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Materials and methods.

Synthesis and sample preparation

Cs,COj; precursor: In a 25 ml three-neck flask, first we added 0.200 g of Cs,COj; (cesium
carbonate), 10 ml of ODE (1-octadecene) and 0.65 ml of OA (oleic acid). This was degassed at
120°C for 30 min under vacuum to form Cs-oleate precursor solution. After 30 min N, flow
was introduced into the flask and solution was kept under N, until was completely dissolved in

the solution.

PbI, precursor: The Pbl, precursor was formed by mixing 0.250 g of Pbl, (lead iodide) and
12.5 ml of ODE in a three-neck flask and heated at 120°C for 30 min under vacuum. While the
solution was still under vacuum, 1.25 ml of preheated OA and 1.25 ml of preheated OA were
quickly injected into the Pbl, solution. OA and Oleylamine (OAm) helped with dissolving Pbl,

quickly, making previously turbid orange solution into transparent yellow.
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Growth of CsPbl; nanocrystals. When the Pbl, precursor dissolved completely, N, flow was
introduced into the flask heating it up to the desired temperature (140°C — 220 °C). Then 1 ml
of the Cs-oleate precursor was swiftly injected into the reaction flask. Within just few seconds
from the injection, solution became turbid red. Further crystal growth and nucleation was

stopped by immersing reaction flask in an ice bath.

After cooling to room temperature, CsPbl; NCs size-selective precipitation and purification was
introduced. Methyl acetate (MeOAc) was added in the initial CsPbl; NCs solution in a volume
ratio of 3 (NCs):1 (MeOAc). After centrifuging at 7500 rpm for 5 min, larger NCs were
precipitated. Precipitate was collected and redispersed into 3 ml of n-hexane and supernatant
was decanted for the next step (MeOAc) was added again in the same ratio). This second
centrifugation produced another batch of NCs with a smaller size, compering to the first one.
This same process was repeated until there was no obvious precipitate of NCs from the
supernatant. Average number of batches from one synthesis was three. Some of the final
solutions required one more centrifugation (without adding extra MeOac) in order to discard
supernatant which sometimes contained some bigger agglomerates or precursor crude leftovers.
All solutions were was filtered through a PVDF/L0.22 pm filter and then kept in a vial inside
the fridge (5° C). These solutions were stable for a month. For longer stability of the solutions,

few months, they were kept in freezer (- 21°C).

Thin film deposition. CsPbl; NCs were first deposited as thin films prepared by spin coating
the colloidal solution onto a glass substrates and drying it under N, flow multiple times, to

ensure adequate substrate coverage. The spectra of the films at room temperature are nearly
identical with the PL spectra of the NCs in solution, validating the success of the deposition

procedure (Fig. S8). Only deviation has been seen for the smallest, 7nm, NCs.

Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) for size distribution analysis was performed using a
JEM-1400Plus (JEOL) equipped with a thermionic source (LaB6) and operated at 120 kV.
Images were acquired by the means of Bright Field-TEM technique. The samples contained
colloidal suspensions of CsPbl; NCs (size ranging from 7-17 nm) which were used in the
further experiments reported here. Specimens were prepared by drop casting 5ul of additionally
diluted solution in n-hexane (1:10 vol.), on the ultra-thin carbon film with Cu grid. Samples

were dried 5-10 minutes at room temperature.



A statistics on NCs dimension was performed measuring the cube edge length of approximately
200 particles for each sample. The values were acquired manually with the help of Digital
Micrograph software and collected in the histogram reported in Fig 1e. NCs average sizes match

the expected values for 7 nm, 9 nm and 11 nm and 17 nm samples.
XRD

Spin-coated films of NCs on Si wafers were characterized by X-ray diffraction (XRD) using a
BRUKER D8 ADVANCE with Bragg-Brentano geometry, Cu Ko radiation (A = 1.54056 A),
step increment of 0.02° and 2 s of acquisition time. Pressure dependent XRD analysis on the 17
nm NCs were carried out Bruker APEX-II diffractometer equipped with sealed-tube and CCD
detector, using Mo-Ka radiation (A=0.71073 A). NC samples were measured at room
temperature. Specifically, the 17 nm NCs were load, in silicon oil, on Diamond Anvil Cell
(DAC) with diamond anvil type la and culet of 0.4 mm. The internal pressure was measured
using the ruby fluorescence method [1]. The NCs-loaded DAC was mounted on a standard
goniometer head and centered to X-ray beam. The diffraction patterns at different pressures
were collected on the CCD detector and the obtained two-dimensional ring patterns were
integrated and converted to one dimensional powder profile using CrysAlis Pro program.

Tested pressure: 0 GPa, 0.13 GPa, 1.85 GPa, 6.14 GPa.

Steady - state absorption and photoluminescence

Steady- state absorbance of perovskite solutions, in a quartz cuvette, was measured using a UV-
VIS spectrophotometer Shimadzu uv-2700. Photoluminescence of the same solutions was
characterized using a NanoLog Fluorometer (Horiba Jobin-Yvon), with excitation wavelength

450 mn and a 2 nm spectral resolution and using an iHR320 detector in the visible range.

Absolute PLOY

Absolute values of PLQY were obtained from measurements performed in an integrating sphere
(Labsphere). Excitation was provided by a 405 nm c.w. diode laser and spectra acquired through
an optical fiber coupled from the sphere to a spectrometer (Ocean Optics Maya Pro 2000) with
an intensity of 10 mW. PLQY values were calculated employing the method proposed by
deMello et al. [3]

Temperature dependent steady state absorption and photoluminescence

All temperature dependent measurements were performed under vacuum using a Linkam Stage

cooled with liquid nitrogen. Steady state absorption spectra was measured on perovskite thin



films deposited on quartz using a UV/VIS/NIR spectrophotometer Lambda 1050, Perkin Elmer.
Photoluminescence was excited using a 405 nm Oxxius laser focused on the sample with a 10

cm lens. PL was detected using a Mayal000 visible spectrometer.

Pressure- dependent measurements

All pressure-dependent measurements were performed on a Diamond Anvil Cell (One20DAC)
with diamond anvil type Ia and culet of 0.4 mm. Stainless still gasket, with the pre- indented
hole, was centered on one of the diamonds. Sample was loaded by drop casting several times
and drying under a nitrogen flux between the depositions. When the sample was dried, pressure
marker (ruby powder) and pressure transmitting medium (silicon oil) were placed into the hole
in the gasket. Silicon oil was applied as a pressure- transmitting medium in order to establish
hydrostatic conditions. The pressure was measured by using the ruby fluorescence method.[1]
With applying pressure ruby photoluminescence peaks are shifting toward higher wavelengths
(Fig. S9) and by fitting peaks with Lorentzian profiles it is possible to determinate the exact

pressure.[2]

The high- pressure evolution of steady-state photoluminescence spectra was collected using a
micro Raman confocal microscope (via Raman Microscope Renishaw, 50 x objective, 532 nm

excitation wavelength).

Time-resolved PL (tr - PL)

TRPL in the ps range was performed using a Hamamatsu streak camera and a Coherent
Chameleon oscillator (pulse duration 30 fs, repetition rate 80 MHz) as a pump, using a pump
wavelength A = 400 nm obtained by frequency doubling the fundamental at 800 nm in a BBO
crystal. An acousto-optic modulator (AOT) was used to reduce the laser repetition rate to 2
MHz. The measurements were performed using a measurement window of 50 ns for pressures
up to 1 GPa, and a 100 ns widow for higher pressure (respectively 0.5 ps and 1 ns temporal
resolution). The sample was pressurized in a DAC, on the previously described way, and light
was focused on NCs clusters through a 50x long working distance microscope objective, (r =2

um), corresponding to a typical of pump fluence of 150 mW/cm?.

Calculation of radiative and non-radiative decay rates

The radiative and non-radiative decay rates, respectively k,,; and k... are calculated
by combining tr-PL results with absolute PLQY. First we note that the total decay rate ki, = k;

+ k;ag = 1/1 is the inverse of the effective decay time 1, which for this simple model can be



retrieved from fitting the tr-PL decay with a single exponential. Furthermore, the absolute

PLQY is the ratio of radiative recombination processes with all decay paths, namely PLQY =

kraa/ kior. Hence, the radiative decay rate can be retrieved from the experimental data as

kag = PLQY* ks = PLQY/t Subsequently, the non radiative decay rate can be found as
knonrad = ktot - krad = (l'PLQY)/ T.

Table S1. Parameters obtained from the temperature-dependent PL peak fitting

NC size Ey (T =0) Arg Agp

eV 104 eV K~ 1 eV
7 nm 1.856 1.97+0.78 -0.066 = 0.041
9 nm 1.809 2.29 +£0.63 -0.067 £0.026
17 nm 1.721 5.01 £ 0.54 -0.050 +£0.010

Table S2. Parameters obtained from the double-exponential fit of the pressure dependent PL

decays.
Pressure | A, 71 (ns) A, T, (ns)
0GPa |035+£0.02 23+£0.1 0.65+0.02 79+0.2
0.13 GPa [ 0.65+0.02 2.28+0.08 0.4+0.01 82+0.2
04GPa [ 0.75+0.01 2.07+£0.04 025+0.01 7.0+0.1
0.7GPa | 0.84+0.02 252+0.06 0.25+0.02 79+0.25
1GPa [ 0.75+£0.02 199+£0.06 025+0.02 63+0.2
1.27GPa | 0.75+0.02 2.8+0.1 0.25+0.02 12.1+0.5
1.65 GPa | 0.8 +£ 0.04 2.0+0.2 0.2+£0.03 85+0.6
2GPa [ 081+0.03 33+0.2 0.19+£0.03 164+1.8
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Figure S1. a) X-ray powder diffraction (XRD) pattern of CsPbl; NCs of four different solutions

(7,9, 11 and 17 nm) spin coated on a Si wafer substrate. Differences of scattering intensities

between different samples are due to differences in the amount of material that was possible to

collect and deposit on the Si substrate following the size-selective precipitation. b) Comparison

of the XRD experimental pattern of the 17 nm NCs with the simulated XRD pattern for the

CsPbl; y phase (325 K), showing an excellent match in good agreement with the most recent

reports. [4] The main diffraction peaks are indexed on the figure.

Energy (eV)

2.0 1.9

1.8

1.7 1.6

19 nm

Intensity (arb.u.)

/4

— 78K
—93K
— 113K
—— 133K |
——153 K
173 K
193 K -
213K
233K
253 K
—— 273K
—— 293 K

600 650

700

750 800

Wavelength (nm)

Figure S2. Temperature dependent PL spectra, for the 9 nm NCs (7 and 17 nm are found in

Fig.3a,b): the graph indicates three main phenomena with decreasing temperature: anomalous



blue band gap shift (but characteristic for perovskite), narrowing of the PL and a variation in

PL intensity, with inflection points are observed at around 200 K.
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Figure S3. Change of PL peak position with temperature. The PL peak energy E (T) is blue
shifted as the temperature increases across all particle sizes.
The relative shift is related to electron—phonon (EP) interaction and lattice thermal expansion

hw
2/(eﬁ_1)+1

E,(T)=Ey+ AT + Ap

through a single oscillator model , [5] where Eo s

the un-renormalized bandgap, Arg and Agp are the weight of the thermal expansion and carrier-
phonon interaction, respectively, and hw represents the average optical phonon energy. Results
are reported in Table S1. As expected, due to quantum confinement the normalized band gap
Eg (T=0)=Ey+ Agp decreases with NC size. The thermal expansion Arg on the other hand
is increased. The value of the average optical phonon energy was fixed to the values obtained
in the fitting of the temperature dependence of the PL FWHM (see Fig. 3 and Table 2 of the

main text).
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Figure S4. Temperature dependent absorbance of the 17 nm NPs: no phase transition is

observed between 77 K and 300 K.
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Figure SS. PL spectra recorded for 17 nm NCs at atmospheric, before a pressurization cycle
(black line) and after release of the highest applied pressure (red line). During the whole
pressurization cycle, the PL intensity is gradually quenched before finally disappearing, but the

pressure-induced change is fully reversible in the investigated range of pressures.
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Figure S6. Representative TR-PL data at different pressures, showing the luminescence maps
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Figure S7. Evolution of PL kinetics as a function of pressure for the intermediate size particles

(9 nm): the initial decrease in lifetime upon pressurization is then reversed at even higher
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pressures. The data is retrieved by the TR-PL maps by integrating the PL spectra in the 600 —
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Figure S8. PL spectra recorded for different sizes solutions (black lines) and films spin coated

from these solutions (red line). The spectra of the films at room temperature are nearly identical

with the PL spectra of the NCs in solution, validating the success of the deposition procedure.

Only deviation has been seen for the smallest, 7 nm, NCs.
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Figure S9. PL spectra recorded for ruby powder under the differen pressures. With applying

pressure ruby photoluminescence peaks are shifting toward higher wavelengths and by fitting

peaks with Lorentzian profiles it is possible to determinate the exact pressure.
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