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31 ABSTRACT

34 Perovskite-based photovoltaics are an emerging solar technology with lab scale device
efficiencies of over 22 %, and significant steps are being made towards their commercialisation.
39 Conventionally high efficiency perovskite solar cells are formed from high boiling point, polar

41 aprotic solvent solutions. Methylammonium lead iodide (CH3;NH3Pbl;) films can be made from a
range of solvents and blends, however the role the solvent system plays in determining the

46 properties of the resulting perovskite films is poorly understood. Acetonitrile (ACN), in the

48 presence of methylamine (MA), is a viable non-toxic solvent for fabrication of CH;NH;3Pbl;
photovoltaic devices with efficiencies > 18 %. Herein we examine films prepared from

53 ACN/MA and dimethylformamide (DMF) and scrutinize their physical and electronic properties

55 using spectroscopy, scanning probe imaging and ion scattering. Significant differences are
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observed in the chemistry and electronic structure of CH3;NH;3Pbl; films made with each solvent,
ACN/MA producing films with superior properties resulting in more efficient photovoltaic
devices. Here we present a holistic and complete understanding of a high performance

perovskite material from an electronic, physical and structural perspective and establish a

robust toolkit with which to understand and optimise photovoltaic perovskites.

INTRODUCTION

Lead-halide perovskite photovoltaics have emerged in the past five years as a field with great
potential to provide cheap, renewable energy.! The efficiencies of perovskite photovoltaic
devices are now approaching 23 %, bringing the technology in line with the performance of
conventional silicon photovoltaics and making them the fastest developing solar technology to
date.? The uniquely rapid improvement in power conversion efficiencies has led to considerable
interest in the transfer of this technology to commercial products. The most commonly used
processing solvents include dimethylformamide (DMF), dimethylsulfoxide (DMSO) and v-
butyrolactone (GBL), DMF and GBL have significant toxicity concerns, which inhibit their
employment in large scale manufacturing. To enhance these material’s commercial viability,
research has begun to develop solvent systems with reduced toxicity, suitable for industrial use.
Noel and co-workers demonstrated that an acetonitrile/methylamine (ACN/MA) solvent system
can be used to create high performance methylammonium lead iodide (CH;NH;PbI3) solar cells.?
ACN is a low toxicity solvent which is currently employed in a wide variety of industrial
processes, making it a suitable candidate for large-scale perovskite processing.* The addition of
MA to ACN allows the solvation of perovskite precursors at concentrations useful for thin film
and device fabrication. Although the chemical process is not yet fully understood it has been

suggested that methylamine solvates the perovskite by “melting” the precursors (through
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coordination of the MA to the perovskite) and resulting in the formation of an intermediate liquid
perovskite phase.> This liquid perovskite phase is miscible with acetonitrile resulting in a fully
homogeneous, colloid free solution.? It would, therefore, appear that the chemistry at work in
solvent mixtures is significantly different from that reported for more commonly utilised
solvents. Solvents capable of strong Pb ion co-ordination (such as DMSO) have been suggested
to bond most strongly with lead halide precursors and influence the crystallisation of films.” In
addition to this solutions containing DMF and DMSO form colloidal perovskite suspensions the
size and concentration of which are critical to film formation.® This ultimately influences the

nucleation and rate of crystallisation of perovskite solutions in to thin films.%10

It is apparent, throughout the literature, that subtle differences in the processing conditions of
perovskites can result in vastly different film properties and device performances. Solvent
choice, ratios of perovskite precursors, annealing times/temperatures and the method of
deposition all exert considerable influence over physical and electronic properties.!%!> If the
commercialisation of perovskite photovoltaics is to be realised, a thorough understanding of how
the fundamental properties of these materials can be influenced, and ultimately controlled, is

paramount.

In this work the chemical, electronic, and structural properties of CH;NH;Pbl; thin films
prepared from a variety of processing solvents are investigated. Particular focus is placed on the
differences between films processed from DMF and ACN/MA solvents. We determine that the
properties of films formed from ACN/MA are more desirable for photovoltaic applications than

their DMF analogues.

RESULTS AND DISCUSSION
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To compare the structural and electronic differences between films fabricated from DMF and
ACN/MA the following solvent systems and deposition methods were used: DMF (one-step
processing), DMF (anti-solvent quench, DMF-SQ), ACN/MA compound solvent (one-step), and
ACN/MA with the addition of a CH3;NH;Cl post-treatment (ACN/CH;NH;Cl). All thin films
were deposited onto fluorine-doped tin oxide (FTO) coated glass through spin-coating as detailed
in the experimental section. The DMF (one-step) processing route is known to result in sub-
optimal photovoltaic devices - introduction of a solvent quenching step during spin-coating is

most commonly used to enhance high performance CH;NH;PbI; solar cells.!6!7

Atomic force microscopy (AFM) and scanning kelvin probe microscopy (SKPM), were used to

measure the differences in morphology and surface potential variation of CH;NH;PbI; films

(Figure 1).

Figure 1 — Topography (top panel) and surface potential (bottom panel) measurements of
CH;3NH;PbI; thin films on FTO glass formed from (a) DMF, (b) DMF (anti-solvent quench,
DMF-SQ), (c) ACN/MA and (d) ACN/MA (CH3;NH;CI post-treatment ACN/CH3;NH;Cl), scale

bars are 1um in all cases.
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It has been well established that the morphology of perovskite thin films can be strongly
influenced by the substrate upon which it is deposited. In the literature there have been many
reported n- and p-type interlayers, which have been implemented in CH;NH;Pbl; based devices,
however the use of FTO glass as an electrode has been almost ubiquitous. As such to try to
provide a more widely applicable comparison of the perovskite morphologies studied herein

FTO glass has been used as the substrate in this work.

There are clear differences in morphology between films prepared from DMF and those from
ACN. CH3;NH;Pblj; films formed from DMF (one-step processing) are discontinuous and have a
high RMS roughness (R,) (see Table S1 for all R values) (Figure 1a). Films formed from DMF
(anti-solvent quench) are continuous and exhibit a smaller grain size (Figure 1b). As such typical
roughness values are significantly lower using a solvent quenching step. ACN/MA films both
with and without the post-treatment step show significantly more defined grains in the observed
features. The addition of the CH;NH;Cl post-treatment promotes larger grains and an increase in
surface roughness. Whilst these images show the morphology of films prepared on FTO glass,
the morphologies closely match that reported previously of identical films prepared on FTO

glass with a TiO, hole transporting layer.?

Accompanying these changes in morphology is the emergence of large variations in surface
potential across the films, as measured by SKPM. The changes in surface potential follow
topographical features, explicitly different grains exhibit different surface potentials, correlated
to differences in the local work function. Films comprised of smaller grains (DMF-SQ) show the
smallest variance in surface potential in the areas probed (a range of 20 mV), while larger
grained films exhibit a wider range of surface potentials (variances of approximately 40 mV and

80 mV for the ACN/MA and ACN/ CH;NH;Cl films respectively). Whilst absolute values for
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work function cannot be measured using SKPM, these measurements highlight considerable
local work function variation across the film surfaces. Films from ACN exhibit larger variations

in local work function than those from DMF, but exhibit larger “domains” of a single local work

function.
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Figure 2 — (a) Time-resolved photoluminescence decays and (b) X-ray diffractograms of
CH3NH;PDbI; thin films on FTO glass formed from DMF, DMF with an anti-solvent quench
(DMF-SQ), ACN/MA and ACN/MA with a CH;NH;Cl (ACN/ CH;NH;Cl) post-treatment.

Films used in PL measurements were prepared on glass without an FTO coating.

To examine the lifetimes of charge carriers within these films, time-resolved photoluminescence

(TRPL) decay measurements were carried out (see Figure 2a). The films used in these
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measurements were prepared onto glass without an FTO coating. The longer the
photoluminescence lifetime, the slower the non-radiative decay is assumed to be and therefore it
is assumed that charge carriers have longer PL lifetimes. A number of factors influence the
photoluminescence decay including, but not limited to, the optoelectronic homogeneity of the
films and their radiative and non-radiative decay constants, with the latter governed by defect
densities. The data were fit with a stretched exponential function to allow quantification of the
photoluminescence lifetime, this model has been suggested to account for a distribution of
monomolecular recombination rates.!®!® Whilst this model does not account for bimolecular
recombination it allows direct comparison of each of the extracted PL lifetimes reported here.
The ACN/CH;NH;Cl and ACN/MA films both exhibit considerably longer average lifetimes «t»
(662 ns and 341 ns, respectively) than DMF-SQ and DMF (100 ns and 114 ns respectively).
This agrees qualitatively with previous work and suggests that films formed from ACN/MA

exhibit significantly improved optoelectronic properties than their DMF counterparts.3

X-ray diffraction measurements from all films exhibit peaks which can be attributed to the
tetragonal CH3;NH;3Pbl; crystal structure (Figure 2b).2° Although the films produced from DMF
show additional peaks when compared with those made from ACN/MA, all peaks can be
indexed using the same crystal structure. Each of the CH;NH;PbI; thin films in question are
therefore isostructural, the differences are due to crystallographic texture changes. The additional
peaks in the DMF formed films are most likely due to a lower degree of preferred orientation
than those formed from ACN/MA. Changes in electronic or physical properties of the films, all
composed of the same kind of crystallite, are clearly a direct result of the processing conditions

especially the solvent systems used in their formation.
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To examine the chemistry of the uppermost surface of the perovskite layer (1-2 atomic layers)

low energy ion scattering (LEIS) measurements were employed (Figure 3).
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Figure 3 — Low energy ion scattering measurements of CH3;NH;Pbl; films using a Ne™ source.
Left panel shows ion scattering of films formed from DMF, right panel shows ion scattering of

films formed from ACN.

Ion scattering was carried out using both Ne*and He" sources, as scattering using He™ provides a
broader range of elemental detection while Ne* allows higher resolution measurements of Pb and
I. LEIS spectra acquired using He* are shown in the supporting information, Figure S1. The
differences in peak intensity observed in Figure 3 are indicative of genuine differences in surface
chemistry of perovskite films. Whilst peaks were observed, in all systems, for Pb and I atoms no
peaks corresponding to N or C atoms were observed. This implies a total absence of the organic
component of the perovskite structure in the topmost atomic layers of these films. Additionally
no Cl is observed in the surfaces of films which have undergone MACI post-treatment. The
absence of the organic component in these measurements may suggest that the perovskite grains

are all Pb or I terminated as only the topmost 1-2 layers are undergoing scrutiny. Alternatively
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the absence of the organic component in the very top of the film may be a result of loss of
CH;NH;" on introduction of these samples to high vacuum as the high vapor pressure of
methylammonium is well documented.?! We believe that the latter scenario is most likely
responsible for the lack of carbon detected in this measurement. In the fabrication of perovskite
PV devices electrodes are routinely deposited through metal evaporation in a high vacuum
environment. If the lack of signal corresponding to the organic component of the films is due to
the measurement occurring in high vacuum this process is representative of that experienced by

the perovskite film in the majority of PV devices.

Although LEIS measurements are highly surface and atom identity sensitive and they do not
provide any information relating to chemical bonding or environment. This was investigated
using x-ray photoelectron spectroscopy (XPS) experiments on films produced in an identical
manner. High resolution XPS spectra corresponding to the Pb 4f, I 3d and N 1s orbitals are
shown in the supporting information Figures S3 and S4, for DMF and ACN systems

respectively, those relating to C 1s can be found in Figure S5.

Core level peaks were observed for I 34 at binding energy values of 619.6 eV for all films and
are attributed to Pbl,.2? There is an additional feature at ~618 eV however the I 3d line shape is
consistent across the samples indicating this is due to the line shape rather than an additional
bonding environment or distinct chemical species. Peaks for N 1s were observed at 402.7 eV for
all samples, an additional peak was observed in those samples formed from ACN/MA at 401.2
eV. These peaks have been previously attributed to the "NH;-CH; and NH,CH3, respectively, in
the literature and this assignment is used here.?*>3 The presence of the lower binding energy
peak in the samples formed from ACN/MA is due to either the presence of free

methylammonium or residual ACN within the films, resulting from its addition to the solvent

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials Page 10 of 24

system. Pb 4fpeaks are present at 138.8 eV and 137.3 eV in all samples, however significantly
more is present in those formed from the ACN based systems, these peaks can be attributed to
Pbl, and Pb?, respectively.!!2¢ Methylamine is a well-documented reducing agent and leads to
some reduction of Pb?* to Pb?, increasing the proportion of Pb® present in solutions to which it is
added.?’ The differences in chemical composition between films are most apparent in the N 1s
spectra. An additional N 1s peak, attributed to methylamine, is observed in ACN samples but
does not alter the crystal structure as measured by XRD. C 1s spectra confirm the presence of
both "NH;CHj3 and C-H containing species (~285 eV and 286 eV), attributed to the methylamine
group of CH3;NH;Pbl;. Small amounts of additional carbon containing species (such as C-OH
and C=0) are also present in varying amounts in each sample. These are most likely due to
residual solvent and the slight differences observed in the amounts of each species present is
therefore unsurprising. The absence of Cl in the ACN/CH;NH;Cl samples ion scattering data
matches the lack of CI in XPS data (see Figure S7). A table of peak positions for all samples and

their corresponding bonding environments can be found in the supporting information.

LEIS and XPS data were used to approximate the chemical stoichiometry of the studied surfaces
of the perovskites films, with LEIS measurements probing the top 1-2 atomic layers and XPS

probing ~10 nm into the film (shown in Tables 1 and 2).

10
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Solvent system lodine | Lead

oNOYTULT D WN =

9 DMF 1.9 1

11 DMF-SQ 24 1

ACN 1.5 1

16 ACN/CH;NH;Cl 1.4 1

Table 1 - Approximate stoichiometry of utmost surface of CH3;NH;PblI; films as determined by
24 low energy ion scattering (LEIS) measurements (area of surface probed by scattering is 1 mm?,

26 this technique probes the first few atomic layers).

29 Solvent system Lead | lIodine | Carbon | Nitrogen | Tin | Oxygen | Lead to iodine

31 ratio (I : Pb)

34 DMF 1.7 6.2 3.7 1.6 1 22 136:1

36 DMF-SQ 1.0 3.8 2.0 1 0 0138:1

38 ACN 1.4 43 20 1| o 0/3.1:1

41 ACN/CH;3;NH;C1 4.1 94 34 1 0 0124:1

46 Table 2 - Approximate composition of the surface of CH;NH;Pbl; films as determined by x-ray
photoelectron spectroscopy measurements (area of surface probed by scattering is 300 x 700

51 um?, this measurement probes the first 10nm of the surface).

58 11
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The I: Pb ratios observed at the topmost surfaces (as determined from LEIS) all deviate from the
ideal ratio of 3:1 (I: Pb) expected the average chemical stoichiometry averaged across a single
crystal devoid from defects. However when greater depths of the sample are probed, through
XPS measurements, the I: Pb ratios are much closer to this 3:1 ratio. These observations suggest
a structure in which the first few atomic layers are Pbl, terminated with evolution toward the
bulk crystal structure of CH3;NH;Pbl; deeper in to the sample. In fact recent work has
demonstrated the impact of surface chemistry variations on the electronic and charge transport
properties of CH;NH;3Pbl;.% In addition the chemical termination of CH;NH;Pblj; films defines
their valence and conduction band energies; surfaces which are Pb-I terminated exhibit energies

up to 1 eV lower than their MAI terminated counterparts.?®

Depth-profiling time-of-flight secondary ion mass spectrometry (ToF-SIMS) measurements were
carried out to monitor changes in film chemistry through the entirety of their thickness. During
depth-profiling sputtering experiments (through the entirety of each of the films) positive and
negative secondary ions were detected, separately, and are reported in Figure 6 as a function of

sputtering time.

Tons relating to components of the CH3;NH;PbI; films (?2°°Pb*, Pb*, I, NH,*, CI") and FTO (O")
were each measured. The depth profiles shown in the supplementary information Figure S8 can
be used to approximate the position of the interface between the CH;NH;Pbl; and the FTO as the
observation of FTO (O- ions) related species plateaus when sputtering reaches deep in to the
FTO film. As such the bottommost part of the perovskite films is just before the plateau of the
traces. At this point the traces corresponding to positive ions (**°Pb*, Pb* and NH,4"), for all
films, show a sudden decrease in detection followed by plateaus, decaying in a roughly

exponential form. In films formed from ACN/MA this initial slope is steeper than for the DMF-

12
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cast films suggesting positive ion production by sputtering is easier in DMF rather than ACN
films. Films fabricated from DMF and DMF-SQ show significantly different shapes of the depth
profiles for both I- and O-. This is a result of pin-holes and large thickness variations in the
perovskite films with bare FTO exposed within the region being sputtered, this leads to O-
observation much earlier in the depth profiling process than in ACN films. As a result the slopes
of I- and O- traces are less steep with no sharp interface between the CH;NH;PbI; film and the
FTO substrate (ions are concomitantly generated during the depth profile). Conversely the same
species in DMF-SQ exhibit sharper slopes on both the rising (O) and falling (I) edges suggesting
a sharper interface and uniform ion distribution, similar to the films formed from ACN/MA and
ACN/ CH3NH;CI. The sputtering profile of I- ions throughout the ACN films is flat-topped
suggestive of more even distribution of ions throughout both DMF and DMF-SQ. Despite the
relatively even ion distribution in the bulk of the film, an accumulation of I- is inferred from the
additional rise in signal at the interface with the FTO substrate. The CH3;NH;Cl post treatment
results in a bimodal distribution of Cl- inside the CH;NH;Pbl; with no observable difference to
the out-of-plane crystal structure in XRD patterns. The traces for I- and CI- both drop at the same
sputtering time (around 100 seconds) suggesting segregation of the both halide ions. Similarly to
the methylamine detected by XPS, this segregation isn’t manifested in differences to structural
properties of these films. SIMS is acutely sensitive to changes in chemical composition, and is
considerably more sensitive than XPS to compositional changes. As such change to the
composition of films, responsible for the unusual CI- and I~ traces observed in ACN/CH3;NH;Cl
samples, may be present below the detection threshold of the other techniques employed in this
work. The distribution of chemical species is unique to each solvent system, however films

formed from ACN are most self-consistent and exhibit the most uniform distribution of ions.

13
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Greater uniformity is consistent with these films being less defective and more homogenous,
which should result in few defects responsible for electronic trapping and trap assisted
recombination. This manifests as higher charge carrier lifetimes, and ultimately more efficient

photovoltaic device performance.

Ultraviolet photoelectron spectroscopy (UPS) measurements were obtained from the same
samples as XPS spectra to elucidate the valence electronic structure of CH3;NH;Pbl; films. The
valence band and secondary electron cut-off regions of the UPS spectra (supplementary
information Figure S9) were used to determine the positions of the valence band maxima and
work functions of each film. The extracted work function (WF) and valence band maximum

(VBM) values from these UPS spectra are presented in Table 3.

Work function Valence band

(eV) maximum (eV)
DMF 4.4 5.7
DMF-SQ 4.5 5.7
ACN/MA 4.7 5.8
ACN/CH;3NH;CI1 53 6.3

Table 3 — Work function and valence band maximum energies determined from UPS

measurements.

With the exception of the ACN/CH;NH;Cl films all measured films exhibit VBM energies

between 5.7 and 5.8eV. Although the VBM energy is very similar for all films, there are

significant differences in the character of the VB spectra of each system. This would suggest that

ACS Paragon Plus Environment
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changes in the relative contribution of the frontier orbitals of CH;NH;Pbl; to the valence band
are being observed. As all films are isostructural, these changes in electronic structure must be a
direct result of subtle differences induced in chemistry, and are therefore due to the solvent

system employed in each films fabrication.

The ACN/CH;NH;Cl film exhibits the most significantly different VBM (6.3e¢V) and the largest
work function (5.3eV). A significant range of VBM and WF energies have been reported for
CH;NH;PbI; films and these data are in agreement with many previous studies.’?32 The

CH;NH;Cl post treatment significantly affects both the WF and VBM of the CH3;NH;Pbl; films.

Although these values are within the reported ranges for both WF and VBM of CH3;NH;Pbl;
films it is apparent that there is a significant increase in the energy levels of ACN/CH;NH;Cl
film with the MACI post-treatment. UPS is a surface sensitive technique so it may be that the
changes to the electronic structure measured here of the MACI treated films occurs only at the
surface of the thin films. However, it is clear from the XPS, the TRPL and SPM measurements
discussed previously that these post-treated films exhibit significant changes in both their
electronic and morphological structure. In particular the TRPL and SKPM measurements show
clear changes in the bulk structure of the films, compared to the others, which would be reflected

in changes to the electronic structure.

To corroborate the effects of the resulting changes in chemistry and energy levels with
photovoltaic device performance devices with the following architecture (FTO/SnO,/
CH;3NH;Pbls/spiro-OMeTAD/Ag) were fabricated and the current-density voltage (JV)

characteristics of the best performing devices are shown in Figure 4.

15

ACS Paragon Plus Environment



oNOYTULT D WN =

Chemistry of Materials

T T T T T T
0F 4
92 | 4
-184 |—— -
FB sc‘ .

-276 SC-FBl 1 1 1 I
=k n
4
E of 1
<
é -26 |
=~ _|—rBsC
-E 752 SC“FBI L 1 1 L IDI\"IuF_SIQ_
8 24 ]
o -2t .

——FB-SC

*l—scr| WA

0F <

84 | _

-128 [ —FB-SC ACN/CH,NH,CI |

-192 SC—FBl I 1 I [

0.0 0.2 04 06 0.8

Voltage (V)

1.0 1.2

138 F : I I I I ]
rﬁ 13.7 mA/cm?
15— Jypp 1
— PCE
osl MPP 82 % T
N ol
I L L ! 5
- 18.8 mA/em?® |
€
18.0 |
% 8.0 16.1 %
E 162 — Jypee |
2 144 — PCEuee o
2 207 E ' I I I I 1
E 19.3 mA/em?
= 184 | ]
E 178 %
3 81— Juep 1
1381 —— PCEype ACN/MA
I L L . :
19.4 mA/cm?
182 | |
15.6 [ . 179 % ]
— “mprp
13.0 _PCEMPF ACN/CH:;NHZSCI ]
10.4 ' ' ' I ;
0 5 10 15 20 &8 #

Figure 4 — Current voltage characteristics. Current-voltage characteristics of the champion DMF,

DMF-SQ, ACN/MA and ACN/CH;NH;Cl devices and their respective stabilised photocurrents

and efficiencies. Performance parameters for each of these devices are given in Table 4.

Perovskite Jsc (mA cm™?) Voc (V) F.F. n (%)
Solvent
DMF Average 17.14 0.79 0.55 7.42
Champion 17.6 0.78 0.59 8.01
DMF-SQ Average 22.5 1.04 0.75 17.3
Champion 22.5 1.06 0.77 17.9
ACN Average 21.9 1.10 0.71 17.2
Champion 22.2 1.13 0.74 18.5

ACS Paragon Plus Environment
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ACN/MACI | Average 21.9 1.11 0.73 17.8

Champion 21.8 1.13 0.75 18.7

Table 4 — Average and champion device performance parameters.

Complete performance parameters for this batch of devices can be found in the supplementary
information (Figure S10). For photovoltaic devices fabricated using DMF without a solvent
quench, the poorest performance parameters were obtained. This is easily explained by the
discontinuity of the perovskite layer causing a decrease in the amount of light which can be
absorbed, and increasing the available shunting pathways in the device. The addition of a solvent
quenching step during spin coating, produces a marked increase in all performance parameters,
directly correlated to an improvement in surface coverage. The improvement in overall
performance using the ACN/MA solvent is as a result of an increase in the open-circuit voltages
obtained. This is likely due to the shift in surface potential of these perovskite films. The
CH;NH;CI post treatment results in a small improvement in device efficiency (18.7% for the
champion) compared to the ACN route without post-treatment (18.5% for the champion). The
improved parameters of both ACN based routes (compared to DMF-SQ devices) are
demonstrative of the improvements in morphology, local work function distribution, electronic
properties and therefore charge carrier lifetimes observed using this solvent system. The changes
in electronic and chemical properties reported here are not related to modification of crystal
structure. These changes can be attributed to differences in chemistry of perovskite films caused
by the ACN/MA solvent system for processing CH;NH;Pbl; films. The differences induced by
combining methylamine with the ACN solvent produce CH;NH;Pbl; with more desirable
properties for photovoltaic devices, resulting in superior device performance.

17
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CONCLUSIONS

Methylammonium lead iodide thin films processed using an ACN/MA composite solvent system
were shown to have significantly different physical and electronic properties than their DMF
processed counterparts. Films formed from ACN/MA are isostructural with those formed from
DMF, but demonstrate longer charge carrier lifetimes, more desirable morphologies and smaller
variations in both local work function and chemical composition. These differences are a direct
result of the choice of solvent system and have been directly measured, for the first time here.
Thorough understanding of the chemistry of perovskite precursor solutions from data of this kind
will provide means to optimise and induce desirable electronic and chemical properties in

perovskite materials, assisting their introduction to the commercial market.

Supporting Information.

Experimental methods, additional AFM images and LEIS scattering, C1s XPS and

device statistics.
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