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The rapid development of organic-inorganic lead halide perovskites has resulted in high efficiency photovoltaic
devices. However the susceptibility of these devices to degradation under environmental stress has so far hindered
commercial development, requiring for example expensive device encapsulation. Herein, we have investigated the
stability of CH3NHsPb(l11«Bry)s [x = 0..1] thin film and solar cells under controlled humidity, light, and oxygen
conditions. We show that higher bromide ratios increases tolerance to moisture, with x = 1 thin films being stable
to 120 hr of moisture stress. Under light and dry air, partial bromide (x < 1) subsitution does not enhance film
stability significantly, with the corresponding solar cells degrading within two hours. In contrast CHsNH3PbBr; films
show excellent stability, with device stability being limited by the organic interlayer. For these x = 1 films we show
charge carriers are quenched in the presence of oxygen and form superoxide; however in contrast to perovskites
containing iodide, this superoxide does not degrade the crystal. Our observations show that iodide limits the
oxygen and light stability of CH3NH3Pb(l1.«Bry)s perovskites, but that CH3NH3PbBr; provides an opportunity to

develop inherently stable high voltage photovoltaic devices and 4-terminal tandem solar cells.

1. Introduction

Since their breakthrough in 2012, hybrid organic-
inorganic lead halide perovskite solar cells (PSCs) have
rapidly established themselves as a promising printable
photovoltaic technology.'-® Interest has been triggered by
their certified efficiencies of >20%, ability to be solution
processed, fabricated on flexible substrates and inherent
low cost.*” While high efficiency and ease of processing
make PSCs attractive as a next generation photovoltaic
technology, issues regarding their instability remain a key
challenge for commercialisation. Successful stability
studies over 1000 hr have already been demonstrated,
however these studies have typically employed rigid glass
encapsulation or dark testing conditions.”2 The stability of
unencapsulated device performance exposed to operating
environmental stresses has not been investigated with as
much detail. Herein we analyse the tuning of methyl
ammonium lead halide perovskite stability as a function of
iodine/bromine substitution under humidity, oxygen and/or
light exposure, and go on to show the promising potential
for methyl ammonium lead bromide’s stability under these
stress conditions.

Currently flexible encapsulation technologies cannot
match the protection of glass to prevent the ingress of
environmental factors such as oxygen and humidity.* This
represent a challenge for PSC, where material sensitivity
to ambient conditions can prevent achieving the required
lifetimes with current flexible encapsulation barriers.
Therefore, for PSC solar cells to develop as a flexible
technology with current thin film encapsulation capabilities,
it is important that the devices exhibit significant stability to

extrinsic environmental stress, as well as being intrinsically
stable in inert conditions. To date degradation pathways
have been shown to occur on exposure to moisture, heat,
ultraviolet light and, most recently, through the combination
of light and oxygen.516 Progress of PSC stability has be
made on the most commonly used methylammonium lead
iodide (CHsNHsPbls) by inclusion of hydrophobic cations
in the photoactive layer to improve moisture resistance.'??
However many challenges still remain to understand and
improve the tolerance to other degradation pathways.81°

PSCs employing a mixture of halide anions (iodide and
bromide) have been gaining much attention not only from
their high efficiency but also their improved resistance to
moisture degradation.?® Some early work by Noh et al on
methyl ammonium lead iodide/bromide devices showed
small amounts of bromide addition improved tolerance to
hydration when devices were exposed to conditions of
55% relative humidity (RH).?° However, this work only
looked at lower concentrations of bromide and modest
humidity levels, and was not undertaken at the operating
condition of a solar cell, i.e. it was without light exposure,
which is a common trend of stability results stated in
literature to date. Recently we have shown that a
combination of light and oxygen to be the dominant
degradation mechanism in CHsNHsPbls devices, with
severe degradation occurring in less than two hours in
some architectures.?1?2 Herein we investigate the effect of
methyl ammonium lead iodide/bromide mixed perovskites
on stability when exposed to humidity or light and oxygen
with the aim of providing insights into the ability of ‘ion
tuning’ to enhance film and device stability, to compliment
the impressive results on ion tuning in enhancing PSC
efficiency.” We go on to show iodide inclusion in a mixed



perovskite structure results in significant instability under
light and oxygen conditions, whereas CHsNH3Br3 films and
PSC’s show promising stability, with device stability being
primarily limited by the organic hole collection interlayer of
the devices employed.

2. Experimental Section

2.1 Film preparation

Stock solutions of CHsNHzPbls and CHsNH3PbBrs were
prepared by dissolving stoichiometric ratios of PbX2 and
CHsNH3X3 (X =1, Br) in a DMSO and GBL solution (7:3) at
1.25M and stirred for 60 min at 50°C and room
temperature, respectively. To obtain a range in
CHsNHzPb(la-xBrx)s stock solutions were combined with
volumetric ratios. Thin film samples were prepared on
glass using the anti-solvent technique adapted from a
previously reported method.® Glass was washed in soap,
acetone, and 2-proanol followed by a 10 min oxygen
plasma treatment. The perovskite precursor solution was
coated using a spin coating procedure using two speeds
where toluene was dripped onto the surface during the
second step and then dried at 100°C post deposition. The
resulting films had thicknesses of 236 = 7 nm, as measured
by alpha step 200.

2.2 Film environmental stability characterisation

Stability analysis of thin film materials was done in a
glovebox with an LED light, humidity control, and
atmospheric control between nitrogen and dry air. The light
source was calibrated to current match a CHsNHsPbls
device under an AM1.5 solar spectrum to obtain a 1 sun
eqv LED intensity. The Bridgelux 4000 K LED spectrum
covers the visible spectrum, with negligible UV. Dry air
conditions were obtained from bottled gas of a nitrogen and
oxygen mix, at 21% oxygen concentration (BOC 12-X).
Optical characterisation of samples were monitored with a
digital camera and the change in the average RGB output
values was monitored against background values
according to equ (1):

|RGB{—RGBgeg|

Optical degradation = |RGBy—RGBaeg]

@

Where RGB: is the average red-green-blue pixel value
at time t, RGBueg is the fully degraded sample, and RGBo
is the initial value a t=0.

2.3 Device fabrication

Cells were manufactured following a previously
reported procedure.® In summary, FTO coated glass
substrates were coated with compact TiO2 by spray
pyrolysis of a 20 mM titanium diisopropoxide
bis(acetylacetonate) solution (Aldrich) at 450 °C. A
mesoporous TiOz layer was deposited from a commercially
available paste (18-nrt, dyesol) diluted 2:13 wt. with
ethanol before spin coating at 2000 rpm for 30 seconds

and sintering at 450°C. Next a perovskite precursor
solution was made using the same method as the film
preparation described. The perovskite precursor solution
was coated using a spin coating procedure using two
speeds where toluene was dripped onto the surface during
the second step and then dried at 100°C post deposition.
In instances spiro-OMeTAD was used as a HTM, a solution
of 8% wi. 2,2',7,7'-tetrakis[N,N-di(4-
methoxyphenyl)amino]-9,9'-spirobifluorene (spiro-
OMeTAD, Borun Chemical) in chlorobenzene was next
spin-coated onto the perovskite films. The spiro-OMeTAD
solution contained additives including 19 mM
bis(trifluoromethane)sulfonimide lithium salt (Li-TFSI), 7
mM 4-tert-butylpyridine (tBP). Oxidising dopant V20s
(99.99%, Aldrich) was also added to the spiro-OMeTAD
solution in the quantity of 2.5% wt with respect to the spiro-
OMeTAD powder. In instances P3HT was used as a HTM,
a 12 mg ml! solution of high molecular weight poly(3-
hexylthiophene) (P3HT) (Mw 135k, PDI 1.5, RR 99%) in
chlorobenzene was spin-coated onto perovskite films at
2000 rpm for 30s.2® Finally a 50 nm Au contact was
evaporated onto the cell under vacuum leaving an active
area of 0.15 cm?.

2.4 Device environmental stability characterisation

Initial current-voltage characteristics were measured
using a Xenon lamp at AM1.5 solar illumination (Oriel
Instruments) calibrated to a silicon reference cell with a
Keithley 2400 source meter. Cyclic scans were performed
from O V to 1.5V forward bias and back to 0.5 V reverse
bias at a rate of 0.125 V s shown in Fig S2. Cells were
unmasked during measurements, using the area created
by the overlap of the metallic contact and the FTO
substrate as the defined active area of 0.15 cm?. During
stability measurements the current-voltage scan was
performed from 1.5 V forward bias to -0.5 V reverse bias
and held at open circuit conditions between
measurements. Atmospheric conditions of device stability
performance was monitored using the environmentally
controlled glovebox described in the thin film
characterisation.

2.5 X-ray Diffraction Measurements

X-ray diffraction (XRD) measurements on thin film
samples with glass substrates were performed using a
Bruker D8 Discover X-ray diffractometer equipped with Ni-
filtered Cu Ka radiation (A = 1.5406 A) operating at 40 kV
and 40 mA. XRD patterns were acquired in Bragg-
Brentano geometry with a standard 20 step size of
0.01671 degree from 10 degree to 40 degree at
26 s degree™.

2.6 Transient Absorption Spectroscopy Measurements

Sub-microsecond timescales transient absorption
spectroscopy (us-TAS) decays were acquired on a
custom-built system. Samples were excited at 420 nm (40
uJ cm2) by an Opolette 355 laser (OPOTEK), white probe



light generated by a tungsten halogen lamp and detected
by a silicon photodiode detector. A probe wavelength of
530 nm was selected by a monochromator and long pass
optical filters used to limit light exposure to the sample and
reduce the effect of laser scatter. Samples were measured
in N2 or dry air atmosphere, as required.

2.7 Superoxide monitoring

A stock solution (31.7 pm) of the hydroethidine (HE)
probe was prepared by dissolving 10 mg HE in 10 mL of
dry toluene; sonication was used to facilitate miscibility.
Films were then added to 10 mL of 0.317 ym solution
created from the stock solution. Photoluminescence
spectra were recorded using an excitation wavelength of
520 nm and a slit width of 10 nm on a Horiba Jobin—Yvon
Fluorolog-3 spectrofluorometer. In the experiments with
oxygen involved, dry oxygen was bubbled through the
toluene. Spectral mismatch correction for the varying ratio
of halide are calculated with equ (2):

IF(t)/IF(tO) (corected for absorption) = 1 + W 2)
Flto
where Ig(t) is the fluorescence intensity average from
605-615 nm at time t, Ir(to) is at t=0 min and B is the
spectral mismatch factor relative to CHsNHsPbls, given in
Table S4.

2.8 NMR measurements

Potassium superoxide and methylammonium bromide
were dissolved in a 1:1 molar ratio in dry ethanol. The
reaction was monitored by 1H NMR using a 400 MHz
Bruker spectrometer. Deuterated acetone was added to
the solution prior to the NMR spectroscopy for calibration
of the spectrum.

3. Results and Discussion

3.1 Thin film stability characterisation

To assess the stability of mixed halide perovskites, the
material properties of neat films deposited on glass (see
Methods) were first investigated, expanding on recent
results reported on thin film samples.?* A range of six
concentrations of CHzNHsPb(l(1-x)Brx)s, from x =0 - 1, were
exposed to controlled environmental conditions to analyse
the effect of mixed halide films to high humidity conditions
and to light and dry air conditions. To investigate the
hydration, the films were held at a controlled RH within a
nitrogen atmosphere in low light and the optical changes
were monitored with a camera. An inert atmosphere and
low light levels ensured the degradation was isolated to
effects from humidity only. This degradation mechanism
has been shown to cause the dark perovskite phase to
form a visibly transparent mono-hydrated perovskite phase
and therefore it is possible to monitor this degradation
process via optical changes.* The humidity was
incrementally adjusted from 80% to 97% over a series of

days. Example camera images from 13-18 hr in Fig 1a are
shown in Supporting Information (Table S1); from these
data the time course of optical absorption degradation
were determined for each sample (see Methods for
details), as shown in Fig 1a. It is apparent from this figure
that films with increased bromide ratio have higher
tolerance to hydration degradation and are stable at higher
levels of RH. Rapid degradation of CHsNHsPblz to the
mono-hydrate phase is shown at 85% RH whereas
CHsNH3sPb(lo.sBros)s does not show significant changes
below 95% RH. Interestingly, for all halide ratios full
reversibility of the films from the mon-hydrate phase to the
perovskite phase was observed if films were kept in a
nitrogen atmosphere and below the saturation point; the
dehydrate phase previously report in experiments in humid
air was not observed.®

We now turn to investigating the stability of the mixed
halide perovskite photoactive films in the presence of
oxygen and light; films were exposed to conditions of 1 sun
equivalent visible LED intensity and dry air. On exposure
to these conditions, an optical change in the methyl
ammonium lead iodide perovskite is observed with the
absorption onset shifting from 780 nm to lead iodide at
520 nm.2! Therefore it is possible to monitor the
degradation via a change in the optical absorption of the
CHsNHsPb(lixBrx)s pristine films in Fig S1. Optical
absorption degradation in light and dry air for our series of
mixed halide perovskites is shown in Fig 1b. Control data
in light and nitrogen showed no significant degradation,
consistent with previous studies.?? The data in Fig 1b
shows exposure to light and oxygen causes films
containing iodide initially start to degrade to lead iodide at
approximately equal rates for all concentrations of iodide;
in contrast CH3NH3PbBrz films show remarkable stability
under these conditions. After 130 hr exposure to light and
dry air, only a very small change in optical characteristics
are observed for the CHsNH3zPbBrs film. A time to 50%
optical change for the CH3sNH3PbBrs is extrapolated to over
5500 hr compared to 9.8 hr for CHsNH3sPbls, more than a
two orders of magnitude improvement in stability. For the
mixed halide films, bromide can be seen to reduce the
overall time for degradation, whereas the x = 0 film fully
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Figure 1. (a) Optical analysis of CHsNHsPb(l1-xBrx)s (x=0, 0.1, 0.5, 0.75, 1) films exposed to humid conditions in a nitrogen
atmosphere. The humidity was incrementally increase over the course of 120 hr from 80% to 97%. Increasing bromide ratio
improved stability but only x=1 did not degrade. (b) Optical analysis of CHsNHsPb(l-xBrx)s (x=0, 0.1, 0.2, 0.5, 0.75, 1) films
exposed to 1 sun eqv LED light in dry air. For x<1 films start to degrade at the same time but increasing bromide ratio slows the

rate of degradation and only x=1 does not degrade.

degrades after 10 hr, the x = 0.5 film took over 100 hr to
fully degrade. In the optical property investigations of
x=0.1, 0.2, and 0.5 two clear stages of degradation are
seen, with a rapid decrease within the first 10 hr followed
by a slower degradation phase. Increased bromine content
reduces the proportion of the rapid decay phase but not its
kinetics. This fast degradation phase can be assigned
most obviously to degradation of iodide clusters of the
mixed structure, with the rate of degradation of these iodide
regions not being protected by the presence of bromine in
the mixed film. Previous studies in literature demonstrated
the importance of iodide in perovskite stability, which is
likely the reason mixed halide degradation is observed but
x=1 perovskite shows impressive stability.?> In mixed
halide films up to 0.75 bromide, the bromide does not
prolong the initiation of degradation in light and oxygen but
rather only extends the time of complete degradation. This
contrasts to the effect of bromide substitution on hydration
induced degradation, where the onset of degradation is
seen to shift to higher levels of RH with increased bromide
ratio. In summary, we observe that under oxygen and light
stress, CHsNH3PbBrs films are over two orders of
magnitude more stable than CHsNHsPbls, but that in mixed
halide systems, the presence of 20.75 iodide results in a
rapid initial optical absorption degradation.

It is apparent from Fig 1b that even for the least stable
CHsNH3sPbls films, there is a time delay of ~ 4 hours from
initiating the light soaking before the onset of significant
absorption degradation. In order to identify if this time delay
could be associated with kinetics of oxygen diffusion into
the films, we investigated the effect of dry air exposure time
prior to light turn on, varying the air exposure time from 0.5
to 48 hr before exposure to light soaking. The resulting
optical degradation results are shown in Fig S2a, and

indicate that all films degraded at the same rate
independent of the air soaking time. This suggests that
prior oxygen diffusion into the film does not limit the
degradation process observed in these studies. Rather it
appears more likely that this time delay in the onset of light
and oxygen induced degradation is due to degradation
products resulting in an autocatalytic reaction sequence,
as discussed previously.

Current high performing perovskite devices contain
mixed organic cations in the perovskite structure, typically
both formamidinium and methyl ammonium cations.®7:26
To address the effect of such organic cation substitution,
optical degradation data was also collected for a thin film
of [CH2(NH2)2]o.ss[CH3NHz]o.15Pb(lo.gsBro.15)3 in dry air and
1 sun light, as shown in Fig S2b. These data show similar
overall degradation kinetics to the equivalent
CHsNH3Pb(l1-xBrx)s films, apart from a longer time delay
before the onset of degradation, suggesting that the
oxygen and light degradation mechanism may also limit
stability of mixed organic cation perovskite materials.

3.1 Device stability

To investigate how the degradation of the perovskite
photoactive layer affects photovoltaic performance of
complete PSC, complete devices were fabricated and
analysed. Full details of device fabrication are given in the
Methods section. In short, mesoporus titania perovskite
devices with P3HT as a hole transporting material (HTM)
were fabricated in a FTO/TiO2-bl/TiO2-mp/CH3sNH3zPb(l1-
xBrx)s/P3HT/Au architecture where TiO2-bl is a titanium
dioxide compact layer and TiO2-mp is a mesoporous
titanium dioxide layer. The P3HT used was undoped to
mitigate additional instabilities resulting from dopants.
Current voltage characteristics of devices in Fig S3 shows,
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Figure 2. (a) Power conversion data of CHsNHsPb(la-xBrx)s (x=0, 0.1, 0.5, 0.75, 1) solar cell devices exposed to 1 sun eqv.
LED light and dry air of device structure FTO/TiO2-bl/TiO2-mp/CH3sNHsPb(11xBrx)s/P3HT/Au. Devices were held at open circuit
between measurements. Rapid device degradation after 2 hr is shown for devices with x<1 but x=1 shows stability up 5 hr.
(b) Absorbance data of a CHsNHsPbBrs device before and after degradation in dry air and 1 sun LED illumination. A point
next to the evaporated top contact was measured to allow for transmission measurements. The difference of the fresh and
pristine device is shown as the photobleaching of the P3HT absorption at 520 nm where CH3NH3PbBrs does not absorb.

as expected, a drop in short circuit current and increase in
open circuit voltage from x = 0 to x = 1 due the change in
band gap. These devices were then exposed to light and
dry air in the environmental chamber and their photovoltaic
performance monitored as a function of time under the
same AM1.5 equivalent LED light exposure as that
employed for the optical degradation data. The solar cell
device stability data are shown in Fig 2a. This figure shows
that for x<1 the degradation of PCE is approximately the
same rate with a 50% drop in PCE after 1-1.5 hr. In
contrast, the x=1 device, CHsNHsPbBrs, shows relatively
good stability, with a fivefold increase in device lifetime
relative to the iodine containing devices. In all cases, the
loss of PCE was primarily caused by a loss of photocurrent
with a 50% drop in performance taking over three times
longer than a x<1 device. We note that, as for the film
optical degradation data, the x = 0.75 device is
substantially less stable than the x = 1 all bromine device;
these two devices differ in optical bandgap by only 50 nm
(Fig S1), clearly indicating that the increase in stability for
the all bromine device does not primarily derive from a
difference in light absorption. It is also apparent that the
device PCE degradation data shown in Fig 2a exhibit much
faster degradation than the film optical degradation data
shown in Fig 1b. This indicates that even small amounts of
degradation in the perovskite photoactive layer can
dramatically reduce the performance of a device. This
conclusion is also supported by our observation that all
iodine containing devices (x<1) show similarly rapid PCE
degradation, as our optical degradation data shows an
initial fast optical degradation decay phase for iodide
containing films, independent of bromine content. We
conclude that CHsNHsPbBrs solar cells are significantly
more resistant to light and oxygen induced degradation
than CHsNHsPbls solar cells, however inclusion of bromide

in a mixed halide photovoltaic device does not increase the
stability under this stress condition.

The CHzNH3sPbBrs solar cell exhibits a fivefold increase
in device efficiency lifetime under light and oxygen relative
to CHsNHzPbls devices, substantially less than the ~ 500-
fold increase in optical degradation time observed in our
film data. Previous studies in literature have shown
reactions between device interlayers can limit stability,
such as the gold top electrode diffusing to the perovskite
active layer?’. Therefore the instability of CHzNH3PbBrs
devices may be due an interaction between the perovskite
layer and gold. However, at the operating condition used
here, 35°C, insignificant metallic diffusion occurs over the
time scales measured?’. Upon further investigation it was
found that the organic P3HT HTM layer in these devices
exhibited significant photo-bleaching upon this exposure to
light and oxygen. This is apparent as a loss of absorption
between 450 and 650 nm, a wavelength range
corresponding to P3HT absorption and distinct from
CHsNHzPbBr3 absorption (see Fig 2b, onset at ~ 525 nm).
We therefore ascribe the decrease in performance of
CHsNHzPbBr3 devices primarily to degradation of the
organic P3HT HTM layer, and subsequent loss of charge
transport properties from the perovskite to the electrode,
indicating that the perovskite layer is not limiting stability in
this instance. We note replacement of P3HT with doped
spiro-OMeTAD as the HTM resulted in rapid device
degradation independent of bromine content, as shown in
Fig S4, suggesting that this HTM layer is particularly
sensitive to degradation under light and oxygen.
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Figure 3. XRD analysis of CHsNHsPb(l1-xBrx)3s (x=0.00,
0.20, 0.50, 0.75, 1.00) films before and after exposed to light
and dry air for 6 hr, (a) showing the region of the tetragonal
(220) and cubic (200) peaks. Degraded films show a shift to
the bromide, cubic structure indicating a loss of the iodide
perovskite phase. At x=1, the peak is shown to be very
stable. (b) XRD analysis focusing on the lead iodide peak
showing the formation of lead iodide in all halide ratios, but
not lead bromide. At lower iodide ratios, the FWHM greatly
increases due to the formation being more amorphous.

3. Probing the degradation mechanism

To understand in more detail, the mechanism(s)
causing the oxygen and light induced degradation in film
absorbance and device PCE, further characterisation
measurements were performed on mixed halide perovskite
films. Fig 3a shows XRD spectra analysis the crystal lattice
phase before and after 6 hr light and oxygen exposure.
These data indicate a continuous shift from the tetragonal
CHsNHzPbls peak at 14.2° to the cubic CH3sNH3PbBrz peak
at 15.05° with increasing bromide concentrations,
indicating that these films form an intermixed structure on
the length scale of X-Ray diffraction (75-100 nm).
Following exposure to light and dry air for six hours the
crystal lattice peak of the mixed halide films (x = 0.25, 0.5
and 0.75) can be seen to shift to towards higher angles,
indicating a reduction in iodide content in the perovskite
regions of the film. Furthermore, the XRD peak of lead
iodide can be seen to form in Fig 3b for all iodide containing
perovskites but no lead bromide peak is observed. Note
the peak at 13.6° is the perovskite crystal, hence the shift
seen in the x = 0.75 after degradation. At lower iodide
concentrations a larger full width at half maximum (FWHM)
of the lead iodide peak is observed indicating a more
amorphous structure. These data are indicative that for the
mixed halide films, light and oxygen degradation results in
a reduction of iodide content in the perovskite phase of the
film (and therefore increased bromide content of this
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Figure 4. (a) Fluorescence intensity of superoxide probe
at 610 nm, with excitation at 520 nm, where I&(t) is the
florescence intensity at time t and Ir(0) is the fluorescence
of the probe at t=0 min. A spectral mismatch correction
between the thin film absorption and tungsten-halogen
light source gives the superoxide generation all halide
ratios relative to CHsNHsPbls absorption. Absorption
correction calculations can be seen in Methods. (b)
Transient absorption measurements of CHsNHsPbBrs thin
films exciting at 400 nm and probing the photobleaching
signal at 520 nm. On exposure to air, quenching of the
charge carrier population can be seen by a reduction (1-2)
in the photobleaching signal, and returns with re-exposure
to nitrogen (2-3).

phase), and the concomitant formation of lead iodide. We
note this observation of a mixed iodide/bromide phase on
the 75-100 nm lengthscale of XRD diffraction contrasts
with photoluminescence data which indicates that the
mixed halide films exhibit an emission maxima close to the
lower energy CH3NH3sPblz emission peak independent of
bromide content (Fig S5, as previously reported,?®). This
emission data indicates the presence of small CH3sNHzPbls
clusters in all mixed halide films, with photoluminescence
from the mixed films primarily deriving from these clusters.

Previously we have shown the degradation mechanism
for CH3sNH3sPbls films and devices under light and oxygen
stress to be part of a reaction series involving the transfer
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Figure 5: NMR spectra of a reference methyl ammonium
bromide sample before (top) and after (after) the addition
of potassium superoxide showing the reactivity of
CHsNHsBr to superoxide.

of photogenerated CHsNHsPbls electrons to molecular
oxygen, resulting in the formation of superoxide (O2).
Therefore, to assess the role of superoxide in the
degradation of mixed halide perovskite films under
exposure to light and oxygen, CHzNH3Pb(l1xBrx)s films
were monitored using a previously reported method.?*
Superoxide generation was monitored over a 60 min
period and it is shown in Fig 4a that all films form
superoxide. When normalised for differences in film light
absorption it is apparent that the rate of superoxide
generation is independent of the iodide / bromide content
of the film. This indicates that the increased stability of the
CHsNHsPbBrs film does not result from an inability to
generate superoxide. Supporting this conclusion, transient
absorption spectroscopy was employed to monitor the
absorbance of long lived CHsNHsPbBrs electrons and
holes following pulsed laser excitation, monitoring their
ground state bleach signal at 530 nm (following previous
literature reports). As shown in Fig 4b, exposure to oxygen
resulted in significant reversible quenching (Fig S6) in the
amplitude of this bleach signal, indicating that oxygen can
indeed react with photogenerated CHsNHsPbBrs charge
carriers, again indicative with Oz" formation and indicating
that CHsNHsPbBrs's excellent stability does not derive from
an inability to form superoxide.

Superoxide can act as a proton scavenging free radical
which has been suggested to break down the CH3sNHsPbls
perovskite structure via a deprotonation reaction of the
methylammonium group.?! The Pauling electronegativity of
bromine is 0.03 higher compared to iodine and therefore
will increase the stabilisation to the methyl ammonium
group due to the increased intermolecular interaction. To
test if exchanging iodide for bromide leads to a change in
the reactivity between methyl ammonium cations and the
superoxide species, we undertook a solution study of the
reaction of CHsNHsBr and CHsNHszl with potassium

superoxide, following previous literature procedures.?!
Proton NMR spectra of the reaction products in Fig 5 show
the signal for the NHs* and the methyl group protons shift
up-field upon addition of potassium superoxide, which is
consistent with the deprotonation of the ammonium group
to form methylamine (CHsNH2) suggesting there is no
difference in reactivity of the cation owed to the changing
anion species. It is suggested that the reason superoxide
does not degrade the CH3sNHsPbBrs structure is due to the
increased thermodynamic stability of the crystal structure,
compared to CHsNHsPbls. A report of first-principle
calculations has shown that CHsNHsPbls is
thermodynamically unstable at room temperature with
respect to a phase segregation to CHzNHzslz and Pblz with
a negative energy cost of -0.060 to -0.063 eV/f.u. In
contrast, CHsNHs3PbBrs is thermodynamically stable
compared to the corresponding phase segregation to
CHsNHzBrs and PbBr2 with a positive energy cost of 0.077
to 0.065 eV/f.u.?® This result indicates that the crystal
structure of CHs3NHsPbBrz is thermodynamically more
stable than CHsNH3sPbls, which appears to be the most
likely reason superoxide degrades the CHzNH3PbBrs
perovskite structure at a dramatically slower rate, and the
reason why in the mixed halide films, the iodide component
of the film is preferentially degraded to Pbl..

4. Conclusions

In summary, this work indicates the major instability of
CHsNHsPbls devices to light and oxygen is also seen in
mixed iodide/bromide  CHsNHsPb(l1-xBrx)s  devices;
however, in CH3sNH3PbBrz devices both films and devices
show significantly improved stability in these conditions.
XRD measurements show the iodide perovskite degrading
separately to the bromide phase in mixed films. The
improved stability of CHsNHsPbBrs films and devices is
shown not to derive from lower yields of superoxide
formation, but rather are attributed to the increased
thermodynamic stability of the CHsNHsPbBrs crystal
structure. Promisingly, the stability of bromide perovskite
device under light and oxygen stress was found to be
limited by the organic HTM interlayer and not by the
perovskite photoactive layer. With the development of
stable interlayers unsealed CHsNHsPbBrs devices can be
produced with excellent stability in ambient air under
irradiation, with potential application in high voltage or 4-
terminal tandem solar cells.
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