125 hemispherical analyser. In order to have information on the real materials included in the devices, we did not carry out any cleaning procedure on the samples, which in all cases were characterized as received. In all cases the samples were characterized as received. All spectra were calibrated versus the Fermi level at zero binding energy measured on a clean metal surface. In each case for the work function measurements a bias of 8 V was applied to the sample.
Auger -spectroscopy measurements were done with Electronic Auger Spectrometer PHI-680 (Physical Electronics, USA). The spectrums were measured in pulse counting mode at 10 keV electron beam with j= 10 nA current of the initial beam. The depth of the analysis surface is 5-50Å. The line was recorded with a step of 1 eV at an accumulation time of 20 ms/eV in the E × N (E) pulse counting mode. The chamber pressure was P = 2·10-9 Torr. The elemental peaks were collected with an energy measurement uncertainty of 0.03 eV in the range 0-2500 eV. Sputtering of the samples was performed using Ar+ ions at 2 keV and 1,4 μA on an area of 1mm2 at an incidence angle of 30° to sample’s surface. The sputtering rate at V = 10 nm/min was calibrate with Si/SiO2 standard. All samples were measured with the same parameters of the sputtering and data collection. 
2.3 Materials for p-i-n solar cell fabrication and ink preparation
All organic solvents dimethylformamide (DMF), dimethyl sulfoxide (DMSO), chlorobenzene (CB), 1,2-dichlorobenzene (DCB), 2-propanol (IPA), and acetonitrile (ACN) were purchased in anhydrous, ultra-pure grade from Sigma Aldrich (Germany), and used as received. Solar cells were fabricated on SnO2:I (ITO, 10 ohm/sq) coated glass from Kaivo. The precursor for NiO hole transporting layer—Tris (ethylenediamine) nickel acetate (TED-NiA) was synthesized and dissolved in 1.0M concentration in ethylene glycol (analytical grade). Lead Iodide (PbI2 99.9 % purity LLC Chemosynthesis (Russia)) and methylammonium iodide (MAI, 99.99% purity from GreatcellSolar) were used for single-cation perovskite ink. Phenyl-C61-butyric acid methyl ester (PCBM, >99% purity) was purchased from FOM (Russia)) while bathocuproine (BCP, >99.8% sublimed grade) was purchased from Osilla Inc. (UK) and used for electron transport layers (ETLs) fabrication. 
Perovskite ink was made from MAI and PbI2 (1:1 by molar ratio) dissolved in DMF:DMSO mixture (8:2 ratio by volume) at 1.3 M concertation with heating at 70 °C for 6 h. The solution was cooled during five minutes to room temperature before the deposition and filtered through a 0.45 µm polytetrafluoroethylene (PTFE) membrane. In the case of MXenes-doped perovskite, perovskite solution was doped by adding 20% in vol. of MXene colloidal suspension in acetonitrile (0.07 mg/ml in ACN).
PCBM powder was dissolved (35 mg/mL) in CB:DCB mixture (4:1) and shacked for 90 min before use. BCP was dissolved in IPA (0.5 mg/mL) stirred and heated for at 8 h at 50 °C. In the case of MXenes-doped PCBM, the solution was doped by adding 10% in vol. of MXene colloidal suspension in acetonitrile (0.07 mg/ml in ACN). All solutions were filtered through 0.45 µm PTFE filter before MXene doping and prior their use. 
2.4 p-i-n solar cell fabrication
Perovskite solar cell were fabricated with inverted planar architecture FTO/NiO/MAPbI3/PCBM/BCP/Ag. 
At the first, the patterned FTO substrates were cleaned with detergent, de-ionized water, acetone, and IPA in the ultrasonic bath. Then, the substrates were activated under UV-ozone irradiation for 30 min. TED–NiA precursor for NiO HTL film was spin coated at 3000 RPMs (60 s), dried at 250 °C (2 min), and annealed at 300 °C (1 h) in ambient atmosphere. 
MAPbI3 absorber film was crystallized on the top of HTL with solvent engineering method. Perovskite precursor was spin coated with the following ramp: (500 RPM – 01 s; 1000 RPM – 09 s; 3000 RPM – 01 s; 5000 RPM – 24 s) and 180 µL of CB were dropped on the substrate on the 15 seconds before the end of the last rotation step. Then, substrates were annealed at 50 °C (1 min) and 100°C (10 min) for the formation of perovskite black phase. 
PCBM solution was spin coated at 500 RPM – 01 s / 1200 RPM – 39 s and annealed at 50 °C (5 min). For MXenes-doped PCBM, MXenes colloidal suspension in acetonitrile (0.07 mg/ml) was added to the PCBM solution (10% in vol.) after the filtration step, before to be deposited onto the perovskite substrates.
BCP interlayer was also spin coated at 4000 RPMs (1 min) and annealed at 50 °C (5 min). Silver cathode was deposited with thermal evaporation method at 2*10-6 Torr vacuum level trough shadow mask to form 0.15 cm2 active area for the pixels of the devices.
2.5 p-i-n device characterization methods
Density of Current-Voltage (JV) curves were measured under standard conditions of 1.5AMG illumination and 100mWcm-2 of irradiance intensity using a Newport ABB solar simulator (calibrated with certified Si cell and Ophir irradiance meter). Scan sweeps were performed with Keithley 2400 SMU (Cleveland, OH, USA). A voltage step of 23.5 mV was used for each sweep with a settling time of 10-2 s. 
External quantum efficiency (EQE) spectra were measured with a QEX10 system from PV measurements (calibration by Si certified cell).
Dark JV measurements was performed with a modular testing platform (Arkeo, Cicci Research) composed of a white LED array (4,200 K) tuneable up to 200 mW cm−2 of optical power density and a high-speed source meter unit (600,000 samples s–1) in a four wire configuration. A spring contact-based sample holder was used to improve the repeatability of the experiments. Transient measurements were performed in a high-perturbation configuration by acquiring the entire VOC rise profile after switching the light intensity from ~0 to 1 sun. 
3. Results and discussion
3.1 Incorporation of Ti3C2TX in solar cell layers for energy level alignment 
3.1.1 MXene characterization 
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Figure 1: Ti3C2Tx MXene characterization. a) XRD pattern of Ti3AlC2 MAX phase powder and Ti3C2Tx MXenes produced as the result of chemical etching of MAX phase; (b) TEM image of Ti3C2Tx delaminated flakes of colloidal suspension and corresponding SAED pattern (inset); c), d), e), f) High resolution Ti2p, C1s, O1s and F1s core-level spectra measured for the MXene film at photon energies of 600, 650, 800 and 400 eV, respectively; g) Secondary electron cutoff measured for the MXene film at photon energy of 600 eV.
The Ti3C2Tx flakes were synthesized by selective chemical etching of aluminum (Al) layer from hexagonal structure of Ti3AlC2 MAX phase. Fig.1a clearly demonstrates the shifting of the low angle (002) diffraction peak of MAX phase to lower angle and the disappearance of the other characteristic MAX phase peaks confirming successful synthesis of MXenes. The flakes are 2–2.5 µm in size, quite transparent with hexagonal atomic arrangement (Fig.1b, inset). The Figs. 1c-1f present the Ti2p, O 1s, F 1s, and C 1s high resolution XPS spectra of the Ti3C2Tx film. The Ti 2p spectrum features typical MXene structure with 2p3/2 components located at 454.8, 455.2, 456.0, and 457.4 eV.[40] The Ti2p peaks at 454.8 and 455.2 eV are attributed to Ti-C bonds in the MXEne matrix  the peak at lower BE being shifted due to the presence of neighboring lattice defects [40]. The Ti+2 and Ti+3 components at 456.0 and 457.4 eV originate from Ti atoms coordinated with termination groups. The small peak at 459.3 eV is attributed to TiO2 due to the surface oxidation of the film. The O 1s spectrum shows the peaks at 530.7 and 531.7 eV which are attributed to–O and –OH functional groups bonded to Ti atoms , respectively. Two additional peaks at 529.6 and 533.4 eV are due to TiO2 and water adsorbed on the surface of the film (H2Oads.). The F 1s spectrum indicates the presence of F functional groups bonded with titanium atoms (at 685.0 eV) and a small portion of residual AlFx phase (at 686.3 eV). In the C 1s spectrum, the peaks at 281.8 and 282.5 eV are related with Ti-C and Ti-C-Tx bonds and the peaks at 284.3 and 286.2 eV are ascribed to C-C bonds and CHx/C-O contaminations. 
Fig.1g shows the spectrum measured at h=600 eV in the secondary electron cutoff (SECO) region. The curve clearly shows two edges at 3.20 and 4.35 eV. The comparison with the analogous curve measured at h=100 eV (see Fig.S1) indicates that the contributions at low and high kinetic energy arise from the surface and the bulk of the MXene layer, respectively. The energy shift between the two edges can be related to the presence of the oxidized phases revealed by XPS mostly at the surface and much less in the layers underneath (see Fig.S2). Considering that the MXenes flakes were mixed to the PCBM and perovskite precursors immediately after their synthesis, and that the WF measurements were carried out few days later it is reasonable to take the value corresponding to the less oxidized bulk as representative for the WF of the as prepared Ti3C2Tx flakes. In this respect, it is worth noting that the value of 4.35 eV for the MXenes WF, higher than that of 3.69 eV used to tune down the work function of doped perovskites in Ref.[22] agrees with the ratio ~1 between -OH to -O terminations,[41] (see the O1s spectrum in Fig.1d) lower than that (~2) measured in Ref.[22] 
3.1.2 MXene-doped device layers: characterization
The electronic properties of pure and MXenes-doped perovskite and PCBM were studied by ultraviolet photoelectron spectroscopy (UPS). Figs.2a shows the position of the secondary electron cutoff (SECO) measured for PCBM and PCBM+MXenes. For both samples the whole valence band spectra and XPS characterization are shown in Fig.S3. We found that the addition of MXenes leaves the valence band maxima (VBM) basically unchanged. Conversely, a mild increase of ~ 200 meV is revealed after doping with respect to the WF value of 4.88 eV measured for the pure material. Analogously, for the perovskite layer, WF increase was observed after the addition of MXenes. Differently from the case of ref.[22] where a significant WF shift was observed for perovskite upon the MXenes addition, the reduced WF shift (~60 meV) here reported can be explained by considering that the WF value of MXenes employed in this work (reported in Fig.1g) is very similar to that of the MAPbI3 perovskite.
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Figure 2: Secondary electron cutoff (SECO) spectra measured on pure and MXenes doped PBCM (left panel; h=150 eV) ) and perovskite samples (right panel; h=40.8 eV).
From the morphological and structural point of view, both the insertions of MXenes in perovskite and PCBM layer did not induce changes in the doped layers. In fact, XRD spectra and SEM images acquired over doped and pristine perovskite layers (see Figures S4 and S5) did not show any significant differences as well as in the case of AFM images and Raman spectra acquired for both MXene-doped and pristine PCBM layers (see Figures S6 and S7). 
3.2 p-i-n solar cell performance
Four different device structures have been designed and investigated, differing from each other for the MXenes (MX) doping of constituting layers. A schematic representation of the investigated device structure and the relative energy band diagram are depicted in Fig.3. 
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Figure 3: Schematic representation of MXene-based p-i-n PSCs and the related b) energy band diagram of the different functional layers relative to vacuum. MXenes addition does not impact over the energy band gap values. The band alignments are not to scale and show only the relative position.
In particular, the standard “reference” device (PSC-A) has the structure glass-ITO/NiO/perovskite/PCBM/BCP/Ag while the other typologies include MXenes additive within constituting layers. More in detail, beside the reference structure, we realized devices by adding MXenes only in perovskite layer (named PSC-B), devices with the MXenes addition in both perovskite and PCBM layer (named PSC-D) and lastly devices with only the PCBM layer modified with MXenes (named PSC-C). The following Tab.1 is resuming the investigated device structures.
	Name
	Device Structure

	Reference (PSC-A)
	glass-ITO/NiO/perovskite/PCBM/BCP/Ag

	MX in pero (PSC-B)
	glass-ITO/NiO/perovskite+MXenes/PCBM/BCP/Ag

	MX in PCBM (PSC-C)
	glass-ITO/NiO/perovskite/PCBM+MXenes/BCP/Ag

	MX in pero & PCBM (PSC-D)
	glass-ITO/NiO/perovskite+MXenes/PCBM+MXenes/BCP/Ag


Table 1: Description of the investigated device structures. 
The electrical parameter statistics extracted by 1 SUN current-voltage (I-V) characteristics for the as-prepared and not encapsulated device are reported in Fig.4 (panel a- open circuit voltage (VOC), panel b- short circuit current density (JSC), panel c- fill factor (FF) and panel d- power conversion efficiency (PCE), with the standard error represented as a box). 
Reference devices showed averaged PCE exceeding 17%, in line with the typical values recorded for similar device architecture [42] while devices using both perovskite and PCBM layers doped with MXenes achieved maximum PCE of 19.2%. Notably, the recorded averaged PCE improvement (+8.3% with respect to reference devices) has to be imputed to an evident increase of JSC, as reported in Fig.4b. In fact, all the structures employing MXenes showed a slight decrease of the average VOC values that cannot however hamper the strong JSC increase, resulting in a general improvement of PCE. The J-V curves related to the best-performing cell for each tested structure are reported in Fig.5a while the averaged J-V over 8 equal devices are reported in Fig.S8 
[image: ]Figure 4: Electrical parameter statistics for the investigated MAPbI3-based device structures extracted by the J-V curves acquired at 1 SUN irradiation. The standard error (SE) is represented with a box while the average value is depicted as an empty squared dot. The cell active area is 0.14 cm2. Results for device simulations are also displayed as orange crosses. 
In solar cells VOC is mainly related to the quasi-Fermi level splitting (QFLS) occurring in the absorbing layer and this is also true for PSC [43]. Theoretically, QFLS should correspond to the VOC value but generally the measured VOC is much lower. The large mismatch between the QFLS and the VOC is consistently explained by an energetic offset between the perovskite and the transport layer in combination with faster interfacial recombination. Thus, the quasi-Fermi levels propagate flat throughout the bulk of the absorber, but significant bending at the perovskite/CTL interface can occur.[44] This process results eventually in a lower VOC and a consequent mismatch with the QFLS in the bulk.
This picture strongly highlights that the interface engineering can have a strong impact in ruling the VOC in PSCs. In our case, upon the addition of MXenes in perovskite (or alternatively in PCBM) layer, the devices experienced a slight average VOC drop that can be confidently ascribed to a more prominent band bending at NiO/perovskite (or alternatively at perovskite/PCBM) interface, as suggested by theoretical simulation results depicted in Figs. S9 and S10. On the contrary, when both perovskite and PCBM layer are doped with MXenes (PSC-D), the WF shift and the combined effect between the improvement of charge transport properties in PCBM and the reduction of the trap-mediated recombination in MAPbI3 resulted in VOC averaged value comparable to that one obtained for reference devices (PSC-A). Notably, MXene addition had a relevant effect over device JSC, showing a remarkable improvement when MXenes are inserted in both perovskite ad PCBM layers (PSC-D), as confirmed by the Incident Photon to current Conversion Efficiency (IPCE) spectra reported in Fig.5b.
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Figure 5: a) J-V curves for the best-efficient device for each tested device structures, acquired at 1 SUN irradiation. The inset table shows the VOC, JSC, FF and PCE value extracted by the respective JV curves; b) Incident Photon to current Conversion Efficiency (IPCE) spectra acquired for the best-efficient device for each tested MAPbI3-based device structures. The integrated JSC values are also reported for each device structure.
As a matter of fact, the WF shift (see UPS measurements reported in Fig.2) recorded for both perovskite and PCBM layer upon MXene doping, strongly affects band alignment at perovskite/CTL interfaces by changing the charge extraction capability at the respective electrodes. Moreover, IPCE spectra for reference (PSC-A) and full-MXenes (PSC-D) structure are quite completely overlapping in the spectral region from 300 to 670 nm while from 670 to 760 nm the full-MXenes configuration showed a clear photocurrent enhancement. Owing the deep penetration length of the near-IR (NIR) radiation with respect to UV-Vis radiation, carriers generated with NIR photons are more homogenously distributed into the absorbing layer with respect to those generated at lower wavelength (which are concentrated at the HTL/Perovskite interface). Thus, the improved NIR EQE of PSC with MXenes in both perovskite and PCBM (PSC-D), clearly evidences that the charge photogenerated are definitively better extracted/collected at the perovskite/PCBM interface. This effect has been modelled in the following drift-diffusion (DD) calculations with and improved electron mobility in PCBM.
Absorbance spectra of pristine and MXene-doped MAPbI3 showed in Fig.S11a didn’t revealed any evident change that can justify the improved JSC of PSC-D with an improved light-harvesting efficiency (ηH). Thus, the increase of photogenerated current in the NIR region of IPCE spectra has to be related to an improved charge transfer efficiency (ηCT) at perovskite/CTL interfaces and/or to the higher charge collection efficiency (ηCol) at the electrodes. With the aim to give further insight on the effect of MXenes in the tested structures, dark I-V curves were acquired for the best efficient devices. The reverse voltage scans are reported in Fig.6a. 
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Figure 6: a) Dark current-voltage characteristics and b) charge lifetime plot for each tested device structures. 
As extensively reported in literature for NiO-based devices, dark IV-curves present strong hysteresis behaviour inducing minimum current to shift from zero to positive voltage values in forward scan.[45] The non-capacitive hysteresis can be related to the electrical bias induced instability at the NiO/perovskite interface, linked to the electrochemical reactivity of the perovskite layer, as demonstrated by Di Girolamo et al..[45] In our case, the MXene doping of perovskite and/or the ETL had a positive impact on the in dark J-V hysteresis by stabilizing the maximum power point (MPP) tracking plots reported in Fig.S12. This effect has been modelled in DD calculations (reported in the following) with a reduced value of interfacial recombination at NiO/perovskite interface in the case of PSC-B and PSC-D or alternatively at perovskite/PCBM interface in the case of PSC-C and PSC-D. Moreover, dark J-V curves for MXenes-based devices present a kink at 0.9 V underlining and improved rectifying behaviour [46] with respect to reference cell, while higher current values for V>0.9V (orange oval in Fig.6a) revealed lower injection barrier at perovskite/CTL interface.[47] Moreover, the lower dark saturation current values recorded for MXene-based PSCs with respect to reference devices (PSC-A) highlighting lower charge recombination outside the depletion region.[48] 
As further investigation, PL emission spectra from MAPbI3 perovskite layer deposited on glass substrate were acquired for both pristine and MXene-doped layers and they are reported in Fig.S11b. Remarkably, a significant PL emission increase after MXenes doping was recorded testifying an improved radiative recombination efficiency at the expense of non-radiative trap-assisted recombination and eventually a higher quality of the lattice.[49] This effect has been modelled in DD calculations (reported in the following) with longer bulk Shockley-Read-Hall carrier life-times (tSRH) and a lower trap concentration (Nt) in the case of PSC-B and PSC-D.
In addition, transient photovoltage (TPV) measurements were performed on the investigated devices by extracting the charge life-time trends reported in Fig.6b. In TPV the device is kept at open circuit while a 2 μs light pulse (at different light intensities) is applied over a background illumination. After the light pulse is switched-off, the VOC fall profile is tracked. Since during the measurement no charge is extracted from the device, the VOC decaying transient is attributable only to the internal recombination in the perovskite bulk and at the interfaces with selective contacts.[50] The charge lifetime is then extracted by fitting the VOC decay profiles at different illumination with a mono-exponential fit. The results are plotted in Fig.6b for the investigated device structures. Notably reference (PSC-A) and full-MXene (PSC-D) configurations showed the highest recombination life-time underlining a reduced impact of trap recombination upon the charge dynamics. On the contrary, devices with only one doped layer suffer from more severe charge recombination. When MXenes are added only in perovskite absorber (PSC-B) charge recombination due to deep trap states are strongly reduced and more charge can be collected at perovskite/PCBM interface if compared with reference devices. This can favour charge pile-up at perovskite/PCBM interface and eventually promote charge recombination by reducing the charge lifetime (modelled in the following DD calculations with a higher value of capacitance at perovskite/PCBM interface -CP/P- in the case of PSC-B). Similarly, when MXenes are introduced only in PCBM layer (PSC-C), the electron transfer from perovskite to PCBM is hindered by the unfavourable level alignment and recombination within perovskite layer is enhanced. 
However, in the case of full-MXenes configuration (PSC-D) the effect of charge pile-up at the interface can be hampered by the improved charge dynamics within both perovskite and PCBM layer (as demonstrated in the following by transient photocurrent measurements), by eventually restoring the charge life-time.
In order to further support our conclusions, we performed transient photocurrent (TPC) measurements reported in Fig.S13 in SI. In particular, TPC decay profiles refer to free charge carrier generated concurring to the extracted current at the short circuit condition. Only charges that do not recombine at the interfaces can be collected and extracted at the electrodes. Indeed, TPC profiles takes into account only charge passing through the devices and finally collected at electrodes. Thus, the faster is the TPC decay the faster is the charge dynamics within the entire devices, indicating improved charge injection through the device interfaces and faster charge transport among the transporting layers. Moreover, since measurements are normalized in intensity, TPC profiles do not take into account charge losses due to the recombination at the interfaces or within the layer as well as recombination of charge piled-up at the interface for a not-efficient charge transfer from perovskite to CTL, likely induced by an energy level misalignment.[51] TPC decay profiles were acquired over 4 complete PSCs for each cell typology and then the averaged profiles are reported in Fig.S13. Notably, PSCs including at least one layer doped with MXenes (PSC-B, PSC-C and PSC-D) showed faster relaxation dynamic. This could be likely imputed to a fast charge transport among the layer and/or to a reduced concentration of parasitic charge accumulation at perovskite/PCBM interface which impede the flow of charges.[52] The obtained curves can be explained as following: when MXenes are introduced within the PCBM layer, charge mobility is enhanced and consequently the charge dynamic, resulting in fast TPC decay profiles. However, in this condition, energy offset between PCBM and perovskite is maximized (4.3-3.9 eV) and charge transfer at perovskite/PCBM interface is not favoured, eventually reducing the overall generated photocurrent, as reported in the IPCE spectrum (Fig.5b). When MXenes are added within the perovskite layer, they improve the overall quality of perovskite crystal (as demonstrated by the PL emission spectra reported in Fig.S11b) by reducing trapping/detrapping phenomena mediated by deep trap states (or grain boundaries) within the perovskite layer that can slow down the charge transport across the absorber. Moreover, the energy offset at PSK/PCBM interface is minimized (4.1-3.95 eV) by favouring the electron injection from perovskite to PCBM layer. In addition, even the NiO/perovskite interface is positively affected, as demonstrated by the in-dark J-V characteristics, showing reduced saturation current and by the reduction of the non-capacitive hysteresis effect. This led to an overall increase of the device JSC as showed in Fig.4b. However, electron transport through PCBM layer is not so efficient as in the case of PSC-C and PSC-D. When MXenes are inserted in both perovskite and PCBM layers, all these effects are combined. On one side, the energy offset at perovskite/PCBM interface (4.3-3.95 eV) is less favourable with respect to the reference case (4.1-3.9 eV) but, on the other side: i) charge injection at perovskite/PCBM and NiO/perovskite interfaces is improved by a reduction of trap state density induced by the presence of MXenes in perovskite layer, as demonstrated by the dark J-V characteristics and by PL measurements (modeled in theoretical simulation with reduced CP/P values for PSC-C and PSC-D, while reduced CN/P for PSC-B and PSC-D) ii) charge collection at the negative electrode is enhanced due to the presence of MXenes in PCBM layer improving the electron mobility. Finally, considering the PL emission of perovskite/PCBM stacks for the investigated device configurations reported in Fig.S14, a blue shift of PL peak is evident when MXenes are inserted in PCBM layer. Generally, the spontaneous radiative recombination between trap states close to the top perovskite surface and/or along the grain boundaries, leads to a red-shifted PL emission.[53] Thus, we can confidently suppose that, since PCBM is deposited atop the perovskite film by filling MAPbI3 empty spaces among adjacent grains, MXenes flakes within PCBM can passivate defects over the perovskite top surface and/or along the grains by improving charge injection at perovskite/PCBM interface. 
With the aim to investigate the distribution of the Mxenes in the PSCs, we performed Auger Electron Spectroscopy (AES) profiling of the PSC-B and PSC-C device structures. In particular, we fabricated device structures (HTL/Absorber/ETL/BCP/Ag) on the Si substrates to improve the electron response and signal to noise ratio during the acquisition of the spectral lines. In fact, the use of ITO substrates did not provide sufficient emission of the Auger- electrons from the fabricated device structures due to the charging process. Initial Auger profiling of PSC-A, PSC-B and PSC-C demonstrated equal in-depth elemental distribution in the films of the fabricated samples, as reported in Fig.7. We used the following list of elements to identify the position in the studied structure: Ag- metal cathode; C- ETL (PCBM&BCP); Pb,I – absorber; Ni – HTL (NiO) and Si for the substrate. 
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Figure 7- Normalized Auger depth profiles for PSC-A, B, C considering the Ag, C, Pb, I, Ni, Si element distribution along the Ag/BCP/ETL/MAPbI3/HTL/Si structure.

To identify the response from the Mxenes in PCBM and MAPbI3 films we analyzed Auger-spectral lines presented in Fig.7. We found the in-depth position of the PCBM film was achieved after 15 min of the sputtering time (with increase of the signal intensity from the C element), while the in-depth position of MAPbI3 film was achieved after 35 minutes of sputtering (with increase of the signal intensity from for Pb and I elements). The response of Mxenes inclusions (Ti3C2Tx) was identified with the Ti element signals. 
For PSC-B (Mxenes in perovskite), the specific Ti spectral peaks were measured with energies of 347 eV and 411 eV (Fig.8a) during the etching of the perovskite layer (35 min sputtering) and were not detected in the PCBM film (Fig.8b, 15 min sputtering). The low Ti peak intensity can be attributed to the ultra-low concentration of MXenes in the MAPbI3 precursor solution. For PSC-C (Mxenes in PCBM) the distribution of the Ti peaks was opposite with respect to that recorded in the case of PSC-B structure. The analysis of the specific peaks showed the absence of Ti in perovskite film (Fig.8c, 35 min sputtering) and specific response during etching of the PCBM film (Fig.8d, 15 min sputtering). It should be noted that we observed the signals of iodine in PCBM caused by the I- migration.[54] To split the identification of the iodine and titanium peaks we reported the values of the specific iodine peaks (360, 370, 421, 430 eV - red spectral line) to the Auger spectrum for Mxene doped PCBM film (Fig.8d) which appeared well distinguishable from Ti peaks, by confirming the correctness of data interpretation.
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Figure 7 - Auger spectra of Ag/BCP/ETL/perovskite/HTL/Si samples miming the structure of PSC-B, PSC-C by the addition of Mxene in perovskite and PCBM layer respectively.
The Auger profiling (carried out with an in-depth resolution of 5 nm) of PCBM and perovskite Mxene-doped films can support the MXene distribution along all the layer thickness. Since MXenes were found along both perovskite and PCBM layers in the case of PSC-B and PSC-C respectively, we can deduce a similar distribution even in the case of full MXenes configuration (PSC-D).
Thus, by sum up results derived by electro-optical characterizations over complete devices and constituting layers we can assert that in the case of full-MXenes structure (PSC-D) i) MXenes in perovskite can passivate both deep trap states in the absorber and surface defects at perovskite/PCBM interface; ii) MXenes in PCBM can improved electron mobility. In this conditions, even charges generated by the less energetic photon in the NIR can be efficiently collected as demonstrated by the IPCE spectrum reported in Fig.5b.
To support the conclusion that the improvement of PSC performance is directly related to the optimized interface alignment, to the reduction of charge recombination and to the improved charge dynamics induced by MXenes, we performed device simulations on the basis of a DD model.[55] According to the experimental devices, we modelled the reference solar cell structure as a ITO/NiO(8 nm)/MAPbI3(450 nm)/PCBM(60 nm)/BCP/Ag stack, where the ITO and BCP/Ag were modelled as effective Schottky contacts, respectively with WF of -5.1 eV[56] and -4.3 eV.[57] According to the UPS measurements shown in Fig.2, the MXene inclusion in MAPbI3 (PSC-B), PCBM (PSC-C) and both of them (PSC-D) was modelled by applying a rigid downshift of the WFs respectively of 0.05 eV in the case of MAPbI3+MXenes and of 0.2 eV in the case of PCBM+MXenes.(see Fig.S9 and Tab.S2) At the same time, to the change of the band alignment and following the experimental data provided by electro-optical device characterizations, we modelled the interface recombination rate constant at NiO/MAPbI3 and MAPbI3/PCBM interfaces, as reported in Tab.S2. In addition, considering the improvement of the charge carrier collection due to the MXene inclusion, we assumed a reduction of the trap-mediated recombination in MAPbI3 and an increase of mobility in PCBM respectively, attributable to an improvement of the charge transport properties. The full list of electrical parameters used in DD simulations is reported in the supporting info –SI- (Tab.S2).
The comparison between experimental results and simulated PV parameters (reported as an orange crosses) in Fig.4 shows that the proposed device modelling successfully matches the experimental trends. As a result, the WF tuning induced by the MXene inclusion positively acts on the band alignment since the slight increase of the NiO/MAPbI3 barrier (translating in an increased driving force for positive charge collection) and the reduced barrier at MAPbI3/PCBM interface with respect to MXene-free devices do not significantly penalize the open-circuit voltage, but foster the charge transport as demonstrated by the improved FF and JSC. Indeed, while the VOC variation is restricted to c.a. 50 mV, the presence of MXene in MAPbI3 leads to increase the JSC of the reference cell PSC-A from 20.96 to 22.34 mA/cm2 for PSC-B and up to 22.52 mA/cm2 for PSC-D. As demonstrated by the two-steps approach reported in Fig.S10, the collection of photogenerated carriers is mainly driven by the reduced effect of the trap-mediated recombination in the perovskite bulk. This is further confirmed by observing the results from the PSC-C alignment which shows a worsening of the PV performance either in terms of FF and JSC. 
The comparative study performed, allows us to conclude that the MXene inclusion plays an important role either in the interface band alignment optimization process and in the improvement of charge injection/transport properties, that in the case of MAPbI3 can be related to the quality of the lattice while in the case of PCBM to an improved effective conductivity.

4. Conclusions 
In this work we demonstrated the possibility to tune the opto-electronic properties of inverted p-i-n perovskite device by using MXenes as doping for the constituting layers. The MXenes-based devices showed a max PCE exceeding 19% with an average increase of +8% with respect to reference cells, a remarkable result considering MAPbI3-based p-i-n cell employing spin-coated NiO.[42] In particular, the MXene doping of both the perovskite absorber and the PCBM electron transporting layer (ETL) resulted in i) fine tuning of layer work function (WF) and eventually proper energy level alignment at perovskite/CTL interfaces, ii) an improvement of the charge transport properties in PCBM, iii) a reduction of the trap-mediated recombination in perovskite, all revealed by electro-optical characterizations and confirmed by drift-diffusion (DD) calculations. Considering that WF of MXenes can be finely tuned in a broad range (from 1.6 eV for OH termination to 6.25 eV for O termination) during their synthesis, we firmly believe that PSC layer and/or interface can be properly engineered in term of energy level alignment and interfacial dipole formation. On this base, using MXenes as dopant for NiO hole transporting layer (HTL) or as interlayer at HTL/perovskite interface can confidently represent, in the next future, the way to further boost the p-i-n PSC efficiency and their interface stability, over the current state of art. Finally, the proposed approach can be easily scaled-up to large area modules and panels, since the MXenes doping involves only the precursor solutions and it does not impact onto the layer deposition and eventually their final morphology.
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