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ABSTRACT. We investigate the relationship between structural and optical properties of 

organo-lead mix-halides perovskite films for photovoltaic applications as a function of the 

crystallization process. The aim is to provide a rational guideline to process perovskite films. 

For methylammonium lead tri-iodide, we identify a rearrangement of the organic cation in the 

inorganic cage - random orientation versus hea- to-tail like orientation - moving from smaller 

crystals grown in a mesoporous scaffold to larger, oriented crystals grown on a flat substrate. 

This reduces the strain felt by the Pb-I bond featuring the cage and affects the motion of the 

organic cation in it, consequently affecting the nature of the electronic transition at the onset of 

the optical absorption spectrum of the semiconductor. We demonstrate that when the PbI2 

precursor is replaced by PbCl2, Pb-I bonds are quickly formed, while Cl species drive the 

crystallization dynamics before being expelled.  In particular they favor the formation of crystals 

with a preferential order, from a molecular, i.e. organic-inorganic moieties arrangement- to a 

nano-mesoscopic level, i.e. larger crystals with anisotropic shape. Finally we show that while Cl 

is mainly expelled from flat films made of large crystals, in presence of an oxide mesoporous 

scaffold it is partially retained in the composite. 
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Since methylammonium lead halide perovskites were identified as promising absorbers for 

solar cells [1-6] the performance of perovskite-based devices has boosted, reaching power 

conversion efficiencies as high as 16.7% [7-9]. The perovskite material consists of a MAX3 

structure, where MA sites accommodate the organic cation (CH3NH3)
+
, X the lead halide based 

on lead cation (Pb
2+

) and iodine or chlorine (I
-
; Cl

-
) halide anions. Within this family, the 

methylammonium lead iodide perovskite (CH3NH3PbI3, here on MAPbI3), fabricated from a 

solution of methylammonium iodide (CH3NH3I) and lead iodide (PbI2), along with its analogous 

mixed-halide perovskite, known as CH3NH3PbI3-xClx and obtained by substituting the PbI2 

precursor with lead chloride (PbCl2), are the two most developed perovskite materials for 

photovoltaics (PV) [2-4, 10]. Despite the apparently simple and well defined structure based on a 

tetragonal unit cell made of interconnected PbX6 octahedra[11], the macroscopic nature, 

cristallinity and structural organization of the whole perovskite film is still obscure [11-16]. X-

ray diffraction (XRD) [11, 13, 17, 18], scanning electron microscopy (SEM) [14] and UV-Vis 

spectroscopy [19-21], along with electronic structure calculations [22-26] have shown how the 

perovskite film is intrinsically heterogeneous [12, 27-28], especially in terms of a huge 

variability in crystal size and aggregation. This was proven to be dependent in particular on the 

substrate used for film deposition [12, 14, 16, 27]. In the case of CH3NH3PbI3-xClx deposited on a 

flat glass substrate, a polycrystalline film with grain sizes larger than 500 nm is formed, while if 

the same perovskite is infiltrated into a mesoporous oxide scaffold, the perovskite grains are 

smaller with an inhomogeneous size distribution ranging from a few nm up to 100 nm [27]. This 

has a direct impact on the PV parameters, thus the overall solar cell efficiency [12, 27]. Reports 

on distribution function analysis of XRD patterns [28] on MAPbI3 have recently shown that 

when integrated into an oxide mesoporous network (either titania [3] or alumina [2]), it 
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aggregates in a two-phase mixture composed by a 30% of relatively crystalline and ordered 

component, responsible for the crystalline tetragonal structure observed in the XRD patterns [11, 

13, 17, 18], immersed in a mainly disordered nanoscopic-structured matrix characterized by 

short-range (<2 nm) order [28]. Another hot debate regards the role of chlorine on the 

crystallization process and how it is affecting the optoelectronic properties of the film [28, 29]. It 

has been observed that CH3NH3PbI3-xClx thin films, for instance, present improved carriers 

transport properties with respect to MAPbI3 [18, 29], and carriers diffusion length exceeding 1 

m, one order of magnitude larger than that of the MAPbI3, have been demonstrated [30, 31]. It 

was also shown that increasing the amount of chlorine in the precursor solution of CH3NH3PbI3-

xClx films leads to an unexpected enhancement of the photoluminescence lifetime [30-32].  It is 

therefore evident that hybrid perovskites are intrinsically complex materials, in which the 

presence of various types of interactions and structural disorder play an important role in 

governing the overall properties. Unfortunately, the currently poor understanding of the 

relationship between structure and optoelectronic properties prevents the PV community from 

defining a roadmap for the rational improvement in the photovoltaic performances of such 

materials and consequently for its technological exploitation [29, 33]. 

 

In this work we shine light on the optical and structural properties of both MAPbI3 and 

CH3NH3PbI3-xClx (here on Cl-doped MAPbI3) perovskite polycrystalline films. We show that 

different crystallization processes, i.e. the nature of the substrate and the presence of chlorinated 

species (PbCl2) in the precursor solution, can affect the interplay between the organic and 

inorganic moieties and tune the optical band-gap. Moreover, we find that the presence of PbCl2 

in the precursors’ composition affects the crystal growth process favoring a higher degree of 
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order from a molecular to a mesoscopic scale, with larger crystals growing with a preferential 

orientation. Importantly, we prove that chloride ions are released during the growth of large 

perovskite crystals and no trace of such ions is detected in the final large crystals, while in the 

presence of a mesoporous metal-oxide scaffold the chloride ions are retained. 

As said, MAPbI3 and Cl-doped MAPbI3 perovskites have been successfully exploited as active 

layer either into a mesoporous metal-oxide network or deposited on a flat compact layer [3, 6, 

27, 30]. First, we investigate the structure of MAPbI3 by vibrational Raman spectroscopy 

focusing on the structural properties of a MAPbI3 perovskite film deposited according to 

established protocols (see Methods in the Supplementary Information) [30, 34] both on a 

mesoporous scaffold (named “meso” in the following) and on a flat glass surface (named “flat” 

substrate). Notably, for the “meso” sample, the crystals growth is subject to a constraint, which, 

on average, reduces the grain size [27]. The vibrational Raman spectrum of the “meso” MAPbI3 

(shown in Figure 1) has been previously reported by some of us [34] and the main fingerprint 

related to both the inorganic (Pb-I stretching and bending modes) and MA cations vibrational 

modes have been identified [34]. Briefly, the two peaks at lower frequencies, at around 62 cm
−1

 

and 94 cm
−1

, represent the diagnostic modes of the inorganic cage, being related to the bending 

and to the stretching modes of the Pb−I bonds, respectively. The peak at 119 cm
-1

 has been 

associated with the MA libration modes along with the unstructured feature in the frequency 

range of 150-160 cm
−1

. Moreover, we found a broad, intense band at about 250 cm
−1

 assigned to 

the MA torsional mode [34, 35]. The latest, being sensitive to the specific organic-inorganic 

interactions (mainly occurring through Coulomb and hydrogen-bonds interactions between the 

NH3 groups of the MA and the electronegative iodine atoms) represents an important marker of 

the orientational disorder of the material [34, 35].  In particular, in the more disordered phase of 
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MAPbI3 (whose extreme is represented by the cubic phase for T>327 K [11]) the MA cations 

arrange in a random orientation within the inorganic cage due to their large orientational mobility 

[35]. This leads to a broadening and a red-shifting of the band at around 250 cm
−1

 [35]. On the 

contrary, in the more ordered “head to tail” arrangement [34] of the MA
 
cations (whose extreme 

is represented by the orthorhombic phase for T<160 K [11]), this band looses intensity (by 

symmetry selection rules) and it considerably blue-shifts [34]. Finally, the broad shoulder 

peaking at 160 cm
-1 

has been previously assigned to libration of the MA cations, calculated at 

156 cm
-1

. From the simulation it also is expected to become sharper and more intense, in the 

more ordered “head to tail” arrangement [35]. 

Analyzing the evolution of the Raman spectrum from the “meso” to the “flat” MaPbI3 sample 

(see Figure 1 and fitted single peaks as dot lines along with fitted parameters collected in Table 

SI) a clear trend is visible at a first glance: i) the broad band at around 250 cm
-1

 blue-shifts and 

its intensity strongly decreases; ii) the peak at 119 cm
-1

 decreases in intensity and red shifts (from 

119 cm
-1

 to 115 cm
-1

); iii) the broad band at around 160 cm
-1 

becomes sharper and more 

resolved, clearly peaking now at 163 cm
-1

; iv) the peak at around 94 cm
-1

 gains strength. 
 

According to the discussion above, these observations highlight the different organic-inorganic 

interactions affecting the orientational order of the organic cation in the unit cell when the 

perovskite film is grown on the two different substrates. The experimental findings point to a 

clear trend, that is, an ordered (“head-to-tail” like) arrangement [34, 35] of the MA cations in 

“flat” samples versus a more disordered cations arrangement in the “meso” sample, similar to the 

effect observed on the IR spectrum of MAPbI3-xClx when decreasing the temperature [35].  

It is also important to notice that as a consequence of increasing structural order, the peak at 94 

cm
-1

 is also affected: it increases in intensity and gets sharper. Together with the reduction of the 
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close peak at 119 cm
-1

, this appears in the spectra as an inversion of their relative amplitude. A 

similar effect has been already observed in literature when comparing pure ordered PbI2 crystals 

(for which the mode at 96 cm
-1

 represents the main peak [36]) with ammonia-intercalated PbI2 

compounds, forming a “distorted” crystal, which shows the same, reversed relative intensity 

[36]. Thus, the intensity of the mode at 119 cm
-1

 is another marker of the local distortion. 

Overall, our analysis suggests that while crystallization of MAPbI3 on “flat” substrates leads to 

large crystals with a rather ordered arrangement of the organic cation, crystallization within the 

constraints imposed by the “meso” metal-oxide scaffold leads to small crystals which retain a 

disordered configuration at the molecular level. 

Although the MA cations do not directly participate to the frontier orbitals of the 

semiconductor [36] however, its interaction with the inorganic cage and the displacement of the 

organic cation may affect the electronic properties of the compound [38]. In agreement, we 

observe a red shift of the UV-VIS absorption onset when moving from “meso” to “flat” MAPbI3 

film (see Figure 1b). It must be also noted that some of us have experimentally observed a clear 

excitonic transition - already evident just below room temperature - at the onset of the “flat” 

MAPbI3 absorption spectrum [19].  On the other hand, no excitonic transition has been observed, 

even at 4K, for the “meso” film. Notably, Even et al. [22] have recently modeled an excitonic 

transition with an exciton binding energy of only 5 meV and they assigned the small binding 

energy to exciton screening by collective motion of the MA cations. This suggests that the 

preferential order of the organic cation in the “flat” film may possibly slow down the rotational 

motion of the MA cations which may in turn affect the screening of the excitonic transition at the 

on-set of the absorption spectrum. 



 8 

In Figure 2a we compare the normalized Raman spectra of the flat MAPbI3 film with the one 

from the Cl-doped MAPbI3 on a mesoporous Al2O3 scaffold. We observe that the Raman spectra 

of the “meso” Cl-doped MAPbI3 resembles very much that of the “flat” MAPbI3, keeping the 

same Raman peaks and relative intensity. 

This result demonstrates that the presence of chloride ions in the starting composition does not 

change the chemical nature of the inorganic cage, but it affects the local structure, inducing a 

preferential order of the MA cation organization in the inorganic cage even in the mesostructured 

samples. To gather more information on the crystallization process of the Cl-doped MAPbI3 we 

have monitored the chemical species formation during the film crystallization combining Raman 

spectroscopy with steady state photoluminescence (PL) spectroscopy. In particular, we have 

identified three critical steps during the perovskite film formation on a mesoporous alumina 

scaffold: step 1) deposition by spin coating of the precursors’ solution with no further annealing; 

step 2) film annealed for 4 minutes at 100° C; step 3) film annealed for 45 minutes at 100° C. We 

prepared one sample for each step and we measured their relative Raman spectrum as shown in 

Figure 2b (see also Table SI in Supplementary Information for retrieved parameters). For 

comparison, also the Raman spectra of the PbCl2 and MAI precursors are shown. The film 

fabricated up to step 1) exhibits a Raman spectrum showing a main broad peak at around 104 

cm
-1

, related to the Pb-I bending and stretching modes [36]. The spectrum loses the characteristic 

Pb-Cl features (see PbCl2 spectrum in Figure 2.b), in line with the predicted thermodynamic 

stability of the MAPbI3 perovskite upon Cl to I substitution [26] and suggests that despite the use 

of PbCl2 precursor, Pb-I bonds are quickly formed. In accordance, the PL spectrum registered at 

step 1) peaks at 500 nm, confirming the presence of PbI2 [30, 39] as primary species in the 

crystallization process before annealing (see Figure 1d). Upon 4 minutes annealing the Raman 
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spectrum dramatically changes: a main peak at 121 cm
-1

 appears along with a broad band 

peaking at 264 cm
-1 

(see Table I). As explained above, these features are the markers of the 

libration and torsional mode of the organic cation present within the inorganic cage, proper of the 

perovskite structure as previously discussed. Notably, it essentially resembles the Raman 

spectrum of the “meso” MAPbI3 (see Figure 1a for comparison). This similarity indicates that 

this structure represents an intermediate phase in the Cl-doped perovskite film formation. In 

accordance, at step 2) the PbI2 PL is not totally quenched, indicating that the perovskite 

conversion in not fully completed yet (Figure 2c). Finally, we measure the Cl-doped MAPbI3 

“meso” sample upon full conversion into the perovskite structure in step 3). The Raman 

spectrum of the “meso” Cl-doped MAPbI3 is registered, as described before. This indicates that 

the longer annealing time in presence of the PbCl2 precursor allows for a reorganization of the 

organic-inorganic moieties within the crystal. As expected, the PbI2 PL is completely quenched 

and we only observe the emissive band peaking at 770 nm (Figure 2c), typical of the Cl-doped 

MAPbI3 [30]. Our analysis suggests that the chloride ions in the Cl-doped MAPbI3 are not 

present within the crystalline unit cell bounded to the lead atom, neither any PbCl2 residual is left 

over, but Cl has an important role in governing the crystallization process and the arrangement of 

the organic moieties.  

To get a further insight into the local crystalline arrangement, we performed XRD analysis of 

both MAPbI3 and Cl-doped MAPbI3 in “flat” and “meso” samples. Figure 3 shows the XRD 

experimental data (dotted curves) along with the Rietveld fitted profiles [40] (continuous curves) 

and the markers of the MAPbI3 reference structure for all the investigated thin films. A summary 

of the refined parameters are reported in Table I. Figures 3a-d indicate that the XRD patterns 

were correctly indexed as the MAPbI3 crystal structure majority phase. The retrieved parameters 
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clearly show that the presence of Cl in the precursors does not affect significantly the unit cell 

parameters, for whatever substrate, as it would have been expected for Cl ions entering as 

substitutional impurities in the lattice according to the Vegards’s law [41, 42] (see “XRD data 

analysis” section of the Supplementary Information for details on XRD spectra analysis). We 

have also performed an analysis of the preferred orientations (POs) along the [004] and [220] 

crystallographic directions. In Table I we report the fitted March parameter (G1), 0 < G1 <1, 

which is an indicator of the strength of the preferred orientation along a selected preferential 

crystallographic direction: at G1 = 1 (random powder) there is no orientation; at G1 = 0 (perfect 

uniaxial preferred orientation), there is total preferred orientation. First of all, we can highlight a 

trend which depends on the nature of the substrate, i.e. crystals grown on the flat substrate 

present grains that are much more oriented with respect to the mesoporous substrates. In addition 

there is an evident effect related to the presence of Cl. For the flat substrate, the Cl doping 

induces slightly more pronounced and, strongly unbalanced orientation of the grains in the [220] 

crystallographic direction, i.e. 88% of the grains present G220 =0.2200, 12% of the grains G004= 

=0.600. Notably these grains also reach the largest extension (about 1000 Å). In the case of the 

“meso” samples, the Cl doping increases the (220) PO degree - G1 reduces from 0.4815 to 0.2542 

going from MAPbI3 to Cl-doped MAPbI3. In this case it must be noted that a preferential 

interaction of chloride with the metal-oxide surface has been computationally predicted [43]. We 

have also extended this analysis to two further deposition procedures widely used to optimize the 

surface coverage in the device fabrication: “two steps” deposition of MAPbI3 obtained from 

MAI and PbI2 [3] and vapor deposition Cl-doped MAPbI3 [6] obtained after co-evaporation of 

the PbCl2 and MAI precursors on a flat substrate (see Supporting Information, Fig S3). While the 

“two steps” MAPbI3 shows a large G1 factor for both the (004) and (220) POs, we find a 
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majority of (220) oriented grains in the vapor deposition Cl-doped MAPbI3 on compact TiO2 

(G1220=0.2800 The unit cell parameters of the evaporated Cl-doped perovskite film retrieved 

from the analysis are listed in Table I. In conclusion, no signature of Cl in the unit cell is present, 

in accordance with the Raman analysis, but its presence in the precursor solution strongly affects 

the mesoscopic structure of film.  

As a final point we aim to understand if the Cl ions, even if absent in the unit cell, are still 

retained in the perovskite film.  Thus, to visualize the presence of Cl atoms we performed Energy 

Dispersive X-ray spectroscopy (EDS) analysis on Cl-doped perovskite films deposited on the 

mesoporous Al2O3 and flat glass, or evaporated on a flat substrate. In Figure 4a (left panel) we 

compare the EDS compositional spectra from each sample in the [2, 3] keV energy region, 

typical for the main Pb and Cl lines, after normalization to the intensity of the Pb M line. A 

zoom into the range of Cl K lines (energies between 2.5 and 2.9 keV) is also reported (right 

panel) to emphasize the relevant differences we observed. It has to be noted that Cl Klines 

(usually centered at approx. 2.62 keV) slightly overlap with a minor Pb line (Pb M, at 2.65 

keV). In Figures 4b-d we show representative BSE-SEM images of the investigated samples 

(“flat”, “evaporated” and “meso” respectively). For the “flat” and “evaporated” samples, though 

obtained from Cl-containing precursors, the observed chlorine content is always below the 

detection limit of the technique (0.1 wt. % in the analyzed volume), in agreement with what was 

recently reported by Docampo et al., [32] on similar samples. Interestingly, a different scenario 

is found for the “meso” sample, where a Cl signal (approx. 0.2 wt. %, just above the detection 

limit) is detected. In order to gain a better insight, for the “meso” sample, we repeated the 

compositional analysis on different detection spots on a pure “meso” area (see green ellipse in 

Figure 4d), inside which nano-crystals of the hybrid perovskite have grown, and on a large 
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crystalline aggregate that constitutes the capping layer over the “meso” scaffold (red square in 

Figure 4.d). We find that the Cl signature is only detected from the pure “meso” areas where the 

capping layer is missing. In fact, the large crystallites grown on top of the scaffold do not show 

any detectable Cl signal (preliminary studies where the gas phase species evolution is monitored 

by means of a quadrupole mass spectrometer show evaporation of Cl during the annealing – data 

not shown).  This suggests us that the metal-oxide scaffold plays a significant role in retaining 

the Cl ions. 

 

In conclusion our investigations on MAPbI3 and Cl-doped MAPbI3 films highlight the 

complexity of these compounds and their extreme sensitivity to environmental stimuli. First of 

all, we have demonstrated that the simple choice of the substrate strongly affects the structural 

properties of the thin film from a molecular to a mesoscopic level. In particular we have clarified 

how the crystallization process influence the inorganic-organic moieties interplay and how this 

plays a role in determining the optical response of the thin film: leaving MAPbI3 free to 

crystallize in larger crystals allows the organic cation to arrange itself in a head-to-tail-like 

configuration, with oriented grains. This results in a reduced strain on the Pb-I cage and in a 

reduced screening generated by the cation motion, thus affecting the nature of the electronic state 

at the optical absorption onset of the semiconductor. Raman and XRD analysis clearly points out 

that even in presence of Cl source in the crystallization process, Pb-I bonds are only found in the 

inorganic cage featuring the crystal unit cell. However, the presence of Cl can drive the 

crystallization dynamics, favoring a higher order of the organic moieties in the inorganic cage 

and inducing a preferred orientation of the crystalline grains even in small crystals, in contrast to 

MAPbI3. Thus, the presence of Cl helps minimizing the morphological and energetic disorder of 
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the film, one of the main issue in the field of thin film solar cells. Importantly, the film made of 

small crystals grown within the mesoporous metal-oxide scaffold is found to retain small amount 

of Cl. This definitely opens new directions of studies in order to clarify whether the Cl has a role 

on the surface passivation of the crystal and how it affects the structural and electronic properties 

of the perovskite-metal oxide interface.  
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Figure 1 a. Resonant Raman spectra of “meso” MAPbI3 (red line) and of “flat” MAPbI3 (black 

line), see text for definition; dashed lines represent the Gaussian model used to fit the Raman 

peaks; the thick lines are the results of the fit, as the sum of the individual Gaussian functions. 

Excitation at 500 nm. b. Normalized optical absorption for the “meso” MAPbI3 (red line) and the 

flat (black line) MAPbI3 films.  
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Figure 2 a. Resonant Raman spectra of Meso Cl-doped MAPbI3 (blue line) and of flat MAPbI3 

(black dashed line); dotted line represent the Gaussian model used to fit the Raman peaks; thick 

line is the results of the fit, as the sum of the Gaussian curves. b. Raman Spectra of the 
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perovskite solution precursor and of the intermediate products during the Cl-doped MAPbI3 film 

formation:  step1) the “as spun” solution (grey line) as deposited on the substrate, step2) after 4 

minutes annealing, and step 3) the final perovskite film obtained at the end of 45 minutes 

annealing. Inset: cartoon of the film evolution at the three steps mentioned. c. Photoluminescence 

spectra of the intermediate products during the Cl-doped MAPbI3 film formation as for b. 

Excitation at 500 nm 
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Figure 3 XRD analysis (experimental patterns and Rietveld fitted profiles) of MAPbI3 (grown 

on “flat” – panel a – and on “meso” – panel b – substrates) and Cl-doped MAPbI3 (“flat” – panel 

c – and “meso” – panel d) samples. The markers of the reference structure are reported as well. 
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Figure 4 EDS elemental analysis (panel a) and representative BSE-SEM images (scale bar = 1 

m) collected on samples obtained from MAI and PbCl2 precursors via spin coating on flat 

quartz substrate (“flat”, panel b), evaporation on TiO2 substrate (“evaporated”, panel c) and spin 

coating on mesoporous Al2O3 scaffold (“meso”, panel d). The EDS analysis is reported on the 

energy range typical for Pb and Cl main lines (see text for details). On the “meso” sample, EDS 

analysis was performed on areas of different morphology (that is, with or without the capping 

layer, see text for a more detailed description), as indicated by the green ellipse (“scaffold”, no 

capping layer) and by the red square (“capping”). Cl signal was detected only on the “scaffold” 

regions of the “meso” sample. 
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Table I G1 (for different crystallographic directions, [220] and [004], togheter with the % of the 

oriented grains found in the film), a and c Parameters retrieved from XRD data fitting.  

sample 
G1004 (%±5%) 

G1220(%±5%) 

a (Å)  c (Å) 

Flat MAPbI3 
0.2253 (17%) 

0.2550 (83%) 

8.887    12.650 

c/a=1.423 

Flat Cl-doped MAPbI3 
0.6000 (12%) 

0.2200 (88%) 

8.877 12.650 

c/a=1.423 

Meso MAPbI3 
0.5019 (10%) 

0.4815 (90%) 

8.875 12.660 

c/a=1.426 

Meso Cl-doped MAPbI3 
0.7539 (25%) 

0.2542 (75%) 

8.890 12.641 

c/a=1.422 

Meso MAPbI3 (2 steps) 
0.7664 (16%) 

0.6188 (84%) 

8.875 12.673 

c/a=1.428 

Evap Flat Cl-doped MAPbI3 
0.6000 (22%) 

0.2800 (78%) 

8.880 12.641 

c/a=1.423 
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Supporting Information. Experimental Methods, Tables including all the parameters and fit 

procedure for the Raman analysis and fitting details on XRD measurements are included in the 

Supporting Information. This material is available free of charge via the Internet at 

http://pubs.acs.org. 
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