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Crystal reorientation in methylammonium lead iodide perovskite 

thin film with thermal annealing 

Shalinee Kavadiyaa,b, Joseph Strzalkac, Dariusz M. Niedzwiedzkid, and Pratim Biswasa,* 

While the progress in the performance of perovskite solar cells is rapidly evolving, the details of film formation, effect of 

processing parameters and perovskite crystal structure are still under discussion.  The details of the XRD pattern of the 

tetragonal phase of CH3NH3PbI3 perovskite existing at room temperature is often overlooked, with unresolved (002) (at 2θ 
= 13.99° for CuKα and q = 0.9927 Å-1) and (110) (at 2θ = 14.14° and q = 1.003 Å-1) peaks considered to be one peak at 14°, 

leading to an inaccurate estimation of lattice parameters.  In this study, we use an electrospray deposition technique to 

prepare perovskite films at room temperature; oriented in (002) and (110), with (002) as the preferred orientation.  The 

results of a detailed study on the emergence of the two orientations during perovskite formation are reported.   The effect 

of process parameters, such as substrate temperature during deposition and annealing temperature, on the grain 

orientation was established using XRD and grazing incidence wide angle X-ray scattering (GIWAXS).  The study suggests that 

an irreversible crystal reorientation from (002) to (110) occurs at high temperature during rapid annealing, whereas a 

reversible crystal thermal expansion is seen during slow annealing.  Finally, the results of the grain reorientation are 

correlated with the film properties, and it is shown that the film with dominant (110) orientation has improved morphology 

and optoelectronic properties. The detailed structural investigation and characterization presented in this study is important 

for the precise determination of crystal orientation and achieving desirable photovoltaic properties of the absorber material 

by carefully observing the adjacent crystal plane peaks in the XRD pattern of the perovskite thin films.   

Introduction  

 

In a few years span, active research on organometallic halide 

perovskite solar cells has yielded the highest certified power 

conversion efficiency of 23.3% 1.  The prototypical and most 

studied halide perovskite is methylammonium lead iodide 

(CH3NH3PbI3, abbreviated as MAPbI3) because of its easy and 

low-temperature fabrication, wide absorption range (band gap 

= 1.55 eV), high defect tolerance, and excellent electronic 

properties.  A variety of techniques have been reported to 

deposit perovskite films, broadly categorized as, dip coating2, 

spin-coating3, 4, ink-jet printing5, spray deposition6-9, and vapor-

based deposition10, with the solution-based techniques being 

easy to perform and requiring low energy input.  Commonly, 

most of the techniques necessitate annealing treatment 

(temperature between 80-150 °C) of the perovskite film after 

deposition to ensure complete evaporation of the solvent and 

crystallization of the perovskite material.  Previous studies had 

optimized annealing temperature and time, depending on the 

fabrication environment11-14 for complete formation of 

perovskite.  Moreover, various other annealing procedures and 

environments, namely, solvent vapor annealing15, air 

annealing16,  photonic flash-annealing17, low-pressure vapor 

annealing18, and gas blowing19 have been introduced to obtain 

uniform coverage of the film with a smooth surface and large 

grain size, necessary for superior device performance. Thermal 

annealing is also known to promote degradation of perovskite 

by inducing strain in the film during thermal expansion and 

contraction during annealing and cooling20.  Therefore, 

methods for annealing-free/room temperature formation of 

perovskite have also been demonstrated through 1) rapid anti-

solvent crystallization 21, 22 or solvent-solvent extraction23; and 

2) incorporation of an additive into the precursor solution24, 25.  

However, in some of these methods, post-annealing has shown 

further improvement in the film properties and device 

efficiency21-23.   

The effect of annealing is primarily observed on perovskite 

crystallization and morphology of the film.  The crystal structure 

and grain size are analyzed using an X-ray diffractometer, 

focusing on relative change in intensity of the diffraction peaks 

of perovskite and lead iodide.  However, the X-ray diffraction 

(XRD) pattern of perovskite has been overlooked, as in the 

peaks at 2θ = 13.99° and 14.14°, corresponding to (002) and 

(110) reflections26, 27, respectively, of the tetragonal perovskite 

phase (lattice dimension a = b = 8.849 Å, c = 12.642 Å); usually 

identified as one peak with (110) reflection, and the variation 
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orientations during the perovskite formation at different 

temperatures.  Second, the change in crystal orientation of the  

deposited perovskite film as a function of annealing 

temperature is determined.  Third, we investigate the effect of 

annealing procedure (rapid and slow annealing) on the crystal 

orientation.  Finally, we study the effect on morphological, 

optical, and electronic properties of perovskite.  These detailed 

structural investigations help deepen the general 

understanding of perovskite film growth as well as structure 

and temperature related stability issues.   

Results and discussion 

Crystal reorientation during annealing  

A polycrystalline perovskite film was deposited in two steps:  

first, PbI2 was deposited using spin coating, then MAI using 

electrospray (experimental details are provided in the 

supporting information (SI)).  For electrospray deposition, a 

solution of MAI in IPA (14 mg/ml) was pumped at a flow rate of 

1 μLPM through a needle connected to a high voltage source.  
Monodisperse charged droplets containing MAI are generated 

in Taylor cone-jet mode, which then travel in the electric field 

towards the grounded PbI2-coated substrate.  The charged MAI 

particles reach the substrate, react with PbI2 and form the 

perovskite.  Figure 1a, dashed curve shows the XRD of the as-

deposited (before annealing) perovskite film, showing the 

vztetragonal phase as manifested by splitting of the 

characteristic diffractive peaks; a major peak at 13.99° 

corresponding to (002) plane and a minor peak/shoulder at 

14.14°, corresponding to (110) plane.  The preferred orientation 

of grains at room temperature is with the [002] direction normal 

to the substrate surface because of the underlying mechanism 

of PbI2 to perovskite conversion.  Similar to vapor phase 

formation of perovskite, in the electrospray-assisted 

fabrication, the formation occurs by diffusion-intercalation of 

MAI into the layered PbI2 structure, because MAI is supplied in 

the form of nanoparticles at a gradual rate, contrary to the spin 

coating method where MAI solution is supplied in bulk and the 

reaction mechanism depends on the MAI concentration34. 

Intercalation of MAI causes twisting of corner sharing PbI6 

octahedron in the layered structure of PbI2 and forms Pb-I 

bonds between the PbI2 layers, resulting in 3D perovskite 

structure oriented along the [002] direction.  Previous studies 

reported strongly preferred orientation along [002] direction, in 

the case of vapor reacted perovskite crystals, but of cubic phase 

because the reaction was performed at high temperature35.  

However, in this study, the reaction occurs at room 

temperature and therefore, the (002) peak seen is that of the 

tetragonal perovskite.  Additionally, a clear splitting to two 

peaks at  ̴ 14° confirms them as being (002) and (110) peaks of 

the tetragonal perovskite.  The high index peaks of these 

families, (004) at 28.21° and (220) at 28.5°, are low in intensity 

but easy to distinguish because of the large 2θ difference 
between them.  Figure 1b shows the same XRD as in Figure 1a 

but zoomed in on the tiny PbI2 peak, coming from either some 

unreacted fraction or area on the substrate covered with a 

clamp during electrospray of MAI.   

After taking the XRD measurements, the films were 

annealed rapidly at 100 °C for 5 min.  The solid curve in Figure 1 

is the XRD pattern of the same film after annealing and shows 

that the (002) and (004) peaks disappear almost completely, 

whereas the (110) and (220) peaks amplified.  The change in the 

relative intensity of the perovskite peaks suggests that the 

grains oriented along [002] direction change their orientation to 

[110] and merge with the grains orientated along [110] 

direction, which also denotes that the grain size will increase 

after annealing (discussed in the later section).  The PbI2 peak in 

Figure 1b does not show any shift with annealing; which verifies 

that the change in the perovskite peaks does not arise from any 

measurement error.  The complete XRD plots from 2θ = 5 to 40° 
of the same film before and after annealing are presented in 

Figure S1a.  Similar change in the intensity is also observed in 

other orientations of perovskite present in very small fraction, 

where (112) and (114) peaks diminish and their nearby peaks 

(200) and (222) amplify respectively (SI, Figure S1 b and c).   

It is important to further validate that the origin of the 

alteration in peak intensities is associated with the crystal 

reorientation (change in the population of the grains oriented 

in [002] and [110] directions) by considering other possibilities, 

such as (1) excess MAI electrosprayed, and (2) perovskite phase 

transition.  Electrospraying of excess MAI may lead to the 

presence of excess MA+ and/or I- in the crystal structure, which 

then evaporates during annealing, resulting in crystal shrinkage 

and rightward shift of the XRD peaks.  To check this possibility, 

we fabricated other types of perovskites, such 

methylammonium lead iodide-bromide (MAPbI3-xBrx), 

methylammonium lead iodide-chloride (MAPbI3-xClx) and 

formamidinium lead iodide (FAPbI3).  All the three perovskites 

were fabricated by spin coating the PbI2 layer and 

electrospraying MABr, MACl and FAI in the same amount as 

electrospray of MAI, to form MAPbI3-xBrx, MAPbI3-xClx, and 

FAPbI3, respectively.  Electrospraying MABr on PbI2 forms a 

mixed iodide-bromide perovskite, MAPbI3-xBrx (Figure S2a) and 

shows no change in the position of the perovskite XRD peaks 

after annealing.  Electrospraying MACl on PbI2 forms segregated 

MAPbI3 and MAPbCl3 phases as shown in the Figure S2b 

because of the low solubility of chloride ion in iodide-based 

perovskite.  The XRD pattern clearly indicates a change in 

position of the MAPbI3 XRD peaks (at  ̴ 14° and 28°), but no such 

transformation for MAPbCl3.  Similarly, no change is observed in 

the case of FAPbI3 (Figure S2c) as well.  Considering the 

fabrication of different types of perovskites, the peak position 

change is only observed in the case of MAPbI3, supporting the 

presence of both the (002) and (110) families of XRD peaks 

before annealing, corresponding to the tetragonal structure of 

MAPbI3, in which (002) orientation changes to (110) during 

annealing.  If the change in crystal structure is because of the 

excess electrospraying of AX (A = MA+/FA+ and X = I-/Br-/Cl-), it 

would be visible in the case of other perovskites as well.  

Moreover, intentional electrospraying of excess MAI results in 

the presence of isolated MAI in the film, giving rise to the 

diffraction peaks from MAI crystals at 9.6°, 19.6°, and 29.6°8.  
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change in the crystal orientation on the film properties.  Additionally, 

previous studies showed anisotropy in the properties of perovskite, 

which change with their crystal orientation: for example, anisotropy 

in charge transport of orientationally pure crystalline MAPbI3 

perovskite film fabricated using a thermal-gradient-assisted 

directional crystallization43, anisotropy in mechanical properties 

(bulk, shear, and Young’s modulus)44, and absorption properties.  The 

film morphology was characterized by scanning electron microscopy, 

optical properties by its absorption and photoluminescence spectra, 

and charge transport properties by time-resolved 

photoluminescence measurements of the films before and after 5 

min annealing at 100 °C.  SEM images of the perovskite film 

deposited on TiO2/FTO substrate before and after annealing (Figure 

6a, b) indicate that annealing increases the grain size, heals any pin 

holes present in the film, and improves film smoothness.  The grain 

size increases from 76 ± 2 nm before annealing to 320 ± 11 nm after 

annealing (calculated from the SEM images).  Annealing-induced 

improvement in surface morphology/smoothness is well known in 

literature due to increase in the grain size.  However, in this work 

increase in the grain size is the result of the conversion of crystal 

orientated in [002] direction to [110] direction and merging with 

crystals oriented in [110] direction.  This is further sustained by the 

decrease in the full width half maxima of the (110) peak in the XRD 

pattern with annealing and the fact that the total peak area (sum of 

(002) and (110) peak areas) remains nearly the same before and after 

annealing. Change in the surface morphology suggest that annealing 

is beneficial to obtain good quality film.  

Annealing-mediated improvement in morphology of the 

perovskite layer affects also luminescence properties of the 

perovskite film. Figure 6c shows steady-state absorption and 

photoluminescence (PL) spectra of the MAPbI3 perovskite film 

deposited on TiO2/FTO substrate before and after annealing. The PL 

spectra represent time-integrated spectra of time-resolved PL 

measured to characterize dynamics of PL decay. The PL spectra are 

normalized to their maxima for better comparison. Note that as the 

position of the inter-band absorption essentially does not change 

after annealing, though probably the absorption coefficient does, 

resulting in the higher absorbance level, and an apparent shift 

toward longer wavelengths is observed for PL emission. The 

spectrum shifts from 767 to 773 nm, corresponding to ~10 meV 

energetic shift toward lower energies. The PL emission is associated 

with a radiative recombination of photogenerated charges but may 

have various origins including band-to-band transition (free charge 

recombination) and exciton recombination. Recently it was argued 

that for the organolead trihalide perovskites at low excitation 

intensities, comparable to working condition of the solar cell, PL 

occurs mostly from recombination of excitons weakly localized just 

below energetic mobility edge, a working regime of the solar cell. It 

may be surprising as the lack of band filling with free charges should 

prevent any photovoltaic application; however, at room 

temperature, those weakly localized excitons can be thermally 

activated, diffuse and “escape” above mobility edge and play role of 
free charge carriers45. Spectral shift of the PL spectrum toward lower 

energies may be another confirmation that upon applied excitation 

intensity, PL indeed origins from recombination of weakly localized 

excitons. It is possible that the annealing process forms deeper local 

minima in conduction band of MAPbI3 (alternatively, local maxima in 

valence band, or both) to which excitons will relax to minimize their 

energy and then, after full relaxation, recombine/luminesce. Figure 

6d shows dynamic characteristics of PL process of the MAPbI3 

perovskite film before and after annealing. In both cases, the decay 

curve could be successfully fitted with monoexponential decay, 

however the fitting gives vastly different PL decay lifetimes (τPL): 37.5 

ns and 28.5 ns for sample before and after annealing, respectively. 

At first, it may be surprising as it was demonstrated that annealing 

greatly improves quality of perovskite film (notably its grain size is 

significantly increased, Figure 6a, b) and in consequence PL lifetime 

should rather increase, simple because expected mitigation of defect 

assisted non-radiative recombination on the grain surface.46, 47 

However as it is true for a standalone perovskite film it may not be 

correct for the MAPbI3/TiO2/FTO device. Very likely annealing also 

improves the quenching properties of TiO2 layer in the way that it 

leads to a better MAPbI3/TiO2 interface morphology and 

consequently enhanced charge carrier injection from the MAPbI3 

film to TiO2 layer. It is actually desirable, it should improve 

photovoltaic performance of the device. Therefore, on one hand, 

annealing should elongate PL lifetime of the MAPbI3 film, but on the 

other hand the rate of extraction free charge from a conduction band 

of the MAPbI3 to TiO2 becomes greater and may easily overcome the 

first effect. As a result, shortening not elongating of the PL lifetime 

could be observed as well, specifically as it occurs in the annealed 

sample. 

One drawback of our fabrication method is that we cannot 

synthesize perovskite crystals fully oriented in only (002) direction, 

to investigate the properties of grains in (002) orientation, which 

would be interesting to compare. In our method, both (002) and 

(110) emerge together during the formation of perovskite, while the 

former develops at a higher rate.  Overall, the difference in the 

properties before and after annealing suggest that it is critical to 

evaluate XRD close peaks and reach full conversion to perovskite 

oriented in (110) direction in order to achieve desired structural and 

optoelectronic properties of the film for maximum power conversion 

efficiency, and for precise determination of lattice parameters. 

Maximum orientation conversion to (110) can be achieved by 

thermal treatment as described in the present study, or by changing 

the perovskite precursor ratio31.   

Conclusions 

The formation of the perovskite film oriented in (002) and (110) 

directions was elucidated in this study. The perovskite films 

were deposited using an electrospray technique, and the 

emergence of the two orientations was studied during 

perovskite formation. Additionally, the effect of process 

parameters, substrate temperature, and post-annealing 

temperature on grain orientation and subsequently on the film 

properties was investigated.  Two types of annealing, rapid and 

slow, were studied with in-situ measurements. The grains 

oriented in the [002] direction convert to the  [110] direction at 

high temperature and merge with other grains with the (110) 

orientation irreversibly during rapid annealing at 100 °C for 5 

min and rapid quenching. Whereas, during slow annealing and 
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cooling of the film, reversible thermal expansion and 

contraction in the crystal structure is observed.  Importantly, 

films with (110) dominant orientation show enhanced light 

absorption, smooth morphology, and efficient charge carrier 

transport properties, which are desirable in photovoltaic 

devices.  Therefore, the study shows the importance of closely 

resolving the XRD peaks of the deposited perovskite film.  
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