	  	[image: Wiley-VCH_2]
[bookmark: _GoBack]DOI: 10.1002/((please add manuscript number)) 
Article type: Communication

[bookmark: _Hlk510111643]Probing and controlling intra-grain crystallinity for improved low-temperature processed perovskite solar cells

Tian Du, Claire H. Burgess, Chieh-Ting Lin, Flurin Eisner, Jinhyun Kim, Shengda Xu, Hongkyu Kang, James R. Durrant & Martyn A. McLachlan*


Tian Du, Dr. Claire H. Burgess, Chieh-Ting Lin, Shengda Xu, Dr. Martyn A. McLachlan
Department of Materials and Centre for Plastic Electronics, Imperial College London, London SW7 2AZ, UK
E-mail: martyn.mclachlan@imperial.ac.uk
Tian Du, Chieh-Ting Lin, Jinhyun Kim, Prof. James R. Durrant
Department of Chemistry and Centre for Plastic Electronics, Imperial College London, London SW7 2AZ, UK
Flurin Eisner
Department of Physics and Centre for Plastic Electronics, Imperial College London, London SW7 2AZ, UK
Prof. Hongkyu Kang
School of Materials Science and Engineering, Gwangju Institute of Science and Technology, Gwangju 61005, ROK
Prof. James R. Durrant
SPECIFIC IKC, College of Engineering, Swansea University, SA2 7AX, UK

Keywords: Intra-grain crystallinity, transmission electron microscopy, microstructural defects, low-temperature processing, perovskite solar cells

Abstract
[bookmark: _Hlk510114676]Here we identify previously unobserved nanoscale defects residing within individual grains of solution-processed methylammonium lead tri-iodide (CH3NH3PbI3, MAPI) thin films. Using scanning transmission electron microscopy (STEM) we identify these defects to be inherently associated with the established solution-processing methodology, and introduce a facile processing modification to eliminate these defects. Specifically, defect elimination is achieved by co-annealing the as-deposited MAPI layer with the electron transport layer (phenyl-C61-butyric acid methyl, PCBM) resulting in devices that significantly outperform devices prepared using the established methodology – with power conversion efficiencies increasing from 13.6 % to 17.4 %. The use of TEM allows us to correlate the performance enhancements to improved intra-grain crystallinity and show that highly coherent crystallographic orientation results within individual grains when processing is modified. Detailed optoelectronic characterization reveals that the improved intra-grain crystallinity drives an improvement of charge collection and a reduction of PEDOT:PSS/perovskite interfacial recombination. Our study suggests that the microstructural defects in MAPI, owing to a lack of structural coherence throughout the thickness of thin film are a significant cause of interfacial recombination.

Introduction
Photovoltaic cells reliant on metal-halide perovskite active layers, the so-called perovskite solar cells (PSCs), have had a tremendous impact on emerging photovoltaic technologies since their first introduction.[1] The remarkable power conversion efficiencies (PCEs) demonstrated,[2] combined with the relative ease of fabrication and low materials costs,[3] have fueled intensive research of these emerging renewable energy platforms. As the community moves towards developing a better understanding of the key operational and lifetime issues of PSCs, and ultimately to commercial deployment, it is necessary to derive a deeper understanding of the fundamental material properties that play a critical role in determining device performance and lifetime. These factors include phenomena occurring at the grain boundary regions,[4] chemical defects,[5] trap state,[6,7] crystallinity,[8] and the presence of secondary phases.[9,10]
When considering the rapid evolution of PCE that has been demonstrated in PSCs it is apparent that improvements in fabrication techniques and the development of standard growth procedures have played key roles. However, the engineering of controlled device architectures is also critical.[11] To date three main device architectures have been proposed, namely the i) mesoporous systems,[12] ii) conventional (n-i-p) planar[13,14] and iii) inverted (p-i-n) planar structures.[15,16] The best performing devices reported thus far have been demonstrated using both mesoporous and planar n-i-p structures.[17] In both cases the mandatory high temperature processing of metal oxide electron transport layers renders such architectures incompatible with future flexible devices.[18] As an alternative, inverted architecture (p-i-n) devices that rely on low-temperature solution processable charge transport layers, and are thus compatible with flexible substrates, are attractive - more so owing to the negligible J-V hysteresis observed.[19,20] Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS) is commonly used as a hole transport layer (HTL), due to its charge selective nature, high optical transparency and low temperature (< 150 °C) processability.[21,22] On the opposite side of the device fullerene derivatives such as [6,6]-phenyl C61 butyric acid methyl ester (PCBM) are commonly incorporated as electron transport layers (ETL). Despite the relative ease of processing afforded by inverted devices, the attainable PCEs are somewhat lower than both mesoporous and planar n-i-p analogues.[23] In particular the maximum attainable open-circuit voltage (Voc) with PEDOT:PSS, normally no greater than 1 V,[24] is a key performance barrier, although the loss of Voc can be partially overcome by either inserting or replacing PEDOT:PSS with other polymeric hole transport layers.[20]
Interestingly, the development of solvent engineering methods has allowed pinhole-free, uniform and continuous perovskite thin films to be prepared - which is a crucial step to achieve high PCE with inverted planar devices. Typically, these methods involve introducing a stream of antisolvent (e.g. toluene,[25] diethyl ether,[26] or chlorobenzene[27]) which is dripped onto the spinning substrates with precursor solution, forming an intermediate film containing a complex perovskite/solvent molecular mixture. The final steps of film formation involve a simple thermal anneal, typically at around 100 °C, to remove the remaining solvent and fully crystalize the perovskite films. Such annealing may also be used to controllably induce the formation of secondary phases that may be beneficial to device performance.[10] The established method for device fabrication involves sequential processing of the individual layers in the device. Following deposition of the perovskite active layer and annealing,[16,25] the charge selective interlayer e.g. the fullerene layer is subsequently processed. Here, we consider modifications of this protocol, specifically depositing the PCBM layer onto non‑annealed MAPI films and then co-annealing. This simple modification of the processing has resulted in an enhancement of the resultant device performance, with measured average PCEs increasing from 13.6 % in conventionally processed PSCs to 17.4 % using the modified processing.
[bookmark: _Hlk510114128]Whilst previous research has addressed the inter-grain optoelectronic homogeneity in the lateral dimension, i.e. parallel to the substrate,[4,28] we here focus on the intra-gain crystallographic continuity along the charge-transport direction, i.e. vertical to the substrate. The origin of our investigations stems from highly disordered regions observed by high‑resolution transmission electron microscopy (HRTEM) near the top (MAPI-air) interface in conventionally processed active layers. In contrast, when the modified fabrication route is employed we observe highly ordered MAPI domains that extend from the HTL to the ETL. Such modifications effectively eliminate microstructural defects in MAPI film, leading to reduced interfacial recombination and improved Voc (by approximately 200 mV). Our data highlights the critical role of MAPI thin film quality along the charge-transport direction, i.e. perpendicular to the substrates.
Results and Discussion
Figure 1a shows a schematic illustration of the conventional and modified deposition processes. In both cases toluene is added to the as-deposited perovskite as an anti-solvent, forming intermediate films containing a mixture of perovskite precursors and solvent molecules. Conventionally, crystallinity is induced by thermally annealing these intermediate films prior to depositing the fullerene layer. Here we process PCBM directly onto the intermediate film, and thermally anneal the bi-layer structure - thus MAPI is crystallized beneath the PCBM over layer.
We initially used scanning transmission electron microscopy (STEM) to image the cross-section of the ITO/PEDOT:PSS/MAPI/PCBM structures prepared using focused ion beam (FIB) milling.[29] The sample preparation and imaging mode are detailed in the supporting information. In Figure S1 we compare the impact of the incident electron bean in STEM and conventional TEM imaging modes. Whilst beam damage in STEM is minimal some damage can be observed in conventional TEM when extended beam exposure occurs, thus affording control of the imaging and the collection of high-quality, artefact free images. The dark-field STEM images of complete stacks of conventional and co-annealed devices are shown in Figures 1b‑c. In general, the MAPI films prepared by both routes are polycrystalline, with single grains extended vertically i.e. between the ETL and HTL separated by lateral grain boundaries as reported previously[10] .  Owing to the excellent image contrast provided by STEM a disordered region beneath the PCBM interface is clearly observed in the MAPI layer, where dispersed dark regions approximately 5 nm in diameter, indicative of reduced material density i.e. voids, are seen concentrated near the MAPI/PCBM interface in the conventionally processed devices (Figure 1b). In contrast, such features are absent in the co-annealed films, Figure 1c.
[bookmark: _Hlk501745356]To investigate the structure of the MAPI grains in more detail, we turned to high-resolution conventional transmission electron microscopy (HRTEM). In Figures 2a-b low-magnification images showing cross-sections of the conventional and modified processing device stacks are present. Due to the nature of HRTEM imaging i.e. the image is formed with both non‑diffracted and diffracted electrons that pass through the sample, image contrast is reduced and thus the dark features observed by STEM cannot be discerned.[30] Selected area electron diffraction (SAED) patterns of both cross sections are shown in Figures 2c-e. These patterns are comparable to reported MAPI single crystal SAED patterns,[31] with the elongation of the individual diffraction spots indicating a preferential orientation of crystallites with a slight intra-grain misalignment. To image the associated crystalline regions in the cross section, we place the objective aperture around one of these diffraction spots, giving rise to the dark-field images identical in location to the HRTEM images, shown in Figure 2f for conventionally processed device and Figure 2g and 2h for two adjacent grains for a co-annealed device. Importantly, the bright areas shown here pinpoint the exact location where the single-crystal diffraction patterns are generated, identifying coherent crystallographic orientation through the grain structure. Hence, we are able to examine the crystallographic coherence inside single MAPI grains. In both processing methods the lateral extension crystallinity is limited by the grain boundaries and adjacent grains tend to show subtly modified orientations. However significant differences in the vertical crystallinity can be readily observed. From Figure 2f it is apparent that the extended region of crystalline coherence extends only partially through the film thickness and the area near MAPI/PCBM interface where the voids were observed in STEM (Figure 1b) appears dark and obviously has no such order. Between Figures 2g‑h there is a grain boundary running perpendicular between the charge selective interlayers, separating the two adjacent MAPI grains. However, in both grains there is a clear orientational alignment that spans the entire active layer thickness, which means along the charge transport direction MAPI is either single crystal, or the crystallites are aligned in unified direction. This is consistent with the observed cross-sectional uniformity seen in the STEM image (Figure 1c).
The HRTEM images, Figures 3a - d, all show clear lattice fringes in the MAPI films both at top (MAPI/PCBM) and bottom (PEDOT:PSS/MAPI) interfaces. However, there is a distinct difference between the devices with the two processing routes. In Figure 3a, obtained from the top interface of conventionally processed device (marked A in Figure 2a), a disruption in ordering of the crystalline regions is seen, featuring small-size MAPI crystals with short lattice fringes amongst the voids. Within the same MAPI film, however, Figure 3b (region B in Figure 2a) shows long-range order at the bottom interface, which is consistent with the observation in the corresponding dark-field image (Figure 2f) that lower portion of conventionally processed MAPI films consists of a single-oriented grain. In contrast, the images of co-annealed device, Figures 3c-d, show excellent crystallinity of MAPI film across the film thickness, manifested by the regular, long-range lattice fringes at both top and bottom interfaces corresponding to areas marked C and D in Figure 2b. 
Using X-ray diffraction (XRD) to investigate the phase and structure of the MAPI films prepared by the two processing routes, we find again an obvious difference between the crystallinity of the films, Figure 3e. Here the intensity of the {110} peaks significantly increases in the co-annealed films, indicating a preferential orientation (texture). From these data it is evident that the overall crystallinity of MAPI has been enhanced in the process of co-annealed films. Shown in Figure S2 the position of the {110} diffraction peaks shifts from 14.17°(2θ) for conventionally processed film to 14.24°(2θ) for co-annealed film showing a decrease of lattice plane spacings, which may be related with restoration of long-range orders of MAPI crystals leading to removal of lattice defects or release of lattice strains. Additionally, the full-width at half-maximum (FWHM) values for the (001) diffraction peaks are measured to be 0.10°(2θ) and 0.21°(2θ) for the co-annealed and conventionally processed films respectively. Such a reduced FWHM qualitatively indicates an increase in crystallite size.
[bookmark: _Hlk510116275]The above observations highlight an issue of microstructural inhomogeneity in MAPI films processed using the conventional methodology, where polycrystalline grains consist of a highly-ordered region in proximity to the PEDOT:PSS interface and a highly disordered region (approximately 30-40 % of the film thickness) near the PCBM interface. In the co-annealed devices, the orientation coherence extends throughout the entire film thickness, thus we are observing either single crystalline grains or highly orientated smaller crystallites inside what appears macroscopically to be a single grain. Such a difference is schematically illustrated in Figure 1b and 1c. The defects that appear in the conventionally processed films have a profound influence on the measured device performances and the introduction of these features may be considered as a hindrance to charge transport in the MAPI films. We believe that these structural inhomogeneities arise owing to non-uniform solvent evaporation rates, where evaporation of solvent near the MAPI-air interface in conventionally processed cells occurs rapidly, inducing the observed defects. For the co-annealed films, the PCBM layer may be slowing down but homogenizing solvent evaporation rate between top and bottom of the as-cast MAPI film, and subsequently reducing the rate of MAPI crystallization allowing time for more controlled crystal growth and improved interaction between neighboring crystallites. It is noteworthy that the voids in MAPI film observed using STEM imaging (Figure 2a) cannot be discerned in conventional TEM imaging (Figure 3a), and thus are unlikely to be observed in the established cross-sectional SEM images typically used in literature to show device structures; we however believe that their occurrence may be a general feature of films prepared using the established anti-solvent dripping method and normal hot-plate thermal annealing. 
In Table 1 the influence of MAPI film thickness on device performance is listed. The thickness variation is achieved by modulating the concentration of the PbI2 and methylammonium iodide (MAI) precursors over the range 0.6 – 1.4 mol dm-3. Both the conventional and co-annealing methods produce MAPI films of comparable thickness for a given precursor concentration. The data reveal that for the two processing routes there is both a difference in the performance at a specific thickness, and a difference in the thickness corresponding to the respective peak performance. The devices prepared using our co-annealing route are observed to perform best (highest PCE) with a MAPI active layer thickness of ~240 nm, with further thickness increases compromising Jsc and FF. We speculate that such losses may be due to incomplete conversion of thick films under the PCBM capping layer. In contrast the conventionally processed devices generally improve in PCE up to an active layer thickness of ~230 nm, above which Voc and FF loses impact performance. In general, the observed PCE improvement originates mainly from the substantial improvement in Voc, approximately 150‑200 mV, at comparable MAPI thicknesses. 
Figure 4a shows typical current-voltage (J-V) curves of the low-temperature (<150°C) processed ITO/PEDOT:PSS/MAPI/PCBM/LiF/Ag devices comprising of conventionally processed (270 nm) and co-annealed (230 nm) MAPI layers. The data were obtained in forward and reverse scan directions, from open circuit to short circuit and vice-versa at a scan rate of 50 m V/s under AM1.5 illumination (1 sun). Both sets of devices show minimal J-V hysteresis. In these two typical devices the Voc, short-circuit current density (Jsc), fill factor (FF) and PCE of the conventionally processed device were determined to be 0.89 V, 20.0 mA/cm2, 0.76 and 13.6 % respectively compared with 1.02 V (+ 16 %), 22.2 mA/cm2 (+ 11 %), 0.76 (+0  %) and 17.4 % (+ 28 %) for the co-annealed device. In Figure S3 we plot the distribution of Jsc, Voc, FF and PCE obtained from some 14 devices over 4 batches. A PCE value of 13.6% is typical for conventionally processed cells, however a PCE of 17.4% for the co-annealed devices is comparable with the best reported devices adopting PEDOT:PSS and PCBM as charge transport layers.[21] Figure 4b shows the external quantum efficiency (EQE) spectra of the two typical devices. We note that subsequent thermal annealing of the conventionally processed devices after PCBM deposition shows no profound impact on the device performance, which excludes the effects of thermally annealing the PCBM layer while preparing co-annealed devices (Figure S4). 
The integrated Jsc values from EQE spectra are determined to be 21.7 mA/cm2 (co-annealed) and 19.8 mA/cm2 (conventional). Optical transmittance spectra (without Ag electrodes) show otherwise slightly increased transmittance of the co-annealed devices compared with those processed using the established method at comparable film thicknesses (Figure S5). Clearly the recombination losses during charge extraction are reduced owing to the process induced MAPI modification in the charge-transport direction. Interestingly, the co-annealed devices, at comparable MAPI thicknesses, consistently outperforming the devices prepared by the conventional processing whilst being more transparent, highlighting the opportunities for this processing route for the exploration of semi-transparent cells.[32,33] There is also a clear reduction of intrinsic photovoltage losses when the modified processing is employed, as evidenced by the considerable differences in Voc which is here the main cause of performance enhancement.[32,33] The external quantum efficiency (EQE) spectra (Figure 4b) for films prepared by both routes show a near identical absorption onset at ~780 nm, confirming minimal changes in optical bandgap and absorption and thus the improvements observed are attributed to reduced recombination losses, likely owing to elimination of microstructural defects.
To support these conclusions, we turn to consideration of the recombination mechanisms in the two devices by studying the dependence of Jsc and Voc on light intensity. Jsc is found to increase with light intensity (I) according to a power-law relationship: Jsc, shown in the inset figure of Figure 5a. The derived power-law component  is plotted against light intensity in Figure 5a. Deviation from a linear Jsc-I dependence, i.e. <1, is reported to suggest bimolecular recombination of electrons and holes in the device at short circuit.[34] It is evident that our processing modification result in improvement of linear Jsc-I dependence, particularly at higher light intensities, indicating a suppression bimolecular recombination loss and an enhancement of charge extraction and collection at short circuit – this is consistent with the improved crystallographic coherence along the charge-transport direction.
The recombination at open circuit is considered in terms of ideality factor (nid) derived from: 

			                                                                                       (1)
where kT is the thermal energy, q is the unit charge and I is the light intensity (of 1-sun equivalent). At open circuit there is no net current flow through the cell and the voltage losses due to series/parasitic resistance are minimized.[35] The inset in Figure 5b shows the measured Voc as a function of light intensity for both devices, and Figure 5b shows the light ideality factor nid deviated from equation (1). The two traces remain relatively constant from 0.1 sun up to approximately 4 sun, but differ dramatically at higher light levels. The nid of conventionally processed devices is just less than 1, particularly near 1 sun, whereas within the same illumination range nid of co-annealed devices is around 1.2.
A general interpretation of nid, considering the recombination mechanisms in a solar cell, is that nid  ≈ 1 indicates recombination of free electrons and holes, nid  ≈ 2 suggests recombination of free electrons and trapped holes, or vice versa; and when nid < 1 surface recombination dominates.[35] That being said, rather than indicating a dominance of radiative free-carrier recombination, the value of nid ≈ 1 for our conventionally processed devices more reasonably suggests surface recombination dominance,[36] because the Voc of these devices (0.89 V) is substantially lower than the radiative limit of MAPI (~ 1.3 V). The increase of nid from 1 to 1.2 for the co-annealed devices then suggests Schottky-Read-Hall recombination in bulk perovskite is becoming more dominant due to a reduction of surface recombination,[37] or due to reduced recombination via trap states that are localized in the vicinity of the interfaces. This is consistent with our previous analysis of similar perovskite solar cells where nid decreases < 1 due to surface recombination.[38,39] 
A critical method to further understand the reduction of Voc is to measure the density and energetics of charge carriers in an operating solar cell. A description of the principle and procedure of this in-situ method can be found in SI (Figures S7 – S10), and was described in detail elsewhere.[38,40] Figure 5c plots a measured value n [cm-2] as a function of Voc, where each point on the plot corresponds to a certain level of light intensity. The value of n, increasing exponentially with Voc for both devices, describes the accumulation of charge carriers in the electronic states of active layer and/or charge transport layers, and is an estimation the amount of electronic charge needed to sustain a certain level of quasi-Fermi-level splitting in the respective devices;

                                                          (2)
where n0 and m are experimentally derived constants. Obviously, the major difference between the n - Voc plots of the two devices is a change in slope (1/m), where for the conventionally processed device m = 2.2 and for co-annealed device m = 3.0. As the shape of n - Voc  plots provides a measure of how charge density evolves with quasi-Fermi level splitting, the decrease of n - Voc slope in co-annealing processed devices can be interpreted as a narrowed distribution of tail states below the band edges, leading to an increase of obtained Voc for given carrier density in the cell. Moreover, the n value at 1 sun equivalent illumination for the conventionally processed device is 1.021011 cm-2, which is increased to 1.351011 cm-2 in the co-annealed device (both marked by solid symbols in Figure 5c). Such an increase, approximately 35 %, in the accumulated carrier density at 1-sun is caused by an increase of their average total carrier lifetime (). Figure 5d shows  as a function of n, where the experimental data follows a power law relationship, describing the average recombination lifetime of electrons and holes in the complete device (see SI for more details). Importantly, for a given carrier density, the lifetime is increased in devices prepared by the modified processing route, which allows more charge carriers to be accumulated in the modified devices at fixed illumination intensities, increasing the quasi-Fermi level splitting and therefore Voc.
[bookmark: _Hlk520896093]To illustrate the origin of reduced recombination we probe the photoluminescence (PL) decay of multilayer-stacks (glass/PEDOT:PSS/MAPI/PCBM) excited with a 404-nm laser from i) the glass side and ii) the PCBM side. Figure 6a shows a clear increase of PL decay lifetime on co-annealed samples when pumped from the glass side which is not observed when pumped from the PCBM side. Importantly, such an increase of  the PL lifetime at the interface describes an open-circuit condition and shall be regarded as suppression of interfacial recombination.[41] Thus the results imply that reduced recombination is mainly at PEDOT:PSS/MAPI interfaces. 
It appears from above data that removal of bulk defects reduces the interfacial recombination in the device.[42] We suggest this is mainly due to a mitigation of electric filed screening by these ionic defects in MAPI layer,[43] such that electron diffusion to the wrong interface is retarded. By doing so, as we show, Figure 6b, that electrons are separated from the holes at PEDOT:PSS/perovskite interfaces and interfacial recombination is suppressed.
Our data suggest that microstructural defects in MAPI thin films are related to a lack of crystalline coherence throughout the thickness of the MAPI. The top surface of conventionally processed MAPI layer, i.e. the MAPI/PCBM interface, is the region susceptible of microstructural defects – likely due to the fast solvent evaporation that occurs here at the early stages of film formation. Importantly, by removing these defects interfacial recombination at PEDOT:PSS/MAPI heterojunction can be mitigated leading to enhancement of Voc in PEDOT:PSS-based perovskite solar cells. Additionally, we notice from both STEM images and TEM images that there might be some shifts in the lateral size of MAPI grain between the two processing routes. By considering that vertical grain boundaries mostly impact on thus J-V hysteresis,[44] as well as shunting pathways that affect FF,[10] the large improvement of Voc we measured above is not likely mainly due to the change in lateral grain size. 
By showing these data we highlight the importance of controlling crystallographic defects in MAPI active layer, however, co-existence of other loss mechanisms has hindered the co-annealing processed device from achieving comparable PCE as the most efficient cells reported,[17] the loss mechanisms are likely to be interfacial recombination owing to doping of PEDOT:PSS,[45] or energetic losses in PCBM layer,[46] where further efforts shall be spent towards continuous improvement of PCE.
Conclusion
Using scanning Transmission Electron Microscopy (STEM) we have identified the presence of previously undetected microstructural defects and inhomogeneities in methylammonium lead tri-iodide (CH3NH3PbI3, MAPI) thin films that reside near the MAPI-air interface. Our findings show that these defects are inherently correlated to a single step in the well‑established solution processing methodology, and we outline a facile means of their elimination without increasing the number or complexity of processing steps. By removing these defects, significant improvements in intra-grain crystallographic coherence along the charge-transport direction can be achieved, which results in improved power conversion efficiencies from 13.6% to 17.4 %. Our in-situ optoelectronic characterizations link this to an improvement in charge collection efficiency and a reduction in electron-hole recombination at PEDOT:PSS/MAPI interface and an overall decrease of trap state density in our perovskite solar cells.
[bookmark: _Hlk510118089][bookmark: _Hlk510118027]Our results highlight the role of advanced imaging techniques in identifying defects that play a significant effect on device performance, and our modified processing route is identified as a convenient means of eliminating electronic trap states. The modifications made to the processing method eliminate such defects from forming, improve crystallographic registry along the charge transport direction and minimize intrinsic losses in perovskite solar cells.
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Experimental Section
Device fabrication and measurement
All devices were fabricated on indium-doped tin oxide (ITO, Psiotech, UK) coated glass substrates. The substrates were sequentially cleaned in ultrasonic bath using acetone, isopropanol and deionized water, each for 10 minutes, and finally dried under an argon ﬂow. Immediately before use all substrates were treated by oxygen plasma for 10 minutes. Poly(3,4ethylenedioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS) was spin-coated onto the substrates as electron blocking layer at 3500 rpm for 45 seconds, and annealed at 150 °C for 15 minutes. 
For both conventional and modified deposition processes, the precursor solution of perovskite was prepared by co-dissolving equimolar lead iodide (PbI2, 99.9985%, Alfa Aesar) and methylammonium iodide (MAI, Dyesol) in mixed solvent of gamma-butyrolactone and dimethyl sulfoxide (Aldrich, 7:3 by volume). The solution was stirred for 1 hour at 60 °C, and was ﬁltered before use. The perovskite active layer was formed via a toluene-dripping method. The precursor solution was ﬁrst spun at 500 rpm for 5 seconds and then 2000 rpm for 20 seconds. 0.5 ml of toluene was instantly dripped onto the ﬁlm right at the end of second stage of spinning, followed by spinning at 4000 rpm for 20 seconds. Up to this point, the two deposition processes are the same. For conventional processing, the intermediate ﬁlms containing mixture of perovskite precursors and solvent molecules were heated at 100°C on a hotplate for 20 minutes to crystalize the perovskite. Phenyl-C61-butyricacid methylester (PCBM, 18 mg/ml in chlorobenzene) was spin coated onto the perovskite layer at 1500 rpm for 60 seconds as electron transport layers. For co-annealing processing, the same PCBM solution was spun onto the intermediate films directly at 2000 rpm for 10 seconds, followed by thermal annealing of the bi-layer devices at 100°C for 30 minutes. Thickness of MAPI active layer was tuned by modulating the precursor solution concentration from 0.6 M (mol L-1) to 1.4 M. Both conventionally processed and co-annealing devices were completed by thermally evaporating 0.7 nm of LiF and subsequently 100 nm of Ag onto PCBM under 5x10-6 mbar. Except for PEDOT:PSS deposition, all other steps were performed inside a nitrogen-filled glovebox.
Current density-voltage (J-V) characteristics were measured by applying external potential bias to the cell and recording the current with a Keithley 2400 source meter. The cells were illuminated by an AM 1.5 xenon lamp solar simulator (Newport). The intensity was adjusted to 1 sun by changing the working current, which was calibrated using a Si reference photodiode. External quantum efficiency (EQE) measurements were performed using a PV Measurements QEX10 system. The spectral response was measured between 300 and 850 nm and was calibrated with a silicon reference photodiode. All devices were stored in dark prior to measurement and were measured in a nitrogen-filled chamber.

Transmission electron microscopy (TEM) characterization
Electron-transparent cross-sectional specimens of the perovskite solar cells were prepared by focused ion beam milling (FIB) on a Helios NanoLab DualBeam microscope. Pt was deposited on top of the site of interest for protection, and through milling along the edges of the site a cross-sectional lamella was lifted out and attached to a Cu support. The lamella was subsequently thinned to electron transparency by sequentially milling with the FIB at 30kV, 5kV and 2kV. The cross-section was transferred to a JEOL JEM-2100F TEM operated at 200 kV. Images were first taken under scanning TEM mode, then the microscope was switched to conventional TEM mode and diffraction patterns, dark field images and high-resolution images with lattice fringes were acquired. Unnecessary exposure of the sample to the electron beam is minimized during the imaging process. 

XRD characterization
The structure and phase of the conventional and co-annealed perovskite were assessed via XRD using a PANalytical X’Pert system (Cu Kα, λ=1.54 Å) at 40 kV and 40mA. The diffraction patterns were obtained over the 2θ range 10°- 40° in steps of 0.04°.

Photoluminescence & UV-vis absorption spectroscopy
Photoluminescence (PL) decay of glass/PEDOT:PSS/MAPI/PCBM devices were measured by time-correlated single-photon counting using Horriba spectrofluorimeter with 404 nm excitation. Ultraviolet-visible (UV-Vis) absorption spectra were obtained with a Horriba UV-vis spectrophotometer by measuring both transmittance and reflectance spectra of the perovskite films, with step-size of 1nm and integrating time of 0.5s.

Optoelectronic measurements
Differential charging (DC) measurements, transient photocurrent (TPC) and transient photovoltage (TPV) measurements were carried out. The background illumination was provided by 12 white LEDs with adjustable power output, holding the solar cells at different quasi-Fermi level splitting (Voc). The intensity was first calibrated to the Jsc of devices measured under AM1.5 solar simulator. Any changes in background illumination was followed by a delay time greater than 2 seconds before commencing TPC or TPV measurements. Small optical perturbation was provided by 532-nm pulsed Nd:YAG laser, of which the intensity was fixed during the whole measurements. The devices were in a nitrogen-filled testing chamber to minimize the exposure to oxygen and moisture.
Firstly, full light level calibration was carried out by measuring the device Voc and Jsc under a range of illumination intensities (approximately between 0.5% sun – 900% sun), and later the devices were able to be held at different Voc by tuning the light intensities. Secondly, TPC measurement is performed to determine the small amount of excess charge Q. The device was held close to short circuit condition with a 50Ω resistance and was connected with a Tekronix TDS3032 oscilloscope. The resulting photocurrent transient by laser perturbation, is integrated with respect to time to obtain an estimation of Q. The average value of Q is measured at low light (<25%), where the value of Q exhibited minimal variation with background light intensity levels. Thirdly, TPV measurement is done with device holding at open circuit by connecting a 1MΩ impedance with the oscilloscope. The small photovoltage transient due to the same laser perturbation with TPC was fitted with a monoexponential decay to obtain the small perturbation carrier lifetime . TPV measurements were carried out between 0.5% sun and 600% of 1-sun equivalent.
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Figure 1. a) Schematic illustration of conventional fabrication route and modified fabrication route of MAPI/PCBM bi-layers. b, c) Scanning transmission electron microscopy (STEM) images (right side) and schematic demonstration of the MAPI microstructure (left side) in the bulk and top layer of a conventionally processed device (b), and MAPI microstructure of a co-annealing processed device (c).


[image: C:\Users\tt\AppData\Local\Microsoft\Windows\INetCache\Content.Word\Figure 2_2.jpg]

Figure 2. a, b) Transmission electron microscopy (TEM) images of device prepared through conventional processing (a) and through co-annealing processing device (b). c – e) Selected area electron diffraction (SAED) patterns of MAPI in the circulated areas in figure a and b. f – h) Localized dark-field images formed with one of the diffraction dot, marked in figure c – e, for conventional processed device (f) and co-annealing processed device (g and h). The green color is added to indicate the location of charge selective interlayers.
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Figure 3.  HRTEM images of lattice fringes at a) top (MAPI/PCBM) and b) bottom (PEDOT:PSS/MAPI) interfaces of the conventionally processed device, and at c) top and d) bottom interfaces of the co-annealed devices. These areas are marked as A-D in figure 2a and 2b, respectively. e) X-ray diffraction patterns of MAPI film in conventionally processed device and co-annealing processed device.
Table 1. Photovoltaic parameters of solar cells prepared from conventional and co-annealing routes comprising MAPI of different thickness, measured from the best 5 pixels of the devices from a single batch.
	
	Solution concentration (M)
	MAPI thickness (nm)
	Jsc (mA cm-2)
	Voc (mV)
	FF (%)
	PCE (%)

	Co-annealing processing
	0.6
	105
	15.4 ±0.6
	904 ±3
	75.4 ±1.0
	10.5 ±0.5

	
	0.8
	165
	18.1 ±1.5
	1004 ±5
	73.4 ±2.9
	13.4 ±0.8

	
	1.0
	230
	21.9 ±0.7
	1022 ±3
	76.8 ±1.4
	17.2 ±0.4

	
	1.2
	270
	20.7 ±0.7
	1040 ±4
	70.0 ±1.2
	15.1 ±0.3

	Conventional processing
	0.6
	114
	13.4 ±1.0
	716±6
	72.0±1.1
	6.9±0.4

	
	0.8
	165
	19.6 ±0.5
	813 ±3
	73.3 ±1.4
	11.7 ±0.3

	
	1.0
	213
	16.9 ±0.6
	855 ±2
	74.6 ±1.5
	10.8 ±0.5

	
	1.2
	272
	20.1 ±0.4
	894 ±4
	75.8 ±1.4
	13.6 ±0.3

	
	1.4
	325
	21.2 ±0.8
	855 ±2
	73.6 ±1.0
	13.3 ±0.5





 Figure 4. a) Current density-voltage (J-V) plot of low-temperature-processed PEDOT:PSS/MAPI/PCBM/(LiF)Ag solar cells prepared from conventional and co-annealing routes at their optimal thickness. b) External quantum efficiency spectra of the two devices. 
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Figure 5 a) Linearity of short-circuit current density (Jsc) with light intensity (I). The inset figure shows measured Jsc as a function of I (x-axis, % of 1 sun). b) Light ideality factor derived from open-circuit voltage (Voc) vs light intensities relationship. The inset figure shows measured Voc as function of I (x-axis, % of 1 sun). c) Excess electronic charge density n at open circuit stored in the device as a function of measured Voc. d) Charge carrier lifetime  as a function of excess electronic charge density n at open circuit.



[bookmark: _Hlk520897454]Figure 6 a) Time-resolved photoluminescence decay of glass/PEDOT:PSS/perovskite/PCBM stacks, excited with a 404-nm laser from glass side and PCBM side. b) Schematic drawing of band diagram, photo-excited charge carriers and recombination processes in the perovskite solar cells, where ionic defects in perovskite screens electric field and causes interfacial recombination (left) and ionic defects are removed (right).




Supporting Information 
Probing and controlling intra-grain crystallinity for improved efficiency in low-temperature-processed perovskite solar cells
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TEM beam damage
[bookmark: _Hlk520712670][bookmark: _Hlk520712970][bookmark: _Hlk520712993][bookmark: _Hlk520714536][bookmark: _Hlk520714643]Investigations were carried out using fresh separate cross-sections to confirm perovskite stability under the analysis conditions and that no noticeable specimen changes were being induced under the electron beam. Between Figures S1 a-b the sample was exposed to the STEM electron beam for 30 minutes and shows no obvious change in overall morphology. The dark linear feature indicated is a perovskite grain boundary (appears darker due to the lower density at grain boundaries), which can be still clearly seen in the post-exposure image. The same location was then exposed in conventional TEM mode for 30 minutes, and in this situation the electron beam gradually affected the appearance of the MAPI cross section. The location was re-imaged in STEM mode (Figure S1 c) and, for example, the grain boundary is no longer clear. In our experiment STEM images are always taken prior to TEM images minimize the elimination small features such as grain boundaries.  However, even after prolonged conventional TEM exposure, using the same dark field imaging protocol used in Figure 2 in the main text still remains a valid and valuable method to investigate perovskite grain locations. Figure S1d shows the high-resolution conventional TEM image of the same MAPI grain in Figure S1c, i.e. the MAPI grain after 30 minutes exposure to TEM electron beam. The corresponding selected area electron diffraction pattern in Figure S1e shows a clear single-crystal-like pattern and when the objective aperture is used to select a diffraction spot (corresponding to 220 or 004 diffraction, marked by green circle), the dark field TEM image in Figure S1 f is formed. This clearly shows a bright area i.e. the perovskite grain giving rise to the diffraction pattern, which is bordered by the same location as the originally visible grain boundary. Therefore, despite changes in microscopic appearance, the overall crystal structure of the perovskite remains unchanged during these investigations.
[image: ]
Figure S1 Dark field STEM image of a specific area of MAPI film a) taken immediately, b) after 30 minutes under STEM beam and c) after a further 30 minutes under conventional TEM beam. d) High resolution TEM image of the same sample area after the 30 minutes TEM beam exposure and e) corresponding SAED pattern and f) dark field image formed by the circled diffraction dot.


[image: ]
Figure S2 Magnified (110) diffraction peaks for conventionally processed and co-annealed MAPI films.


[image: ]
Figure S3 Statistical distribution of a) short circuit current (Jsc), b) open-circuit voltage (Voc), c) fill factor (FF) and d) power conversion efficiency (PCE) of devices with conventionally processed MAPI and co-annealed MAPI, obtained from some 14 devices in four batches.


[image: ]
Figure S4 J-V characteristics under 1-sun equivalent illumination of conventionally processed devices with and without (normal condition) thermal annealing of PCBM layer for 20 minutes, and devices with treatment of spin-coating 30m of chlorobenzene onto the intermediate phase.


[image: ]
Figure S5 Transmittance spectra of stacks of ITO/PEDOT:PSS/MAPI/PCBM devices through conventionally processing (solid lines) and co-annealed processing (dashed lines), with MAPI prepared with different solution concentrations that are labeled on the figure.


Figure S6 a) UV-vis absorption spectra of ITO/glass/MAPI/PCBM device (without Ag electrode) with the MAPI thickness at optimized condition. b) Total reflectance spectra of complete stacks of devices (with Ag electrodes).




Calculation of charge carrier density and recombination lifetime
[bookmark: _Hlk498419594]A small amount of excess charge, Q, is created in the devices as a result of the pulsed laser perturbation, we then probe the resulting voltage change (TPV) ΔV (<<Voc) and calculate the differential capacitance as
                                                                                                                             (1)
The capacitance vs Voc of the conventional and co-annealed cells is illustrated in Figure S7. CDC (V = 0), i.e. in the dark, of the measured devices are between 50-70 nF cm-2. We refer to this capacitance, as determined with no bias light, as the electrode capacitance (Celectrode) where charge carriers are accumulated at the ITO and Ag contacts. At higher illumination intensities CDC is observed to increase exponentially with Voc, and the exponentially increasing component dominates the overall capacitance for >0.2 sun equivalent.
[image: ]
Figure S7 Capacitance vs Voc measured with differential charging method.

The excess charge Q is separately measured, with the device held at short circuit, by integrating the transient photocurrent (TPC) generated by the same optical perturbation, shown in Figure S8.
[image: ]
Figure S8 Transient photocurrent (TPC) generated by pulsed laser perturbation (a and c) at low light intensities (dark, 12.5% and 25% of 1-sun equivalent), and the integrated charge from the photocurrent transients (b and d).

Fitting the capacitance distribution with an exponential, the total excess electronic charge, n [cm-2], stored in the device at open circuit can be estimated by integration of the capacitance with respect to voltage after subtracting Celectrode:                                                                                    (2)                                                             
The recombination rate of the small amount of excess charge generated by laser perturbation, τ, can be derived from decays of TPV transients and is shown in Figure S9. Importantly, these transients all demonstrate mono-exponential decays when background light is provided, reducing the potential complexity of interpreting decays with non-single exponential shapes.[1] The small-perturbation lifetime τ needs to be converted to the pseudo-first-order lifetime of total excess charge carriers τn = δτ, by a reaction order of δ to estimate recombination flux. The details of this conversion and the comparison of TPV lifetime are discussed in ref [2]. τn demonstrates a power-law relationship with n:
                                                                                                                      (3)
[image: ]
Figure S9 Typical transient photovoltage (TPV) decays at several light intensities.

If we have correctly estimated the amount excess charge accumulated in the working device (n), and the measured photovoltage decay time-constants (τ) are related to a recombination process then we should be able to calculate device Voc using only these measured data and their corresponding fitting parameters. At open circuit the recombination flux will equal the flux of generated charge, Jrec = Jgen. Jrec is described with the measured charge carrier density n and the total recombination lifetime τn for this quantity of charge:
                                                                             (4)                                                                                                       Jgen can be estimated by the short circuit current density Jsc at each light intensity, see Figure 5a in main test, assuming there are no significant charge collection losses at short circuit in these devices. The reconstructed open circuit voltage, VocRec, can be found by combining equations (3), (4), as well as equation (3) in the main text:
                                                                                                              (5)                                                                                        
m, δ, τn,0, n0 are fitting parameters. It is apparent in Figure S10 that this reconstructed VocRec are in excellent agreement with the directly measured Voc for all devices. This confirms the validity of our estimation of n and τn as correctly describing the in-situ recombination flux in a working cell. 

[image: ]
Figure S10 Measured Voc (crosses) vs reconstructed Voc (circles) of conventionally processed and co-annealed devices shown as a function of light intensity.
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