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Characterization techniques  

Fig. S1. System for lifetime measurement: (a) In-situ device (sample stage) made of quartz glass to 

avoid air and moisture contact during Raman and decay time measurements and, (b) experimental 

setup (layout) for PL (266 nm) and TRPL measurement (470 nm) as well as emission wavelength is 

765 nm.

Fig. S2. Experimental setup for in-situ micro Raman spectroscopy measurement.
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Differential scanning calorimeter (DSC)

DSC was conducted on a Q10 V9.9 Build 303 calorimeter (TA Instruments) at a rate of 5C min-1 over 

a temperature range from 30C to 200C under nitrogen gas flow. 6 mg of CH3NH3PbI3 fine-grained 

powder was used during DSC experiment. Note that the samples have been exposed to air during 

measurements.

Fig. S3 In-situ X-ray absorption measurement: (a) General experimental layout for (17C1) and (b) 

stainless steel sample holder position for x-ray absorption measurement for different temperature. Note 

that the setup for XAS measurement, the ion chambers, the I0, It and Ir are used to detect the x-ray 

signal. The sample is positioned in between the I0 and It.

X-ray Absorption Spectroscopy Data Analysis

Standard procedures were followed to analyze the EXAFS data1 using Athena software2: Firstly, the 

raw absorption spectrum in the pre-edge region was fitted to a straight line. The background was fitted 

with a cubic spline. The EXAFS function  was obtained by subtracting the post-edge background 

from the overall absorption and then normalized with respect to the edge jump step. The normalized 

(E) was transformed from energy space to k-space, where k is the photoelectron wave vector. The 

(k) data were multiplied by k3 to compensate for the damping of EXAFS oscillations in the high k-

region. Subsequently, k3-weighted (k) data in the k-space ranging from 2.7 to 12 Å-1 for the Pb L3-

edge were Fourier transformed (FT) to r-space to separate the EXAFS contributions from the different 

coordination shells. A nonlinear least squares algorithm was applied to the curve fitting of an EXAFS 

in the r-space between 1.7 to 3.4 Å (without phase correction) for Pb. Atomic information is derived 

from the normalized absorption fine structure,, in terms of structural parameters that relate the phase 

and amplitude of EXAFS oscillations to the distance, type, and a number of backscattered atoms 

a) b)

LN
Stainless steel holder
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around the central absorbing atom. The EXAFS function  is typically plotted in terms of the 

photoelectron wave vector k, where k is related to kinetic energy of the photoelectron (E) by:

,                                                                           (1) 1/2
02

2mκ = E-E[( )
h

       where, E0 is the threshold energy of the photoelectron at k = 0, and m is the mass of the electron. 

A typical form of the EXAFS function for a single set of atoms (Nj) at a particular distance (R) is given 

by:
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       where, Fj is the effective curved-wave backscattering amplitude of the scatterer, c and   are 

phase shift for the absorber and backscatter, respectively, S0
2 is a many-body amplitude reduction 

factor, 2 is a Debye-Waller term (or a mean-square relative displacement) assuming a harmonic 

oscillator, and  is the mean free path of the electron. Quantitative extraction of R and Nj from 

experimental data requires that all of the terms affecting (k) must, in some way, be taken into account. 

This is accomplished by reference to a known structure for which the EXAFS function represented by 

equation 2 is either measured experimentally or calculated from ab initio theory.3 The filtered 

experimental reference spectra are separated into two k-dependent functions, a total phase function 

that implicitly contains phase shifts for both the absorber (2c) and backscatter () atoms and a total 

amplitude function containing the terms for Fj, S0
2,and  in equation (2). Nonlinear least-squares 

methods are used to fit the filtered unknown spectrum to a reference EXAFS spectrum of known R 

and Nj by varying R, Nj, and typically, 2 in equation 2, and E0 in Equation (1). The structural 

parameters were obtained by nonlinear least squares fitting in k-space with a k3 weighting of the total 

experimental EXAFS spectra. The quality of the fit can be judged from the normalized sum of 

residuals.

                                        (3)3 3 3
exp exp ( ) - ( / ( ) 100n t n n fit n n nn n

r factor k k k k k k x   

Spurious peaks may thus occur in the modified radial distribution functions due to series termination 

errors. Estimated errors of 10 -20% occur in the determination of the number of first-shell neighbors.4 

These errors increase in the case of the determination of coordination numbers of higher shells, because 

additional effects may influence the amplitude of the corresponding EXAFS oscillation.
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Fig. S4 Set up for Angle dispersive X-ray diffraction experiment 

Supplementary results and discussion 
As shown in Fig. S5a, UV pulse laser induced better crystallization of hybrid perovskites in acetonitrile 

solution. The in-situ ADXRD intensity indicated the stepwise crystallization, indicating Nanosecond 

pulsed laser irradiation of hybrid perovskites in solution can boost its crystallization and crystal 

growth. A few seconds of laser light irradiation are enough to trigger this crystallization. We further 

used this approach to treat thin film.



S6

Fig. S5 Laser irradiation induced perovskite solution crystallization and photoexcited decay. (a) 

532 nm laser irradiation induced perovskite crystallization in solution and Steady-state PL spectra of 

the CH3NH3PbI3 film at continuous 266 nm laser irradiation of perovskite thin film.  (b) Inert and (c) 

ambient atmosphere and, (d) PL intensity versus continuous laser irradiation time. Note that the power 

density for 266 nm lasers was power density of 10 mW/cm2. Emission wavelength was at 765 nm.

         

According to the observations from the PL decay processes shown in Figs. S5a-5d, we performed in-

situ Raman after extended irradiation of CH3NH3PbI3 using the UV laser and find that the shape of the 

Raman spectra, obtained after steady-state PL measurement using 266 nm laser excitation were similar 

to those for CH3NH3PbI3 irradiated with longer exposure times using a 532 nm laser (Fig. S6a). The 

spectra before and after laser irradiation are significantly different, indicating non-thermal phase 

transitions were taking place, due to the high photon flux. The decrease in FWHM of the main PL peak 

(low energy band) from 0.112 to 0.110 eV under nitrogen atmosphere and 0.111 to 0.109 eV under an 

ambient atmosphere, indicates less disorder, or a decrease in the degree of heterogeneity and more 

crystalline of the perovskite film’s morphology after laser long exposure times. At room temperature, 

a 1.6 eV electronic bandgap has been reported using photoluminescence spectroscopy.5 In addition, 

computational results,6, 7 suggest that cubic CH3NH3PbI3 has a smaller electronic bandgap compared 

to tetragonal and orthorhombic CH3NH3PbI3. The red shift of electronic band gap position from 1.6 to 

1.59 eV, decrease in FWHM from 0.112 to 0.110 eV and the intensity increase in the PL shoulder at 

1.75 eV ((Fig. S6b)) are all associated with a phase transition to cubic CH3NH3PbI3 and a decrease in 

the degree of heterogeneity. These changes are thought to be responsible for the slow decay of 

CH3NH3PbI3. This is consistent with the longer phonon lifetime seen with Raman measurements and 

discussed in the next discussion and the slow PL decay process at longer exposure times from the 

steady-state PL measurements in Figs. S5b, S5c, and S5d.  Motivated by these results, we combined 

PL with TRPL to study the photo-excited state dynamics and the interplay of disorder and morphology 

heterogeneity as well as laser-induced increase in crystallinity. In the nitrogen atmosphere, the carrier 

decay time of perovskite film, which is proportional to the PL intensity, becomes longer compared to 

that measured in ambient atmosphere during laser longer irradiation (Fig. S6). We assign those high 

energy peaks (at 1.75 eV) to band edge luminescence of the CH3NH3PbI3, while we believe that 

shoulders shown in Fig. S6b and S6c are induced by the presence of the crystal disorder due to high 

volatility properties of iodine8. The splitting of the shoulder peak in the PL (at 1.75 eV) at longer 

exposure time in inert atmosphere indicates the distortion and breakdown of Pb-I bonding. 
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Fig. S6. (a) Raman and, (b) and (c) PL spectra of as-synthesized film and after 532 nm laser exposure 

in Raman (with 30% laser power) and 266 nm in PL measurements, with a power density of 10 

mW/cm2). 

Fig. S7. Laser irradiation induced photoexcited carrier dynamics. (a) time-resolved PL after excitation 

of the CH3NH3PbI3 film using 266 nm laser at different laser intensity, each irradiated for 8 min and 

(c) time-resolved PL after excitation using 470 nm laser at different exposure time, respectively. (b) 

Decay time versus laser intensity and (d) dynamics of the time-dependent decay time and  values 

fitted to a stretched exponential function.



S8

Any increase of crystal defects will affect the electron lifetime, which translates to a decrease of the 

Raman intensity. These defects may act as a recombination center and mainly determine the lifetime. 

This is valid for Pb-I, I-I peaks and MA peak intensities as shown in Fig. 8. The intensity of these 

bonding signals are also directly proportional to the defects concentration and this needs further 

investigation. This gives raise to the similar behavior of the Raman peak intensities. In Stage 1, The 

intensity of these signals increases with an increase in defects concentration, for instance, native 

defects (VI
+, MAi

+, VMA
–, and Ii

–).9 We, therefore, expect these signals to be proportional to each other 

(Fig. S8). In Stage 2, the effect of the reduced electron lifetime dominates, so the integrated intensity 

of the peaks changes compared to stage 1. In Stage 3, upon further increasing the laser exposure time, 

the intensity increases and gradually decreases. The reduced electron lifetime in Stage 2 is recovered 

at this stage and this may be due to better quality of microstructure of the laser annealed cubic 

CH3NH3PbI3 structure or defect depletion. Thus, one can observe that the integrated intensity of the 

peaks changed as compared to Stage 2. The gradual decrease in intensity could be due to a harmonic 

decay or further laser ablation of the thin film and consequently, the lifetime becomes gradually 

decreases. Furthermore, it is obvious that Raman spectral pattern attributes such as the number of 

peaks, peak positions, width, intensities and peak area are sensitive to species, structure, phase, and 

composition of minerals, and also to temperature and pressure.

Fig. S8. Raman intensity and integrated peak area evolutions for the CH3NH3PbI3 film. (a) Intensity 

and (b) integrated peak area evolutions with 532 nm laser irradiation time. All units are arbitrary. Note 
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that MA peak represents C-N bonding of methylammonium cation in the perovskite structure. Stages 

1, 2 and 3 represent the range of time at which the integrated Raman intensity changes.

In addition to the peak intensity, peak positions and widths of the inorganic and organic cages reflect 

the degree of structural orders. Any deviation of peak position or width means a change in the degree 

of disorder in the microstructure. Fig. S9a shows both the width and peak position of the Raman peak 

of I-I lattice mode. The width of the I-I Raman band can be predictive of positional disordering in both 

tetragonal and cubic CH3NH3PbI3 perovskites. The FWHM and peak position are correlated with the 

level of order inside the CH3NH3PbI3 polycrystalline matrix. The structure of tetragonal CH3NH3PbI3 

has been determined experimentally to be body-centered tetragonal (space group I4cm)10 with PbI3
- 

octahedral tilted along the c-axis.11 The octahedral on two adjacent layers tilt in opposite directions 

(out of phase). The (CH3NH3)+ cations can freely rotate at room temperature,6 which makes the body-

centered tetragonal structure possible. At Stage 1 of Fig. S9a, the higher the width and the lower the 

peak position indicates the presence of disorder in the PbI3
- octahedron of tetragonal CH3NH3PbI3. The 

inverse correlation between the width and position of the Raman peak is clearly shown in Figs. S9a 

and S9b. These oscillations are due to structural transformations between metastable states which have 

different degrees of disorder. The oscillatory structural changes indicated by the zigzag FWHM at 

Stage 1 of Figs. S9a and S9b may reason from the forward and backward transitions of atoms between 

metastable states separated by energy barriers E > KT.12 The large thermal fluctuations of the hopping 

atoms are assisted by the transient electron trapping of the photogenerated electrons.13, 14 This zigzag 

or hopping of FWHM may be a suggestive behavior for the tetragonal structure as shown in Fig. S9a, 

at stage 1. In Stage 2 of Fig. S9a and S9b, the system is clamped to the more crystalline state and 

cannot show the quasi-periodic like oscillations. It can be seen that the FWHM of iodine lattice mode 

become smaller; the peak position goes to the higher wavenumber compared to FWHM and peak 

position of the iodine-iodine lattice in Stage 1. This implies that the PbI3
- cage in cubic CH3NH3PbI3 

is more ordered than in tetragonal CH3NH3PbI3.  In addition, the up shift of the Raman shift and the 

narrowing of the line width as seen in Fig. S9c imply the breaking of the electron-phonon coupling. 

This is consistent with the results published by Weller et al. about the temperature dependent atomic 

migration within perovskite framework.15 The Stage 2 of Fig. S9c shows the degree of disorder on the 

perovskite cubic scaffold. When the disorder increased the Raman width for the organic cage strongly 

increased compared to the inorganic cage in Stage 2. In this stage, the decrease in intensity of MA 

peaks compensated by the increase in FWHM. The FWHM of the MA peak in the Raman band can be 

predictive of orientational disordering in cubic CH3NH3PbI3 crystal with relatively small contribution 
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from atomic disordering of I-I. In cubic CH3NH3PbI3, the methylammonium cation becomes 

orientationally disordered at the unit cell center primarily along the three unit cell directions with a 

weak hydrogen bond between N-H and I- interactions at 3.12(2) Å and 3.52(2) Å.15 In Stage 2 of Fig. 

S9b, the higher FWHM indicates more disorder present in the methylammonium, while a smaller 

FWHM indicated more order present in the PbI3
- framework. Due to the significant increase in FWHM 

for the organic Raman band, more short-range order presents in cubic CH3NH3PbI3.  Note that the high 

structural disorder is directly responsible for very broad bands and larger FWHM.16 In Stage 3, the 

decrease in the FWHM of all Raman bands is compensated by the intensity of Pb-I, I-I, and MA, and 

therefore the FWHM in this stage is smaller compared to that shown in Stage 2. Narrowing the Raman 

bands is an implication to high structural order in cubic CH3NH3PbI3 and more organized 

microcrystalline structure of cubic CH3NH3PbI3 may be caused by the laser-induced thermal 

annealing. The increase in electron lifetime was interpreted as the increase of the intensity of Pb-I, I-

I, and MA in this stage. Such defect removal or vacancy annihilation can be responsible for the 

recovery of the Raman spectral profile in Stage 3. Thus, the electron-phonon coupling can be reversibly 

controlled by the generation and annihilation of specific defects due to laser irradiation and thermal 

annealing.17 Therefore, the microstructure evolution induced by photo-thermal effects led to significant 

changes in the strength of electron-phonon interactions. It can be concluded that the PbI3
- octahedron 

has displasive character, while the methylammonium ion has the order-disordered character.
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Fig. S9. Raman peak position and width change with longer laser irradiations time. Raman peak 

position shift of (a) Pb-I and (b) I-I signals corresponding to the distortion of PbI3
-octahedron. (c) 

FWHM for the CH3NH3PbI3 film under 532 nm with 30% laser power exposure. 
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Table S1. Raman peak intensity ratio representing structural distortion and formation of sharp and 

more intense Raman peak of CH3NH3PbI3 thin film using 532 nm and 30% laser power.

Laser exposure 
time /sec

Raman peak intensity ratio (IPb-I/II-I) 
/arb. Unit

0 0.82
50 0.85
100 0.87
150 0.88
200 0.89
250 0.88
300 0.87
350 0.88
400 0.87
450 0.87
500 1.96

Fig. S10. Raman spectra with 632.8 nm laser irradiation of the CH3NH3PbI3 films at different 

irradiation time with 30% laser power exposure.

As shown in Fig. S11a, the temperature induced changes started at 40 C. The X-ray diffraction peak 

at 13.89 disappeared and then peaks at 28.1, 31.6, 40.6 and 42.6 disappeared during the phase 

transition temperature, 57.7 C. But the peak at 23.4 continued up to 57 C. Finally, the peaks obtain 

at 100 oC shifts to lower 2Theta values indicating the formation of new phase, cubic, at 14.0, 28.22, 

31.65, 34.77, 40.36 and 42.94. The temperature induced evolution of micro-Raman peaks followed 
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similar evolution pattern with the X-ray diffraction patterns. Raman spectra with a new broad peak at 

300 cm-1 appear at 100 C (Figure S11b). This new Raman pattern verified the formation of cubic 

phase. From both XRD and micro-Raman structural evolution, we can understand the presence of two 

phases (competition between the disappearance of the tetragonal and appearance of the cubic phase or 

coexistence of two phases) indicating the structural heterogeneity and distortion. 

Fig. S11. Temperature-induced structure and microstructure evolution of CH3NH3PbI3. a) In-situ 

synchrotron-based X-ray diffraction and b) In-situ micro Raman study at 25 - 100 oC. The holding 

time for each data record is every 3 minutes.
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Fig. S12. Differential scanning calorimetry study of perovskite powder under the heating-cooling 
circle. 

Phonon lifetime study: Raman spectroscopy is one of the most effective and important approaches to 

study phonon lifetimes. The energy-time uncertainty relation for the determination of phonon lifetime 

is given by Equation (4):18   

1/ph = E/ħ = 2cΓ                                          (4)

where, ph is phonon lifetime, ΔE is the uncertainty in the energy of phonon mode, ћ is the reduced 

plank constant, Γ is full width half maximum (FWHM) expressed as cm-1. The calculated phonon 

lifetime pattern is shown in Fig. S13. Initially, the phonon lifetime was small with values increasing 

as the sample transformed from -CH3NH3PbI3 (tetragonal phase) to -CH3NH3PbI3 (cubic phase). 

Since the amount of defects in tetragonal CH3NH3PbI3 is very high, the confined phonon may undergo 

elastic and inelastic scattering process with crystal defects limiting the phonon lifetime. As laser 

exposure time increased, the phonon density may increase, and the inharmonic phonon coupling may 

also increase due to the longer time laser exposure inducing local heating, which finally increased the 

decay time, or the lifetime, of the phonons,19 suggesting that CH3NH3PbI3 is a promising absorber for 

future hot carrier solar cells (HCSC)20 as indicated by the direct in-situ transformation of the low 

symmetry tetragonal structure to high symmetry cubic structured CH3NH3PbI3 absorber material 

which restricts Ridley loss through narrow optical dispersion.21 In HCSC, deriving the phonon 

population out of equilibrium can help keep the carrier populations hot, and thus increase the solar 

cell’s efficiency.22, 23 Long-lifetime phonons can be reabsorbed by electrons in HCSC,24 to return 

energy to the electrons that would otherwise have been lost as heat, thereby improving efficiencies in 

photovoltaic24 and laser devices.25 However, phonon reabsorption by carriers degrades the efficiency 

of some devices e.g. light-emitting diodes (LEDs).26 Phonon lifetime is also a key determinant of 
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carrier relaxation processes in semiconductors and ultrafast optoelectronic devices.18 Finally, it is 

important to point out that the picoseconds phonon lifetime indicates wide range application of 

CH3NH3PbI3 in laser, LEDs, solar cells and ultrafast optoelectronic devices. 

Fig. S13. Variation of phonon lifetime of perovskite sample under laser irradiation. 

Fig S14.  χ(R) spectrum of the Pb L3-edge for the CH3NH3PbI3 powder sample.  The Fourier transform 

window and corresponding fitted results in the green dashed line and the red line are fitting curves.

Table S2 Structural parameters of CH3NH3PbI3 obtained from EXAFS spectra
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Sample Shell N R (Å) σ (Å2) *10-3 r-factor Note 

CH3NH3PbI3 Pb-I(1) 4 3.211 +/-  0.013 19.78 +/- 2.34 0.004 Tetra. 

Pb-I(2)  2        3.095 +/- 0.014 10.05 +/- 1.05 

Laser 2 min Pb-I(1) 4 3.201 +/- 0.014 18.83 +/- 1.65 0.007 Tetra. 

Pb-I(2)  2    3.102 +/- 0.019 10.01 +/- 1.22 

Laser 4 min Pb-I(1) 4 3.207 +/- 0.033 16.97 +/- 2.81 0.008 Tetra. 

Pb-I(2)  2    3.105 +/- 0.026 9.95 +/- 1.41 

Laser 6 min Pb-I(1) 4 3.209 +/- 0.026 15.01 +/- 2.32 0.008 Tetra. 

Pb-I(2)  2    3.104 +/- 0.020  9.13 +/- 1.19 

Laser 8 min Pb-I(1) 4 3.216 +/- 0.023  14.84 +/- 0.93 0.005 Tetra 

Pb-I(2)  2    3.103 +/- 0.015 7.72 +/- 0.70 

Laser 10 min Pb-I(1) 4 3.214 +/- 0.007  14.80 +/- 0.99 0.007 Tetra 

Pb-I(2)  2    3.103 +/- 0.015 7.65 +/- 0.88 

Laser 12 min Pb-I(1) 4  3.214 +/- 0.012  12.92 +/- 1.18 0.013 Tetra 

Pb-I(2)  2     3.102 +/- 0.008  7.27 +/- 1.08 
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Fig. S15. Models of calculated crystal structures of the CH3NH3PbI3 crystal showing Pb atomic local 

environment. Data calculated from x-ray absorption spectroscopy measurement at (a) 25 oC and (b) 

100 oC. 

Table S3. Structural parameters for calculated tetragonal CH3NH3PbI3 model

Atom Site x y z 
Pb 4c 0 0 0 
I

1-1
 
 

4a 0.0092 0.0183 -0.2484 
I

1-2
 
 

4a 0.0050 0.0139 0.2531 
I

2-1
 8h -0.1710 0.3266 -0.0034 

I
2-2

 8h 0.1960 -0.3078 0.0069 
I

2-3 
8h 0.3240 0.1853 0.0010 

I
2-4

 8h -0.3131 -0.1794 0.0058 
N 16l 0.4191 -0.0802 0.2099 
C 16l -0.4679 0.0281 0.2597 

Table S4. Structural parameters for calculated cubic CH3NH3PbI3 model

Atom Site x y z 
Pb 1a 0 0 0 
I

1
12h -0.0215 0.0002 -0.5020 

I
2

12h -0.0375 -0.5002 -0.9574 
I

3
12h 0.4905 0.0000 -0.0530 

N 12j 0.4513 0.4999 -0.5235 
C 12j -0.3314 -0.4999 -0.4308 
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Fig. S16. In-situ morphology study of perovskite films under laser irradiation. AFM images of samples 

show the comparison of the (A) laser and (B) temperature induced the degree of morphological 

disorder and heterogeneity.
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Fig. S17 Ex-situ morphology study of perovskite films under homemade 532 nm laser light irradiation. 

SEM images of a) pristine samples at 20000x and 50000x magnifications, b) after 6 minute and c) after 

8 minute both b and c at 50000x magnifications. Note that the sample substrate over it perovskites was 

spin coated was cut into two pieces and then one was used as pristine without laser irradiations and the 

second one was used after irradiated with laser light. After irradiation the sample become smooth and 

1D morphology was grown. This was done to avoid sample preparation differences induced 

unnecessary differences.

a)

b) c)

a) b)

c) d)

1 μm1 μm

100 nm100 nm

1 μm 100 nm

100 nm100 nm
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Fig. S18 Ex-situ morphology study of perovskite films under home-made 532 nm laser light 

irradiation. SEM images of a) pristine samples at a) 20, 000x and after laser irradiation for 8 minutes: 

b) 20, 000x, c) 50,000x and d) 75, 000x magnifications for the same sample coated on a glass slide 

substrate.
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