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Supplementary Figure 1. The phase transitions and optical properties. a, XRD
patterns of the low-T phase obtained by exposure to water, methanol, and ethanol
vapors, and standard low-T phase of CsPbls. b, The evolution of the characteristic
XRD peaks of CsPbIBr; film over time during the high-T to low-T phase transition at
RH = 70% (high-T peak: 14.9°(100); low-T peaks: 10.3<(002) and 13.6<(012)). c,
Absorbance spectra of CsPbIBr; as a function of exposure time at RH = 80% during

the phase transition. The inset shows the color change of the film.



Supplementary Figure 2. Reconstructed 3D reciprocal lattice of the low-T phase
from the RED data. a, The overview of 3D reciprocal lattice. b, The 3D reciprocal
lattice along the a-axis. ¢, d, and e show the hk0, hOl, and Okl planes. An

orthorhombic unit cell could be used to index the RED data.



Supplementary Figure 3. Reconstructed 3D reciprocal lattice of the high-T phase
from the RED data. a, The overview of 3D reciprocal lattice. b, The 3D reciprocal
lattice along the a-axis. c, d, e and f show the hkO, hOl, Okl, and hhl planes. A cubic
unit cell has been found for the high-T phase. g, The EDS shows that the composition
of the material is CsPbIBr, (Cu is from copper grid for TEM).



Supplementary Table 1. The refined unit cell determined by RED combined with

XRD data.
Phase Composition Space Lattice Parameters ICSD
Group A Number
CsPbBr3 Pmnb a=4597,b=9.721,c=16.812 28312
Low-T CsPDbIBr, Pmnb a=4797,b=9.982,c=17.184
CsPbl; Pnma a=4.797,b=10.462,¢c=17.788 27979
CsPbBr3 Pm-3m a=>5.870 97852
High-T CsPDbIBr, Pm-3m a=>5.926
CsPbl; Pm-3m a=6.289 1627096




Supplementary Figure 4. AFM surface topography of the CsPbIBr; film on a
NiOy layer (without top coating). a and b, As-synthesized high-T phase. ¢ and d,
Moisture-induced low-T phase. e and f, Re-converted high-T phase. The freshly
formed high-T phase thin film features sharp-edged grains at the surface with distinct
crystallographic orientations. After moisture or heating treatment, the grain surfaces
become more smooth with the appearance of some striations within the grains.
Root-mean-square (RMS) factors: a, 15.56 nm, ¢, 16.93 nm, and e, 16.41 nm,

respectively. Scale bars are (a, ¢, €) 500 nm and (b, d, f) 200 nm, respectively.
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Supplementary Figure 5. In situ ambient pressure X-ray photoemission
spectroscopy (AP-XPS) study. a, AP-XPS O 1s spectra of the high-T phase CsPbl;
before (under UHV condition) and after exposure to H,O (200 mTorr) and Ar (50
mTorr). At UHV condition, the O 1s peak is very weak, indicating the minimal
oxygen contamination during the transfer of the sample to XPS chamber. Incident
X-ray energies of 630, 730, and 800 eV were used to probe the O amount on the
surface with different depth. The peak at 535.2 eV indicates the gaseous H,O in the
chamber, and its intensity would not change with time due to the consistent H,O
partial pressure in the chamber. The ratios of the surface adsorbed oxygen to gaseous
H,0 at different probing depth after exposure to H,O/Ar atmosphere are 1.825 (630
eV), 1.836 (730 eV), and 1.834 (800 eV), respectively. With increased incident X-ray
energy, the surface oxygen amount has no obvious increase, indicating that H,O is
only adsorbed at the surface without diffusing into the lattice during the phase
transition. b, Fitted AP-XPS spectrum of O 1s at 630 eV. The fitted peaks of the
surface adsorbed oxygen are assigned mainly to liquid H,O and O-H, and the lower

peak to Pb-O bonding.
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Supplementary Figure 6. Photovoltaic properties of the CsPbIBr; solar cell. a,
The hysteresis behaviors under forward scan (dashed lines) and reverse scan (solid
lines) directions with 20, 100, and 400 mV s scan rates. The solar cell shows APCE
< 10% at a slow scan rate (20 mV s %) with respect to the scan direction. b, Stabilized

power output under the constant voltage of 0.72 V.



Supplementary Table 2. Detailed device performance parameters corresponding to

Supplementary Fig. 6a.

Scan Scan rate Jsc Voc (V) FF (%) PCE (%)
direction (mVs?h  (mAcm™)
20 8.65 1.01 63.6 5.57
Reverse
100 8.54 1.03 64.4 5.69
scan
400 8.77 1.00 65.0 571
20 8.53 0.97 61.4 5.08
Forward
100 8.24 0.93 56.3 4.30
scan
400 8.28 0.89 49.2 3.61
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Supplementary Figure 7. The tunability of optical and photovoltaic properties of
CsPbls_xBry films. a, PL spectra with different compositions (x =0, 1, 1.5, 2, 2.5, and
3), showing spectral tunability across 530—705 nm. It is noted that high intensity laser
beams may induce phase segregation during PL measurement. b, J-V curves of solar
cell devices with different halide compositions (reverse scan at 20 mV s ). ¢, The
photographs of the low-T phase CsPbl; (left) and CsPbiBr, (right) thin films. The
CsPblsz low-T phase exhibits the yellow color, which is why it's colloquially called the
"yellow phase", while the CsPbiBr, film we demonstrated here appears colorless in

the low-T state.
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Supplementary Table 3. Detailed device performance parameters corresponding to

Supplementary Fig. 7b.

Scan Composition Jsc Voc (V) FF (%) PCE (%)
direction X (mA cm™)
0 6.12 0.71 39.1 1.71
1 11.86 0.99 60.5 7.10
Reverse
1.5 10.61 1.00 68.0 7.23
scan
2 8.65 1.01 63.6 5.57
3 6.32 1.10 57.5 4.00
0 5.91 0.70 37.3 1.54
1 11.42 0.98 57.9 6.47
Forward
1.5 10.50 0.96 64.2 6.50
scan
8.53 0.97 61.4 5.08
3 6.17 1.08 56.7 3.77
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Supplementary Figure 8. Variable-temperature GIWAX measurement. The

CsPbIBr; thin film shows a low-T to high-T phase transition starting at ~150<C.
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Supplementary Figure 9. Photovoltaic properties of the semi-transparent solar
cell. a, The hysteresis behavior under forward scan (dashed line) and reverse scan
(solid line) directions (20 mV s™). b, Stabilized power output under the constant
voltage of 0.70 V. ¢, The power conversion efficiency (PCE) of the high-T phase over
40 transition cycles. In the initial several cycles, we observed an improvement in
performance of the semi-transparent device, which is probably due to the improved

crystallinity of the interlayer materials and the top ITO electrode.
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Supplementary Figure 10. In situ observation of the evolution of the device
performance. Variations of short-circuit current density (Jsc), open-circuit voltage
(Voc), and fill factor (FF) of the CsPblIBr; solar cell during the high-T to low-T and

low-T to high-T phase transitions.

14



Normalized J__ (a.u.)  Normalized V__(a.u.)  Normalized FF (a.u.) Normalized PCE (a.u.)

Device 1 1.0{Q 1.0 QO _poog | 10 o Og |10 o opo
v 0% o o g Orydty g o H e o ohonw i7d

‘q"" "Dt'll:‘n IJ'D OO o 4 0 hllF'IID'lJl'I

05 tnnnBniali Tost ) 0.5 B |os Bttt

Il, ||l y |Irl“l|j Irl"“ ED 1y nlI: |IF‘| ! .:|
dDD'nn'dﬂ.I.ul I:I"'Dnl‘_!llﬂ""l

0.0 ooo | og 0.0 oo oo 0P0dd4go

0123456789101 0123456789101 0123456789101 0123456789101

Device 2 1.0 O oog 1.0 1.0 1.0 8] oo
000277 0 90?09 | | gt oos

[} o n Q
::']'I‘",a"ll"”qul,"' DIDE'III’I,:'U'“l E‘: D”D?:‘n"":
05 'yt fos v tuy v g | o5 05{ ottt
TR oyPooogen TR
"D‘t‘l'f‘"l:'ll l"lllllll'\llul:\
a u] oo oo N
0.0 obo=tg 0.0 0.0 00{ OHooooopoo
0123456789101 0123456789101 0123456789101 0123456789101
Device 3 1.0 [=] 1.0 on 1.0{ O ooo g |10 5]
? |,DI|;‘|;]|:|E| ?nl, QEDET C.”:‘I,qﬂ,‘,‘ﬂ:l e n I;JEID;‘D
[ L A :""‘Dln'"'n'\ Iy I:IDDl:ﬁ ;"'Dau"l'h
05 I.”“”‘l‘r.“,”. 0.5 ,"""”||'|'l‘*| 05 DD 05 Dll|ll|“.-'|,|
. Vi I|‘rll\|l||,l o Eh"ljﬂ“ dlﬁ . . ad gttt IIlllll
]l“”||lll|' w oo d o Vo gt
P RELET
0.0 Ogho 0.0 0.0 00/ DoopddHnon

0123456789101 0123456789101 0123456789101 0123456789101

Device 4 1.0 1.0 oOgRoo | 1.0{ og 10 on O
I?QEIDU u] Q Dljm""ulill"::" ‘:lnl:;h:lfttthd:tljp QD*'.:"[;IJ"‘E"

v hog DD h
l:'”f“l:“?'!"l no E:,jl“'l,l"ll:" .I.;':II 'O DEJ'..JII“"‘ fhn
0.5 Ill“” Ve 0.5 Wt vy, Vo 054 0 0.5 q:,”| R
(LY 1 I [m] (B d 1y [
v u"v:'l‘l‘l':lf‘l‘. OppD RN
ooty VUl gt
0o/ B0000OAO0D | 4, 0.0 0o UOdpoopodo
0123456768091011 01234567891011 01234567891011 01234567 891011
Device 5 1.0 o 1.0{ oo 1.0 o 10{ o
qq‘”:l l‘?nnl?l?u A II?DQ DD deD no40 o |'q DDDD:‘
 hy ':Dn'l" |t|'I|'IJ‘I D,“Ntllrn‘ql:h.n Ij:ldl:ldqjd% -‘“’ll:ll:: J‘. N r‘:'?
05{ 't los Oggd dd o Y| os 05] lul oo
'l, DT MEMRE a (TR PR TR LR VI
gy o DO L I L TR
D | " |
0.0 0oghotPean 00 00 00l OOpBOOOOfg
01234567891011 01234567891011 0123456789101 01234567 891011

Cycles Cycles Cycles Cycles

Supplementary Figure 11. The performance reversibility of the CsPbIBr, solar
cells. The photovoltaic properties of five representative devices show similar variation

trends during cycling.
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