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Materials and Methods

MaterialsAll chemicals were purchased from Sigma-Aldrich, Australia, Alfa Aesar,
Australia, Lumtec (Luminescence Technology Corp., Taiwan) and GreatCell Solar, Australia
and used without further purification except that the solvents (dimethylformamide and
toluene) were dried over 4A molecular sieve. 2 mm thick FTO glass (TEC8) was also
purchased from GreatCell Solar. All the solvents except IPA are ACS grade.

The PIB based polymer sealant was HelioSeal PVS101, obtained from KOMMERLIN,
Berlin, Germany. The detail of PO based polymer sealant is undisclosable at current stage as
per supplier’s request.

PSC fabrication

The FTO coated glass was patterned by laser scribing (FOBA M1000 pulsed ytterbium
fiber laser, Alltec GmbH, Germany) and cleaned with Hellmanex solution (Sigma-Aldrich,
Australia), acetone, isopropanol and UV-ozone.

A ~50 nm thick dense blocking layer of TiO, was deposited by spray pyrolysis of a
solution of titanium diisopropoxide bis(acetylacetonate) in isopropanol (mass fraction = 8.4
%) at 450 °C.

For the fabrication of the mesoporous TiO: layer (mp-TiO2), a suspension containing
150 mg/mL Dyesol 30 NR-D TiO, paste (GreatCell Solar, Australia) dispersed in ethanol was
spin-coated at 4000 rpm (acceleration of 2000 rpm/s) for 15 s on top of the c-TiO; layer. The
substrates were then annealed at 100 °C for 10 min followed by sintering at 500 °C for 30
min.

For the fabrication of mixed perovskite Cso.0sFAo.sMAo.15Pb(lo.85Bro.15)3 and
FAo.8sMAo.15Pb(lo.85Br0.15)3, the appropriate amounts of Csl, FAIL Pbl,, MABr and PbBr;
were mixed to achieve the desired stoichiometry and mass fraction of solution. To
incorporate excess Pblx, the quantity of Pbl> was increased by a factor of 1.05. The solutes
were dissolved in a 4:1 mixture by volume of dimethylformamide (DMF) and
dimethylsulphoxide (DMSO) at room temperature. The perovskite precursor solution was
spread on the mp-TiO2/c-TiO2/FTO and spun at 2000 rpm (acceleration of 200 rpm/s) and
6000 rpm (acceleration of 2000 rpm/s) for 10 s and 30 s, respectively, using Laurell Gbx650
(Laurell Technologies Corporation, North Wales, PA). After spinning at 6000 rpm for 10 s,
the anti-solvent chlorobenzene was dispensed onto the spinning substrate for about 2 s. The
films were dried on a hot plate at 100 °C to 135 °C for 20 min.

To deposit a poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine] (PTAA) HTL, A solution
containing 10.0 mg PTAA, 7.5 ul of a 170 mg/mL lithium
bis(trifluoromethylsulphonyl)imide solution (LiTFSI) in acetonitrile and 4.0 pl 4-tert-
butylpyridine (t-BP) in 1.0 ml of toluene was spin-coated on the perovskite/c-TiO2/FTO
substrate at 3000 rpm for 30 s.

A 100 nm gold counter electrode was deposited by thermal evaporation. The Au layer
was masked by either a shadow mask or Kapton-taping during deposition to create an active
rectangular area of either 4.5 mm x 6 mm in diameter for small area devices used as
references or 9 mm x 14 mm for large area devices that were sequentially packaged. Both
positive and negative electrodes were soldered through the underlying c-TiO» layer for better
contact and better durability during the sequential ageing tests.

While cells on small area (4.5 mm x 6 mm) typically achieve PCE’s of 17 % - 19 %,
cells on large area (9 mm x 10 mm) for 25 mm x 33 mm FTO glass superstrates used in this
work have typical PCE’s of 10 % - 13 % (Fig. S1A & B), due to the increased series
resistance with area which can be circumvented by better electrode layout design (73) in
future work.




PSC packaging

For the encapsulation of perovskite solar cells, two types of low-cost polymer sealant
products were used and tested in this work: 1) polyisobutylene (PIB) based polymer (PVS
101®) and ii) polyolefin (PO) based polymer. They are both excellent water barriers and low
cost (Table S1).

To ensure good hermetic packaging by either blanket encapsulation or edge-seal, clean
and residue free edges around the active PSC area were prepared. Edge preparation steps
were performed during the PSC fabrication process. First, right before 500° C sintering of
mp-TiO; layer, the edges of the sample were chemically wiped by ethanol, to remove the mp-
TiOz paste and create a 5-6 mm wide uncoated margin while the centre area of 13 x 13 mm?
was protected by an O-ring fitted metal cover from ethanol. Later, the wipe-clean step was
repeated but by using Isopropanol-DMSO mixture (20:1) before the Au evaporation step to
remove the perovskite / PTAA layers at the edges, resulting in a 5-6 mm wide clean margin
around the active device area. The polymer sealant was then either aligned to those margins
to make an edge-seal or the entire device, except the electrodes, which was finally covered
with a 1-2 mm thick cover glass. Note that the Au layer is absent underneath the sealant in
order to achieve optimal sealant adhesion to the substrate (c-Ti0Oz). The conductive path for
both polarity contacts is through the FTO layer. The details of the metal-free feedthrough
were described in our previous work (25).

After sealant application, the sample was loaded to a pre-heated (Spire 240, Spire Solar)
vacuum laminator (Fig. S2A) for a two-step hot press. See Table S3 for parameters. In step 1,
the background pressure was brought to below 1 mbar in less than 2 min and then wait until
the desired time was reached (time started to count as soon as the sample was loaded). In step
2, the sample was pressed under certain pressure for a set time.

The encapsulation did not have detrimental effect on the PCE’s of the cells (Table S4).
Characterisation

Light J-V (LJV) measurements were used to characterise the devices before the ageing
tests and regularly during the ageing tests (ex-situ). When the cells were monitoring during
IEC61215:2016 tests Damp Heat and Humidity Freeze tests, cells were taken out of the
environmental chamber and left in ambient to “recover” for 2-4 hours as specified by the
IEC61215:2016 before the LIV measurements.

The J-V measurements were performed using an ABET Sun 3000 solar cell I-V testing
system from PV Measurements, Inc. (using a Keithley 2460 source meter) under an
illumination power of 100 mW/cm? (calibrated by RS-ID4 reference solar cell, FHG-ISE)
with an 0.159 ¢cm? aperture. During the J-V measurement, the aperture was placed in the same
position (centre of the active area) for all cells. All J-V measurements were made under room
ambient conditions. The temperature of the sample was maintained between 25 °C and 30 °C.
The cell was preconditioned by illuminating at 100 mW/cm? for 5 s right before the current
was measured as the voltage was scanned from 1.2 V to -0.1 V (reverse scan) or from -0.1 V
to 1.2 V (forward scan) at 100 mV/s, with 3 ms dwell time. The average Voc, Jsc, FF and Rs
were obtained and reported from LJV scans in the two opposite directions (1.2 V = -0.1 V or
-0.1 V> 1.2 V) (25). PCE reported is the average of the PCE’s obtained from two scan
directions. This PCE reporting method is reliable when compared to another commonly used
“stabilised” method whereby the stabilised PCE is obtained by measuring the current at the
voltage corresponding to the maximum power point (Vmpp) until the current stabilised under
light soaking (74). Table S5 shows that there is negligible difference between PCE’s obtained
using the averaging method and the stabilised method, which holds for the case of a fresh cell
and a thermally degraded cell. Therefore, the averaging method is used in this work as it is
less time consuming (less exposure of a bare cell to the LIV test condition), and it allows for
reporting of Jsc, Voc, FF and Rs (averaged from the two scans) which the stabilised method
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does not provide. Maximum power point tracking (MPPT) testing per standard algorithm was
carried out in a Steridium customised weathering chamber (Fig. S2C) under controlled
environment (AM1.5G, 1 sun, 25 —45 °C, 30-50 %RH).

X-ray diffraction (XRD) measurements were performed on a PANalytical Xpert
Materials Research diffractometer system with a Cu Ka radiation source (A = 0.1541 nm) at
45 kV and 40 mA.

Photoluminescence (PL) spectra were measured using a back-scattering geometry with
laser excitation of 405 nm and a thermo-electrically cooled Si-CCD detector. The detector
temperature is -60 °C and exposure time is 100 ms.

Headspace GC-MS sample preparation

The sample was first loaded into a glass headspace vials in an N»-filled glovebox. Two
vial types were used: 20 mL ‘tall’ vials for powdered precursor materials (75 mm high x 23
mm dia., from Thermo Scientific) or 10 mL ‘short’ Vials for other samples (46 mm high x 23
mm dia., Verex Brand, from Phenomenex). Vials was crimp-sealed with an aluminium cap
which had a PTFE/Silicone septum embedded (Verex seal 20 mm dia., from Phenomenex).

Sample preparation of perovskite precursor powders, perovskite films, cells, PTAA films
and standard gases

Powders

Dry MALI, FAI, MABr and (FAI)o.s5 + (MABr)o.15 powders were loaded separately in
four 20 mL glass Headspace vials with 100 or 500 mg in each vial with all the powder grains
sitting at the bottom of the vial. Vials were annealed on a hotplate at 350 °C for 15 min. The
top end of the vial was not heated to more than 80 °C. The powder grains were placed evenly
at the bottom of the vial, piling up to less than 2 mm height. After annealing, the vials were
then left cool to room temperature on the hotplate and were sequentially loaded onto the
headspace GC-MS autosampler for analysis.

Cells and PTAA films

The perovskite film deposition processes were the same as described in the “PSC
fabrication” section except that i) samples with structure Con. 1-3 had their edges taped
during the perovskite and PTAA spin-coating steps; ii) samples were cleaved to the size of 1
x 2 mm? after Au evaporation so that they could fit inside the HS vials (except for the cases
where cells were manually sampled to assess their internal gas volumes). For samples with
PIB or PO sealants, the materials around the edges were scraped and chemically wiped to
create a margin of 1.5 mm wide. The encapsulation step was the same as described in section
“PSC packaging”. All the thin-film samples were sealed in glass vials in a N filled glove
box. The vials were baked in an oven at 85 °C for 100 h to generate any possible outgassing.
After naturally cooling to room temperature, the vials were loaded onto the HS GC-MS
autosampler for GC-MS analysis.

For manual sampling and injection, the fabrication procedure of PIB edge sealed thin-
film samples is as described in section “PSC fabrication” and “PSC packaging” except that a
1 mm void was created between the sample surface and the cover glass by placing two glass
spacers (dimension L10 mm, W1 mm, H1 mm) under the cover glass before the lamination
step. This modification facilitated manual sampling of the gaseous substances in the void
using a 500 uL glass headspace syringe. The active area was kept approximately the same for
all other thin-film samples. The samples were baked in in an oven at 85 °C for 100 h to
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generate any possible outgassing before being naturally cooled to room temperature for GC-
MS analysis. Immediately before the manual sampling, the edge sealed samples and the
headspace syringe (HS syringe with valve, SGE 500R-V-GT, SGE, Clayton, Victoria,
Australia) were heated to 40 °C for easier penetration through the PIB sealant. The syringe
was pre-filled with 0.2 ml N2 prior to penetration of the PIB sealant. The N2 was injected into
the void and then 0.4 ml of the gas from the void was drawn back into the syringe. The
syringe valve was closed to prevent leaking before the needle was retracted from the void.
When sampling a CsFAMA PSC, the PIB maintained a reasonable seal throughout the
sampling course as evidenced by the plunger spontaneous movement due to the pressure
difference between the void and the atmosphere. However, the seal was not successfully
maintained when sampling a FAMA PSC. The sampled gas was immediately injected into the
GC-MS PTV inlet for analysis.

Standard gases CH3;:NH», CHsl, CH3CN, HI and NH3;

The identification of key decomposition products was verified by GC-MS measurement
(except for HI which was verified by Direct MS analysis as described below) (Fig. S4A to D)
of the following same commercially available standard gases. For this work, we did not
purchase formally certified reference materials (CRM’s) but used reagent grade chemicals to
synthesize gases using well-established reactions. We refer to these in-house produced gases
as ‘standards’ whist recognizing that they were not CRM’s.

For CH3NH:z (methylamine) gas preparation, 33 wt.% methylamine (in ethanol) solution
was added into a 10 mL glass vial containing DMSO to make a final solution with 1 pL/mL
concentration. The vial was sealed in ambient atmosphere.

For CH3lI (methyl iodide) gas preparation, 5 uL. CH3I liquid was sealed in a 10 mL glass
vial. To avoid overloading the mass spectrometer, CHsI gas was diluted by 20 times using a
syringe to extract 500 uL gas from the original vial immediately after it was baked at 85 °C
for 2 minutes and inject into another N filled and sealed 10 mL glass vial.

For CH3CN (acetonitrile) gas preparation, the procedure was the same as CH3I gas
preparation.

For HI gas preparation, 20 pL hydroiodic acid solution with concentration of 57 wt.%
(in water, no stabilizer) was added into a 20 mL glass vial containing 2 g phosphorus
pentoxide for dehydration. The vial was sealed immediately after the bubbling (confirming
that hydroiodic acid had been successfully dehydrated to HI gas).

For NH3 (ammonia) gas preparation, S00uL of NH4OH is placed in 16 mL plastic
syringe immersed in water bath at 70 °C. Evolved gas was sampled using a 500 uL of glass
head space syringe injected into a N> containing vial followed by analysis.

All the above preparation procedures were conducted in a N filled glovebox except that
CH3NH2> gas was prepared in room atmosphere. Gas dilution procedures were also performed
in an ambient room atmosphere using nitrogen containing vials that had previously been
sealed inside the N> glovebox.

Some other standard gases of interest, such as HCN, CH3Br, H3C3Nj3, were not
conveniently available due to the laboratory safety restrictions or chemical supply issues and
hence not measured for this verification purpose.

Headspace GC-MS analytical methods (QPlot method and Amine method)

Gas chromatography (GC) was used to separate the components in a mixture and in
this work, was used in-line with mass spectrometry (MS), to identify and quantify gas
components at a high level of sensitivity and specificity. Automated headspace gas
chromatography — mass spectrometry (GC-MS) analysis was performed using a Thermo
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TriPlus Headspace (HS) autosampler interfaced with a Thermo Trace DSQ II Quadrupole
GC-MS (Thermo Scientific, Watham, MA) (Fig. S3).

Samples placed in the headspace autosampler tray were incubated sequentially (detailed
in the methods below) before the sealed gas was sampled by a heated glass 2.5 mL purgeable
autosampler syringe. The syringe needle penetrated the PTFE/Silicone septum vial seals. A
volume of Helium gas, equal to the amount to be withdrawn, was pre-filled into the vial to
balance the pressure inside. The sample volume was then withdrawn into the hot syringe. The
septum was thick enough to reseal and prevent leakage through the septum puncture so that
the remaining gas in the vial was uncontaminated by ambient air and could be re-sampled.

The sampled gas volume was injected into the programmable temperature vaporizer
(PTV) inlet of the Trace GC, which was equipped with a Merlin Microseal mechanical
septum (Supelco, Bellefonte, PA) and a 1 mm internal diameter glass inlet liner, operated at
an elevated temperature in constant temperature split mode at a certain split ratio. Either a
Restek Rt-QPLOT column (30 m x 0.32 mm) or Restek Rtx-VolatileAmine column (30 m x
0.32 mm) (both supplied by Leco Australia Pty., Castle Hill, NSW Australia) was connected
to the PTV inlet. The helium carrier gas was set to a constant flow, detailed in the methods
below, and oven equilibration time to 1 minute. The heated syringe was constantly purged
with helium between runs and the ‘pre-filling’ parameter was enabled.

The mass spectrometer was operated in electron impact ionization (EI+) mode, either
scanning the range m/z 14-400 (for identification) or using the single ion monitoring (SIM)
parameters listed in the corresponding Tables S6-S7 below (for quantification). The detector
gain was set to a value of 3 x 10°. The chromatographic peaks were identified by comparison
with reference spectra from the NIST 2011 / Wiley 9 Combined Mass Spectral Library, using
the NIST Mass Spectral Search program, version 2.0g. Spectral matching scores exceeding
900/999 were indicative of a positive compound identification.

SIM chromatograms for the quantitation ions were smoothed (7-point Gaussian) and
integrated in Thermo Qual Browser software (Version 2.1.0.1140) using the following
parameters for NHs: Baseline Window 30, Area Noise Factor 3, Peak Noise Factor 25 and
Multiplet Resolution 2. Parameters for other analytes were: Baseline Window 40-60, Area
Noise Factor 5-10, Peak Noise Factor 30-50 and Multiplet Resolution 10. All other
integration parameters were set to default values. The area of the SIM chromatographic peak
for each analyte was recorded.

The GC oven temperature profiles and other GC-MS parameters for the Qplot and Amine
methods are collated in Tables S6 & S7.

Direct MS analysis (fused silica gas introduction) method

For investigating the production of hydrogen iodide (HI) (Fig. S12, S13 and S17E))
which is known to react with GC column stationary phases designed for organic molecules,
and accordingly provides GC-MS results with poor reproducibility, headspace gases were
directly introduced into the mass spectrometer. This prevented chromatographic separation of
the analytes, but also avoided reaction of any produced HI with the column stationary phase.

A 2.5 m length of 100 um internal diameter, 360 um external diameter fused silica
tubing (Polymicro Technologies, a division of Molex), was inserted into the GC interface /
transfer line of the MS system, in lieu of the GC column and coiled inside the GC oven with
approximately 80 cm protruding from the GC door seal. This free end of the fused silica was
connected to a 22 Gauge, cone-tipped stainless-steel needle via an Upchurch M-560
Precolumn Microfilter 0.5 um (Idex Health and Science LLC, Oak Harbor, WA). The filter
union prevented clogging of the fused silica by particles in the headspace gas or by dust in
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ambient air that might flow into the fused silica. Sample gases and/or ambient air were drawn
through the 22-gauge needle into the system by the MS vacuum at a flow rate calculated to be
0.11 mL/min. The GC oven was maintained at 100 °C and GC interface at 120 °C. Although
the autosampler and PTV inlet of the system were not active in this configuration, the
headspace heater block was maintained at 85 °C and used to manually warm the sample vials.
The MS scanned m/z 60-270 at a rate of 2.5 scans per second. In order to protect the filament
from excessive oxidation by ambient air, the electron current was reduced to 50 pA. The
detector gain was also reduced relative to the GC-MS experiments, and set to a value of 0.5 x
10° to protect the detector from saturation-level ion currents.

Analytical runs were manually activated. The MS was set to begin with continuously
acquiring ambient air spectra, then a pre-warmed nitrogen-filled vial (as an analytical blank),
and finally a pre-warmed sample vial, for approximately 4 minutes for each gas source. The
vials were sampled by manually forcing the 22-gauge needle through the septum seals of the
headspace vials whist after they were pre-warmed by the 85 °C heater block.

Sample mass spectra were averaged, and averaged background or blank spectra were
subtracted to provide mass spectra for comparison with standard HI mass spectra. HI is not
contained in the NIST 2011 / Wiley 9 Library of Mass Spectra, so standard HI was prepared
from hydroiodic acid liquid as detailed above. This gas was diluted in nitrogen and then
analysed in the same way as the samples, in order to obtain a reference mass spectrum for HI.

The resulting mass spectrum featured a molecular ion at m/z 128 for HI, along with
the usual ions seen in library mass spectra of iodine. These are a low intensity m/z 63.5 (I'"),
along with higher intensity 127 (I') and 254 (I."). The relative intensities of these ions appear
to vary with the HI concentration entering the MS (Fig. SI7E). The suggestion is that HI is
largely converted into iodine by electron bombardment in the ion source, although the mass
spectra always differ from those of pure iodine by the presence of an m/z 128 peak of
comparable height to m/z 127.
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LJV curves under reverse and forward scans at 100 mV/s and the corresponding PCE’s of
typical (A, C) Cso.osFAosMAg.15Pb(Io.ssBro.15)3 and (B, D) FAo.8sMAo.15Pb(lo.85Bro.15)3 cells on (A,

B) 9 x 10 mm? active area (for packaging and accelerated lifetime testing) and (C, D) 4.5 x 6
mm? active area (for efficiency demonstration).
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Fig. S2.

The equipment for (A) Spire 240 vacuum lamination for encapsulation; (B) Espec SMS-2
environmental chamber for [EC Damp Heat and Humidity Freeze testing. (c) Steridium (customised)
weathering chamber for MPPT
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Fig. S3.

(A) Jsc (B) Voc (C) FF evolution of PIB blanket encapsulated CsSFAMA
(CSo,osFAo_gMAo,15Pb(Io_gsBI‘o_15)3) or FAMA (FAO.85MAO,15Pb(10,85BI'0,15)3) solar cells during IEC HF
or DH test. D) X-ray diffraction (XRD) analysis of PIB blanket encapsulated CSFAMA PSC before
and after 1800 hours of Damp Heat test. * and # denote the Pbl, and Cso.osFA¢sMAo.2(lo.ss, Bro.is)s
perovskite characteristic peaks, respectively. The table lists the ratios of the intensities of these two

peaks.
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(A) Jsc (B) Voc (C) FF evolution of PO-encapsulated CsFAMA (CSo_osFAo,gMAo_15Pb(Io_85Bro_15)3) or
FAMA (FAo.8sMAo.15Pb(lo.85Br0.15)3) solar cells during IEC HF and DH test.
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(A) Photos of a PO-encapsulated PSC after 800 h and 1000 h Damp Heat, viewed from the substrate
glass side. The dark perovskite region retreated towards centre as the moisture infiltrated, revealing
the underlying Au layer; (B) Spectral PL of the same PO-encapsulated PSC before DH and after 1000

h DH at “centre” black perovskite region.
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Fig. Sé.

Work flow and photo of the GC-MS setup, Thermo Trace DSQ II Quadrupole GC-MS with Triplus
HS autosampler (Thermo Scientific, Watham, MA)
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Fig. S7.

Gas chromatograms of perovskite precursor materials (A-I) after 15 minute 350 °C anneal, before
loading onto the HS GC-MS system. Air, H>O are from the background substances of the GC-MS
system. Ethyl ether and ethyl acetate are likely from the original contaminants from the precursor
materials. The inset in (D) is the plot of m/z 94 which corresponds to the characteristic mass spectrum

of CH3Br.
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Measured mass spectra of the gas chromatograms related to perovskite precursor material
decompositions
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Fig. S9.

Gas chromatograms (before GC-MS measurement) of perovskite precursor materials after 10 hour
140 °C anneal for (A) all perovskite powders (Qplot method (SIM)), (B) FAI and (FAI)oss +
(MABT)0.15 powders (Amine method) showing the HCN (m/z 27) peaks only, (C) all perovskite
powders (Amine method) showing H;C3Nj3 (sym-triazine), CHO(NH;) (formamide), CH;(NH)CHO
(methylformide) and HI peaks , and (D) all perovskite powders (Amine method) showing NH; only .
Note the different retention times for HI detected from different perovskite powders, indicating the
poor reproducibility of HI detection by VolatileAmine column for the reason explained in Direct MS

analysis method section.
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Fig. S10.
Gas chromatograms before the GC-MS measurement of perovskite powders after 100 hour 85 °C
anneal obtained by (A) Qplot SIM method (B) Amine SIM method for NH3 only and (C) of FAlyss +

MABTry.15 powder highlighting the CH3(NH)CHO peak by Qplot SIM method
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Photos of perovskite precursor powders which were sealed in N> in glass vials and annealed at (A)
350°C for 15 minutes; (B) 140 °C for 10 hours and (B) 85 °C for 100 hours.
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Fig. S12.

Direct Introduction MS for HI measurement for iodine containing perovskite precursors annealed at
(A-C) 350 °C for 15 minutes, (D-F) 140 °C for 10 hours and (G-I) at 85 °C for 100 hours. Direct
Introduction MS for HI measurement for for un-encapsulated (J) CsSFAMA or (K) FAMA test cells
annealed at 85 °C for 100 hours. Similar to Fig. S4E, the regions of “air”, “blank™ and “sample”
correspond to different gas extraction stages of Direct MS method.
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Fig. S13.

Direct Introduction MS for HBr measurement from MABr powders annealed at (A) 350 °C for 15
min, (b) 140 °C for 10 h and (C) 85 °C for 100 h. Similar to Fig. S4E, the regions of “air”, “blank”
and “sample” correspond to different gas extraction stages of Direct MS analysis.
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Fig. S14.
GC chromatograms for FAMA (Con.1), PTAA (Con.2) and FAMA/PTAA (Con.3) by QPlot Method.

The highest peaks are the chemical residue resulting from the edge treatment. No edge treatment was
done for PTAA samples (Con.2). The figure also shows the peaks for CHsl which are hardly

noticeable under the full scan mode of QPlot Method.
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Fig. S15.

Gas chromatograms for C3Hg (from the outgassing of PIB and PO based polymers); CH3;Br; CHsl of
un-encapsulated and encapsulated (A) CsFAMA and (B) FAMA PSC’s detected by QPLOT method.
Gas chromatograms for NH3 of un-encapsulated and encapsulated (C) CsSFAMA and (D) FAMA

PSC’s detected by Amine method. Gas chromatogram for HI of un-encapsulated and encapsulated (E)

CsFAMA PSC’s detected by Amine method. (F) Gas chromatograms for un-encapsulated and
encapsulated CsSFAMA for CHO(NH,) (formamide) and CH3(NH)CHO (methyformamide). Note the
absence (below background) of H3C3;Ni. (G) Gas chromatogram for NH3 and CH3NH; of un-

encapsulated FAMA PSC detected by Amine method. Note for encapsulated cells, HI, CHO(NH:) and

CH3(NH)CHO are greatly diminished. The analytes were quantified using SIM methods.

29



z
=

1.2 1.2
= i 25°C 3 " Juep - PIB edge seal (CsFAMA)
= G * Vypp - PIB edge seal (CsSFAMA)
g 8 - MPPT - PIB edge seal (CsFAMA) E a8 A ad b b
< 0.6 a 0.6
g :
=04 ~o04 u e
£
s 0.2 5 0.2
= z 25°C
0
0 5 10 15 20 0 5 10 15 20
Hour Hour
©
14
25°C 455G
1.2
-
s 1
o
s 0.8
o
I}
2 0.6
©
£
G 0.4
zo : = MPPT - PIB wide blanket (CsFAMA) 1
0.2 MPPT - PO narrow blanket (CsFAMA) 1
+ MPPT - PO narrow blanket (CsFAMA) 2
0
0 5 10 15 20
Hour
(D) (E)
14
25°C 45°C _
84 <1
208 =08
kel = el
206 : 206
g 0.4 = MPPT - PIB wide blanket (CsSFAMA) 1 g 0.4 = MPPT - PIB wide blanket (CSFAMA) 1
202 MPPT - PO narrow blanket (CsFAMA) 1 202 MPPT - PO narrow blanket (CsSFAMA) 1
' * MPPT - PO narrow blanket (CsSFAMA) 2 0 * MPPT - PO narrow blanket (CSFAMA) 2
0
0 5 10 15 20 0 5 10 15 20

Hour Hour

30



(F)

Ly
»

=
N

[N

o
o

® MPPT - PO narrow blanket (CsFAMA)

o
o

o
»

Normalised PCE (a.u.)

25°C 359C 40 °C 45 °C

o
N

o

Hour

(G)

=
»

=
[N}

[y

ff-w%

* Vyupep - PO narrow blanket (CsFAMA)
Jupep - PO narrow blanket (CsFAMA)

o
o0

o
o

o
»

25°C 355C 40 °C 45 °C

Normalised Jypp Vipp (a.U.)

o
N

o

Hour

Fig. S16.

Maximum power point (MPP) tracking (MPPT) CsFAMA cells under AM1.5G 1 sun with
temperature variation. (A) Normalised PCE and (B) corresponding Jmpp and Vmpp of PIB
edge sealed cells. (C) Normalised PCE and corresponding (D) Jmpp and (D) Vwmep of one wide
PIB blanket encapsulated and two narrow PO blanket encapsulated cells at 25°C and 45°C.
(F) Normalised PCE and corresponding (G) Jmpp and Vmpp of one narrow PO blanket
encapsulated cell at 25°C, 35°C, 40°C and 45°C.
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Fig. S17.

Gas chromatograms of standard gas samples of (A) CHsl; (B) CH3NH»; (C) CH3CN; and (D) NHa.
Direct MS analysis for (E) HI. The ratio of iodine (I) to HI and the ratio of iodine gas (1) to HI are
also plotted. The regions labelled “air”, “blank” and “sample” correspond to different gas extraction
stages of Direct MS analysis. The measured mass spectrum of the standard gas is shown as the inset in
each figure.

32



Table S1. Thermally stable PSC’s at 85 °C testing condition.

Structure

Initial
PCE

Stability
Test

Barrier

Encapsulat
ion

Lifetime
£T95/ Tgo)

ITO/NiO/CsFAPbIBr/LiF/P  10.1 %* 85°C/ SnO,/ITO- glass / >1000h  (46)
CBM/SnO2/ITO- 85 %RH ZTO/ITO/ EVA-butyl
ZTO/ITO/Ag rubber /
glass

ITO/NiOx/MAPbI;/PCBM/ 10.1-  85°Cin SnO2/ITO no >1000h  (49)
SnO»/ITO/Ag 13.1% N
ITO/NiO/Cso.17FA0.83Pb(lo.g3  11.1 - 85°C/ SnO./ITO- PO-butyl >1000h (52)
Bro.17)3/LiF/Ce0/SnO2/ITO-  12.8 %" 85 %RH ZTO/ITO  rubber/
ZTO/ITO/Ag glass
FTO/Ti102/AL03/N1O/Cso0s  17.0%  85°C/ C no >1000h  (75)
(FA0.4MAo.6)0.9sPbl2.8Bro.2/C 40-

60 %RH
ITO/NiOx/MAPDI:/PCsiBM  152% 85°C/  AZO Epoxy / >1000h  (76)
/AZO/Ag 5 %RH glass
FTO/c- 8.3- 85°C/ no PIB / glass >500h (2%
TiO2/FAPbl;/PTAA/Au 9.2% 85 %RH
FTO/c-TiO2/mp-TiO2/ 17.3% 85°Cin no no >500 h (34)
RbCsFAMAPDIBr/PTAA/A N2/
u AM1.5

MPPT
FTO/NiMgLiO/MAPbls/gra 15.6% 85°C/ graphene-  epoxy/ >500 h (43)
phene-PCBM/CQDs/Ag 50 %RH PCBM/C  glass

QDs

FTO/c-TiO2/mp- 17.5%" 85°Cin no no >400 h (40)
TiO2/FAPbI3/CuPc/Au N> />1100 h
FTO/NiO/Cs0.0sMAo.9sPbls/  18.5% 85°C/  AZO no >200 h 47)
PCBM/BCP/AZO/Ag 20- />500 h

60 %RH,

MPPT

(Uv

filter)
FTO/c-TiOy/ 16.0% 85°C no no ~150 h (77)
(Cs0.2FA0.8)Pb(l0.95Bro.05)3/P />550 h
TAA/CuPc/Au
ITO/SnO2/FAMAPDI;/PEAI  233% 85°Cin no no <10h (78)
/PTAA/Au N2 />500 h

* Tos/Tgo = time when the efficiency drops to 95 % / 80 % of the initial value.

# top cell in a tandem device
~ Highest reported PCE.
ZTO = zinc tin oxide

FTO = fluorine doped tin oxide

PCBM = phenyl-C61-butyric acid methyl ester

CQD = colloidal quantum dot

CuPc = copper(Il) phthalocyanine
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BCP = bathocuproine
PEAI = phenethylammonium iodide

PTAA = poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]

Table S2. Properties and material costs of the polymers used in this work in comparison

to EVA and epoxy”
PO PVS 101 EVA+ UV-cured epoxy
WVTR (g/m?*day) +23 °C, 100 %RH. <1073 102 -10° |28 16
Application temperature (°C) 140-170 | RT-160 140 — 150 | RT
Calculated* cost as an edge sealant (US$) | 0.34 0.22 N/A 145
Calculated* cost as an encapsulant (US$) | 10.6 6.8 4.4 N/A

RT = room temperature

*price calculations are based on a module with a length of 1190 mm and a width of 789.5 mm.
+EVA used in this work has a price of US$2/m?. A single layer of EVA is typically used to

encapsulate a thin-film solar panel.

~The prices and the application guides for PO, PIB and UV-cured epoxy were obtained from

suppliers.

Table S3. Vacuum lamination parameters for the two sealants.

Temperature | Step 1 Step 2
PIB based polymer | 95 °C 0.5 mbar, 5 min 500 mbar, 5 min
PO based polymer | 140 °C 0.5 mbar, 2 min 800 mbar, 6 min

Table S4. PCE measured before and after encapsulation using PIB (PVS 101) or PO

based polymer.

PIB PO
PCE (%) Before After | Before | After
Reverse scan | 14.1 13.8 11.8 11.9
Forward scan | 13.0 12.9 8.2 8.6
Average 13.5 13.3 10.0 10.3
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Table SS5. PCE of an edge sealed PSC measured under reverse scan, forward scan and
at stabilised maximum power point, before and after 200 h Damp Heat test.

PCE (%) Reverse scan | Forward scan | Average | Stabilised
Before DH 11.8 11.1 11.4 11.4
DH 200 h 9.4 9.1 9.2 9.2

Table S6A. Qplot method parameters (Restek Rt-QPLOT column)

Procedure/sample Perovskite Perovskite Perovskite Perovskite thin
powders powders & cells | powders films & cells &
350 °C 140 °C 85°C PTAA thin films

85 °C

Incubation temp. (°C) 95 145 90 95

Incubation time (min) 15 15 15 15

Syringe temp. (°C) 130 150 95 150

Gas volume injected (mL) | 0.4 0.4 0.4 0.4

PTV inlet temp. (°C) 200 150 150 200

Split ratio 100:1 5:1 5:1 5:1

Carrier Gas flow rate 2 2 2 2

(mL/min)

Gas saver flow rate 30 - - -

(mL/min)

Gas saver start time (min) 4 - - -

Transfer line temp. (°C) 250 250 250 250

Ion source temp. (°C) 200 200 200 200

Solvent delay (min) 2.1 2.1 2.1 2.1

MS scan range (m/z) 14-400 14-260 or SIM 14-260 or 14-200 or SIM

(Table S6B) SIM (Table (Table S6B)
S6B)
MS scan rate (scans/sec) 7 3.9 or SIM 3.9 or SIM 5 or SIM

Oven temp. profile

The GC oven has an initial temperature of 40 ° C for 6 min, which
increases at a rate of 10 °C/min to 90 °C, then a rate of 5 °C/min to
200 °C, and then 30 °C/min to a final temperature of 250 °C, where it
is hold for 2 minutes.
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Table S6B. Qplot method MS — SIM parameters

Seg# | Start (min) | lon (m/z) Dwell (ms) Width (m/z)
1 10.30 27.1,41.1 80 0.1
2 13.20 94 180 0.1
3 19.90 41.1 180 0.1
4 21.5 142 180 0.2
5 29 81.06 180 0.1
6 30.9 45.07 180 0.1
7 33 59.1 180 0.1

Table S7TA. Amine method parameters (Restek Rtx-VolatileAmine column)

Procedure/sample Perovskite | Perovskite | Perovskit | Perovskite Perovskite thin
powders powders e powders | powders, thin | films, cells &
350 °C 350 °C 140 °C films, cells & | PTAA thin films

(NH3 only) PTAA thin 85 °C (NH3 only)
films 85 °C

Incubation temp. (°C) | 95 70 145 90 70

Incubation time (min) | 15 10 15 15 10

Syringe temp. (°C) 100 80 150 110 80

Gas volume injected 0.4 0.3 0.4 0.4 0.3

(mL)

PTV inlet temp. (°C) 120 120 150 150 120

Carrier Gas flow rate 33 33 33 33 33

(mL/min)

Split ratio 50:1 100:1 5:1 5:1 3:1

Gas saver flow rate 50 30 50 50 -

(mL/min)

Gas saver start time 5 1.5 5 5 -

(min)

Transfer line temp. 155 155 155 155 155

O

Ion source temp. (°C) | 190 180 190 190 180

Solvent delay (min) 0.8 0.8 0.8 0.8 0.8

MS scan range (m/z) Table S7TB | Table S7TC | Table Table STB&D | Table S7C

S7B&D

MS scan rate 7 or SIM 6.30r SIM | 7or SMI | 7 or SIM 6.3 or SIM

(scans/sec)

Oven temp. profile The GC oven has an initial temperature of 30 °C for 1 min, which increases at
a rate of 20 °C/min to 150 °C and is hold for 2 minutes.
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Table S7TB. Amine method parameters MS parameters (350 °C, 140 °C and 85 °C)

Seg# | Start (min) | lon (m/z) Dwell (ms) Width (m/z)
1 0.8 17.2 140 0.1

2 1.2 off - -

3 1.3 12-260 - -

Table S7C. Amine method parameters MS — SIM parameters (NH3 only)

Seg# | Start (min) | Ion (m/z) Dwell (ms) Width (m/z)
1 0.8 17.2 140 0.1
2 1.2 off n/a n/a

Table S7D. Amine method parameters MS — SIM parameters (140 °C and 85 °C)

Seg# | Start (min) | lon (m/z) Dwell (ms) Width (m/z)
1 0.8 17.2 140 0.1
2 1.2 off - -

3 1.3 27.03 140 0.1
4 1.42 30.05 140 0.1
5 2.33 93.9 140 0.1
6 2.8 41.05 140 0.1
7 3.5 141.9 140 0.1
8 5.3 off - -

9 8.0 45.03, 81, 152.9 80 0.1
10 10.0 59.1 100 0.1
11 12.0 253.9 100 0.1
12 15.0 69 100 0.1
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