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Abstract: 
Hybrid perovskites have received tremendous attention due to their exceptional photovoltaic and optoelectronic properties. Among the two widely used perovskite solar cell device architectures of n-i-p and p-i-n, the latter is interesting in terms of its simplicity of fabrication and lower energy input. However this structure mostly uses PEDOT:PSS as a hole transporting layer which can accelerate the perovskite solar cell degradation. Hence the development of stable, inorganic hole extraction layers (HEL), without compromising the simplicity of device fabrication is crucial in this fast-growing photovoltaic field. Here we demonstrate a low temperature (~100 oC) solution - processed and ultrathin (~ 6 nm) NiO nanoparticle thin films as an efficient HEL for CH3NH3PbI3 based perovskite solar cells. We measure a power conversion efficiency (PCE) of 13.3 % on rigid glass substrates and 8.5 % on flexible substrates. A comparison with PEDOT:PSS based MAPbI3  solar cells (PCE ~ 7.9 %) shows that NiO based solar cells have higher short circuit current density and improved open circuit voltage (1.03V).  Apart from the photovoltaic performance under 1 Sun, the efficient hole extraction property of NiO is demonstrated for indoor lighting as well with a PCE of 23.0 % for NiO based CH3NH3PbI2.9Cl0.1 p-i-n solar cells under compact fluorescent lighting. Compared to the perovskite solar cells fabricated on PEDOT:PSS HEL, better shelf-life stability is observed for perovskite solar cells fabricated on NiO HEL. Detailed microstructural and photophysical investigations imply uniform morphology, lower recombination losses, and improved charge transfer properties for CH3NH3PbI3  grown on NiO HEL. 
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1. Introduction
Emerging hybrid perovskite solar cells hold the promise for inexpensive and highly efficient photovoltaic technology, with certified power conversion efficiencies of 24.2 %[1]. The most successful and widely investigated perovskite solar cell architecture is n-i-p consisting of high temperature processed planar and mesoporous TiO2 as electron transporting layer (ETL) and expensive Spiro OMeTAD as hole transporting layer[2, 3]. In addition to the high energy input, the n-i-p architecture suffers serious J-V hysteresis and Spiro OMeTAD is a poor barrier for the migration of Au/Ag top metal contacts, critically degrading the performance of perovskite solar cells[4]. The alternate and emerging p-i-n planar architecture is promising in terms of simplifying fabrication, reducing energy input in terms of interlayer and reducing the detrimental hysteresis effect[5]. Because of these attributes, this device architecture is favourable for roll-to roll fabrication of perovskite solar cells on flexible and non-customized substrates. However, this architecture has challenges, such as lower efficiency and faster degradation due to the most commonly employed hole transporting layer of PEDOT:PSS, which is hygroscopic and acidic in nature[6]. Development of solution processed inorganic and stable hole extraction layers for the planar p-i-n structure is therefore desirable to enable simple, energy efficient and cost effective fabrication of perovskite solar cells. 
A crucial aspect of the operation of perovskite solar cells is the presence of charge selective contacts. For their efficient functioning, these layers need to meet important attributes of high transparency in the visible range, energy level matching with the perovskite active layer, good charge transport properties and being easy to deposit. Among the p-type inorganic semiconductors, NiO is interesting for hole transporting layers because of its wide bandgap, stability, high hole mobility in bulk, good electron blocking ability and energy level matching with hybrid perovskites such as CH3NH3PbI3 [7, 8]. NiO as hole extraction layer has been previously reported for p-i-n planar architecture [6, 9-17] and very recently for n-i-p perovskite solar cells [18-21]. Power conversion efficiency as high as ~ 20 % has been demonstrated for p-i-n perovskite solar cells using NiO as HEL and ~ 11% for n-i-p perovskite solar cells.  In most of these reports, the NiO is prepared by physical vapor deposition technique such as ALD or sputtering, or by solution processing methods which involve high temperature (270- 500 oC) annealing.  However to exploit the promises for device flexibility and conformability with perovskite solar cells,  the interlayers also needs to be fabricated at moderate temperatures and specifically, below 150°C in the case where polyethylene terephthalate (PET) is used as the flexible substrate [22]. So far there are only a few studies on low temperature solution processed NiO HEL for perovskite solar cells. Liu et al [21] reported 15.9 % PCE for two step synthesised CH3NH3PbI3 p-i-n perovskite solar cells using NiO thin films annealed at 150 oC and followed by a UV-ozone treatment. Very recently He et al [23] and Chen et al[24] reported 15-20 % PCE for CH3NH3PbI3 p-i-n perovskite solar cells using room temperature processed NiO and Cu:NiO as HEL. Although interesting, these reports do not explore the applicability of using NiO HEL to perovskite compositions other than CH3NH3PbI3, or the shelf-life stability of the fabricated p-i-n solar cells.  Furthermore, they do not directly compare the perovskite solar cell device performance with the widely used hole extraction layer of PEDOT:PSS. 
Hybrid perovskite solar cells have so far been mainly investigated for their performance under outdoor solar illumination with very few reports discussing the indoor photovoltaic performance of perovskite solar cells [25-29]. The tuneable bandgap (1.2-3.1 eV) of hybrid perovskites[30] and visible spectral range of indoor light sources give hybrid perovskites considerable potential for indoor light harvesting. Indoor lighting in residential buildings and offices are dominated by compact fluorescent lamps (CFL) and white light emitting diodes (LEDs) which are entirely different in intensity and spectral content compared to the solar spectrum. Indoor solar cells are very interesting for powering smart autonomous systems such as Internet of Things (IoT) applications. IoT is a huge technology field of ‘smart’ connected devices and is expected to grow rapidly over the coming years. By 2025, IoT is expected to connect 30 billion objects, sensors being more than 60% of devices [31]. Considering the huge number of objects being connected in IoT, the use of power distribution wires or battery is complex, expensive and an environmental issue. Interestingly these wireless sensors need only microwatt ranges of power which could potentially come from indoor solar cells. Hence the development of cost effective, photovoltaic technology to power these sensors is important and hybrid perovskites are an ideal choice.  
In the present work, a low temperature (100 0C), solution processed, NiO nanoparticle based thin film as efficient hole extraction layer is demonstrated for CH3NH3PbI3 and mixed halide perovskites such as CH3NH3PbI2.9Cl0.1 and CH3NH3PbI2.9Br0.1. These NiO nanoparticles were synthesised using flame spray synthesis method which is capable of producing uniformly distributed metal oxide nanoparticles at a high production rate (200 g/h) in a cost efficient manner and without forming any harmful by-products [32]. Thus these NiO nanoparticles are attractive towards the industrial fabrication of perovskite solar cells. Detailed investigation of the microstructural, optoelectronic and photophysical properties of the CH3NH3PbI3 on NiO /PEDOT:PSS HELs is carried out and compared. Improved microstructural and photophysical properties of CH3NH3PbI3 films grown on NiO hole transporting layers in comparison to those on PEDOT:PSS results in higher (13.3 %)  photovoltaic power conversion efficiency for the NiO based perovskite solar cells in comparison to PEDOT:PSS (7.9 %) as HEL. In addition to the performance of these hybrid perovskite solar cells under AM 1.5 G solar spectrum, their photovoltaic performance is characterized for indoor lighting applications. Based on this, a PCE of 23.0 % is demonstrated for NiO based CH3NH3PbI2.9Cl0.1    p-i-n solar cells. Moreover, compared to the perovskite solar cells fabricated on PEDOT:PSS HEL, better shelf-life stability is observed for perovskite solar cells fabricated on NiO HEL. Detailed microstructural and photophysical investigations imply uniform morphology, lower recombination losses, and improved charge transfer properties for CH3NH3PbI3  grown on NiO HEL compared to that on PEDOT:PSS. 
2. Experimental details

2.1 Preparation of NiO thin films
The dry NiO nanopowder was prepared by flame spray synthesis using a precursor solution of nickel salt in 2-ethylhexanoic acid; the solution was diluted with 30 wt% THF. The precursor then was fed to a spray nozzle, dispersed by oxygen and ignited by a premixed methane-oxygen flame (CH4: 1.2 l min−1 and O2: 2.2 l min−1). The off-gas was filtered through a steel mesh filter (20 micron mesh size) by a vacuum pump at about 20 m3h−1. The obtained dry nanopowder was collected from the filter mesh. A stable suspension was prepared by dispersing 2.5 wt% nanopowder in ethanol by using an undisclosed dispersant (proprietary information of Avantama AG). 
NiO nanoparticle thin films were prepared from the above mentioned NiO nanoparticle suspension (Avantama, P-21, product number 10128, 7 nm particle size) from Avantama. The as- received NiO nanoparticle was ultrasonicated for 1 minute followed by diluting (1:10 by volume) the suspension in anhydrous ethanol. The diluted NiO nanoparticle suspension was sonicated for 5-10 minutes before spin coating. The spin coating was carried out under ambient conditions, at 2000 rpm for 60 seconds. After spin coating, the glass/ITO/NiO substrates were annealed at 100 oC for 10 minutes.
2.2 Fabrication of perovskite solar cells
[bookmark: _Hlk526785163]The pre-patterned ITO-coated glass substrates were cleaned in detergent (sodium dodecyl sulphate-SDS), successively ultrasonicated in deionized water, acetone and isopropyl alcohol, and exposed to oxygen Plasma Asher for 3 minutes. The solution to make the perovskite active layer was prepared by mixing 461 mg of PbI2 (Alfa Aesar 99.999%) and 159 mg of CH3NH3I3 (Dyesol) in a mixed solvent of Dimethyl sulfoxide (66 µL) (DMSO, Sigma Aldrich, anhydrous, 99.9%) and Dimethyl formamide (636 µL) (DMF, Sigma Aldrich, anhydrous, 99.9%). The precursor solution was stirred for 1 hour at room temperature and then spin-coated onto the glass/ITO/NiO substrates at 4000 rpm for 30 seconds. During the first 7 s of the spin-coating  process, a diethyl ether wash (700 µL) was carried out. After completing the spin coating process, the perovskite film was annealed in vacuum (~ 100 mbar) at 100 oC for 1 minute followed by annealing in N2 ambient in the glovebox for another 2 minutes.  The electron transporting layer of PC61BM was prepared by mixing 10 mg/mL in chlorobenzene and followed by a spin coating process of 1000 rpm for 60 s. The glass/ITO/NiO/perovskite/PC61BM structure was then thermally annealed at 80 oC for 5 minutes. The perovskite solar cell was then completed by thermally evaporating 1 nm of LiF and 100 nm of Ag contact. In the case of PEDOT:PSS HEL based solar cells, the HEL was prepared by spin coating the CLEVIOS™ P VP AI 4083 P (Heraeus) PEDOT:PSS at 4000 rpm for 60 s and annealing in air at 140 oC for 10 minutes. All the weighing of the perovskite materials, precursor solution preparation, stirring, perovskite active layer spin coating and the PC61BM layer deposition were performed inside a nitrogen filled glove box.
After the electrode deposition, the devices were encapsulated with a UV optical adhesive and a glass coverslip. The current-voltage characteristics were determined under an illumination intensity of 100 mW∕cm2 in air using an air mass 1.5 global (AM 1.5G) Sciencetech solar simulator (SS150-AAA) and a Keithley 2400 source-measure unit. The illumination intensity was verified with a calibrated monosilicon detector and a KG-5 filter. The solar cells were applied a bias sweep from -0.20 V to 1.5 V, with a voltage step of 10 mV and a delay time of 200 ms. The external quantum efficiency (EQE) measurements were performed at zero bias by illuminating the device with monochromatic light supplied from a Xenon arc lamp in combination with a dual-grating monochromator. The number of photons incident on the sample was calculated for each wavelength by using a silicon photodiode calibrated by the National Physical Laboratory (NPL). For the indoor measurements, the LED light source used was Cree (Cree XML T6) and the illuminance intensity (2.2 mW/cm2) was adjusted by changing the input voltage. A fluorescent lamp (RS components, PL 11 lamp, 11 W) was also used as an illumination source (intensity 0.32 mW/cm2). The irradiance level is measured using RK 5710 power radiometer and Optometer P9710. 
2.2 Characterization of the NiO and hybrid perovskite thin films
The UV-Vis absorption and transmission spectra of NiO and hybrid perovskite thin films were recorded using a Cary 300 spectrometer for the wavelength range of 300-800 nm. The thickness of the films were measured using Dektak II profilometer (stylus force 6 mg and a measurement range of 6.5 µm). HOMO levels of the NiO and PEDOT:PSS films were measured using ambient photoemission (KP Technology APS03 instrument). The Kelvin probe tip has a gold-alloy coating (2 mm diameter) and when used in contact potential difference (CPD) mode, vibrates at 70 Hz at an average height of 1 mm from the sample surface. For recording the ambient photoemission spectrum (APS), the sample was illuminated with a 4-5 mm diameter light spot from a tunable monochromated D2 lamp (4–7 eV). The raw photoemission data were corrected for detector offset; intensity normalized, then processed by a cube root power law. The energy resolution in APS mode is 50-100 meV. The Kelvin probe contact potential difference (CPD) technique was used to measure the surface photovoltage (SPV). SPV is estimated using the relation of [CPD(dark) – CPD(light)]. For the SPV measurement the sample was illuminated using a QTH lamp. Steady state PL spectra were measured with a Hamamatsu streak camera C10910-05, with S-20ER photocathode and 650 nm  as excitation wavelength from an optical parametric amplifier, pumped by Pharos laser (from Light Conversion). Time-resolved photoluminescence was spectrally integrated in the range of 720-800 nm and measured with a 3 ps time resolution, using a Hamamatsu streak camera in synchroscan mode, following excitation by 200 fs pulses at 640 nm from an optical parametric amplifier, pumped by Pharos regenerative amplifier at 100 kHz repetition rate. The incident excitation fluence was kept low at 340 nJ cm-2, to avoid non-geminate charge recombination. The surface morphology of the NiO and PEDOT:PSS thin films were characterized using atomic force microscopy (AFM). AFM images were obtained with a Bruker MultiMode 8 instrument in the tapping mode. NANOSENSORS™ PPP-NCSTR Si cantilever tips with force constant of 6–7 Nm−1 were used as AFM probes. The transmission electron microscopy (TEM) and high resolution TEM were taken using Titan Themis 200 scanning transmission electron microscope (S/TEM), equipped with an X-FEG Schottky field emission gun and Super-X high sensitivity windowless EDX detector for rapid compositional analysis. The sanning electron microscopy (SEM) measurements of the hybrid perovskite layers were taken using a Hitachi S4800 scanning electron microscope.  X-ray diffraction spectra of the CH3NH3PbI3 thin films were collected on a Rigaku Miniflex 600 diffractometer using CuKα1,2 radiation and a D/tex Ultra detector. Data were collected in the range 5o -70o 2θ with a step size of 0.02o and a time per step of 0.28 s. 

3. Results and Discussion:
3.1 Properties of NiO films and its comparison with PEDOT:PSS 
The characterization of the prepared NiO thin films were done to check the potential of these films to function as hole transporting layers in inverted perovskite solar cells. The transmission properties, the surface morphology, energy level alignment and crystalline properties of the prepared NiO thin films were investigated in this regard. The transmission spectrum of the prepared NiO thin films on ITO substrate is shown in Figure 1(a). A comparison of the PEDOT:PSS transmission spectrum in the visible range is also given. The prepared thin film of NiO is highly transparent and does not further reduce the transmission properties of the ITO substrate in the visible range. The average transmission of the glass/ ITO/NiO thin films are above 80 % and this can be attributed to the high optical band gap (3.6 eV) for NiO thin films. The surface morphology of the NiO nanoparticle thin films on ITO surface obtained by atomic force microscopy is shown in Figure 1(b). Very fine nanoparticles with uniform size distribution and dense packing with full surface coverage is observed. The RMS surface roughness of the corresponding NiO thin film is ~ 3.8 nm. The thickness of the NiO thin film is determined by Spectroscopic ellipsometry method and is ~ 6 nm. To ensure that the NiO film is covering the ITO substrate, AFM imaging of the ITO substrate is also done and is shown in Figure S1(a). The ITO substrate is smoother than NiO nanoparticle film and the RMS roughness is around 1.5 nm. Figure S1(b) shows the surface morphology of the PEDOT:PSS films and is even smoother (RMS roughness of ~ 1.1 nm) than the ITO surface.  To study the particle size distribution and crystalline properties, high resolution transmission electron images of the NiO nanoparticle thin film were obtained by scratching particles from the ITO substrate and is shown in Figure 1(c). These NiO nanoparticles have particle size of ~ 5 nm and show clear lattice fringes, indicating their crystalline quality. The histogram of the particle size distribution is shown in Figure S1(c).  The selective area diffraction pattern (SAED) given in the inset of figure 1(c) shows that the NiO nanoparticles are highly polycrystalline.  The elemental composition of the NiO nanoparticles shown in the TEM image is confirmed by taking the energy dispersive spectra (EDS) from the same imaging area and is shown in Figure S1(d). Only Ni and O elements were observed from the EDS spectrum except Cu coming from the grid. For the efficient charge transport from the perovskite active layer to the charge transporting layer, ohmic contact is needed at the perovskite active layer/electrode interface.  The work function and valence band (VB) position of the prepared NiO films were studied using Kelvin probe (KP) and Ambient photoemission spectroscopy (APS). The APS spectra of NiO thin films on ITO substrate is shown in Figure 1(d) and the estimated VB is at 5.32 eV and the measured Fermi level is around 5.26 eV. In order to understand how much the VB of NiO differs from the HOMO level of the most commonly employed hole extraction layer of PEDOT:PSS, the Fermi level and HOMO level of PEDOT:PSS was also measured as shown in Figure S2. The HOMO level of PEDOT:PSS is 5.46 eV and the Fermi level is 5.29 eV. Compared to NiO nanoparticle films, the PEDOT:PSS HOMO is slightly deeper. 
3.2 Comparison of Photovoltaic properties 
[bookmark: _Hlk526809283]After characterizing the various optoelectronic and structural properties, the low temperature solution processed NiO nanoparticle thin films were tested as hole extraction layers in inverted perovskite solar cells using CH3NH3PbI3 as the active layer. The inverted device configuration used consists of glass/ITO/NiO/CH3NH3PbI3/PC61BM/LiF/Ag and is shown in Figure 2(a). The influence of NiO nanoparticle film thickness on photovoltaic properties of inverted perovskite solar cells is given in Figure S3. The NiO films with thickness around 6 nm show the best photovoltaic properties.  The control devices were fabricated using the same device configuration using PEDOT:PSS as the HEL. A comparison of the light J-V characteristics under AM1.5 G solar simulator spectrum for inverted perovskite solar cells using PEDOT:PSS and NiO nanoparticle thin films are shown in Figure 2(b). The corresponding photovoltaic performance parameters are listed in Table 1. Compared to the inverted solar cells using PEDOT:PSS as HEL, which show a maximum power conversion efficiency of 7.9 %, the inverted perovskite solar cells with NiO as HEL show much improved photovoltaic performance with a maximum power conversion efficiency of 13.3 %. The consistency and reproducibility of the NiO nanoparticle thin films as an efficient hole extraction layer has been confirmed by fabricating many batches of inverted perovskite solar cells. The histogram distribution of power conversion efficiency is shown in Figure 2(c) and is compared to that of PEDOT:PSS HEL based solar cells. If we compare the photovoltaic properties listed in Table 1, it is obvious that, CH3NH3PbI3 perovskite solar cells on NiO HEL have higher open circuit voltage and improved short circuit current density. A comparison of the EQE spectra of the CH3NH3PbI3 solar cells based on both NiO and PEDOT:PSS is given in Figure 2(d) and confirms the difference in short circuit current density from the two device configurations using PEDOT:PSS and NiO as HEL. 
Since the processing temperature of the NiO hole extraction layer is compatible with flexible substrates such as PET, CH3NH3PbI3 perovskite solar cells were fabricated on PET/ITO/NiO substrates. The maximum power conversion efficiency obtained is 8.5 %. The J-V characteristics, EQE spectra and the corresponding photovoltaic performance parameters are listed in Figure 3(a), (b) and Table 2. Compared to the CH3NH3PbI3 perovskite solar cells fabricated on Glass/ITO/NiO, the solar cells on flexible substrates have slightly lower PCE. The lower PCE is mainly due to the lower FF for the PET/ITO/NiO based perovskite solar cells compared to that on the glass counterpart. This could be related to the higher sheet resistance (60 ohm/sq.) of the PET/ITO substrate compared to glass/ITO substrate (15 ohm/sq). 
 	So far the fabrication of CH3NH3PbI3 perovskite solar cells on different HEL layers and the glass/flexible substrate was discussed.  Now, in order to understand the differences in solar cell device performance for the two hole extraction layers (NiO and PEDOT:PSS), J-V characteristics of the solar cells were measured as a function of light intensity. By studying the variation of Jsc and Voc as a function of light intensity, different charge extraction/recombination mechanism of photogenerated charges prevalent in these devices can be understood. The short circuit current density Jsc depends upon the light intensity I by a power law relation of, 


where  is a recombination factor and is unity when all the separated charges are collected by the electrodes. A small decrease of  from unity corresponds to weak bi-molecular recombination losses. Values of  in the range of 0.7-0.8, however, corresponds to space charge effects [33, 34]. The dependence of short circuit current density Jsc on light intensity for perovskite solar cells using PEDOT:PSS and NiO as HEL is shown in Figure 4 (a). The nearly straight line in a log-log plot indicates a power law dependence (Jsc ∞ Iα).  For PEDOT:PSS, the α value is 0.83 whereas for NiO it is 0.95. The α value close to 1 for NiO indicates that no space charge builds up and that photocurrent extraction is efficient. In contrast the value for PEDOT:PSS indicates that, the photocurrent extraction is substantially space charge limited.  Thus in NiO HEL based perovskite solar cells, the photocurrent extraction is very efficient whereas in PEDOT:PSS HEL based devices photocurrent extraction is space charge limited. This can account for the higher short circuit current  density observed in NiO HEL based perovskite solar cells in comparison to that of PEDOT:PSS HELs. In order to understand the different recombination mechanisms prevalent in the devices, based on NiO and PEDOT:PSS HELs, the dependence of Voc on light intensity was investigated. 
The dependence of open circuit voltage  on incident light intensity  is given by the relation: 


where  is the recombination ideality factor and  the thermal voltage. When the slope of  vs the logarithm of light intensity  is (corresponding to  it indicates bimolecular recombination, whereas a steeper slope ( indicates trap assisted recombination. Figure 4(b) shows that by linearly fitting the Voc vs light intensity a slope of 1.14 kBT/q and 2.0 kBT/q is obtained for NiO and PEDOT:PSS HEL based perovskite solar cells respectively.  This indicates that, in the case of PEDOT:PSS based perovskite solar cells, trap assisted recombination is dominant whereas in the NiO based devices, Shockley-Read-Hall (SRH) recombination is largely suppressed and  the recombination mechanism is mainly bimolecular. Variation of FF as a function of light intensity for both NiO and PEDOT:PSS based CH3NH3PbI3 perovskite solar cells is given in Figure S4. At low light intensity, in the case of NiO the FF is higher whereas in the case of PEDOT:PSS, the FF systematically decreases with lowering the light intensity. This behavior of FF with light intensity also supports the lower recombination losses in NiO compared to that  in PEDOT:PSS HELs[35, 36].
 3.3 Properties of CH3NH3PbI3 films on PEDOT:PSS and NiO Hole extraction layers: 
To understand the origin of this difference in recombination dynamics of photogenerated charge carriers in solar cells, based on NiO and PEDOT:PSS as HELs, the structural, morphological and photophysical properties of the CH3NH3PbI3 thin films on these interlayers were studied. Figure 4(c) shows the UV-VIS absorption spectra of the CH3NH3PbI3 films on NiO and PEDOT:PSS interlayers and both show comparable absorbance over the entire wavelength range of 400-800 nm. This implies that the difference in short circuit current density observed in Figure 2(b) and Table 1, does not arise from the absorption or charge generation differences in CH3NH3PbI3 film grown on NiO or PEDOT:PSS. To understand the crystalline properties of the perovskite layer grown on these different interlayers, the X-ray diffraction (XRD) pattern of the CH3NH3PbI3 films were measured and are shown in Figure 4(d). XRD spectra of both perovskite films exhibit comparable intensities of diffraction signals at 14.1o and 28.5o, corresponding to the (110) and (220) planes of the tetragonal phase. No trace of PbI2 peak was seen in the XRD spectra of perovskite films grown on either of the interlayers.  Thus, the observed differences in photovoltaic performance shown in Figure 2(b) are not related to differences in absorption or crystalline properties of perovskite active layer. To understand the contribution of any morphological differences, scanning electron microscopy (SEM) images were taken. Figure 5(a) and (b) show the corresponding SEM images. As seen from the images, the CH3NH3PbI3 perovskite layer grown on NiO consists of dense and uniform perovskite crystalline domains of size ranging from 100- 250 nm. In contrast the CH3NH3PbI3 perovskite layer grown on PEDOT:PSS has a different morphology with non-uniform distribution of perovskite domain sizes. In addition to the non-homogeneous distribution, many aggregate features are also seen on the grain boundaries. Since PbI2 related features were not seen in the XRD spectra, these small aggregates are also ascribed to perovskite crystals. These non-homogeneous and aggregate features can impede charge transport leading to recombination losses and space charge build up. This property can further account for the lower short circuit current density and lower Voc in the case of PEDOT:PSS HEL based solar cells. 
To further investigate the hole extraction efficiency to the NiO and PEDOT:PSS layers, steady state and time resolved PL spectroscopy studies were carried out for the CH3NH3PbI3 layers grown on these hole extraction layers as well as on perovskite layer grown on glass substrates. Figure 5c shows the normalised time integrated PL spectra of the CH3NH3PbI3 layers grown on NiO and PEDOT:PSS HELs recorded using identical excitation intensity. Both samples show identical shape of PL spectra with a peak at 768 nm which indicates that perovskite layer has the same optical bandgap on different interlayers.  The time resolved PL decays are shown in Figure 5(d). The PL in CH3NH3PbI3 perovskite layer comes from bimolecular recombination and its intensity is proportional to the product of electron and hole densities. The perovskite layer grown on glass shows very little decay on the time scale of 2 ns which indicates that charge recombination is slow. PL decays on NiO and PEDOT are faster which indicates hole extraction from the perovskite layer. Faster hole extraction is observed into NiO which agrees with previous observations of more efficient hole extraction into NiO [37, 38].  The PL decay on NiO is nearly exponential with about 300 ps lifetime and shows that hole extraction occurs with a well-defined homogeneous rate. In contrast, the layer on PEDOT:PSS shows significant non-exponential decay with a long component exceeding 2 ns. This indicates that hole extraction to PEDOT:PSS is very heterogeneous; a fraction of holes are extracted on the same time scale as to NiO but other holes are extracted very slowly. The homogeneous rate of hole transfer from CH3NH3PbI3 to NiO can be explained by better energy level alignment of CH3NH3PbI3 with NiO (shown in Figure S5) and uniform and homogeneous perovskite morphology on NiO HEL compared to PEDOT:PSS HEL. In the case of CH3NH3PbI3 layer on PEDOT:PSS there is unfavourable energy level alignment and non-uniform, aggregated morphology, hence holes can diffuse back into bulk perovskite and can take many attempts to get extracted.  Faster hole extraction to NiO will also enhance charge collection rate and prevent charge accumulation at the interface of perovskite with the HEL. This faster collection of holes and the possibility for reduced recombination can thus account for the improved short circuit current (hence higher EQE) and better Voc of CH3NH3PbI3 solar cells on NiO HEL compared to those on PEDOT:PSS HEL.  
From the morphological studies and photophysical characterization, the higher short circuit current density of CH3NH3PbI3 solar cells on NiO is revealed due to homogeneous morphology, better energy level alignment and faster hole extraction from the perovskite active layer. Even though the higher Voc of CH3NH3PbI3 solar cells on NiO can be explained by less recombination losses and favourable energy alignment, to confirm this further surface photovoltage measurement is performed and explained below. 

3.4 Surface photovoltage measurements 
To understand the contribution of HELs specifically to the open circuit voltage, surface photovoltage was measured using a macroscopic Kelvin probe set up. This method allows the measurement of photovoltage of partial or incomplete solar cell device architectures and analysis of each contact (buried interface) on the role of charge extraction and has previously been successfully used to study CH3NH3PbI3 layers grown on different interlayers[39].  Previously Lee et al[40] have shown that surface photovoltage, which is directly related to the open circuit voltage depends on the relative efficiency of charge extraction at the interfaces. Figure 6 shows the surface photovoltage measured for partial device structure of ITO/NiO or PEDOT:PSS/CH3NH3PbI3 for PEDOT:PSS and NiO HELs. The surface photovoltage measured for NiO based structure is 160 meV whereas the surface photovoltage measured for PEDOT:PSS is only 70 meV. Thus ~ 90 meV higher surface photovoltage for the ITO/NiO/ CH3NH3PbI3 heterostructure in comparison to ITO/ PEDOT:PSS/CH3NH3PbI3 implies better hole extraction through NiO. 
After realising efficient CH3NH3PbI3 perovskite solar cells on NiO HEL and the superior quality of the CH3NH3PbI3  perovskite layers grown on NiO, the fabrication of mixed halide perovskite solar cells on NiO was attempted as described in the next section. 

3.5 NiO HEL extended to other mixed halide perovskite solar cells 
With the success of fabrication of efficient CH3NH3PbI3 based solar cells in inverted architecture, mixed halides such as CH3NH3PbI2.9Cl0.1 and CH3NH3PbI2.9Br0.1 based perovskite solar cells were also fabricated using NiO as HEL. The CH3NH3PbI2.9Cl0.1 based solar cells show a maximum PCE of 12.5 % and for CH3NH3PbI2.9Br0.1 based solar cells the maximum PCE is 11.3 %. The corresponding J-V characteristics, EQE spectra and the photovoltaic performance parameters are shown in Figure S6 and Table S2. The high efficiency of mixed halide-based perovskite solar cells implies the wide applicability of the NiO HEL to a range of perovskite solar cells. 
So far, the properties of NiO were compared to the most commonly employed HEL of PEDOT:PSS and the superior photovoltaic performance of NiO HEL based CH3NH3PbI3 and mixed halide perovskite solar cells under 1 Sun illumination was demonstrated and explained. In the next section, the indoor photovoltaic performance of NiO based perovskite solar cells is investigated. 
3.6 Indoor photovoltaic testing for hybrid perovskites: 
Hybrid perovskite solar cells are primarily tested and certified for outdoor applications and record efficiencies are reported for illumination at 1 Sun. Compared to the outdoor photovoltaic performance of hybrid perovskites, little attention has been given to their indoor photovoltaic properties. It has been previously reported that in the case of indoor lighting conditions, the optimum material bandgap is 1.9-2.0 eV in order to maximise the power conversion efficiency[41]. Hence mixed halide perovskites, as used here are more suitable than CH3NH3PbI3 because of their larger bandgap. According to a previous report by Steim et al [42] the role of interlayers is crucial in determining the indoor photovoltaic performance: the interlayers should have higher shunt resistance and low series resistance. The low temperature solution processed NiO interlayer-based hybrid perovskites, which showed promising performance at AM 1.5 G solar spectrum, have been studied for their indoor photovoltaic performance without further optimization. White LED and fluorescent lamps were used as the indoor light sources. Figure 7 and Table 3 show the J-V characteristics and the photovoltaic performance of CH3NH3PbI3, and mixed halide perovskites as a function of white LED light with intensity 2.2 mW/cm2. Compared to pure CH3NH3PbI3 solar cells, the mixed halide perovskite solar cells outperform under white LED lighting at very low intensities. Under low light intensity, the PCE is enhanced almost 100 % for CH3NH3PbI2.9Cl0.1 mixed halide perovskite solar cells, giving rise to 20.8 % and for CH3NH3PbI2.9Br0.1  the PCE is 19.9 %. This could be related to the slightly higher bandgap of mixed halide perovskites (1.63 vs 1.57 eV) compared to pure CH3NH3PbI3  giving rise to the better spectral overlap of solar cell EQE spectra with the indoor LED emission spectra [Figure 7(b)].  As can be seen from Table 3, this higher bandgap also leads to higher Voc for mixed halide perovskite solar cells compared to CH3NH3PbI3 solar cells..  In addition, the improved charge carrier diffusion length reported in chloride based mixed halide compared to bromide and pure iodide-based perovskite can also contribute to this improved device performance [43]. In all the cases the high FF of the solar cells under indoor lighting imply the better hole extraction through the NiO layer. 
After measuring the performance of NiO HEL based CH3NH3PbI3 and mixed halide perovskites solar cells for white LED lighting, their performance was characterized under fluorescent lamp. The fluorescent lamp spectrum is shown in Figure 7(b). The incident light intensity used was 0.32 mW/cm2. The J-V characteristics and the corresponding photovoltaic performance parameters are shown in Figure 8 and Table 4. Similar to the performance under white LED, mixed halide perovskite solar cells of the CH3NH3PbI2.9Cl0.1 show the highest performance of 23.0 %. The high FF of these solar cells even under very low intensity confirms the superior charge selection properties of the NiO nanoparticle interlayers. 
Up to this point, the performance of NiO nanoparticle thin films as efficient hole extraction layers in CH3NH3PbI3, CH3NH3PbI2.9Br0.1, CH3NH3PbI2.9Cl0.1 based solar cells were demonstrated for AM 1.5 G solar spectrum and indoor lighting condition of white LED and fluorescent light. Now finally, the stability of the NiO nanoparticle HEL based solar cells and that of PEDOT:PSS HEL is investigated. 
3.7 Shelf- life stability studies
[bookmark: _Hlk12435672]For stability studies, the encapsulated solar cells were kept in the dark under ambient air conditions of temperature 22 ºC and relative humidity 40% (measured using HTC-1 thermo-hygrometer). The shelf -life study (3 months and 20 days, encapsulated solar cells kept under above mentioned ambient conditions) of the CH3NH3PbI3 based solar cells fabricated on NiO and PEDOT:PSS HELs shows that the degradation of the hybrid perovskite is faster on PEDOT:PSS HEL with much lower yield (12%- 1 out of 8 pixels) after the degradation, compared to the solar cells on NiO HEL (75 %- 6 out of 8 pixels).  Figure 9(a) shows the appearance of NiO and PEDOT:PSS based CH3NH3PbI3 solar cells after 3 months and 20 days. The yellowish appearance of the CH3NH3PbI3 on PEDOT:PSS indicates moisture induced dissociation of the perovskite active layer whereas the CH3NH3PbI3 films on NiO HEL retains its black brown perovskite appearance. This implies better moisture permeation prevention for the NiO based HEL compared to the PEDOT:PSS [44]. Regarding the photovoltaic performance of CH3NH3PbI3 perovskite solar cells, both NiO and PEDOT:PSS HEL based devices retain 60-65% of initial PCE. The corresponding photovoltaic performance parameters are listed in the Table S3.  However in the case of mixed halide perovskite solar cells CH3NH3PbI2.9Br0.1, CH3NH3PbI2.9Cl0.1,  a better shelf-life stability of above 90 % is obtained. A summary of the stability study is given in Figure 9(b) and the detailed photovoltaic performance parameters are listed in Table S4 and in Figure S7.  
4. Conclusion
We have demonstrated that simple solution-processed NiO thin films are efficient hole extraction layers for perovskite solar cells.  In particular we find that NiO leads to much better performance than PEDOT:PSS in p-i-n perovskite solar cells.  Under solar illumination we obtained a power conversion efficiency of 13.3% for the NiO containing solar cells compared with 7.9% for those made with PEDOT:PSS.  We attribute this improvement to superior microstructural, optoelectronic and interface properties of hybrid perovskites grown on NiO.  In addition we showed that the NiO layer worked well with mixed halide perovskites as well as for CH3NH3PbI3.  
The low temperature processing of NiO means that we could readily make devices on flexible substrates.  We also explored the photovoltaic performance under indoor lighting.  We found that the low recombination rate and fast extraction of photogenerated carriers by NiO is particularly suitable for low intensity indoor illumination and obtained a power conversion efficiency of 23%.  Further attractive features of using a NiO hole extraction layer are that it acts as a barrier to moisture and so enhances shelf-life.  These good results for a range of hybrid perovskites, substrates and lighting conditions indicate that NiO nanoparticle thin films are promising for the future development of perovskite solar cells and other optoelectronic devices.
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Figure Captions
Figure 1: (a) Comparison of the transmission spectra of NiO nanoparticle thin films with ITO substrate and PEDOT:PSS. (b) AFM image of NiO nanoparticle thin film (c) TEM image of NiO nanoparticle thin film. Inset shows the selective area diffraction pattern (d) Ambient photoemission spectra of NiO nanoparticle thin films on ITO substrate.

Figure 2: (a) Inverted perovskite solar cell device architecture (b) J-V characteristics comparison of the best perovskite solar cells on NiO and PEDOT: PSS HELs. RW stands for reverse bias scanning and FW stands for forward bias scanning. (c) Histogram of solar cell device numbers and power conversion efficiency distribution for NiO and PEDOT: PSS HELs  (d) EQE spectra comparison of the best solar cell devices for NiO and PEDOT: PSS HELs .  

[bookmark: _Hlk12450770]Figure 3: (a) J-V characteristics of the CH3NH3PbI3 perovskite solar cells on flexible PET substrate using NiO HEL. RW stands for reverse bias scanning and FW stands for forward bias scanning. (b) The corresponding EQE spectra of the CH3NH3PbI3 perovskite solar cell. Inset shows the fabricated flexible perovskite solar cells. 

Figure 4:  Light intensity dependence of perovskite solar cells based on NiO and PEDOT:PSS HELs for (a) Jsc (log-log scale) and (b) Voc (semi log scale). (c) Absorbance spectra and (d) X-ray diffraction pattern comparison for CH3NH3PbI3 layers grown on PEDOT:PSS and NiO HELs 
Figure 5:  Scanning electron microscopy images of CH3NH3PbI3 perovskite layer on (a) NiO and (b) PEDOT:PSS HELs. (c) Normalised time integrated PL spectra (over 2 ns) and (d) PL decays of CH3NH3PbI3 layers grown on glass without hole extraction layers, and with NiO and PEDOT:PSS HELs. Solid lines represent the bi-exponential fit.   


Figure 6: (a) Schematic of the incomplete device architecture used for measuring the surface photovoltage. (b) surface photovoltage measured for NiO as HEL and (c) surface photovoltage measured for PEDOT:PSS as HEL. 

Figure 7: (a) J-V characteristics of the NiO HEL based CH3NH3PbI3 and mixed halide perovskite solar cells under white light LED (2.20 mW/cm2). (b) White light LED and fluorescent lamp spectral overlap with the EQE of different perovskite solar cells. 

Figure 8: (a) J-V characteristics of the NiO HEL based CH3NH3PbI3 and mixed halide perovskite solar cells under fluorescent lamp (0.32 mW/cm2). 

Figure 9: (a) Images showing the NiO and PEDOT:PSS HELs based CH3NH3PbI3 perovskite solar cells after 3 months and 20 days of shelf life under ambient conditions. (b) Summary of the shelf-life studies of the various perovskite solar cells on NiO HEL. 
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Table 1: Photovoltaic performance parameters of CH3NH3PbI3 perovskite solar cells fabricated using PEDOT:PSS and NiO as hole extraction layers. The ± symbol shows the standard deviation of the photovoltaic performance parameters. 
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Figure 3: 




[image: ]Table 2: Photovoltaic performance parameters of CH3NH3PbI3 perovskite solar cells fabricated on flexible PET/ITO substrates using NiO as hole extraction layers. (Average of ten solar cells). The ± symbol shows the standard deviation of the photovoltaic performance parameters. 
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Figure 6. 
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Figure 7: 

[image: ]Table 3: Photovoltaic performance parameters of CH3NH3PbI3 and mixed halide perovskite solar cells under white LED illumination (2.2 mW/cm2). 

















Figure 8: 


Table 4: Photovoltaic performance parameters of MAPI and mixed halide perovskite solar cells under fluorescent lamp illumination (0.32 mW/cm2). 
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image26.png
Perovskite Jee Ve FF(%) Rsh Rs PCE

Active layer (mA/cm?) v) (ohm.cm?) (ohm cm?) (%)
CH3NH,Pbl, 0.479 0.865 74.8 6.87x10* 12.6 141
CHaNH,Pbl, Br, 0.603 0974 745 3.6 104 10.4 19.9
CHZNH,Pbl,¢Cly ¢ 0.622 095 77 5.3x104 1.0 20.8
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image28.png
Perovskite Jee Ve FF(%) Rsh Rs PCE

Active layer (mA/cm?) v) (ohm.cm?) (ohm cm?) (%)
CH3NH,Pbl, 0.076 0.756 71.0 1.1x10° 3.52 12.8
CHaNH,Pbl, Br, 0.098 0895 744 2.2 X105 10.9 204
CH,NH,Pbl, Cly ¢ 0.105 0.901 779 1.8x10¢ 13.4 23.0





image29.emf
0.25

0.50

0.75

1.00

CH

3

NH

3

PbI

2.9

Cl

0.1

CH

3

NH

3

PbI

2.9

Br

0.1

Retained PCE ratio

CH

3

NH

3

PbI

3


oleObject2.bin

image30.jpeg




image31.jpeg




