Stability and performance of CsPbl;Br thin films and solar cell devices
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Abstract

In this manuscript the inorganic perovskite CsPbl;Br is investigated as a photovoltaic material that
offers higher stability than the organic-inorganic hybrid perovskite materials. It is demonstrated that
CsPbl2Br does not irreversibly degrade to its component salts as in the case of methylammonium lead
iodide, but instead is induced (by water vapour) to transform from its metastable brown cubic (1.92
eV band gap) phase to a yellow phase having a higher band gap (2.85 eV). This is easily reversed by
heating to 350°C in a dry environment. Similarly, exposure of un-encapsulated photovoltaic devices to
water vapour causes current (Js¢) loss as the absorber transforms to its more transparent (yellow) form,
but this is also reversible by moderate heating, with over 100% recovery of the original device
performance. NMR and thermal analysis show that the high band gap yellow phase does not contain
detectable levels of water, implying that water induces the transformation, but is not incorporated as
a major component. Performances of devices with best efficiencies of 9.08% (Voc=1.05V, Jsc=12.7
mA.cm? and FF = 68.4%) using a device structure comprising glass/ITO/c-TiO2/CsPbl,Br/Spiro-
OMeTAD/Au are presented and further results demonstrating the dependence of the performance on
the preparation temperature of the solution processed CsPbl;Br films are shown. We conclude that
encapsulation of CsPbl;Br to exclude water vapour should be sufficient to stabilise the cubic brown

phase, making the material of interest for use in practical PV devices.



Introduction

In the past few years, more stable alternatives have been sought to improve upon the highly efficient but
unstable ‘hybrid perovskite’ class of solar energy materials. The first material from the parent group to be
used for photovoltaics, methylammonium lead iodide (CH3NH3Pbls —‘MAPI’), exemplifies the problems: it is
degraded to its component salts by water,’™ or else by a combination of UV-radiation and oxygen which
promotes a radical reaction.> 2 It is also thermally unstable close to its working temperature and the devices
are prone to hysteresis.>!0 In the past few years some groups have tried simple substitution of the halide!!

12-14 and passivation®® but these methods did not solve the stability issues. However

or the organic cations,
it has been recently proven that using mixed perovskite compositions,® surface passivation or interface

engineering'”'® and chemical doping®® can help improve the perovskite’s device stability.*2%-22

Alternatively, wholly inorganic perovskite analogues are proposed as offering a combination of high
performance and enhanced stability. In particular, the mixed halide perovskites ABXs.xYx offer further
tunability of their electrostatic stability and band gap — by the substitution of halide ions - for optimum solar
performance and practicality.'>?3 Here we demonstrate CsPbl,Br devices with efficiencies of > 9% and show
that the material is vulnerable to fewer environmental factors than hybrid perovskites. Indeed, it does not
degrade to its component salts, but its metastable phase (that is used in devices) instead transforms to its
more transparent room temperature phase on exposure to water vapour. This transformation is reversible
upon heating with no loss of device efficiency. The material was found to be tolerant of a wide range of
degradation factors (more than MAPI for example) and CsPbl,Br is therefore proposed as a more suitable

material for use in solar photovoltaic devices, providing it can be suitably encapsulated.

Of the caesium lead halide perovskites, the single halide iodine and bromine variants have been
investigated,?*%> but show a combination of desirable and limiting properties. Nevertheless, since both the
caesium analogues of iodine and bromine each satisfy the Goldschmidt tolerance factor condition (0.81 <t
< 1.11),% then the full series CsPblz-«Bry may be exploited to achieve the optimum combination of photon

conversion efficiency (band gap value) and of materials stability (from electrostatic considerations).?”:28

Table 1 shows the reported phases, stability and band gap data for CsPbls, CsPbBrs and CsPbl,Br, together
with the limited PV device results available on them.?”:2° Sharma et al.? report a phase diagram for the whole
composition range CsPblz.xBryx and for which all compositions have an orthorhombic — cubic phase transition

at a temperature that depends on composition. We now outline further reasons for selecting CsPbl,Br for



the present study: while CsPbls has a black phase (Eg = 1.73 eV) that is in principle suitable for PV devices, it
is only stable at T>310°C and remains metastable at room temperature for just a few minutes,?#2>30 turning
into an insulating, yellow orthorhombic phase®?® (showing edge-sharing octahedral chains, as for the
NH4CdCls structure3'3?). Addition of HI increases this stability to no more than a few hours but this has
allowed devices with photon conversion efficiencies of up to 2.9% to be fabricated.?® Nevertheless, the
material is insufficiently stable for PV device use. On the other hand, CsPbBrs is reported to have an
perovskite orthorhombic phase which is stable in air at room temperature,?* however moderate heating (to
88°C) causes a phase change from orthorhombic to a tetragonal perovskite phase and finally to cubic orange
phase (above 130°C).2> Its band gap of 2.25 eV?® makes it unsuitable for high efficiency single junction
devices, however, despite this, devices having photon conversion efficiencies (PCE) up to 5.95% have been

realised.?® Hence neither the pure iodide or bromide analogues are ideal for PV devices.

Given these limitations, the mixed halide series CsPbl(3.4Br«*”-?%3* has begun to be studied to exploit the
lower (and therefore more ideal) band gap imparted by the iodine, and the higher electrostatic stability
imparted by the smaller ionic radius of bromine. Of this series, CsPbl,Br has been highlighted and indeed has
been shown to be sufficiently thermally stable for use in photovoltaic applications.?’?® However, the
reported studies of its stability are limited to an incidental comment?’ that the devices are unstable in
ambient air: its stability to other environmental factors such as light, oxygen and water has not been studied
prior to this work. Although its band gap is relatively high (1.92 eV), the material is potentially viable for PV,
the Shockley — Queisser limit predicting Voc= 1.63 V, Jsc = 16.3 mA/cm? and efficiencies of up to ~21%.%7:3>36
The large band gap also makes tandem devices with silicon very feasible.?® To date the highest efficiency
reported for single junction CsPbl.Br solar cells has been 9.8%,2” but questions remain about its stability to

environmental factors other than simple heating.

Material Room temperature phase Other phases PV results Notes
CsPbBr3 Black orthorhombic phase T>88°C 5.95%3 RT phase is stable to
Tetragonal phase degradation but the
Eg=2.25eV¥ band gap is too high
T>130°C for a PV absorber.
Improper band gap for PV Orange cubic phase®
absorber.
CsPbl:Br Brown phase Yellow phase 9.84% champion Bromine imparts
device?’ electrostatic stability
Eg=1.92eV Eg=2.85eV 9.08% this work while iodine brings the
band gap into the
Stable in dry ambient. Transformed Performance useful range for PV
reversibly from the degradation shown to | applications.
brown to yellow phase | be reversible (this
by moisture but does work).
not degrade to its salts
(this work).
CsPbls Yellow orthorhombic phase?® | T>310°C For the metastable Black phase has a
Black cubic phase black phase: 1.7%, band gap compatible
Ey=2.85eV




Eg=1.73eV 2.9% with HI with PV, but is not
Unsuitable band gap for PV Metastable at RT for stabilisation.?® sufficiently stable.
absorber. minutes only, HI

stabilises it for hours

only.?®

Table 1. Phases, stability, band gaps and device results for the CsPbliz.Brx series. While the pure iodide
compound is unstable, the bromide one has too high a band gap for use as a solar absorber. CsPbl,Br gains
electrostatic stability from the bromide, while the iodide brings the band gap into the useful range for PV
applications.

This work presents a systematic study of the fabrication of CsPbl:Br films and devices, with a best PCE of
9.08%. It includes stability trials of both the material and the devices, that demonstrate that the brown
perovskite phase (E;=1.92 eV) is stable to UV light, oxygen and moderate ozone exposure, but water vapour
initiates the phase transformation to a yellow phase (Eg = 2.85 eV). Furthermore, the transformation is
reversible by thermal annealing at 350°C in dry conditions. Indeed, PV devices that had been deliberately
degraded recover 100% of their performance upon annealing, and sometimes exceeded their original
performance. This reversible transformation for CsPbl;Br contrasts with the case for MAPI which degrades

irreversibly to its constituent salts i.e. by losing methylammonium iodide, leaving lead iodide.'3>

Results and discussion

CsPbl,Br films were fabricated using one-step spin coating and hot plate annealing, as explained in the
Supplementary Information. Briefly, solutions of Csl, Pbl, and PbBr; in N,N-dimethylformamide/dimethyl
sulfoxide (DMF/DMSQ) were spun onto ITO/glass substrates and annealed at temperatures between 150

and 350°C, yielding films ~350 nm thick.

Figure 1a-e show the development of the visual appearance, X-ray diffraction patterns (XRD), optical
transmission and reflectance, absorption coefficient and Tauc plots for the films with increasing annealing
temperature. It was found that temperatures of 2 150°C were necessary to form a brown perovskite phase
of CsPbl,Br, this being slightly higher than for that used for spin-coated CsPbBr3.2” However, in order to form
completely uniform brown films, higher temperatures were necessary, with 300 - 350°C giving the most
crystalline films, as confirmed by the SEM images shown in the Supporting Information (Fig. S1). Films formed
at all temperatures had similar XRD patterns (showing preferred orientation peaks at 26 = 14.6° (100) and
29.6° (200) consistent with those reported in literaure.?”?® The optical transmission/reflectance behaviour
of the films was nearly identical, with E4 being in the range 1.91 — 1.92 eV regardless of the preparation
temperature. However, the Tauc plots had insufficient linear portions to reliably estimate the band gap, and
so independent confirmation was obtained by the spectroscopic mode scanning probe microscopy (STM)

method to investigate the near-edge densities of states. As shown in Figure 2, this gave a value of 1.98 eV



which is comparable, if slightly higher than the optical values. Both of these values are comparable to the

previously reported value of the optical band gap.?”%®

Films prepared at all temperatures were taken forward for device making, while only those prepared at

350°C were used in degradation trials, as this yielded the highest device performance.
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Figure 1. Results of characterisation of CsPbl;Br films prepared by a one-step process as a function of the
annealing temperature: (a) photographs showing the increase in uniformity of the films with temperature
(the samples are 20 x 15 mm?); this statement is supported by SEM images (Supporting Information, Figure
S1). (b) XRD demonstrating that the same perovskite phase was achieved for all temperatures T> 150°C, (c)
optical transmission and reflectance spectra used to generate (d) the absorption coefficient behaviour and
(e) the Tauc plots for all films showed band gaps in the range 1.91 - 1.92 eV.
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Figure 2. Spectroscopic scanning probe microscopy results for a CsPbl;Br film prepared at 350°C. The band
gap was estimated as 1.98 eV, which is consistent with the values from optical measurements. (a) Shows a
typical DOS profile (dI/dV) with the valence and conduction band positions marked. (b) Shows a histogram
of the VB and CB positions obtained interrogating 23 separate locations on the sample’s surface so as to
generate reliable data.

Devices

We have fabricated ‘superstrate’ configuration PV devices from CsPbl;Br having the structure shown in
Figure 3a/b and for which the light passes through the glass and transparent layers before reaching the
absorber. As with other perovskite materials, the AM1.5 illuminated J-V response (Figure 3c) shows
hysteresis, and care was taken to define the performance measurement and stabilisation protocols. The
device performances shown in Figure 3c refer to a cell with the structure glass/ITO/TiO2/CsPbl;Br/Spiro-
OMeTAD/Au, where the perovskite film was annealed at 350°C, since this is the annealing temperature that
gave the best device performance. We used a voltage scan rate of 0.19 V/s which for the typical device
shown in the figure (absorber processed at 350°C) gave a forward scan PCE of 6.62% and for reverse 9.08%.
This was confirmed by larger data sets: for example, for 16 devices fabricated using material grown at 350°C,
the average reverse scan PCE was 7.32% while the forward value was 5.34%; however, considering both
scans, the average performance of devices with the same film was 6.33%, Voc = 0.9V, Jsc = 11.74 mA/cm?,
FF =60.2%. Figure 3d shows a stabilisation study, i.e. Jscvs time under AM1.5 illumination, for devices made
using absorbers fabricated at temperatures in the range 150 - 350°C and having a range of performances.
For all devices shown there was a rapid decline in Jsc — lasting for between 10 and 30 seconds - before the
Jsc stabilised, the stabilisation being faster for the higher performing devices. Hence care was taken to
measure devices using both forward and reverse scans, and after brief light soaking. Figure 3e and f and
Table 2 show the effects of the CsPbl.Br preparation temperature on the device performance. Each point in

the PCE data in Figure 3e and Table 2 is for an average of 16 devices, and shows first a shallow decline



followed by a distinct rise in PCE with increasing temperature, above 250°C. A possible explanation for this
behaviour may be argued in terms of the conversion of the material from its low to high temperature forms
by the annealing during sample preparation, and for which the phase diagram reported by Sharma et al.®
for CsPbl«Br(1x provides insight. In particular, for the composition CsPbl,Br, the phase transition from the
orthorhombic (yellow) to the cubic (brown) phase takes place at 195°C, although our DSC study (see later)
indicates that it occurs at 255°C. Hence the rise in efficiency above this temperature is expected since the
low band gap phase is formed. Furthermore it is likely that the instability of the material at temperatures
close to the phase transition gives rise to inferior material and hence the low PCE values at 250°C. For
annealing temperatures of 150 and 200°C the photographs in Figure 1 show visible macroscopic non-
uniformity, with there being orange patches and edge regions several mm in size on the otherwise brown
films. Evidently the material has not been uniformly converted to a single phase, and variation in the device
performance on the same length scale as the contact dots (2 mm @) may be expected. A further factor
influencing the device performance is the film morphology, including pinholes and grain size, as shown in
the SEM sequence (Figure S1). At 150°C the films have a complex morphology and they appear to be
incomplete. At 200°C there is evidence of secondary phases (although EDX of these 300 nm thick layers did
not reveal a compositional difference). Hence both of these films had characteristics that would not favour
the highest efficiency devices. There is no clear reason why these low temperature devices apparently out-
performed those at 250°C, but it should be mentioned that the error bars in Figures 3e and 6b are large, and
the effect may be statistical. Finally it is noted that the films prepared at 350°C (highest performing cells)
have the most clearly defined and largest grains, these being ~1um in size (Figure S1). The most dominant
performance parameter is FF which rises to 60.2% for samples prepared at 350°C — compared to a FF of
26.7% at 250°C. Variation of the other performance parameters is less influential, but Voc increases steadily
while Jsc and FF follow the overall trend in efficiency with temperature. For example, the stabilised Jsc (Figure
3c) contributes to the efficiency trend with temperature (min at 250°C and max at 350°C), and this is

confirmed by the trend in EQE responses (Figure 3f).

Overall, the device (0.0314 cm? active area) showing the highest efficiency recorded in this work was for
material grown at 350°C and yielded Voc= 1.05 V, Jsc = 12.68 mA.cm™2, FF = 68.4% and PCE = 9.08%. This is
comparable to the highest reported in the literature from Sutton et al. with Voc=1.11V, Jsc=11.89 mA.cm”
2, FF = 75% and PCE = 9.84%.%’ This device result confirms that these studies have been conducted on
material that is of quality comparable to that used in the state of the art devices as reported in the

international literature.

A description of the device degradation is deferred until after our study film stability has been presented in

the next section.



Au / / 1/

Spiro-OMeTAD

CsPbl,Br
Tio,
ITO
Glass
c d
14
15
< 124 &
S :
< 10 < 5
£ El 9.82 mA/cm
£ 8- =
‘@ ] \
5 5
T 69 o
- e
C
S ,] g 5 ——150°C
5 & ——200°C
Qo ——250°C
Forward scan ——300°C
0 Reverse scan 0 ——350°C
0.0 05 1.0 0 10 20 30 40 50 60 70
Volts (V) Time (sec)
e f
—e— Average PCE forward 70 [ 150°C
8-1—a— Average PCE reverse 1 20000
g0 [——250°C
—_ ——300°C
8 1—350°C
w 6 .50
Q g
n. '-l.l 40 -
D4 S
g i W]
< 20
2 -
10
0 T x T x T ¥ T ¥ T o T ¥ T ¥ T ¥ T T T
150 200 250 300 350 300 400 500 600 700

Annealing 7 (°C) Wavelength (nm)

Figure 3. CsPbl,Br devices with films prepared in the temperature range 150 - 350°C. Figure (a) and (b) show
the ‘superstrate’ design and cross-section SEM of the component layers, (c) shows the hysteretic behaviour
of the J-V curves for a high performance device; using a scan rate of 0.19 V/s we measured an average reverse
scan PCE of 9.08% and a forward scan PCE of 6.62% — reverse scans gave the highest and most reproducible
performing data, (d) the stabilised Jsc measured on devices with the perovskite layer annealed at different
temperatures showing that the most stable and highest performing devices are annealed at the highest
temperature, (e) average PCE from forward and reverse scans vs film preparation temperature and (f) the
EQE (%) confirming that preparation at 350°C yields the highest Jsc.



150°C 200°C 250°C 300°C 350°C
As- As- As- As- As-
Aged Aged Aged Aged Aged
grown grown grown grown grown
Voc (V) 0.67 0.50 0.68 0.51 0.71 0.65 0.73 0.71 0.90 0.79
Jsc (mA/cm?) 9.07 0.16 7.63 0.23 5.83 0.55 7.94 0.26 11.74 0.24
FF (%) 34.8 40.6 28.2 44.5 26.7 42.2 26.9 36.2 60.2 39.7
PCE (%) 2.29 0.03 1.45 0.06 1.11 0.18 1.56 0.07 6.33 0.08

Table 2. Performance parameters for the CsPbl,Br solar cell devices as a function of the annealing
temperature used to prepare the absorber. The data show the averages of forward and reverse scans for 16
devices per data point. The rise in efficiency with temperature is attributed to increase in the Jsc and FF
associated with the increased uniformity of the films. Data for both fresh and aged is shown. Ageing - i.e.
exposure to atmospheric water vapour - causes the brown CsPbl,Br to transform to a more transparent
yellow phase, showing a corresponding drop in Jsc while Vocremains remarkably high.

Materials stability study

While it is known that CsPbl;Br is thermally stable, its stability to visible/UV light, water vapour, O, and O3
are not known. Here we investigate the stability of CsPbl,Br films to these degradation factors. During
preliminary handling of CsPbl,Br, it was seen that the films changed from brown to yellow after being
removed from the dry glovebox atmosphere, and that the yellow phase had a different XRD signature than
the brown perovskite phase CsPbl;Br. Moreover, this new phase did not correspond to the XRD patterns of

either the Cs or Pb salts®® as shown in the Supplementary Information (Figure S5).

Hence a systematic series of experiments was designed to establish the exact causes of this change (see
Supplementary Information for details). Briefly they were: 1) UV irradiation under dry nitrogen (two x 9W-L
365nm UV lamps), 2) storage in the dark in air, 3) storage in a desiccator under lab lighting and 4) exposure
to UV/Os in a cleaner designed for preparing substrates. Tests 1) to 3) were carried out for one week and
one month before characterisation by XRD and optical transmission. These time scales are chosen in order
to allow a direct comparison with MAPI for which it is known that the important degradation effect become
visible after one week, and have progressed very significantly after one month (comparative results for MAPI
are presented in the Supplementary Information). Correlation of the response to these tests and controls
allowed the effects of each of these factors to be isolated, as shown in Table 3 and 4. The set of
environmental exposure conditions in the table was chosen to collectively reveal the individual effects of
water vapour, air, Oz, UV and day lighting on the materials. Table 4 presents the logic table used to isolate
each. Oxygen is a common factor in each of test numbers 2, 3 and 4, but the transformation for each is

different, hence oxygen cannot be responsible for triggering the phase change. Similar logic was applied to



evaluate the effect of the other factors. The characterisation results are shown in Figure 4 a-d.

It was found that significant changes to the material were caused only by exposure to water vapour (i.e.
exposure to ambient air in the dark), with both exposure to ambient light in dry conditions, and short UV/O3
exposure (in dry air) having no effect. Films affected by water vapour (in just a few hours or less, depending
on the ambient relative humidity) showed a complete change of their XRD patterns and a shift in their optical
absorption threshold from 1.92 to 2.85 eV, which accompanied the change from brown to yellow. Water
vapour, independently from the presence or absence of light, was therefore identified as the principal cause

of the phase transformation of the CsPbl,Br.

In addition, long exposure to UV light in dry conditions was identified as a second, but less severe factor
causing change to the films. Figure 4c,d show that for films exposed to a UV lamp for one month, there is
broadening and displacement of the XRD peaks, and an accompanying reduction in optical absorption. Also,
the films took on a mottled appearance with the development of dark yellow areas in the otherwise brown
films (see Figure S4). Clearly this prolonged intense UV exposure promotes change from brown to yellow
CsPbl,Br, but more slowly than is caused by water vapour. Overall, ‘degradation’ caused by water vapour is
the most rapid and important degradation route for this material and the exact nature of the change is

explored in the next section.

In order to provide the reader with a comparison to the degradation of MAPI, which is now well known, the
results of exposure of MAPI to the same degradation factors in like-for-like trials are provided in the
Supplementary Information Figure S6 and S7 and Table S1. CsPbl;Br is susceptible to water vapour, whereas
MAPI is more easily degraded by exposure to light in combination with oxygen. Overall, CsPbl,Br is affected

by fewer degradation factors than is MAPI.



Degradation conditions

Characterisation

Dteegsl;a:aa:zn lllumination Containment Atmosphere Duration Visual XRD Optical Conclusion
Strong UV-rad
1. UV/N DV N One week Brown (unchanged) Unchanged Unchanged for long time
I' b 2 UV lamp Glovebox 10 y Z'H 0 produces
glovebox < Yppm 2 One month Brown with yellow | Changed (peaks Changed (Eg changes in
SpOtS Sh|ft) Sh|fts) structure
One week Yellow/transparent Completely Changed (£ Humidity
Air with ~40% changed shifts) provokes
2. Dark in air Dark None RH c otel ch d(E changes in
One month Yellow/transparent o;np etz y a:gfe (Eg structure
cthange shifts) immediately
3. Desiccator Desiccator with Dry air (RH One week Brown (unchanged) Unchanged Unchanged Ambient light
s Lab lighting I o does not affect
ambient light silica gel <15%) One month Brown (unchanged) Unchanged Unchanged structure
Inside Dry air with Brown (slightl UV + O; do not
4. UV/0s air UV lamp UV/ozone y 54 min . i Unchanged Unchanged }
cleaner ozone discoloured) affect structure

Table 3. Summary of the degradation tests performed on CsPbl,Br and the results of XRD and optical characterisation. It was concluded that the most significant
cause of transformation from the brown to the yellow phase was the presence of water vapour.

Test name Factor tested Result on CsPbl;Br
uv O; Water 0, Room
vapour light

1. UV/N; glovebox Yes No No No No No change
2. Dark in air No No Yes Yes No Change from brown to yellow
3. Desiccator ambient No No No Yes Yes No change
light
4. UV/0s air Yes Yes Low Yes No Slow degradation

Table 4. Logic table for the degradation experiments showing how the tests collectively reveal the importance of each individual degradation factor. Further
details of each test are given in Table 3.
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Figure 4. Response of CsPbl,Br to degradation factors: XRD and optical absorption data for films held under
controlled conditions for one week (a,b) and one month (c,d) compared to as-grown samples. The effects
of exposure in a UV/ozone cleaner for 54 mins are also included in panels a) and b).

One week in the dark under room air promoted complete change from the brown to the yellow phase,
whereas one month’s exposure to UV light under dry conditions was required to promote an incomplete
change. Since the other conditions tested were all dry, water vapour was highlighted as the most important
degradation medium for CsPbl;Br films.

Phase transformation mechanism and its reversibility

As the XRD pattern in Figure 4a,c shows that the crystal structure of the aged (yellow) form of CsPbl,Br does
not correspond to any of its component salts (see Supplementary Information), it was suspected that the
aged films comprise a new phase rather than a decomposition product. Indeed, it was found that the water
vapour induced transformation from brown to yellow could be reversed by heating to 350°C on the hotplate

under nitrogen, as shown in Figure 5a. This was confirmed by XRD (as shown in Figure 5b) and there was a



corresponding return to the lower optical band gap. Hence the material is considered to transform reversibly

between the brown and yellow phases without degrading.

In order to investigate the role of water further we made sufficient quantities of bulk powder CsPbl,Br for
physical investigations by dripping the halide precursor solution onto a glass plate at 350°C, as described in

the Supplementary Information.

Firstly we conducted differential scanning calorimentry/thermo-gravimetric analysis (DSC-TGA) in order to
check for possible phase transformations and weight loss. Figure 5c shows the results for both fresh and
degraded powder samples. In the DSC trace for both samples the main feature is an exotherm at 463°C which
corresponds to melting. There is also a very small exothermic DSC peak visible for the yellow, but not the
brown sample at ~255°C — this may therefore represent the ‘reverse’ phase transition from the yellow to the
brown phase. However, there is no peak in the DSC nor weight loss in the TGA that indicates any possible

loss of water.

Secondly, we performed a proton nuclear magnetic resonance (*H NMR) on samples of both fresh and aged
powder of CsPbl,Br dissolved in deuterated DMSO (see Supplementary Information). The result, shown in
Figure 5d,e shows the expected quintuplet of peaks from the solvent for both fresh and aged samples.
However, while both samples show an identical small peak at 3.3 ppm which is the expected position for

water, this is presumed to be an impurity in the solvent,*® and is the same for both samples.

We therefore infer from the DSC-TGA and 'H NMR that the aged yellow phase of CsPbl,Br does not contain
water as a major component, but that nevertheless, water promotes the transformation from the brown to

the yellow phase of CsPbl,Br.

The most plausible explanation of the behaviour of the CsPbl,Br material explored above is in terms of the
transformation between its low- and high-temperature phases. Its stable room temperature phase is yellow
and has too high a bandgap for PV. It is the high temperature brown phase that is useful for PV, and this

phase is metastable at room temperature.

During synthesis, if the material is processed at high temperatures, then it converts fully to the brown phase.
Our DSC indicates the phase change takes place at 255°C (rather higher than the 195°C reported by Sharma
et al.?® in which there is a scatter of data points). In practice we found that 350°C was a workable processing
temperature for the formation of fully uniform brown films having the cubic structure and able to give PV

devices with relatively high PCE.

When stored under dry conditions the films were very stable and did not revert to the yellow phase. Indeed,

in like for like tests, brown phase CsPbl;Br was more stable to a wide range of degradation test conditions



than was MAPI (see Supplementary Information, Figure S7). Hence the brown phase, although in principle

metastable, is potentially of practical value for PV applications.

Since water vapour has been shown by this work to destabilise the brown phase of CsPbl,Br we have paid
considerable attention to its role. In particular we wished to investigate the possibility that the yellow phase
might be a hydrated phase rather than the true orthorhombic low temperature phase of anhydrous CsPbl,Br.
(A relevant analogy is from an important study conducted by Leguy et al.! of the effect of water on MAPI in
which the hydrated phase (CH3NHs)4Pbls-2H,0 was identified). However our DSC and NMR experiments
failed to show significant quantities of water in the yellow phase. Hence we ruled out the idea that the
change from the brown to the yellow phase was as the result of absorption of water as a major component:
the results support the hypothesis that the yellow and brown phases are indeed simply the low and high

temperature phases of the compound CsPbl;Br.

Nevertheless, water does play a role and is indeed necessary to induce the change from the brown phase to
the yellow phase. Visual monitoring of brown-phase CsPbl;Br films reveals that they do not fade to yellow
uniformly, but that the change starts at points, which grow into spots that eventually take over the whole
film: moisture appears to induce the transformation starting at macroscopic nucleation sites. Overall our
results support the hypothesis that water vapour acts to trigger reversion of the metastable high
temperature phase to the stable low temperature one which is thermodynamically favoured. It may be
speculated that water interacts with near-surface metal ions in the brown phase cubic CsPbl;Br in such a
way as to destabilise the metastable crystal structure. In contrast, the reversibility of the films can be
explained as a reverse phase transformation; it is likely that heating above the phase boundary at 255°C acts

to simply transform the material back to its high temperature phase driving off any surface-absorbed water.

Considering the above, the phase transformation effects may be concluded to be simply caused by the
material’s passing over the low to high temperature phase boundary. Synthesis at a sufficiently high
temperature creates the (metastable) brown cubic phase of CsPbl,Br, which is stable under dry conditions.
Exposure to water vapour triggers transformation to the yellow room temperature phase, but re-heating

above the phase boundary reverses this change.
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Figure 5. Physical investigation of the effects of water vapour on CsPbl,Br. (a) Photographs of an aged film
before (yellow) and after (brown) recovery by heating at 350°C (2" anneal). (b) XRD pattern of films
demonstrating that for aged films the original cubic crystal structure is re-established after annealing. (c)
DSC-TGA of both fresh and aged powder samples. There is a melting peak at 463°C for both samples and a
small exotherm at 255°C for the aged sample. (d,e) *H NMR of fresh and degraded samples in d®-DMSO.
These show only peaks from the solvent. We conclude that the transformation from the brown to the yellow
phase does not cause water to be included in the structure as a major component, and is reversible by
heating.

Device stability

We now describe the effects of the CsPbl,Br phase change on the performance of devices and its reversibility.
Table 2 and Figure 6 compare the solar cell performances of both as-grown devices and those aged in air for
24 hours. Figure 6a shows that the performance degradation is via a collapse of the J-V curve with a
corresponding crash in efficiency from 6.46% to 0.08%. Similar efficiency losses, also driven by a collapse in

the current, were observed for cells having absorbers made at all temperatures in the range 150-350°C



(Figure 6b and Table 2). This loss of current is a direct consequence of the phase change from the absorbing
brown phase (Eg = 1.82 eV) to the more transparent yellow phase (E; = 2.25 eV) as shown in Figure 3.
Remarkably, the Voc maintains its > 75% of its value after degradation (Figure 6c), and this is likely to be a

consequence of there being favourable band line ups for both of the phases.

Recovery of device performance

We investigated the influence of reversing the phase change on the performance of devices. This was done
by preparing devices from films of CsPbl,Br that were either a) freshly prepared in the brown perovskite
phase form, or b) had been allowed to transform to the yellow phase in humid air (aged devices) - and then
had been recovered by annealing at 350°C. Both were finished with Spiro-OMeTAD and Au contacts to form
complete devices. This protocol allowed us to isolate the effects of annealing of the CsPbl;Br from any
possible unintended degradation of the Spiro-OMeTAD. Sets of 16 devices of each type were prepared in
each test and this was repeated four times. Typical J-V curves for ‘as-grown’, ‘degraded’ and ‘recovered’
devices are shown in Figure 6d. In all cases the recovered devices showed greater efficiencies than the as-
grown ones, with the improvement in performance being up to 115% for individual devices. The average
values were: as-grown: PCE =5.42%, Voc=1.00V, Jsc=9.80 mA.cm™ and FF = 55.6%; recovered: PCE = 5.42%,
Voc=1.00V, Jsc = 9.50 mA.cm™ and FF = 56.1 %. From this, the performance increase is seen to be from a
small increase in FF and this implies that the phase change is associated with an improvement in the

materials quality, e.g. from a reorganisation of point or extended defects upon annealing.



a b

14 8
| |{—=— PCE - As-grown
124 7—+PCE-Aged
5 6
< 10- ]
1= . 5
g Fresh device —
= 8- X ]
® PCE 6.46% < 44
S 1 w
T 61 . 8 34
- Aged device ]
g 4 PCE 0.08% 2
3 | |
2 l ! ]
1 ¥ 04 *« a—fffffffiffffff—o— —e
o T T T T T T N 1 N T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 150 200 250 300 350
Volt (V) Annealing T (°C)
o d
1.0
—=— V- Fresh Fresh device: PCE 5.42% = — Fresh
1 eV A n 109 "2 - —-—Aged
oc - Aged << == Recovered
0.8 1 e g 1 A ~ <
] % < 84 Recovered device
" e E PCE 5.42%
— 0.6- - g 6
- = 6 |
\:J o———— & g 5
° S ] 24
0.4+ < 4] o)
o £
— 24
5 .
0.2 3 Stabilised PCE_
2+ Recovered device
% 0 % % @ s & 70
v Time (t)
0.0 T T T T T T T T T 0 —— = T Y
150 200 250 300 350 0.0 0.2 0.4 0.6 0.8 1.0
Annealing T (°C) Voltage (V)

Figure 6. CsPbl,Br device ageing and recovery. (a) J-V curves from as-grown and aged devices showing that
the performance loss is due to low current generation; (b) dependence of the device performance and its
degradation on the preparation temperature of the CsPbl,Br absorber; (c) comparison of the open circuit-
voltage of devices before and after ageing showing that ageing has little effect on Voc; (d) J-V curve of as-
grown, aged and recovered devices showing that re-annealing promotes complete recovery of the device
performance from its degraded state.

Conclusion

In summary, the mixed caesium lead halide perovskite CsPbl,Br is of interest since its lower band gap is more
suited to solar energy conversion than CsPbBrs, and it is more stable than the pure tri-iodide analogue. We
have extended what is known about CsPbl,Br by reporting the first degradation studies in dry air, oxygen
and visible light. This has demonstrated that CsPbl,Br rather than degrading into its original components,
transforms from its low band gap (Eg = 1.92 eV) brown cubic phase to a higher band gap (Eg = 2.85 eV) yellow
orthorhombic form in the presence of water vapour. We have also shown that the yellow phase does not

contain significant fractions of water even though its crystal structure differs from that of the brown phase.



While transformation of CsPbl,Br takes place in open lab conditions, we have shown that unlike MAPI it
transforms to a new phase (its stable room temperature orthorhombic phase) rather than degrading
irreversibly to its component salts. Moreover, for CsPbl,Br heating at 350°C reverses the transformation and
recovers the original crystal structure. It was also shown that PV devices made from CsPbl;Br films that had
been transformed and then re-generated by annealing had up to 115% of the efficiency of those made from
fresh films i.e. the process of transformation and recovery increases the PV performance. Nevertheless, the
as-made devices did lose performance under room conditions, but remarkably even though their PCE
performances dropped to < 0.1%, their open circuit voltages remained high (75% of the original Voc). The
efficiency loss was therefore attributed to the widening of the band gap upon transformation from the
brown to the yellow phase of CsPbl;Br. The highest efficiency obtained in this work for a glass/ITO/c-
TiO2/CsPbl2Br/Spiro-OMeTAD/Au PV device was 9.08% which is comparable to the highest reported value
(9.84%) to within the accuracy of routine laboratory measurements. We conclude that encapsulation of
CsPbl2Br to exclude water vapour should be sufficient to stabilise the cubic brown phase, making the material

of interest for use in practical PV devices.
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