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Methods
Materials:

CsPbBr3 single crystal growth: Cesium bromide (CsBr), lead bromide (PbBr»),
dimethylformamide (DMF), acetonitrile (ACN), dimethyl sulfoxide (DMSO) (=99.9%),
and y-butyrolactone (GBL) (>99%) were purchased from Sigma-Aldrich. CsPbBr3 SCs
were prepared with a modified method from literature'. Sub-mm sized CsPbBr; seeds
were first prepared by heating an over-saturated precursor solution (with equal molar
amounts of PbBr2 and CsBr solids at the bottom of a 20 mL glass vial) on a hotplate at 75
°C. Small crystals attaching to the sidewall of the glass vial can be collected after 48 h.
Right after collection with tweezers, several seeds were positioned into the growth
solution for further growth. Briefly, methanol was added dropwise into a 0.45 M CsBr
and PbBr; precursor DMSO solution at room temperature until a saturated precursor
solution was achieved. The resulting solution was then filtered with a PTFE filter (0.2
um). Several seeds were then added to the filtered growth solution. The growth solution
with seeds was immediately positioned onto a hotplate at 30 °C for another 48 h. All
crystals were washed with an excess amount of ACN after collection. After drying the
crystals with Kimwipes, they were finally annealed at 50 °C for 5 min to remove any
residual solvent on the crystal surface. The crystals have a typical dimension of 2-3 mm

x 2-3 mm X 0.5-1 mm.

MAPDBBr; single crystal growth: MAPbBr; SCs were prepared using the previously
reported methods!, via the inverse temperature crystallization method?. For this, 1 M
perovskite precursor solution of MAPbBr3 in DMF were kept at 75 °C on a hotplate for

several hours to allow SCs to form and grow, before they were selected and isolated.
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Photoluminescence studies:

PL measurements were conducted by directing the excitation laser pulses to SCs.The laser
pulses were generated by a 1-kHz regenerative amplifier (Coherent Libra, 800 nm, 50 fs,
4 mJ). A mode-locked Ti-sapphire oscillator (Coherent Vitesse, 80 MHz) was used for
the amplifier. For 800 nm pump, the laser from the regenerative amplifier was directly
used. For 400 nm, a BBO crystal was used to double the frequency of 800 nm. The
photoluminescence was collected at a backscattering angle by a spectrometer (Acton,
Spectra Pro 25001) and CCD (Princeton Instruments, Pixis 400B). For circular-polarized
pump and circular-polarized PL measurements, a quarter-waveplate and polarizer were
placed in the path of the excitation beam and another pair of quarter-waveplate and

polarizer were placed at the PL detection path.

Powdered X-Ray Diffraction (PXRD): PXRD patterns were recorded on a Malvern
PANalytical Empyrean diffractometer (Cu Kq1 = 1.540598 A, Koo = 1.544426 A) in a

high-throughput configuration using a PIXcel3D-Medipix3 1x1 detector.
Raman scattering spectroscopy:

Raman measurements using 808 nm excitation were carried out using a XY-Dilor
spectrometer associated with a Ti-Sapphire (Ti: A1203) tunable laser which was pumped
by an Argon laser. At this wavelength, the sample is transparent and no heating effect has
been observed. We have used a long working distance x40 objective with a numerical
aperture of 0.4 and selected a laser power under objective of 7 mW. A Princeton
Instruments (PI) micro-cryostat able to monitor the sample temperature in the 80-300 K

range has been used.

Raman experiments using 785 nm excitation were carried out using a MonoVista CRS+
Raman microscope (S&I). The laser was coupled into a microscope body (BX53F2,

Olympus) equipped with an 10X 0.4 NA objective (UPlanSApo, Olympus). The
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backscattered light is passed through a spectrometer (TriVista, Princeton Instruments)
before reaching an electrically cooled EMCCD (Newton, Andor). The perovskite crystal
was placed on a #1 glass coverslip inside a heating and freezing microscopy stage
(HFS600, Linkam) connected to a Dewar filled with liquid nitrogen (DF2, Linkam) and
a temperature controller. The sample was cooled between 300 K and 77 K at a rate of
20C/min with a dwell time of 10 min before the acquisition of spectra. For each

measurement, an exposure time of 0.5 s and six accumulations were used.
DFT Calculations:

The orthorhombic structure of CsPbBrs was optimized by density functional theory
(DFT) as implemented in the package VASP**, with the functional PBEsol.>¢ In order to
calculate the Raman spectrum of CsPbBr3, the Gamma-point phonons were calculated
using density functional perturbation theory as implemented in package VASP. We chose
well-converged energy cutoff of 800 eV and k-point mesh of 10x10x8. Based on the
character table of point group Dan, we chose the Raman active phonon modes Ag, Big,
B2g, Bsg to generate the displaced structure and calculate the associated dielectric
constants. Then the Raman peaks were simulated using the open-source package

Phonopy-Spectroscopy.’
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Supporting Data
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Figure S1: Left: Powdered X-ray diffraction scans of CsPbBr; and MAPbBr; mm-sized
single crystals at RT, along with the simulated peaks (vertical colored sticks; VESTA
software package) for the inset structure. Right: Images of typical crystal sizes and

shapes of the respective perovskite materials.
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Figure S2: Non-normalized temperature-dependent PL spectra of (a) CsPbBr3; and (b)

MAPDBBTr3.
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Figure S3: Comparison of normalized PL spectra (78 K) recorded from different
locations on the SC MAPbBr3; surface, which are shown in the inset optical image. The

black arrow highlights the location-dependent asymmetric shoulder of the HE peak.



4 6 8

Energy (meV)

10 14

/L

16

18

20

Page 8 of 12

| I |
Exc. = 808 nm

Raman Intensity (arb. u.)

W

74 1
300 K

| P
140 K|

100 K

x25
L A\

0

| | |
itcal modes

p
L p—
260 K
]
T

30 40 50 60 70 80 '
Raman Shift (cm'1)

120

140

160

w (em™) |Ir. Rep. I (A*.amu™)
213 | By, 8.8
259 | A 0.0
309 | A 3.7
31.9 Bag 14.8
344 | B, 0.9
366 | A, 13
43.0 By 73.6
449 | By, 0.3
463 | A, 23
472 | By 15
47.6 | By 433
562 | Bg 16
66.5 A, 36.0
67.1 Bag 115.4
67.2 | B, 2.3
67.8 A, 179.5
69.5 | By 8.9
781 | By 6.7
127.1 Bsg 44.3
127.6 A, 23.3
129.8 By, 0.2
1483 | By, 03
148.7 Byg 0.2
154.3 By 20.2

Figure S4: Temperature-dependent first order Raman scattering spectra of CsPbBrs,

highlighting the steady evolution of the high-energy optical modes (~17 meV) down to

80 K. The DFT determination of the frequency (), irreducible representation (Ir. Rep.)

and Intensity (I) of the Raman active vibrations are provided on the right.



Normalized Raman Intensity

Optical modes

Energy (meV)
10 15 20 25
— T 1 T — T T T
MAPbBr, .
Exc. =785 nm

Raman Shift (cm ')

100 150

Page 9 of 12

Figure S5: Temperature-dependent first order Raman scattering spectra of MAPbBr3,

highlighting the stable evolution of the high-energy optical modes (~17 meV) down to 77

K.
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Table S1: Fitting parameter obtained by fitting the temperature dependence of the LE

and HE peak energies with Equation 3 in the main text.

E
Peak (meoV) Ay (meV) hwi(meV) A, (meV) hw,y,(meV) A3 (meV) hws(meV)
LE (CsPbBr3) 2.287 106 3.8 -174 7.0 -186 14.7
HE (CsPbBr3) 2.316 106 3.8 -174 7.0 NA NA
LE (MAPbBr;) | 2.214 111 3.6 -191 6.4 -112 11.3
HE (MAPbBr3) | 2.267 111 3.6 -191 6.4 NA NA
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Table S2: Fitting parameter obtained by fitting the temperature dependence of the LE
and HE intensities with Arrhenius equations, taking into account one (LE) and two (HE)

non-radiative channels.

Peak Iy ai E, 1 (meV) a E_ >(meV)
LE (CsPbBr3) 0.995 29.9 10.9 NA NA
HE (CsPbBr3) | 0.0804 3.49 19.8 -2.035 6.6
LE (MAPDbBr3) 0.35 19.0 18.1 NA NA
HE (MAPbBr3) | 0.698 16.4 42.5 -2.655 2.6
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