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Supplementary Figure 1| Stability of perovskite compounds and films under heat
and visible irradiance. a, Thermogravimetric curves of MAPDI; (labelled as MA),
FA0.79MA0.16CSp.05Pbl27Bros  (labelled as FA/MA/Cs) and FAos3Csg17Pbl27Bros
(labelled as FA/Cs) perovskite films. b-d, X-ray diffraction patterns of MA, FA/MA/Cs
and FA/Cs perovskite films irradiated with monochromatic 532 nm light with the
equivalent absorbed photon flux to 7 suns irradiance with different exposure times,
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stressed and measured in ambient air. The asterisk symbol (*) denotes perovskite phases
and the hash (#) denotes PbX,, where X is a mixture of | and Br. We note that these
XRD patterns are presented on different absolute scales, and the apparent different noise
levels in the spectrum are due to different absolute peak scattering intensities, and the
scale at which they are presented. e-g, In-situ monitored PL spectra of MA, FA/IMA/Cs
and FA/Cs perovskite films excited by a 400 nm laser (equivalent to 10 suns absorbed
photon flux) continuously for 5 mins in ambient air.

Supplementary Note 1. Material stability under high irradiance.

We start by investigating MAPbI; (labelled as MA), FAq53Cso.17Pbl27Bro3 (labelled
as FA/Cs) and FAo79MA16CSp.0sPbl27Bro3 (labelled as FA/MA/Cs) as representative
perovskite absorber materials for CPV tests, where MA is methylammonium (CH3sNH3")
and FA is formamidinium [(NH,).CH"]. We process all the films using a conventional
anti-solvent quenching spin-coating method*. We first identify if the perovskite films
can be intrinsically stable under elevated temperatures and concentrated sunlight. To
determine the thermal stability of these perovskites, we perform thermogravimetric
analysis on powdered perovskite samples, which we produced by scraping post cured
perovskite films off their substrates. In Supplementary Fig. 1a, we show that the mixed
cation perovskites exhibit much better stability, compared with the neat MA perovskite.
We find the highest decomposition temperature for the FA/Cs perovskite, which
decomposes at over 300 °C. As we show in Supplementary Fig. 1a, the recorded 2%
weight loss temperature is 267 °C, 296 °C and 307 °C for MA, FA/MA/Cs and FA/Cs
perovskites, respectively. The enhanced thermal stability by mixing Cs cation and
minimizing the MA content is consistent with the recent progress on the achievements
of long-term stable perovskite solar cells?>™. We also note that there is a significant shift
to higher temperatures in the 2" decomposition step, where the 2" step is expected to
be due to the sublimation of the inorganic components. This is most likely due to the
presence of Cs, with a higher Cs content in the FA/Cs perovskite.

In order to assess the material stability under high intensity visible light irradiation,
we monitor the changes in X-ray diffraction (XRD) and photoluminescence (PL)
spectra of MA, FA/MA/Cs and FA/Cs perovskite thin-films after concentrated
irradiation from monochromatic visible light. From the XRD spectra (Supplementary
Fig. 1b-d), we confirm that all pristine films crystallize into the expected perovskite
phases. Upon continuous monochromatic light exposure at equivalent to 7 suns, we
observe the lead iodide (Pbl,) diffraction at around 26 = 12.6° to emerge in the MA
films. We concomitantly observe the Pbl, peak to increase while the (100) perovskite
peak (260 = 14.1°) decreases with increasing exposure time, consistent with
decomposition of the MAPDI; perovskite. For the FA/MA/Cs we already observe the
presence of PbX; peak (X is a mixture of | and Br) before exposure to light, but we do



not observe this peak to grow considerably over this exposure time. For the FA/Cs
perovskite films, we do not observe the presence of PbXj,, nor obvious changes in the
perovskite phase reflections, which indicates enhanced structural stability. We record
the in-situ PL spectra of these perovskite films to elucidate the evolution of radiative
recombination, which is a key property for high quality optoelectronic materials. We
clearly observe a fast attenuation in PL intensity for the MA sample (Supplementary
Fig. 1e), which most likely originates from the decomposition of the perovskite films,
as suggested by the XRD measurement. We also note that light absorbed in the
increasing fraction of Pbl, may not contribute so strongly to photoluminescence.
Comparatively, changes in the PL spectra and intensity for the FA/MA/Cs and FA/Cs
films are negligible (Supplementary Figs. 1f and g). Previous works, including ours,
pointed out that a fundamental issue with the MA-based perovskite is the relative
volatility of MA, which evolves out of the film during heating®’. When we illuminate
the film with intense light, photon-induced heating may result in the volatile MA

leaving the film® '

. In addition, photo-induced charge generation under sunlight and in
the presence of oxygen, has previously been shown to generate electrons in the
perovskite that react with oxygen to produce superoxide, which rapidly decomposes the
methylammonium iodide into methylamine and HI'"'?. In contrast, the FA/MA/Cs and
FA/Cs composite perovskites reveal much better photo-stability, which is in agreement
with the lower volatility of the cations, and also suggests that the FA and Cs cations are
less susceptible to the superoxide degradation path'’. From our analysis above, it
appears that the FA/MA/Cs and FA/Cs perovskites are the most promising materials for
CPV applications.

We investigate the performance of PV cells employing the different perovskite
compositions under range of intensities of monochromatic light and present our findings
in the Supplementary Notes 2 and 3, and Supplementary Figs. 2-6. Our concluding
observation is that the perovskite PV cells employing the FA/Cs perovskite absorber are
more efficient and more stable under high intensity irradiance, and we hence proceed to
focus on this FA/Cs composition for the remainder of our study.
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Supplementary Figure 2| Device performances under simulated AM 1.5G 100 mW
cm irradiance. a, Current-density voltage (J-V) characteristics of the perovskite solar
cells using MA photoactive layers, measured from forward bias to short-circuit under
simulated 1 sun AM 1.5G (100 mW cm?) irradiance. b, Corresponding stabilised power
output of the MA cells. ¢, J-V characteristics of the FA/IMA/Cs perovskite solar cells. d,
Corresponding stabilised power output of the FA/MA/Cs cells. e, J-V characteristics of
the FA/Cs perovskite solar cells. f, Corresponding stabilised power output of the FA/Cs
cells. We obtain the stabilised power output by holding the cell at a fixed voltage near

the maximum power point on the J-V curve for 50 s.
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Supplementary Figure 3| Device area and masking condition. a, Standard-area
device without masking. The red dotted line highlights the electrically active area. b,
Standard-area device without masking. The red dotted line highlights the optically
active area, which is 0.0919 cm?. ¢, Scratched small-area device. The red dotted line
highlights the electrically plus optically active area. d, Current-volatage characteristics
of the masked standard-area device and the scratched small-area device, measured from
forward bias to short-circuit under simulated 1 sun AM 1.5 G (100 mW cm ) irradiance.
The current values for the standard-area device and the small-area device are 2.14 and
0.25 mA, respectively.

Supplementary Note 2. Impacts of perovskite composition on high-irradiance
performances.

We now proceed to test the perovskite absorber layers integrated into complete solar
cells and systematically investigate their device performance as a function of light
intensity. We fabricated devices based on an n-i-p planar heterojunction architecture
(glass/FTO/SnO,/perovskite/spiro-OMeTAD/Au). We show the device characteristics
measured under simulated AM 1.5 G 100 mW cm? irradiance (i.e. 1 sun) in
Supplementary Fig. 2. The device masking condition and a comparison of
current-voltage characteristics of as-prepared standard-area and small-area devices are
shown in Supplementary Fig. 3. In Supplementary Fig. 4 we show the evolution of
the Js, Voc, FF and PCE of the perovskite solar cells with increasing monochromatic
532 nm illumination intensity, up to the equivalent absorbed photon flux of up to 100
suns (methods described in Supplementary Note 3), and present the corresponding J-V



curves in Supplementary Fig. 5. We note that to “simulate” the concentrated light
irradiation, we employed a 532 nm green laser and control the intensity with neutral
density filters. We define 1 sun as the condition when the equivalent absorbed photon
flux in our solar cells is identical to that achieved under AM 1.5 G 100 mW cm™
illumination. The Jy of all devices increases linearly with increasing concentration until
around 30 suns, then it starts to increase sub-linearly (Supplementary Fig. 4a). The
linear region indicates a negligible current loss induced by the increase of light intensity.
For the Vo—suns relationship (Supplementary Fig. 4b), we observe a logarithmic
increase in the Vo with increasing light intensity at up towards ten sun intensity.
However, the gradient of the exponent does vary between cells, with MA, FA/MA/Cs
and FA/Cs increasing 100, 60 and 80 mV/decades respectively, analogous to single
diode “ideality factors” of 1.7, 1.0 and 1.3 respectively'® Upon further increasing the
irradiance levels, we observe a deviation of V. to the expected logarithmic monotonic
increase, with the deviation commencing at 15, 30 and 80 suns for the MA, FA/MA/Cs
and FA/Cs device, respectively.

Despite the monotonic increase in both Vo and Jsc with increasing light intensity, we
observe that the FF of all devices decreases at much lower irradiance levels than the
point at which the V. saturates. We find that all cells lose FF at around 1.6 suns, with a
20% relative drop. As a result, the PCE starts to decrease at only 1.2 suns for the MA
perovskite device and at 2 suns for the FA/MA/Cs perovskite device (Supplementary
Fig. 4d). In addition, we do not see any obvious increase in the PCE as compared to its
1-sun efficiency for the devices with these perovskite compositions. In contrast, we
observe an increase in PCE until around 8 suns for the FA/Cs device, mainly due to the
continuous increase in Vo Which overcompensates for the drop in FF.

To further assess the stability of these devices under high irradiance, we measured the
Vo Of the perovskite devices under continuous 5 suns irradiance, which we show in
Supplementary Fig. 6. We observe that the MA and FA/MA/Cs perovskite devices
exhibit a fast decay in Vo, while we observe a stable V.. of the FA/Cs device. We
attribute the V.. decay of the MA device to the decomposition of MAPDI3 into Pbl, at
high concentrations, as indicated in the spectroscopic study, which we presented in
Supplementary Figs. 1a, b and e. We do not observe any obvious decomposition of the
FA/MA/Cs film under similar concentration of irradiance according to both our XRD
(Supplementary Fig. 1c) and PL (Supplementary Fig. 1f) analysis under similar light
intensity exposure; however we still observe a relatively rapidly decaying Vo, for the
FA/MA/Cs device. We therefore expect that this is due to the generation of
non-radiative recombination sites near or at the charge extraction interfaces, which
would not show up in XRD and would not necessarily be present in the isolated
perovskite films upon which we performed our PL measurements.

We note that it has been previously observed that photo-excitation can result in halide



segregation into iodide-rich and bromide-enriched domains, with the iodine-rich
domains comprising a lower band gap, which is expected to reduce the V. of the solar
cells®. At high concentration irradiance, such halide segregation should be more
pronounced however, the consistent and stable V.. of the FA/Cs device is consistent
with halide segregation not occurring, and not diminishing V. in with this mixed-anion
composition, which contains approximately 10% Br.
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Supplementary Figure 4| CPV device performances under monochromatic green
laser light. Comparison of a, Js, b, Vo, €, FF, and d, PCE of perovskite solar cell
devices measured under various solar concentration factors (up to 100 suns
illumination), measured with a two-wire connections configuration. MA, FA/MA/Cs
FA0.79MA0 16CS0.0sPb127Bro 3 and
FA0.83Cs0.17Pbl2 7Bro 3 perovskite photoactive layers, respectively. Illumination was with
a 532 nm monochromatic laser and the relative solar irradiance is calculated as the
equivalent absorbed flux in comparison to AM 1.5G 100 mW cm™ irradiance. All
measurements are performed on unsealed cells in ambient air. The active cell area was
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Supplementary Figure 5| Performances of perovskite cells under concentrated
light. Measured J-V characteristics of perovskite solar cells based on (a) MA, (b)
FA/MA/Cs and (c) FA/Cs perovskite at various light intensities under 532-nm green
laser illumination.



Supplementary Note 3. Current—Voltage measurements under simulated
concentrated light (532 nm monochromatic laser light)

The homogenous concentrated light source was obtained via enlarging a green (532
nm) laser spot with a lens and an aperture. The light intensity was modulated by a set of
neutral density filters and the relative intensity was carefully calibrated with a power
meter. In order to achieve the same charge carrier concentration and short-circuit current
density, less intensity from a 532 nm monochromatic light source is required than for
AM 1.5G light source, since the cells have much higher EQE (—~90%) value over the
entire range of the light source. The effectivity power to current conversion can be
simply defined as responsivity (R)

J q

R=p-=EQE -
where q is the elementary charge, h is Planck’s constant, f is frequency and A is the
wavelength. For example, the overall responsivity of the champion FA/Cs perovskite
solar cell at 1 sun AM 1.5G illumination (Runite) is 0.223 A W™, while the responsivity
under 532 nm green laser (Ryreen) is 0.386 A W™, Hence, 100 mW cm? AM 1.5G white
light is required to achieve 22.3 mA cm? Ji,, but only 57.8 mW cm™ of 532 nm green
light irradiance is required to achieve the same Js, which is the 1 sun equivalent power
density of the 532 nm green light source. Then, the sun concentration of the green laser
is calculated based on the equivalent 1 sun power density. In fact, the absolute PCE of a
solar cell under 532 nm monochromatic light will be also much higher than the value
obtained from AM 1.5G test. For comparison, equivalent PCE (PCE.) was inferred
from the real measured PCEgeen under 532 green laser, corrected with a factor of

Rwhite/Rgreen. The PCE¢q could reflect the real PCE under white illumination.
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Supplementary Figure 6| Stability under concentrated light. Tracking of the V. of
the perovskite devices under 5 suns concentration. Illumination was with a 532 nm
monochromatic laser and the relative solar irradiance is calculated as the equivalent
absorbed flux in comparison to AM1.5 100 mWcm™ irradiance. All measurements are
performed on unsealed cells in ambient air. The active cell area was ~1 mm?, in order to
reduce parasitic series resistance losses.
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parasitic series resistance losses.



Supplementary Note 4. Estimation of dominating modes for charge recombination
for the MA and FA/Cs perovskites.

Considering light absorption and charge recombination, the rate of change of charge
density in the perovskite film is governed by the following rate equation®:

‘;—’Z = G — nk, — n?k, — n3k, (1)

where G is the charge-density generation rate, k; the monomolecular
charge-recombination rate, k, the bimolecular electron—hole recombination rate constant,
and ks the Auger recombination rate constant.

Under open-circuit conditions in a solar cell the charge density is constant, and therefore
under this steady state condition dn/dt = 0. We can therefore consider,

G = nky +n%k, + n3k;. (2)

For all perovskite films studied so far, under AM 1.5G, k; >> kon>> ksn?, therefore
under low light levels, recombination is governed by monomolecular recombination,
under intermediate illumination intensity, recombination is governed by bimolecular
band-to-band recombination and under high intensity recombination is governed by 3"
order Auger recombination. We can therefore define the precise conditions associated
with the transition from monomolecular to bimolecular recombination, through the
charge-carrier density np and generation rate Gy, and from bimolecular to Auger
recombination through nauger and Gauger, @S being the points when the total rates for
mono and bimolecular recombination, and bimolecular and Auger recombination equal
each other. These conditions are satisfied when,

npiky = npi’ky, (3)
and

Zk =N 3k (4)
nAuger 2 Auger 3
Therefore,

k
i = o ()
and

k

Nauger = k_z (6)

and



Gpi = Npiky + Npi*ky + Mpi*ks (7)
and
GAuger = nAugerkl + nAugersz + nAuger3k3 (8)

We can also relate these corresponding threshold charge generation rates for transitions
between regimes (Gp; and Gauger), to the charge generation rate under 1 sun illumination,
in order to determine the equivalent solar concentration (C) we would expect to have to
achieve in order to transition between these different regimes as Cpi/auger=Ggirauger/ Gisun-
We have calculated G by integrating the spectral response of the solar cell over the
100 mWem™ AM 1.5G solar spectrum and determine a value of Gign ~ 3.1x10% cm™® s,
with an active layer thickness of 500 nm. In the table below we tabulate the
recombination rate constants and n, G and C for Bimolecular and Auger regimes.

Supplementary Table 1. Summary of threshold conditions where transitions between
regimes occur for MAPDI; and FAq g3Cso.17Pbl2 7Bro 3 perovskites. The monomolecular
recombination rate constant (k;), biomolecular recombination rate constant (k;) and
Auger recombination rate constant (k3) of the MAPbI; and FA(g3Cso17Pbl27Bros
perovskites are extracted from Supplementary Refs. 2 and 3, respectively.

MAPbDI; FA0.83CS0.17Pb127Bro3
ki [s™] 15 x 10° 5x 10°
ko [cm® s 0.6 x 10° 0.2 x 10
ks [cm® s™] 1.6 x 102 0.2x 1072
neifcm™] 0.25 x 10%® 0.25 x 10"
Gpi @ Ve [cm™s™] 1x 10%®° 2.81 x 10%
Chi (Suns) 3230 230
Nauger [cM™] 0.38 x 10 1x 10%
Gauger @ Vo [cm®s™] 2.25 x 10%° 45x 10%
Cauger (SUNS) 7000 14000
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Supplementary Note 5. Ideality factor estimations from light J-V curves.

Comparing to ideality factor from the intensity dependence of the V., as described in
Supplementary Note 1, the ideality factor estimated using the entire light JV curve (not
just the value of V,) increases constantly with increasing light intensity. We show the
calculation and resultant ideality factors as a function of light intensity in
Supplementary Figure 10. An ideality factor estimated to be above 2 has no real
physical meaning. The high ideality factor is required to fit the “soft” kink in the JV
curve near maximum power point. We do note that high ideality factors have been
estimated before for perovskite solar cells*®. We expect that is related to the hysteresis
and ionic effects in perovskite solar cells, which do still influence the shape of the JV
curves. This is clearly something which does warrant significant further investigations.
It is apparent that the “ideality factor” for perovskite solar cells is either not a good
fitting factor to employ, or the reasons for deviation from expectations need to be
understood, the impact of them understood for power generation, and if a negative
impact, methods to bring the ideality factor back into the normal range with physical
meaning. However, since this specific aspect clearly requires unique, in-depth studies,
and will be a study in its own right, we have removed comments concerning the ideality
factor estimations from manuscript.

Diode ideality factors were found by fitting specific regions of the solar cell J-V curves
to the non-ideal characteristic equation for a single junction solar cell:
1=1L—10{exlel—1}—v+IRs
nkT RSH
Where 1 is the current through the device (amperes, measured),
I}, is the photogenerated current contribution (amperes),

I, isthe diode’s reverse saturation current in (amperes),
q is the elementary charge in (coulombs),

V is the voltage across the device (volts, measured),

Rg is the series resistance in (ohms),

n is the diode’s ideality factor (unitless),

k is Boltzmann’s constant (Joules per degree Kelvin),
T 1is the device’s temperature (degrees Kelvin),

and

Rgy is the shunt resistance (ohms).

Fitting was done using the bounded, non-linear least-squares Levenberg—Marquardt
error minimization method as implemented in the Imfit python software package'’ using
a custom fitting program®®. 1,V,q and k are known (or experimentally measured)
inputs to the system, I;,1,, Rg,n and Rgy are fit parameters and T is assumed to be
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Supplementary Figure 11| Estimation of ideality factor. a, Fitting curves (solid line)
of the JV data (symbol) of perovskite device with a spiro-OMeTAD hole transporting
layer, measured at various solar concentrations. b, Corresponding ideality factors
extracted from the fitted curves.
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Supplementary Figure 12| Quantifying the contribution of series resistance from
each component in the solar cell: a, Measurement and estimation of FTO resistance in
the complete device. The resistance of FTO is measured as a function of the distance, d,
between the gold electrode and the silver conductive tape, as shown in the inset. If the
series resistance in this cell is dominated by the resistance through the FTO, the
contribution of the resistance (<R>) from the FTO electrode in a complete solar cell

x2
X1

dx
device can be approximately expressed as: (R) = p—
2741

, where x is the distance from

the conductive adhesive to the edge of the Au electrode, and R is the measured
resistance value. b, Measured current-voltage characteristics of FTO/SnO,/Au and
FTO/spiro-OMeTAD (doped with Li-TFSI and tBP at the same concentration as used in
the PV cells)/Au. For reference, an FTO/Au characteristic is included with a slope
corresponding to <R> determined in (a). ¢, Comparison of the current-voltage
characteristic of the measured interlayer devices and the perovskite devices measured at
15 suns. For reference, an FTO/Au characteristic is included with a slope corresponding
to <R> determined in (a). The corresponding resistance values are listed in
Supplementary Table 2.

Supplementary Table 2. Series resistance of the interlayers extracted from
Supplementary Figure 11. The resistance for the full device under 15 suns was taken
from slope of J-V curve at V.

Full device | FTO | SnO,+ | Spiro-OMeTAD SnO; +
under 15 (<R>) FTO + Spiro-OMeTAD
suns FTO +FTO
(estimated)
Resistance | 31 +0.05 78+ 152+ 24.8 £ 0.001 32.2+0.01
(Q) 0.09 0.001
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Supplementary Figure 13| a, Optical photograph of perovskite solar cells under
concentrated white light. b, Simultaneously measured device surface temperature. The
temperature was measured by an infrared camera from the gold electrode side of a solar
cell device while the concentrated sunlight (~ 128 suns) irradiates from the glass/FTO
side. We kept the light irradiates for 5 mins to obtain a stabilized temperature value. All
the measurement was carried out in ambient air on non-encapsulated devices.
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Supplementary Figure 14| Stability of FA/Cs perovskite device with Spiro-OMeTAD
as a hole transporting layer measured under 10 sun concentration. The device structure
IS FTO/SnO2/FA 83Csp.17Pbl2 7Bro 3/spiro-OMeTAD (doped with Li-TFSI and tBP)/Au.
Illumination was with a 532 nm monochromatic laser and the relative solar irradiance is
calculated as the equivalent absorbed flux in comparison to AM 1.5 G 100 mW cm™
irradiance. The device was held at open-circuit during ageing, and tested at different
time intervals. All measurements are performed on unsealed cells in ambient air. The
active cell area was ~1 mm?, in order to reduce parasitic series resistance losses.
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Supplementary Figure 15| Device performance with PTAA hole transporting layer.
a, J-V characteristics, measured from forward bias (FB) to short-circuit (SC) and back
again under simulated AM 1.5G (100 mW cm ) irradiance (1 sun). The device
characteristics are described in the inserted table. b, Corresponding stabilised power
output.
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Supplementary Figure 16| Measured J-V characteristics of a device with PTAA
hole transporting layer at various light intensities under concentrated white
sunlight. Illumination was with a xenon lamp simulated full spectrum AM 1.5G. All the
light intensity measurements are performed on sealed cells in ambient air under a 4-wire,
source and sense mode. The active cell area was 0.87 mm?, in order to reduce parasitic
series resistance losses.
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of perovskite solar cell devices with a PTAA hole transporting layer measured under
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Supplementary Figure 18| Spectral mismatch corrections. a, EQE of the perovskite
test cell and the KG3 filtered Si reference cell. The specific cells measured here had a
Jsc of 22.3 mA cm™. The integrated EQE is 21.2 mA cm™ for both devices. This is
within 5% difference which is within the accuracy confidence of the measurements. b,
Comparison of the measured current of KG3 filtered Si reference cell and the measured
power from a power meter when both are illuminated by laser light (532 nm) filtered
through each of the neutral density filters. ¢, Spectral mismatch factor between the
concentrated solar simulator lamp and the AM1.5G spectrum determined using the
perovskite test cell and KG3 filtered Si reference cell shown in (a) when the solar
simulator lamp is modulated through neutral density filters with optical densities (OD)
between 0 and 3.4. d, Comparison of the normalized spectral irradiance of the solar
simulator lamp when filtered through each neutral density filter against the AM1.5G
standard solar spectrum. The inset shows the specified spectra corresponding to the UV



region. The UV component of the simulated solar spectrum does increase with lower
ODs (higher irradiances). Increased UV light should cause more instability problems in
perovskite solar cells. Notably, the corresponding spectrum for ~10 suns irradiance, has
a similar fraction of UV component to AM 1.5G. e, OD vs suns using the KG3 filtered
cell under the simulated sunlight.

Supplementary Note 6. Spectral mismatch factor corrections.

The spectral mismatch between the AM 1.5G standard solar spectrum and the solar
simulator lamp was determined for each intensity level, as we show the data in
Supplementary Fig. 18 using a KG3 filtered silicon reference cell. Specifically, the
concentrated solar simulator lamp light was passed through an AM 1.5G filter and a
neutral density optical filter with optical densities (OD) between 0 and 3.4. The filtered
light was collected through an optical fibre equipped with a cosine corrector (Thor
Labs) and its spectrum was measured by a Maya Pro (Ocean Optics) spectrometer for
each neutral density filter. The background spectrum (i.e. when the light path is
shuttered) was subtracted from the collected lamp spectrum and the sensitivity of the
Maya Pro spectrometer was corrected using a calibrated reference lamp (Oriel). The
spectral mismatch of the lamp spectrum to the AM 1.5G spectrum, with respect to the
responsivity of our perovskite solar cell, was calculated following the
procedure reported previously®. To correctly determine the equivalent AM1.5G solar
light irradiance for each measurement under each neutral density filter, the current
density on a KG3 filtered silicon reference cell was measured, and the mismatch factor
applied. We note that we ensured that the KG3 filtered silicon reference cell had a linear
responsivity to change in light intensity, via measuring the intensity dependence of the
short-circuit current density of the KG3 filtered Si reference cell under 532 nm
monochromatic laser light, with the intensity of the monochromatic light measured with
a thermopile power meter (Gentec-EO).
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