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ABSTRACT 

Organic-inorganic hybrid perovskite nanocrystals have gained considerable attention for optoelectronics applications due to their unique 
properties like high light absorption coefficient, band gap tunability, and larger diffusion length. In this work, the ligand-assisted re-
precipitation method (LARP) was employed to synthesize CH3NH3PbI3 nanocrystals (NCs). The optical and structural properties of nanocrystals 
depend on their size. X-ray diffraction (XRD) and small-angle X-ray scattering (SAXS) techniques are used to determine the crystal structure, 
particle size distribution, and surface to volume ratio of CH3NH3PbI3 nanocrystals. The organic-inorganic interactions of CH3NH3PbI3 
nanocrystals are studied by Raman spectra at room temperature. This study will provide the basis to interpret the morphological properties of 
perovskite nanocrystals for their full exploitation in different optoelectronics applications. 
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INTRODUCTION 
Metal halide perovskites have achieved incredible advances as 

optoelectronic materials due to extraordinary properties like 
excellent luminescence properties, high light absorption 
coefficient, and band gap tunability. The materials are used to 
fabricate photovoltaic cells, LEDs, and display applications. 
Perovskite materials have an exceptional combination of optical 

and electronic properties. The fundamental understanding of 
perovskite material can lead to developing many technological 
applications. Halide perovskites have the formula ABX3 in which 
‘A’, ‘B’ and ‘X’ are monovalent cation (MA or FA or Cs), 
divalent cation (Pb or Sn), and halides (I or Cl or Br) anions 
respectively.1–3 In the perovskite crystal structure, ‘B’ is 
coordinated with six ‘X’ ions to form an octahedral structure. ‘A’ 
cation is positioned in between the octahedral structure. 
Perovskite can be all-inorganic or organic-inorganic material that 
depends upon the ‘A’ cation. The optical and structural properties 
of this material depend upon its composition.4 The dimensions of 
perovskite material can be 0D or 2D or quasi-2D or 3D 
structure.5,6  The crystal structure of a perovskite material can be 
known by tolerance factor ‘t’ and an octahedral factor ‘u’. The 
tolerance factor is given by equation as 

 
𝑡𝑡 = 𝑟𝑟𝐴𝐴+𝑟𝑟𝐵𝐵

√2(𝑟𝑟𝐵𝐵+𝑟𝑟𝑋𝑋)
   (1) 

. 
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where, 𝑟𝑟𝐴𝐴, 𝑟𝑟𝐵𝐵 and  𝑟𝑟𝑋𝑋 are the ionic radii of A, B, and X atoms 
respectively. The octahedral factor ’u’ is also an important 
parameter to predict the crystal structure of perovskite and given 
by 

𝑢𝑢 = 𝑟𝑟𝐵𝐵
𝑟𝑟𝑋𝑋

   (2) 
 

The values of tolerance factor and octahedral factor are 0.813< 
t <1.107 and 0.442< u <0.895 respectively which gives the 
information of probable formation of ABX3 perovskite structure6. 
The properties of perovskite can be influenced by structural 
distortions and the type of ions at ‘A’ or ‘B’ or ‘X’ site.  The 
lowering of the dimensional structure of perovskite can be done 
through compositional and structural engineering. The change in 
structure and composition in lower-dimensional perovskites can 
tune the properties like bandgaps, binding energies, and transport 
properties of the material.7 

In this work, the study of CH3NH3PbI3 nanocrystal structure is 
done by using a technique that does not destroy the sample. X-ray 
diffraction (XRD) and small-angle X-ray scattering (SAXS) are 
non-destructive methods that are used to find out the structure, the 
surface to volume ratio, and spatial size of CH3NH3PbI3 

nanocrystals. The size of the crystals under investigation should 
have a magnitude from nanometers to hundreds of nanometers.  
SAXS is the unique measurement tool for determining the phase 
dimensions in material, size and shape of nanocrystals, and 
particle size distribution.8,9 SAXS curve is expressed as a power 
function at the small angle peak slope as per Porod’s law. The 
magnitude of the power is associated with the fractal dimension of 
the structure of the crystal demonstrating atomic matrix geometry. 
The magnitude of power for a low dimensional matrix is near to 
the dimension itself and four for 3D dense dispersed media. The 
interplanar distances in the layered or superlattice crystal are to be 
characterized as Bragg peaks at the SAXS curve for which the 
positions will obey Bragg’s law. In X-ray scattering, Guinier’s 
law provides the approximation initial portion of scattering 
intensity through exponential function. Porod’s law provides the 
approximation of the intensity curve of large scattering angles. 
The position, orientation, and rotation around the C-N bond of the 
MA+ cation within the perovskite network cannot be determined 
completely by using X-ray diffraction studies. Therefore, organic-
inorganic interactions of   CH3NH3PbI3 nanocrystals are studied by 
Raman spectra at room temperature. There are dynamically 
disordered states in MA+ cations due to the orientation and 
rotation around the C-N bond of the MA+ cation.10–17 The 
dynamics of MA+ cations also depend upon the electrostatic 
interaction between positive MA+ cations and  𝑃𝑃𝑃𝑃𝑃𝑃3− framework. 
The electrostatic interaction in the perovskite is governed by the 
hydrogen bond interactions between NH3

+ ion and halide ions in 
the MAPbI3 material. The transition between Pb(6s)–I(5p) valence 
bands and Pb(6p) conduction bands is responsible for the 
origination of the optical band gap. MA+ cation and 𝑃𝑃𝑃𝑃𝑃𝑃3−  
network interactions also influence the exciton binding energy, 
charge carrier lifetime, and photoluminescence properties of the 
MAPbI3 perovskite.15,16,18–20 Therefore, Raman spectroscopy is a 
technique to study the phase transitions, lattice dynamics, and 
interactions between the organic and inorganic molecules of 

MAPbI3 perovskite. Raman spectroscopy can be used to detect 
low-wavenumber lattice vibrations in perovskites. There is a 
possibility of damage of MAPbI3 perovskite under strong laser 
irradiation during Raman spectroscopy. The vibrational relaxation, 
phase transition, and organic cation and the  𝑃𝑃𝑃𝑃𝑃𝑃3− network 
interactions in MAPbI3 perovskite can be studied by analyzing 
Raman spectra. The rotational dynamics of MA+ cations can be 
investigated by this spectrum which is closely related to the 
optical properties of MAPbI3 perovskite. Therefore, a vibrational 
spectroscopy study of MAPbI3 can be done by using Raman 
spectroscopy.21–25  

RESULTS AND DISCUSSION 
X-ray diffraction and small-angle X-ray scattering analysis of   
CH3NH3PbI3 Nanocrystals 

XRD pattern and SEM of the CH3NH3PbI3 NCs and nanocrystal 
thin film are shown in Figure 1 (a) and (b) respectively. The 
sample is in a single phase with no secondary phase detection as 
per the XRD pattern. The diffraction pattern shows that the 
sample is indexed with a Pm3m (Z=1) space group cubic crystal 
structure. The intensive peaks corresponding to CH3NH3PbI3 

nanocrystal lattice reflections of Cu Kα photons were found to be 
2θ/deg: 20.5˚, 23.4˚, 28.5˚, 31.6˚, 40.6˚ and 43.1˚ with 
crystallographic planes (112), (211), (220), (310), (224), and (314) 
respectively. CH3NH3PbI3 nanocrystal particle size is calculated 
by Scherrer model which is found out to be 30 nm. SAXS 
measurements show that particle size is ranging between 20-40 
nm.  

Initially, the structure of CH3NH3PbI3 nanocrystals is analyzed 
in the form of film to know the average size of the particles. The 
X-ray beam is transmitted through CH3NH3PbI3 NC thin film 
along the surface normal to it. The intensity distribution of the 
beam is recorded with the help of an area detector by blocking the 
direct beam. The intensity of the SAXS is symmetric around the 
position of the transmitted beam which represents the isotropic 
nature of particles in the film within the plane of the sample 
surface. The azimuthally SAXS signal I(q) versus the scattering 
vector q is depicted in Figures 2 (a) and 3(a) for nanocrystal film 
and nanocrystal powder respectively. Therefore, SAXS intensity 
I(q) can be interpreted as the product of structure factor S(q) and 
F2(q)

 
which gives the information about the particle size. The size 

of the particles in the thin film can be evaluated by the squared 
form factor F2(q) which is described in equation 6.9,26 
 
SAXS intensity         I(q)=F2(q)S(q)   (4)       
 
Scattering vector    𝑞𝑞 = 4𝜋𝜋

𝜆𝜆
sin (𝜃𝜃

2
)  (5) 

   
 

Here θ is scattering angle, λ is x-ray wavelength 
 
Squared form factor 
 

 𝐹𝐹2(𝑞𝑞) = 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑡𝑡𝑐𝑐𝑐𝑐𝑡𝑡. 𝑞𝑞−1.∑ 𝑝𝑝(𝑟𝑟). �𝑟𝑟. 𝐽𝐽1(𝑞𝑞.sin(𝛼𝛼).𝑟𝑟)
𝑞𝑞.sin (𝛼𝛼)

�
2

𝑟𝑟 . 𝑒𝑒−𝜎𝜎𝑝𝑝2𝑞𝑞2 (6) 
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Figure 1 a) XRD pattern of CH3NH3PbI3 

nanocrystals and (b) SEM 
image of CH3NH3PbI3   nanocrystals thin film 
 

The factor 𝑞𝑞−1 and particle radius are due to the finite angle 
dispersion of the particle axes, and discrete sum averaging using a 
Gaussian particle radius distribution function p(r). The angle 
between particle axis, scattering vector, and Bessel function of the 
first order is represented by a, q, and J1 respectively.26 Thus, 
results obtained from SAXS can determine the particle size 
present in the CH3NH3PbI3 thin film which will help to optimize 
the parameters for fabricating good thin films. The size 
distribution function Dv(R) versus the particle size parameter R is 
depicted for CH3NH3PbI3 NC thin film and nanocrystal powder in 
Figures 2 (b) and 3(b) respectively.  The results suggest that 
particles are oriented along their axes along the surface normal of 
the films according to Figure 2.  The data is corrected by taking 
the SAXS of the empty sample holder before doing SAXS of 
CH3NH3PbI3 NCs. 

(a)  

      (b)  
Figure 2 SAXS pattern for CH3NH3PbI3 nanocrystal thin film   

(a)  

         (b)  

Figure 3. SAXS pattern for CH3NH3PbI3 nanocrystal powder 

The SAXS data analysis shows that the average spatial size and 
surface-to-volume ratio (S/V) of particles in CH3NH3PbI3 NC thin 
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film are up to 26 nm and 0.0387 1Å−  as shown in Figures 2(a) 
and (b). The average spatial size and surface-to-volume ratio 
(S/V) of CH3NH3PbI3 NCs powder are up to 26 nm and 0.0377 

1Å− as shown in Figure 3(a) and (b). SAXS data of both 
CH3NH3PbI3 NC thin film and CH3NH3PbI3 nanocrystal powder is 
nearly the same. Therefore, the particle size of nanocrystals can be 
predicted by SAXS both in thin film or powder form accurately. 
The wavelength of  λ  = 1.54 Å  is used to perform SAXS on the 
sample to obtain the scattering vector q ranging between 0 < q < 0 
.4. Other dimensional structural components are also detected 
within the CH3NH3PbI3 NC thin film sample because the curve of 
SAXS is uneven between 0.2 to 0.4 1Å− .9,26–28 The values 
obtained from the graphical analysis of parameters by the SAXS 
technique are showed in Table 1.  
 
Table 1. The particle size of perovskite nanocrystals obtained 
from the SAXS technique  
Approximation 
Method 

Parameters CH3NH3PbI3 

NCs  
CH3NH3PbI3 

NC thin film 
Graphical 
Approximation 

Most 
frequent 
radius 

11.10nm 10.80nm 

Average 
radius 

13.3nm 13.21nm 

R20 6.66nm 6.51nm 
R50 12.92nm 12.82nm 
R80 19.84nm 19.78nm 
Surface to 
Volume 
ratio (S/V) 

0.0377 1/A 0.0387 1/A 

Relative 
standard 
deviation 

51.64 % 52.29 % 

By Gaussian 
approximation 

R20 6.26nm 6.08nm 
R50 12.33nm 12.14nm 
R80 18.39nm 18.19nm 
Surface to 
Volume 
ratio (S/V) 

0.0456 1/A 0.0465 1/A 

Relative 
standard 
deviation 

74.08 % 76.64 % 

 
Here, the parameters R20, R50, and R80 represent cumulative 

undersize of  20%, 50%, and 80% respectively. 
 

The particle size distribution of CH3NH3PbI3 NCs from SAXS 
data is statistically average than XRD analysis. SAXS is 
responsive to the size of the fluctuation region of electronic 
density.  XRD is responsive to the size of the long-range order 
region.26  Guinier’s law is applicable to know the particle size of 
the CH3NH3PbI3 NCs sample by the SAXS experiment.  Particle 
size distribution of CH3NH3PbI3 NCs sample is analyzed by 
parametric distribution model method. In this model method, all 
nanocrystals have different sizes within the same shape. For a size 
of nanocrystal ‘R’, the particle size distribution DV(R) is assumed 
to know the size parameter of the nanocrystal system. The 

scattering intensity for the nanocrystal system is given by the 
equation. 
 

𝑃𝑃(𝑐𝑐) = ∫ 𝑖𝑖0
∞
0 (𝑐𝑐𝑠𝑠)𝐷𝐷𝑉𝑉(𝑠𝑠)𝑚𝑚2(𝑠𝑠)𝑑𝑑𝑠𝑠   (7) 

 
Here, s is the scattering vector, i0(sR) is a form factor for a 

particle of size R, m(R) is the volume of a particle having size 
parameter R and Dv(R) is size distribution function. The mean and 
standard deviation parameters in the normal distribution are 
determined by the size distribution function. Scattering intensity 
‘I(s)’ depends on these parameters. A general optimization 
algorithm of the model relates the theoretical and experimental 
scattering intensity to find out the particle size distribution. 
Scattering intensity ‘I(s)’ is approximated by Guinier’s law with 
the help of Gaussian distribution to find out the particle size 
distribution of the sample.21,26 

 
Raman spectra 
The Raman spectrum of CH3NH3PbI3 was conducted by a 

Raman spectrometer. The narrow band laser is used as the light 
source to avoid fluorescence interference from perovskite. The 
Raman spectra of MAPbI3 thin film at room temperature (300 K) 
with 830 nm excitation are shown in Figure 4. Raman bands in 
MAPbI3 nanocrystal thin film are appeared at 909 cm-1, 958 cm-

1,1252 cm-1, 1424 cm-1, 1472 cm-1
 and 1580 cm-1 respectively. The 

appearance of these bands suggests that there is a strong 
interaction between MA+ cation and inorganic 𝑃𝑃𝑃𝑃𝑃𝑃3− framework in 
the MAPbI3 perovskite. These interactions are due to electrostatic 
attractions, chemical interactions. The rotation of the MA+ cation 
is fast at room temperature. The embedded MA+ cation in MAPbI3 
perovskite experiences an unequal environment during rotation. 
This unequal environment during rotation breaks the average 
crystal symmetry of the  𝑃𝑃𝑃𝑃𝑃𝑃3− network due to which rotation 
mode becomes Raman active under a restricted condition. Chen et 
al. reported the tetragonal phase MA+ in the cage of the  𝑃𝑃𝑃𝑃𝑃𝑃3− 
network exhibited four-fold rotational symmetry of the C-N axis  

 

Figure 4 The evolution of Raman spectra of MAPbI3 under 26 mW 
407 nm laser with measurements were conducted at ambient 
conditions. 
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(C4 mode) and three-fold rotation around the C-N axis (C3 mode) 
at room temperature.27,28  Brivio et al. reported the rotation mode  
of MA+ cation against 𝑁𝑁𝑁𝑁3+ ion in the tetragonal MAPbI3 
perovskite was around 300 cm-1

 at room temperature. These 
predictions were concluded by using first-principles lattice 
dynamics.29 

The restricted rotation of the MA+ ion in MAPbI3 thin films is 
around 275 cm-1

 as shown in Figure 4. The characteristic Raman 
band at 275 cm-1

 for rotation mode of MA+ cation against   
𝑁𝑁𝑁𝑁3+ ion around the C-N axis is the C3 mode. Raman bands for 
MAPbI3 perovskite below 200 cm-1

 and above 400 cm-1
 are due to 

lattice vibrations and intramolecular vibrations of MA+ ion 
respectively. The observed Raman band assigned to the MA+ cage 
vibration at 240-249 cm-1

 is abnormal which has originated from 
the thermally induced weakening of the H--I interactions.  Raman 
band at 909 cm-1 corresponds to MA+ rocking mode. Raman band 
at 958 cm-1 corresponds to C-N stretching mode. Raman band at 
1424 cm-1

 corresponds to 𝑁𝑁𝑁𝑁3+ symmetric bending. Raman band 
at 1580 cm-1

 corresponds to 𝑁𝑁𝑁𝑁3+ twisting mode.  The sharp and 
intense band at 958 cm-1

 and 1462 cm-1
 corresponds to C-N 

stretching and 𝑁𝑁𝑁𝑁3+ asymmetric bending respectively which 
indicates a strong interaction from the inorganic framework.  The 
observed rocking mode at 1252 cm-1

 and the twisting mode (𝑁𝑁𝑁𝑁3+) 
at 1580 cm-1 in MAPbI3 perovskite indicates that the sensitivity of 
vibrational modes of the MA+ cation towards microenvironment.24 
Halides play an important role in the variation of the 
microenvironment of  𝑃𝑃𝑃𝑃𝑃𝑃3− network. The bands correspond to 
𝑁𝑁𝑁𝑁3+ is more sensitive to the microenvironment of the inorganic 
component of MAPbI3 perovskite due to hydrogen bonding of N

+-
H…X. There is a strong hydrogen bonding in MAPbI3 perovskite 
at room temperature. The C-N stretching mode of MA+ ions 
indicates the reduction of the lattice constant of the perovskite. 
There is an influence of the size of MA+ ions on the restricted 
rotation which impacts the activation energy of C4 mode.  The 
increase in the size of MA+ ions increases the activation energy of 
C4 mode. C3 mode is less influenced by the size of MA+ ions due 
to which the band frequency remains almost unaffected30–35. 
Hydrogen bonding between 𝑁𝑁𝑁𝑁3+ ion and the halides in the 
MAPbI3 perovskite structure (N+-H…X) has an important role in 
the rotational dynamics of the organic cation along the C–N axis. 
Cation–anion electrostatic attraction and hydrogen bonding play 
an important role in organic–inorganic chemical interaction in 
perovskite. This is the reason that the variation of the perovskite 
composition is done to tune their energy band gap to get highly 
efficient solar cells. The use of a larger cation at ‘A’ site or 
replacing halides at ‘X’- site in ABX3 structure will change the 
overall organic-inorganic interaction to obtain highly stable 
perovskite materials for optoelectronic applications. There is no 
direct contribution of MA+ cation in MAPbI3 perovskite to the 
formation of the valence and conduction band structure. The 
dipole created in the octahedral framework attribute to 
dielectricity, ferroelectricity, and antiferroelectricity properties.36–

38 The behavior of the cations in the inorganic framework is 
strongly dependent on the microenvironment of MA+ cation and   
𝑃𝑃𝑃𝑃𝑃𝑃3− octahedral framework interactions. The rotation of MA+ 
cation can lower the exciton binding energy which helps charge 

carrier separation and transportation in perovskites. The 
optimization of the chemical structure and geometry of the MA+ 
cation and inorganic-organic interactions in MAPbI3 will improve 
the performance of optoelectronic devices. Raman spectral bands 
will help in identifying the chemical composition of the 
perovskite.39–43  

EXPERIMENT 
Ligand-assisted re-precipitation method (LARP) was employed 

to synthesize CH3NH3PbI3 nanocrystals (NCs) as shown in Figure 
5. CH3NH3PbI3 precursor solution was prepared by dissolving 
1millimoles (mmol) methylammonium iodide (MAI) and 1 
millimoles (mmol) lead iodide (PbI2) into 1 ml 
dimethylformamide (DMF) solvent in a 100 ml round bottom 
flask under N2 environment with continuous stirring at 500 rpm at 
room temperature for 3 hours.  0.5 ml oleylamine (OLAm) and 0.5 
ml oleic acid (OA) were mixed in a separate 100 ml two-necked 
round bottom flask and stirred continuously at 500 rpm at room 
temperature for 3 hours. 1 ml CH3NH3PbI3 precursor solution was 
injected into the OLAM+OA mixture and stirred continuously at 
500 rpm at room temperature for 1 hour. Then, 5 ml toluene was 
injected into the obtained precursor solution with continuous 
stirring at 400 rpm for 2 hours. The solution was centrifuged at 
6000 rpm for 20 minutes. The supernatant was removed and 
obtained nanocrystal precipitate was washed by toluene 3 to 4 
times. After washing the nanocrystal precipitate, green- colored 
CH3NH3PbI3 NCs were obtained. The oleylamine acted as an 
inhibitor to slow down the crystallization rate of CH3NH3PbI3 NCs 
in the LARP process.28  

 

Figure 5. Schematic illustration of LARP method to prepare   
CH3NH3PbI3 nanocrystals 

CONCLUSIONS  
In this work, CH3NH3PbI3 NCs were synthesized by the ligand-

assisted re-precipitation method by using oleylamine as the 
inhibitor. The rate of crystallization of CH3NH3PbI3 nanocrystals 
slows down due to the use of oleyamine which can impact the 
crystal quality and structure of nanocrystals. The method of 
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analysis of structure and particle size of CH3NH3PbI3 NCs can be 
selected on the basis of the degree of polydispersity of the sample, 
particle concentration, and type of particle size distribution. The 
structure and particle size distribution analyses are carried out by 
XRD and SAXS techniques. Small-angle X-ray scattering analysis 
is found to be an effective and non-destructive technique to know 
the structure, particle size distribution, and surface to volume ratio 
of CH3NH3PbI3 NCs.  

Raman spectroscopic measurements will help to study the 
organic-inorganic interactions of MAPbI3 perovskites. Raman 
spectrum of MAPbI3 is obtained with a wide range of 
wavenumbers which includes different modes like restricted 
rotation modes, and rocking mode of MA+ ion, C-N stretching 
mode, 𝑁𝑁𝑁𝑁3+ symmetric bending and 𝑁𝑁𝑁𝑁3+ twisting mode. The 
Raman bands of the MA+ cation in MAPbI3 perovskite indicate the 
chemical interactions between MA+ cation and   𝑃𝑃𝑃𝑃𝑃𝑃3− framework.  
The restricted rotation mode of the MA+ cation is identified by C3 
mode along the C-N axis. The result shows that the interaction 
between MA+ cation and 𝑃𝑃𝑃𝑃𝑃𝑃3−  octahedral framework is because 
of the hydrogen bonding. Raman spectroscopy enables us to 
understand the role of cation and halide interactions for tuning the 
energy bandgap of perovskite. Raman spectroscopic 
measurements can give fingerprint details about organic-inorganic 
interactions of perovskites which will be helpful for accurate data 
analysis and comparisons of perovskite materials. The findings of 
the present work through X-ray diffraction, SAXS, and Raman 
spectroscopic measurements are valuable in understanding the 
role of cations and halides in the performance of MAPbI3 in 
various optoelectronic applications. 
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