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ciency of 0.0063 % using an anhydrous solution of PbI2.30 Also

using a sequential deposition procedure, Adhikari et al. note that

an optimized device performance and charge carrier lifetime are

achieved with a concentration of 5 vol% H2O in the methylam-

monium iodide dipping solution.31 Conings et al. performed a

similar study using a well documented mixed halide, single-step

deposition procedure. They observed little overall change in de-

vice performance with the substitution of up to 10 vol% of the

anhydrous DMF solvent with deionized H2O, suggesting that the

required fabrication environment may be more flexible than pre-

viously thought.32 In contrast, Gong et al. report an enhancement

in both photovoltaic performance and stability with the addition

of 2 vol% H2O to the same single-step precursor solution.33 Such

a wide variation in observations suggests that the effects of water

on the morphology and performance of methylammonium lead

halide devices are still not well understood; and, that more work

is needed in order to elucidate the precise mechanism(s) through

which water interacts with this unique material.

In this study, the effects of moisture on the photovoltaic perfor-

mance and properties of perovskite devices were examined un-

der highly controlled fabrication conditions. To minimize uncon-

trolled exposure to moisture, synthesis and testing of perovskite

devices were all carried out in a dry, argon filled glovebox, save

for the addition of controlled volumes of de-ionized, water to

the PbI2 solutions. It is well known that the morphology of the

perovskite layer plays a critical role in the final device perfor-

mance.34–36 Pinholes and film dewetting not only result in de-

creased absorbance by the perovskite layer, but also a greater

number of recombination pathways (and consequently poorer de-

vice performance); therefore, the perovskite films in this study

were fabricated via sequential spin-coating to reduce any effects

that the contrasting solubility of the lead iodide (PbI2) and methy-

lammonium iodide (MAI) precursors in water may have on film

homogeneity.28

2 Experimental methods

2.1 Perovskite fabrication methods

2.1.1 Solution preparation.

All solvents, MAI (Dyesol, ≥ 98%) and PbI2 (Alfa Aesar, 99.9985

%) were opened and stored under argon. To avoid inadvertent ex-

posure to moisture, all vials and stir bars were baked at ∼120 oC

in the argon filled glovebox prior to use. MAI was mixed with an-

hydrous isopropanol (Aldrich, 99.5 %) to form a dry 47.5 mg/mL

stock solution. A 450 mg/mL dry lead iodide solution was mixed

by stirring the measured PbI2 with anhydrous DMF (Aldrich, 99.5

%) at 70 oC. A 30 mg/mL solution of phenyl-C61-butyric-acid-

methyl ester (PCBM, Solenne, ≥ 99.5%) was mixed in chloroben-

zene, also at 70 oC. The PbI2 and PCBM solutions were stirred

at 70 oC for at least 12 hours prior to use, and were maintained

at 70 oC throughout the fabrication process. Water concentra-

tion in the “wet" solutions was varied as: 0, 1, 2, 4 and 6 mol

% with respect to the solute (i.e. mol % = [H2O]/[PbI2] x 100,

where [PbI2] = 0.976 M). Although this is up to two orders of

magnitude lower than the concentrations used by other authors,

it was identified as a region of interest based on the amount of

water measured to have been absorbed by a DMF-based solution

at 50 % relative humidity after 20 minutes (0.025 mol/L, which

translates to ∼2.6 mol% with respect to 450 mg/mL of PbI2).37,38

Therefore, this represents the range of water concentrations that

would be expected to be inadvertently incorporated into precur-

sor solutions due to air-exposure during fabrication in an ambient

environment. “Wet" PbI2 solutions were made by mixing the so-

lute with appropriate ratios of dry solvent and “wet" solvent (a 10

µL/mL mixture of de-ionized H2O in the dry solvent). The “wet"

solvent was mixed and added to the PbI2 solution 8 hours prior

to fabrication in order to minimize the extent to which DMF may

be hydrolyzed into formic acid and dimethylamine, while also en-

suring dissolution of the PbI2, which is poorly soluble in water.39

Because water has a significant vapour pressure at 70 oC, the vol-

umes of the “wet" PbI2 solutions were mixed to minimize head

space in the vial and consequent water loss from the heated solu-

tion. Such measures were found to be critical when dealing with

low concentrations of water; assuming a head space of 2 mL (in

a standard 4 mL glass vial), the expected partial pressure of wa-

ter at 70 oC corresponds to ∼2.19x10
−5 mol of H2O in the vapour

phase. This amounts to nearly 20 % of the added water in 2 mL of

a PbI2 solution with 6 mol% water and over 100 % of the added

water in 2 mL of a solution with 1 mol% water. All solutions

were passed through 0.45 µm filters into clean glass vials prior

to use in order to avoid including unwanted particles in the final

films. The solutions were recapped immediately to avoid water

loss. Although it is impossible to be certain of the precise fabrica-

tion details used by other authors, it is possible that the reported

water concentrations in the perovskite precursor solution may be

a source of discrepancy in existing literature. However, rigorous

measures were taken in this study to ensure that the quantities

of water incorporated into the precursor solutions were as well-

defined as possible.

2.1.2 Device fabrication.

ITO substrates (2.5 x 2.5 cm) were patterned using a Kapton tape

mask and etched in a 12 M HCl bath. Substrates were scrubbed

with detergent and de-ionized (DI) water, then ultrasonicated in

baths of detergent, DI water, acetone and ethanol for 20 minutes

each. Finally, substrates were treated with UV-ozone for 20 min-

utes. The PEDOT:PSS layer was formed by casting 90 µL of a fil-

tered stock of Clevious AI 4083 onto each ITO substrate and spin-

ning at 3000 rpm in air for 60 s. The films were annealed at 140
oC for 60 minutes, then rapidly transferred into an argon filled

glovebox for the remainder of the fabrication procedure. 300 µL

of 70 oC PbI2 solution was cast onto the cooled PEDOT:PSS and

spun at 6000 rpm for 180 seconds, then 8000 rpm for 180 sec-

onds. Completed films were dried on a 70 oC hotplate for 15

minutes. The perovskite was formed by casting 400 µL of MAI

solution onto the lead iodide film, spinning at 6000 rpm for 150

seconds, then annealing at 100 oC for 2 hours. 150 µL of 70 oC

PCBM solution was cast onto the cooled perovskite films, spin-

ning at 1000 rpm for 180 seconds, then annealing at 100 oC for

45 minutes. The devices were completed by thermally depositing

15 nm of calcium and 100 nm of aluminium (at ∼10-6 Torr) as a

top contact. (The thicknesses of the PEDOT:PSS, perovskite and
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Fig. 2 Summary of performance metrics for devices made using varying concentrations of H2O in the PbI2 solution. Data are representative of 9 - 16

devices tested by sweeping in the reverse direction at 0.1 V/s (blue) and 1.0 V/s (green). The spread of the data, mean, median and outliers are

represented by the vertical bars, small square, horizontal line and crosses, respectively.

fect is compensated by an increase in photocurrent, resulting in

no change in the overall device performance. The variety of ob-

servations are difficult to resolve; however, the reported device

fabrication procedures differ between each of existing studies as

well from the methods used in this study. As well, the added

water may interact differently when used in different perovskite

precursors (i.e: single-step mixed halide solution in comparison

to sequential spincoating of the two perovskite precursors). Cur-

rently, the only other studies to examine the impact of added wa-

ter to sequentially spin coated perovskite devices are less well-

controlled, with all fabrication being performed in ambient con-

ditions, where atmospheric water vapour may also contribute to

the observed trends.30,31 We also highlight the superior perfor-

mance of our control devices, and the fact that we have chosen to

investigate the addition of much smaller volumes of water, with

the belief that such volumes of water are more representative of

those which may be inadvertently incorporated into the precursor

during fabrication in air.

With respect to the anomalous hysteresis, which has been well-

documented by many authors,40–43 very little was observed when

the devices were measured using a 0.1 V/s scan rate. The JV

data from the forward and reverse sweeps in Figure 1 are nearly

identical. This is further illustrated in Figure S1†, which sum-

marizes the batch statistics for several devices made using the

same fabrication conditions; the difference between the reverse

and forward scans is most reflected by a decreased open circuit

voltage (up to ∼ 400 mV decrease) for devices with water added

to the PbI2 solution. Scanning at 1.0 V/s, resulted in a greater

amount of hysteresis (Figures 1 and S2†), which was exaggerated

by further addition of H2O to the PbI2 solution. The lack of ap-

preciable hysteresis in these devices is not surprising given that

reduced hysteresis is often reported in inverted architecture per-

ovskite devices.7,10,12,30,44,45 It has been suggested that the level

of hysteresis is heavily influenced by particular charge selective
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