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Influence of chemical conversion parameters and resulting PbI2 content on 

carrier density and morphology of the p-type electrodeposited hybrid 

perovskite CH3NH3PbI3 

Youssof Dandala, Cyrille Bazina, Françoise Pilliera, Hubert Cacheta, Alain 

Paillereta 

a Sorbonne Université, CNRS, Laboratoire Interfaces et Systèmes Electrochimiques (LISE, 

UMR 8235), 4 place Jussieu, F-75005, Paris, France 

Abstract 

Carrier density of electrodeposited methylammonium lead iodide perovskite (CH3NH3PbI3) can 

be modulated inside the 1017 to 1020 cm-3 range by carefully selecting the experimental 

parameters used during the last two chemical conversion steps of their synthesis. This finding 

has been made possible by performing systematically Mott-Schottky (MS) plots in aqueous 

solution on various semi-conducting CH3NH3PbI3 perovskite samples. These latter were 

produced by a three-step synthesis method combining an electrodeposition step with two 

consecutive chemical conversion steps. In a first step, the galvanostatic electrodeposition of a 

lead dioxide (PbO2) thin film is carried out. This latter is then converted into lead (II) iodide 

(PbI2) by immersion in a HI/ethanol solution, this latter being then itself turned in a third and 

last step into the well-known CH3NH3PbI3 perovskite by a new immersion step in a 

methylammonium iodide (MAI)/isopropanol solution. This very simple and highly 

reproducible synthesis method allows the production of perovskite thin films on large surfaces, 

unlike many other synthesis methods of perovskite thin films. In parallel to the determination 

of p-type character, carrier concentration and flat band potential of the perovskite samples using 

Mott-Schottky plots, their chemical composition, their morphology and their crystallinity were 
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characterized by using scanning electron microscopy (SEM) and X-Ray Diffraction (XRD) and 

compared with those of the products obtained at the end of each of the two first steps, i.e. PbO2 

and PbI2 respectively. Interestingly, it was shown that the final product is not always a pure p-

type perovskite thin film as various amounts of lead (II) iodide (PbI2) can be detected depending 

on the experimental parameters used during the two consecutive chemical conversion steps. 

The main result of this study is that the dopant concentration of perovskite thin films was shown 

to be inversely proportional to the amount of the remaining PbI2 impurities detected in the bulk 

of perovskite thin films.  

Keywords : Electrodeposition, hybrid perovskites, semiconductors, Mott-Schottky plots, lead 

iodide. 

Introduction 

Perovskites have recently become exciting low-cost candidates for (high energy) 

photodetectors [1,2] and photovoltaic (PV) devices applications [3]. Similarly to organic solar 

cells (OSCs) [4], the power conversion efficiency (PCE) of perovskite solar cells (PSCs) has 

increased a lot over the last decade, from 3.8 % in 2009 [5] to 25 % in 2019 [6]. This impressive 

increase triggered the huge development of perovskites [7], a large family of fascinating 

materials, among which one can find organic lead halide perovskites (OLHP) [8]. In this well-

known family of ionic solids, one can find the methylammonium lead iodide perovskite 

(CH3NH3PbI3, often abbreviated as MAPbI3 in literature), with unique properties such as an 

adjustable band gap close to 1.55 eV [9], an absorption coefficient of 105 cm-1 in the visible 

range superior to that of c-Si [10], a long carrier diffusion length, and an excellent mobility of 

both types of photogenerated carriers, i.e. electrons and holes. Nowadays, it is a standard 

perovskite absorber in PV cells that is often considered as a rare intrinsic semi-conductor 

possessing an ambipolar carrier mobility. Even if valence and conduction bands were found to 
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consist mainly of iodine and lead orbitals, extensive first-principles and force-field calculations 

studies revealed that MAI was shown to have a strong influence on the structural and optical 

properties (band gap) of OLHP through dynamic hydrogen bonding [11]. OLHPs are still 

widely investigated nowadays so as to i) better understand and optimize their opto-electronic 

properties, and ii) reduce their toxicity that results from the combination of the presence of lead 

in their chemical composition with their lack of stability. Many strategies involving interface 

modification and aimed at improving their efficiency and their stability have been suggested 

recently in literature [12–14] and they appear to be more promising than that relying on the 

development of lead-free (or lead-less) perovskites [15] at the present stage of research in this 

field. In parallel, further efforts aimed at understanding the doping mechanism of perovskites 

are necessary in order to optimize their electronic properties for rational design of efficient PV 

devices [16]. In fact, Kim et al. [17] had found out that bulk perovskites could actually be self-

doped (p type or n-type) by controlling their growth conditions. Moreover, Wang et al. [16] 

have also reported that hybrid CH3NH3PbI3 perovskite films could actually act as p-type or n-

type semiconductors depending on the CH3NH3I:PbI2 ratio. Those rich in methylammonium 

iodide (MAI) behave as p-type semiconductors, whereas those richer in PbI2 are n-type 

semiconductors. 

Various synthesis methods allowing the production of hybrid perovskites have been reported in 

literature [18]. They can be divided into two families that are the vapour phase deposition and 

the scalable deposition methods. Vapour phase deposition methods such as physical vapor 

deposition (PVD) [19], and chemical vapor deposition (CVD) [20] require highly expensive 

vacuum and temperature operations as well as long deposition times that could potentially 

hinder their application for low cost fabrication of photovoltaic devices. Among scalable 

deposition methods, spin coating is the most common, useful and inexpensive method for the 

fabrication of perovskite solar cell devices [5,21,22]. However, this method is only suitable for 
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small area deposition on flat substrates and it produces undesirable highly rough and porous 

surfaces [23], which limits its commercial use. Several other scalable deposition methods were 

also employed such as atomic layer deposition (ALD) [24], spray deposition (SD) [25], and 

doctor blade technique (DB) [26].  

Therefore, one of the current challenges is an urgent need to develop new alternative methods 

to produce perovskite solar cells (PSC) in a large-scale, high-quality layer and low-cost 

manufacturing process to produce high-efficiency PSCs.  

On the other hand, electrodeposition, another member of the family of scalable solution 

deposition methods, combines the advantages of both vapor phase deposition and spin coating 

as it is applicable for larger areas, fast, inexpensive, and it does not require the use of toxic 

solvents. Besides, electrodeposition, and electrochemically assisted deposition techniques, 

were shown over recent decades to be fully relevant for the production of insulating, semi-

conducting or conducting thin layer materials such as polymers [27,28], metals [29], inorganic 

materials [30], composite materials (such as conducting polymers incorporating nanomaterials 

for example) [31–34] and transition metal oxides [35,36], some of which are obtained as a 

crystalline and/or nanostructured variety either immediately or after an annealing procedure.  

In spite of its obvious advantages and promises, electrodeposition remains largely 

underestimated in literature nowadays [13,18]. Very few studies have developed very simple 

conversion steps in solution to change electrodeposited PbO2 thin films into perovskites through 

ion exchange and/or addition and they report only very rarely the identification of the semi-

conductor type (n- or p-) of the resulting perovskites [37–39]. In this respect, the combination 

of electrodeposition with very simple chemical conversion steps in solution could be a very 

interesting technique as it could easily become an inexpensive and mature industrial technique 

for the manufacturing, with a rapid deposition rate, of perovskite thin films of large-scale of the 

order of square meters and with complex shapes [40]. 
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In order to strengthen the attractiveness of the electrodeposition method for the synthesis of p-

type perovskite thin films, its ability to allow an accurate tuning of their carrier concentration 

is highlighted herein through a better understanding of the chemical conversion mechanisms 

occurring during the two consecutive immersion steps in alcoholic solutions. In particular, an 

obvious relation between the remaining PbI2 fraction identified and evaluated with the help of 

XRD and EDS analysis and the carrier concentration determined by Mott-Schottky 

measurements in the final perovskite thin films is convincingly demonstrated. 

Experimental part 

1. Synthesis of CH3NH3PbI3 perovskite thin films 

Figure 1 schematically illustrates the three different steps involved in the production of 

CH3NH3PbI3 perovskite thin films on a glass/fluorine-doped tin oxide (FTO) substrate.  

Step 1: Electrodeposition of PbO2 

Glass/fluorine-doped tin oxide (FTO) substrates (1.5 x 1.5 cm) purchased from SOLEMS 

(Palaiseau, France) were sonicated in ethanol for 15 minutes, then washed with deionized water. 

They were then used as working electrodes for the electrodeposition of lead dioxide (PbO2) thin 

films using either one or the other of the two following electrolytic aqueous solutions: 

Sa: Pb(NO3)2 (0.1 M), NaNO3 (0.2 M), HNO3 (0.1 M) in water 

Sb: Pb(CH3COO)2 (0.1 M), CH3COONa (1.0 M) in water 
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Figure 1 : Schematic illustration of the CH3NH3PbI3 perovskite film formation on a glass/FTO substrate starting 

from the electrodeposition of PbO2 layer from either Sa or Sb (step 1) and its subsequent conversions first in PbI2 

by immersion in a HI/ethanol solution (step 2) and finally in CH3NH3PbI3 by immersion in a MAI/isopropanol 

solution (step 3). 

The electrodeposition was conducted in a standard three-electrode electrochemical cell using a 

FTO/glass substrate, a Pt grid and a KCl saturated AgCl/Ag electrode as working, counter and 

reference electrodes, respectively. They were immersed in Sa or Sb (step 1) and connected to a 

Biologic VSP potentiostat so as to carry out the electrodeposition in galvanostatic conditions at 

room temperature using the chronopotentiometry technique. The electrodeposition current and 

duration were set at 0.560 mA and 3 minutes, respectively. After electrodeposition, one can 

easily observe on the working electrode (i.e. the glass/FTO substrate) a light brown film whose 

color confirms the formation of PbO2. Finally, the obtained films were washed thoroughly with 

deionized water and dried in air at room temperature. 

Step 2: Conversion of PbO2 into PbI2 

The conversion of PbO2 into PbI2 was achieved by immersing the obtained PbO2 films in a HI 

(0.05 M)/ethanol solution (Sc) at room temperature during 5 minutes for the PbO2 layers 

obtained from nitrate solution (Sa), and for 1 to 15 minutes for the PbO2 layers obtained from 

acetate solution (Sb). The color of the layers then turned from light brown to bright yellow. The 

Working electrode 

FTO/Glass 

Pt Counter electrode 

AgCl/Ag Reference electrode 

Step 1 

Step 3 Step 2 
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obtained PbI2 layers were then washed thoroughly with ethanol and dried in air at room 

temperature. The PbI2 layers obtained after a 5 minutes immersion in Sa were denoted as D1, 

whereas those obtained by immersion in Sb were denoted as D2.  

Step 3: Conversion of PbI2 into CH3NH3PbI3 

In a preliminary step, the methylammonium iodide (CH3NH3I) salt was synthesized according 

to the procedure described in the supplementary Information (see section I) and then used to 

prepare Sd solutions.  

PbI2 thin films obtained after immersion of PbO2 layers in Sb at different immersion times were 

converted into CH3NH3PbI3 thin films by immersion in a Sd solution (CH3NH3I/isopropanol 

solution, 25 mg/mL) for durations varying between 20 and 180 minutes. During this step, the 

color of the film turned from bright yellow to dark brown (see Figure 1, step 3). 

2. Structural characterization of the layers 

The morphology, thickness and elemental chemical composition (atomic percentage) of the 

obtained layers were evaluated using scanning electron microscopy combined with EDS (SEM, 

Ultra55, Zeiss). Diffractograms were recorded on an Empyrean Panalytical X-Ray 

Diffractometer with Cu Kα radiation (K = 0.15418 nm) to evaluate the crystallinity of the 

various layers synthesized in this work. 

3. Opto-electronic characterization of the layers  

A U4001 spectrophotometer (Hitachi) was used to acquire absorbance spectra of PbI2 and 

CH3NH3PbI3 films. All spectra were baseline corrected so as to eliminate the contribution of 

light absorption by the fluorine-doped tin oxide coated glass slides. The absorption coefficient 

was determined as a function of the wawelength for each of the samples by using the following 

equation:  
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α() = 2.303 Abs()/d        (1) 

In this equation, α() and Abs() are respectively the absorption coefficient and the absorbance 

for a given wavelength, and d is the thickness of the thin film sample (this latter was measured 

using SEM-FEG for our PbI2 or perovskite samples). Equation (1) is a very simplified version 

of the expression of the transmittance as a function of the refractive indices of the substrate (i.e. 

glass/ITO) and the sample (PbI2 or perovskite). It was shown to be valid only for the high 

absorption region of the absorbance spectrum, for a zero reflectance, and on condition that both 

refractive indices be between 1.5 and 2 [41]. As a consequence, equation (1) will provide only 

a raw estimation of the α() values. These latter were used nevertheless to build Tauc plots 

from which the optical band gap was determined for each sample. 

Mott-Schottky measurements were performed with the help of a three electrode electrochemical 

cell including the glass/FTO/perovskite (or glass/FTO/PbI2) sample as a working electrode and 

a platinum grid as a counter electrode. The reference electrode, a silver wire immersed in a 0.01 

M AgNO3/acetonitrile solution (E(Ag+(10 mM)/Ag) = 0.68 V vs. SHE), was protected using  a 

bridge tube filled with a 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6)/CH2Cl2 

solution (Se). During experiments, this latter was immersed in an electrochemical cell 

containing also Se and the cell was kept closed to prevent solvent evaporation and to keep the 

working electrode area constant. Measurements were performed over a 0 to 1 V potential range 

and over a 500 Hz - 10 kHz frequency range using a 10 mV sine amplitude. 

Results and discussion 

1. Synthesis of PbO2, PbI2 and CH3NH3PbI3 layers 

In our investigations as well as in literature, it was shown that PbO2 thin films can be 

successfully electrodeposited from either nitrate (Sa) or acetate (Sb) aqueous electrolytic 
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solutions with a similar electrodeposition mechanism in both cases. In a preliminary study 

aimed at confirming this latter, a linear sweep voltammogram (LSV) was obtained between 0 

and 1.5 V vs. ref. using a 100 mV.s-1 scan rate in an electrolytic acetate aqueous solution (Sb 

without lead (II) acetate, pH  8, see blue curve in inset of Figure 2). It shows a weak oxidation 

peak between 1.1 and 1.3 V vs. AgCl/Ag that is attributed to surface oxidation of bare FTO 

working electrode. It is followed by a fast increase of current with the anodic potential that 

reveals water oxidation into dioxygen. In a similar electrolytic solution containing moreover 

lead (II) acetate at a 0.1 M bulk concentration (pH  8), i.e. in Sb, a LSV obtained in the same 

potential range with the same scan rate shows a very intense oxidation current between 1.03 

and 1.5 V vs. AgCl/Ag (see red curve in inset of Figure 2) that results from the oxidation of 

Pb2+ into Pb4+, allowing thus the anodic electrodeposition of PbO2. 

Figure 2 : Galvanostatic electrodeposition (chronopotentiometry) curves allowing the production of PbO2 thin 

films on glass/FTO working electrodes. Imposed current: 0.56 mA. Electrodeposition time: 3 min. Inset: LSV 

curves performed in acetate aqueous electrolytic solutions in the absence (Sb without Pb(CH3COO)2,  see blue 

curve) or in the presence of lead (II) acetate (Sb, see red curve). Scan rate: 100 mV.s-1.  Potentials are expressed in 

V vs. AgCl/Ag. 
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Table 1 : Different synthesis parameters of PbO2, PbI2 and CH3NH3PbI3 thin films. 

 

 In order to benefit from a better control of the amount of electrodeposited PbO2 through the 

electrodeposition duration, galvanostatic electrodeposition (i.e. chronopotentiometry) was 

selected as the electrodeposition technique. Typical chronopotentiometry curves obtained for a 

0.56 mA anodic current applied for 3 minutes are shown in Figure 2. Each of these curves shows 

the same trend: the potential increases very rapidly up to approximately 1.2-1.3 V (y-axis was 

cut at 1 V in Figure 2) and then decreases slowly down to approximately 0.84 V vs. AgCl/Ag, 

which indicates that a very good reproducibility can be achieved on condition that the surface 

area of the working electrode is always the same. In this potential range, anodic oxidation of 

Pb2+ cations (see reaction (1)) is the only reaction to occur as oxygen evolution was shown to 

 

 

Films 

 

NaNO3 

Solution (Sa) for 

electrodeposition 

 

CH3COONa 

Solution (Sb) for 

electrodeposition 

 

Electrodeposition 

duration of PbO2 

/ min 

Immersion 

duration of PbO2 

in Sc (conversion 

to PbI2)   

/ min 

Immersion 

duration of PbI2 

in Sd (conversion 

to  CH3NH3PbI3) 

/ min 

D1 ✓   2 5  

D2  ✓  2 5  

S1  ✓  3 1 180 

S2  ✓  3 2 180 

S3  ✓  3 3 180 

S4  ✓  3 6 180 

S5  ✓  3 10 180 

S6  ✓  3 15 180 

P1  ✓  3 2 20 

P2  ✓  3 2 40 

P3  ✓  3 2 60 

P4  ✓  3 2 120 
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be negligible for such potential values in our experimental conditions (see Figure 2). This 

implies that PbO2 is electrodeposited with a coulombic efficiency close to 100 % and by using 

Faraday’s law, one can estimate the amount of electrodeposited PbO2 to approximately 0.5 

µmol or 0.12 mg. 

Various PbO2, PbI2 and CH3NH3PbI3 thin films were synthesized using the procedure described 

above in the experimental part as well the synthesis parameters listed in Table 1. Immediately 

after their synthesis, all samples were stored at dry air using a dessicator partly filled with silica 

gel. 

2. Structural and chemical characterizations 

 

Figure 3 : SEM-FEG images of PbO2 samples electrodeposited for 5 minutes in a) Sa, b) Sb, and of PbI2 samples 

obtained after immersion in Sc for 5 minutes of a PbO2 sample electrodeposited in c) Sa (sample D1), d) Sb (sample 

D2). 

Figures 3a-b represent the surface morphology of PbO2 thin films obtained by electrodeposition 

from Sa and Sb respectively. The SEM-FEG image shown in Figure 3a indicates that the PbO2 
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thin film obtained in the nitrate electrolytic solution (Sa) is not totally uniform and made of 

grains of various size, whereas that electrodeposited from the acetate electrolytic solution (Sb) 

shows a continuous layer of PbO2 particles with a narrow size distribution on the FTO substrate, 

in good agreement with a previous study that had already shown that acetate solution allows 

the electrodeposition of more uniform PbO2 thin films [42]. 

These PbO2 thin films were then converted into PbI2 by immersion in a HI/ethanol solution (Sc) 

in order to produce samples D1 and D2 (see Table 1). Let us emphasize that such conversion 

occurring on supported phase is possible on condition that lead dioxide behaves as an ionic 

solid, and moreover it requires the reduction of lead (IV) (in PbO2) into lead (II) (in PbI2).  

The success of this first conversion step is first confirmed by the spectacular change of i) the 

color of the supported layer from light brown to bright yellow, and ii) the morphology of the 

particles, from (hemi-)spheres for PbO2 into well-defined platelets for PbI2 (see SEM-FEG 

images on Figures 3c-d). Apart from this, PbI2 films show features that were already visible for 

starting PbO2 thin films. In particular, PbI2 films obtained from PbO2 electrodeposited in Sa 

(nitrate solution, see sample D1 in Table 1) do not cover fully the FTO substrate and they exhibit 

PbI2 particles that are not uniform in terms of size, morphology and distribution (see Figure 3c), 

unlike PbI2 films obtained from PbO2 films electrodeposited in Sb (acetate solution, see sample 

D2 in Table 1) that showed well defined hexagonal platelets distributed homogeneously over 

the substrate surface.   
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Figure 4 : X-ray diffractograms of PbO2 samples electrodeposited for 2 minutes in a) Sa (nitrate solution), b) Sb 

(acetate solution), and of PbI2 samples obtained after immersion in Sc for 5 minutes of a PbO2 sample 

electrodeposited in c) Sa (nitrate solution, sample D1), d) Sb (acetate solution, sample D2). The Crystallography 

Open Database (COD) references used for the identification of β-PbO2 and PbI2 were 96-900-7543 and 96-900-

9114 (see also JCPDS data in [43]). 

The X-ray diffraction (XRD) patterns of PbO2 films electrodeposited in Sa and Sb (see red and 

blue diffractograms in  

Figure 4a) both show major diffraction peaks at 25.5°, 32.2°, 36.4°, and 49.4° corresponding 

to (110), (101) (200), and (211) reflections of β-PbO2 respectively [42], as well as diffraction 

peaks produced by the underlying FTO layer (see black diffractogram in  

Figure 4a). On  

Figure 4a, one can also observe mainly on the diffractogram of  sample D1 (see blue curve) 

minor diffraction peaks at 23.3° and 27.6° that may correspond to (100) and (111) reflections 

of α-PbO2. All together, these observations indicate therefore that both electrodeposited PbO2 

films contain mainly β-PbO2 (rutile phase), whereas sample D1 may also contain a small portion 

of α-PbO2 (orthorhombic phase) [42,43].  

The diffractograms of PbI2 samples (D1 and D2) (see  

Figure 4b) show sharp and strong diffraction peaks situated at 2 theta values of 12.5°, 25.9°, 

34.2°, 39.5° and 52.3° and corresponding to the (001), (002), (012), (003) and (004) planes of 

the PbI2 crystalline structure. However, in the case of sample D1 obtained in Sa solution (see 

a) b) 
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blue diffractogram in Figure 4b), the plane (110) at 25.5° corresponding to β-PbO2 was 

detected, indicating that PbO2 was not fully converted to PbI2. Nevertheless, the conversion rate 

of PbO2 into PbI2 can be quite high, as shown by EDS spectra obtained on some of our PbI2 

thin films (figure not shown). A typical EDS spectrum for PbI2 reveals 66.29 at.% and 33.71 

at.% values for iodide and lead respectively, which corresponds to a value of 1.97 for the I/Pb 

atomic ratio instead of 2 for pure PbI2.  

 

 

 

 

 

Figure 5: Absorbance spectra of PbI2 samples (D1 and D2) 

The conversion of PbO2 into PbI2 (samples D1 and D2) by anion exchange reaction in alcoholic 

solution containing HI on glass/FTO substrates was also probed by UV-visible spectroscopy. 

The UV-visible spectra of the PbI2 films (see Figure 5) show an absorption onset at 515 nm, 

with an excitonic peak at 495 nm for the D2 sample only, followed by a continuous absorption 

that extends towards the UV-region. It is remarkable here to mention that the absorbance 

measured for D2 was substantially higher than that measured for D1 all over the absorption 

wavelength range. Such finding highlights again that the D2 PbI2 sample is more attractive than 

the D1 sample, knowing that it was already found to be more uniform than D1 and almost fully 

free of PbO2 in spite of an identical immersion duration in Sc. 

As a consequence, as more interesting PbI2 thin films were obtained from PbO2 samples 

electrodeposited in Sb (acetate solution), the next step consisted for us in defining the optimized 

synthesis parameters of PbI2 samples allowing ultimately the preparation of CH3NH3PbI3 
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perovskite samples after immersion of PbI2 samples in Sd (MAI/isopropanol solution). For this 

purpose, PbO2 samples were all electrodeposited in Sb (acetate solution) with identical 

electrodeposition parameters (electrodeposition potential and duration). Some of them were 

then converted first into different PbI2 precursor films by immersion in Sc (HI/ethanol solution) 

for an immersion duration ranging between 1 and 15 minutes (see samples S1-S6 in Table 1) 

and then into CH3NH3PbI3 perovskite samples by immersion in Sd (MAI/isopropanol solution)  

during 180 minutes. Other identical PbO2 samples were first immersed during 2 minutes in Sc 

and then during 20 to 120 minutes in Sd (see samples P1-P4 in Table 1). These two series of 

perovskite samples were aimed at studying separately the influence of the two immersion 

durations in Sc and Sd respectively. 

The conversion of all PbO2 films into CH3NH3PbI3 crystal layers was confirmed by XRD 

regardless of the immersion times in HI (Sc) and MAI (Sd) solutions (see Figures 6a and c for 

S1-S6 and P1-P4 sample series respectively). This was actually evidenced by the appearance of  

sharp peaks at 14.2°, 20.0°, 23.6°, 24.6°, 28.5°, 31.8°, 35.0°, 40.5°, 43.2° and 50.2° that 

correspond to the typical tetragonal crystal structure of the perovskite in the (110), (200), (211), 

(202), (220), (310), (312), (224), (314) and (404) planes respectively [44,45]. However, in 

addition to the perovskite phase, most of the films also showed the presence of unconverted 

PbI2, as revealed by a diffraction peak located at a 2 theta position of 12.5° (marked with * for 

S4-S6 and P1-P2 samples in Figures 6a and c). In the S1-S6 series, one can observe that, as the 

dipping time in HI increased, the intensities of PbI2 reflections increased and that of the 

perovskite decreased, indicating that the size of the PbI2 crystallites is increasing (see Figure 

6b). Similarly, a short dipping time into MAI solution for the two samples P1 and P2 was not 

enough to convert all PbI2 precursor (see Figure 6c). On the other hand, as the dipping time in 

MAI increased, the peak intensities and widths decreased for PbI2, which was associated with 

an increase of peak intensities for the perovskite (see Figure 6d). Such observation could 
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indicate that the conversion mechanism starts from the surface of the PbI2 crystallites and 

progresses towards their center. Therefore, the crystallinity of the MAPbI3 phase increased 

while that of PbI2 decreased progressively. In fact, some studies suggested that the presence of 

the peak representing the (001) plane of PbI2 hexagonal 2H polytype phase was mainly due to 

the reminiscent PbI2 phase in the perovskite structure [46], which indicated that thicker PbI2 

films were not fully converted into the desired CH3NH3PbI3 perovskite [47,48]. 

 

Figure 6 : X-ray diffractograms of CH3NH3PbI3 layers (a,b) S1-S6 samples, (c,d) P1-P4 samples (see Table 1 for 

the different synthesis parameters). 

 

From SEM observations, it appears that perovskite films (S1 samples) showed a well-mastered 

morphology with multiple grains (see Figure 7a). As the dipping time in HI solution increased 

(2 minutes, see Figure 7b for sample S2), high quality perovskite cubic crystals were formed, 

showing a narrow size distribution and a compact layer on the underlying glass/FTO substrate. 

Further increase in the dipping time into HI solution (S3 to S6) stimulated the formation of large 

ensembles of crystals with arbitrary shapes.  
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Figure 7 : SEM images of CH3NH3PbI3 samples (S1-S6) obtained by immersion of PbO2 samples first during 

different immersion times in Sc (HI/ethanol solution), and then for 3 hours in Sd (MAI/isopropanol solution). 

 

Beyond the surprising role of dipping time of identical PbI2 samples in MAI solution on the 

morphology of resulting S1-S6 perovskite samples, the influence of the immersion time of 

identical PbO2 samples in Sc (HI/ethanol solution) was also explored (see Figure 8). A very 

dense distribution of mainly vertical PbI2 platelets oriented randomly is observed in Figure 8a.  
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Figure 8 : SEM images of a) PbI2, b-f) CH3NH3PbI3 samples obtained by immersion of PbO2 samples, b-e) first 

during 2 minutes in Sc (HI/ethanol solution), and then during different immersion times in Sd (MAI/isopropanol 

solution)(see samples P1-P4 in Table 1), and f) first during 2 minutes in Sc (HI/ethanol solution), and then during 

180 minutes in Sd (MAI/isopropanol solution)(see S2 in Table 1, this latter sample is expected to be a PbI2 free 

perovskite according to its diffractogram shown in Figure 6a). 

 

Visually, when the dipping time in MAI was set between 20 and 40 min (see samples P1 and P2 

in Figure 8b-c), small lead iodide platelets were still present in the resulting layers, beside a fair 

amount of cubic crystals of perovskite, indicating that the conversion of PbI2 platelets into well-

shaped cubic crystals of perovskite was on its way, i.e. not complete. Such observation fully 

supports the XRD results shown in Figure 6c and commented above concerning the remaining 

PbI2 at lower immersion times in MAI. As the dipping time increased up to 60 and 120 minutes 
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(see samples P3-P4 in Figure 8d-e), the platelet structures disappeared gradually. When the 

dipping time increased to 180 minutes (see sample S2 in Figure 8f), a dense and homogeneous 

distribution of CH3NH3PbI3 crystals and a lower density of pinholes appeared, as a consequence 

of the formation of smaller perovskite cubic crystals.  

In order to quantify the amount of lead and iodide present in ours samples, EDS analysis was 

performed (see Figure 9). The I/Pb ratio for pure PbI2 is 2, whereas it is 3 for pure perovskite, 

i.e. without further PbI2 impurities. As shown in Figure 9a, the I/Pb atomic ratio decreased 

gradually from 2.93 to 2.87, when the dipping time in HI solution increased from 1 to 15 mn. 

This indicates that a longer dipping time in HI solution does not allow the full conversion of 

PbI2 platelets to cubic perovskite crystals and PbI2 was still present as suggested by the XRD 

analysis reported above. On the contrary, longer dipping times in MAI solution do lead to an 

increase of the I/Pb ratio, which indicates that the PbI2 crystals were converted gradually to 

perovskite crystals, as already observed from XRD and SEM analysis.  

According to the SEM results, we did notice the morphological changes from platelets to cubes 

passing through an intermediate state between the two, and we suggest that PbI2 re-dissolves in 

MAI solutions and recrystallizes into perovskite cubes, or the step between the PbI2 platelet and 

the perovskite cubes is amorphous so it is not detected by XRD.  
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Figure 9: Ratio of lead/iodide (Pb/I) as function of the dipping time a) in MAI solutions at a fixed dipping time in 

HI (2 minutes, see samples S1-S6 in Table 1), b) in HI solutions at a fixed dipping time in MAI (180 minutes, see 

samples PbI2 (no dipping in MAI solution), S2 and P1- P4 in Table 1). c) typical EDS spectrum of a perovskite thin 

film deposited on a glass/indium tin oxide substrate. Pb : 72.77, I : 27.23 in at.% (other elements were not 

integrated in the at.% calculations). 

From these EDS results concerning the atomic percentages of lead and iodine in the final 

perovskite layers, the percentages of PbI2 and perovskite entities in the perovskite films were 

calculated as a function of the dipping time in HI and MAI solutions by building and solving a 

two equation system involving n(PbI2) and n(perovskite) as two unknown parameters : 

n(PbI2) +n(perovskite) = nat(Pb) (2) and 2n(PbI2) + 3n(perovskite) = nat(I) (3)                               

In these two equations, n(PbI2) and n(perovskite) represent the number of moles of PbI2 and 

CH3NH3PbI3 entities in a given perovskite layer respectively, whereas  nat(Pb)  and nat(I) 

represent the number of moles of Pb and I atoms, both as extracted from EDS analysis for this 

same perovskite layer. 

The results illustrated in Figure 10a show that with an increase of dipping time in HI 

solution and a constant dipping time in MAI (180 mn), the percentage of PbI2 detected in the 

perovskite layer increases from 0% for a dipping time of 0 mn to almost 12% for dipping times 

varying between 3 and 15 min. In Figure 10b, the PbI2 % decreases from 100% for a PbI2 film 

resulting from dipping of a PbO2 film during two minutes in a HI solution (without any dipping 

in the MAI solution) to 6% for a perovskite film obtained from dipping of a PbO2 film first 

during two minutes in a HI solution  and then during a maximum dipping time of 180 min in a 
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MAI solution. These results indicate that PbI2 is always present in the final perovskite layer 

with a percentage that depends on both immersion durations in HI and MAI solutions, and is 

only detected by XRD for PbI2 percentages higher than 22%, as a consequence of its limit of 

detection. 

 

 

 

 

Figure 10 : Percentage of PbI2 entities in the perovskite layer as a function of : a) immersion time in HI alcoholic 

solution (S1-S6 samples), b) immersion time in MAI alcoholic solution (PbI2, P1-P4, and S2 samples). 

 

3. Opto-electronic characterizations 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11 : a) Absorption spectra of the PbI2 and perovskite films synthesized at different immersion times in HI 

(see samples S1-S6 in Table 1), b) Absorption spectra of the PbI2 and perovskite films synthesized at different 

immersion times in MAI (see Table 1), c) Tauc plots for PbI2 and perovskites samples produced in this work. 
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The optical band gaps of PbI2 and perovskite films synthesized in this work were determined 

by constructing Tauc plots from UV-vis spectra obtained for each of these samples. Let us 

remind that Tauc equation can be written as follows:  

(αhν)1/n = A (hν- Eg)          (4)  

In this equation, n = 1/2 for direct optical transitions, and α, hν, and Eg are the absorption 

coefficient, photon energy, and the optical bandgap energy of the investigated layer, 

respectively [49]. 

As shown in  

 

 

 

 

 

 

 

Figure 11, for all the perovskite samples (see samples S1-S6 in Figure 11a as well as samples P1-

P4 in Figure 11b), the corresponding absorbance spectra are very similar and an intense 

absorbance was measured for each of them all over the visible range, which is not the case for 

a PbI2 sample (see red curve in Figure 11a). The absorption edge wavelength undergoes a 

massive shift, increasing from 510-530 nm for PbI2 to 760-780 nm for all the perovskite 

samples, testifying thus to the successful chemical conversion of PbI2 layer into a CH3NH3PbI3 

perovskite film and the structural transition detected by XRD measurements. It appears 

therefore from Figure 11a that the onset of absorption does not change with the immersion 

duration of the PbO2 samples in Sc (HI/ethanol solution). The evolution of these spectra with 

reaction time is in good agreement with a change of color of the samples, which turns from 

bright yellow for crystalline PbI2 to dark brown for MAPbI3, as shown in the inset pictures of  
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Figure 11a. 

 Moreover, all the spectra are shifted upwards possibly due to the effects of light scattering 

caused by the formation of large crystals of perovskite. The estimated optical bandgaps of all 

the fabricated CH3NH3PbI3 layers (S1-S6 as well as P1-P4) were all found to be very close to 

1.55 eV, the bandgap value usually reported in literature for the CH3NH3PbI3 perovskite [46], 

and therefore very different from the one determined for PbI2 thin films, i.e. 2.39 eV.  

Mott-Schottky (MS) measurements were performed so as to determine the capacitance of each 

of the perovskite samples (S1-S6 and P1-P4). Resulting MS plots, i.e. plots of 1/C2 vs applied 

potential at different frequencies were found to be in good agreement with the Mott-Schottky 

equation (see Figure 12 for sample S4). This latter establishes a simple relation between the 

capacitance of a space charge layer and the flat-band potential (EFB) also called built-in 

potential: 

1

𝐶2 =
2

𝐴2𝑞𝜀𝜀0𝑁𝐷
[(𝐸𝐹𝐵 − 𝐸) −

𝑘𝑇

𝑞
]       (5) 

where C is the interfacial capacitance (i.e., capacitance of the semiconductor depletion layer, in 

Farad (F)), ε is the dielectric constant of CH3NH3PbI3 (taken as 6.5)[21], ε0 is the permittivity 

of vacuum (8.85 10-14 F.cm-1), A is the surface area (1.5 cm2 in our experimental conditions), 

ND is the doping density (also called carrier density, in cm-3) of donors/acceptors in the 

semiconductor which are important parameters to describe a semiconductor/electrolyte 
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interface, E is the applied potential, EFB is the flat band potential (or built-in potential) when a 

semiconductor electrode is brought in contact with an electrolyte solution, T is the absolute 

temperature (298 K), k is the Boltzmann constant (1.38 10-23 J.K-1) and q is the electron charge 

(1.6 x 10-19 C). The temperature term is generally small and can be neglected (at room 

temperature, 𝑘𝑇 𝑞⁄  in equation (5) is 0.026 V). 

 

 

 

 

 

Figure 12 : a) Mott-Schottky plots of a CH3NH3PbI3 sample (S4) in 0.1 M TBAPF6/CH2Cl2 electrolyte at different 

frequencies. 

As shown in Figure 12, the MS plots of a thick CH3NH3PbI3 film (S4) (thickness > 1 µm) were 

obtained at various frequencies. They all show a linear dependence of 1/C-2 term with the 

applied potential over approximately the same potential range, i.e. from 0.64 to 0.95 V vs. 

Ag+(10 mM)/Ag in CH3CN, that is lost for potential values lower than 0.64 V vs. Ag+(10 

mM)/Ag in CH3CN. From the exploitation of the intercepts of the linear portion of these MS 

plots with the x-axis (potential axis), flat-band potential values were extracted for different 

frequency values (see Table 2). They appear to be in good agreement with those published in 

literature [50]. It is interesting to observe from data reported in literature that the EFB values of 

perovskite thin films depend on the synthesis method. For example, EFB of spin coated 

CH3NH3PbI3 is 0.67 V vs. Ag+(10 mM)/Ag in CH3CN (same reference electrode as ours) 

[21,51]. Even though EFB was found to vary with the frequency for a given perovskite sample, 

no obvious dependence was observed in our experimental conditions, which could suggest that 

the same value, i.e. 0.95 ± 0.05 V vs. Ag+(10 mM)/Ag in CH3CN is always measured with a 
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little uncertainty. The C-2 plot shows perturbations around 0.45 V vs. Ag+(10 mM)/Ag in 

CH3CN that have also been detected in thin films deposited on conducting oxide substrates. 

They are considered as an indication that the depletion region has extended to the substrate with 

the applied potential [52]. The Mott-Schottky plot shown in Figure 12 exhibits a linear behavior 

with a negative slope over a large potential range until the flat-band value (EFB). This behavior 

is consistent with an ideal semiconductor/electrolyte junction, and the sign of the slope of this 

MS plot is clearly consistent with a p-type semiconductor. Carrier density (NA) can be 

determined from the slope (S) of the MS plot for different frequency values (see Table 2) by 

using the following equation: 

 

 

Table 2 : CH3NH3PbI3 semi-conducting perovskite / electrolyte interface characteristics obtained from Mott-

Schottky plots for different frequencies for sample S4 (see Table 1). 

 

|S| = 2 / (q0rNA)        (6) 

The obtained values are all close to 1020 cm-3, and therefore rather higher than those reported 

previously in literature [51,53,54], and they were not found to vary significantly with the 

synthesis parameters used in this work for the samples S1-S6.  

Frequency (kHz) VFB  

(V / Ag+(10 mM)/Ag                   

in CH3CN) 

ND (cm-3) 

0.5 0.94 2.75 x 1020 

1 0.94 2.70 x 1020 

2 0.9 4.41 x 1020 

5 1 1.10 x 1020 
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Figure 13: a-e) Mott-Schottky plots of CH3NH3PbI3 samples (P1-P4 and S2) in 0.1 M TBAPF6/CH2Cl2 electrolyte 

at 2 kHz, f) Mott-Schottky plots of CH3NH3PbI3 (S4 sample) measured at 2 kHz and linear extrapolation of the 

linear part of the curve allowing the determination of the flat-band potential. 

Since the exploitation of MS plots of S1-S6 samples did not reveal any variation in carrier 

density at different frequencies, MS plots of PbI2 and perovskites (P1-P4) immersed at different 

times in the MAI at a fixed frequency of 5 kHz were performed (see Figure 13). The MS slope 

showed again a negative slope corresponding to a p-type perovskite for all P1-P4 samples. The 

capacitance of the layers decreased from 1013 F for the PbI2 layer (see Figure 13a) to 1010 F as 

the dipping time in MAI increases, while it was mainly constant for the S1-S6 series as a function 
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of the dipping in HI (1010 F). This resulted in an increase in carrier density from 1017 for PbI2 

to 1020 cm-3 (see samples P1-P4 and S2 in Table 3).  

Table 3: CH3NH3PbI3 semi-conducting perovskite / electrolyte interface characteristics obtained from Mott-

Schottky plots at 2 kHz for all samples immersed in MAI. 

 

 

 

 

 

 

 

 

 

 

At this stage, the carrier density values calculated for the perovskite (S1-S6 and P1-P4) and PbI2 

samples (see Table 3) can be discussed as a function of the PbI2 % values determined from EDS 

measurements and plotted in Figure 10 as a function of the immersion times in HI or MAI 

solutions. As far as the S1-S6 samples are concerned, the percentage of PbI2 varies between 6 

and 12% (see Figure 10a) while the carrier density remains unchanged and always of the order 

of 1020 cm-3. One can say in other words that whatever the percentage of PbI2 between 6 and 

12%, these perovskite films all behave as highly doped p-type semiconductors and no influence 

of dipping time in HI was observed, knowing that the dipping time in MAI solution was always 

fixed at 180 minutes for this series of samples. On the other hand, as shown in Figure 10b for 

samples whose dipping time in HI solution was 2 mn, the percentage of PbI2 decreases as the 

dipping time in MAI increases and the carrier density increases from 1017 to 1020 cm-3 (see 

Table 3). It is remarkable here that the carrier density of PbI2 is initialy 1017 cm-3, and from the 

time the PbI2 layer is dipped in MAI solution, it turns into a perovskite layer containing a certain 

percentage of PbI2 varying between 100 and 6 % which controls the final carrier density. For 

Samples VFB 

(V / Ag+(10 mM)/Ag in CH3CN) 

NA (cm-3) 

PbI2 0.99 1.04 x 1017 

P1 0.62 5.54 x 1017 

P2 0.81 4.42 x 1018 

P3 0.88 7.04 x 1018 

P4 0.95 2.20 x 1019 

S2 0.97 1.06 x 1020 
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illustration, a perovskite film obtained after a 20 minutes immersion of PbI2 in MAI solution 

still contains 47.2% of PbI2 and its carrier density is only slightly higher than that of PbI2 (5.54 

1017 cm-3 instead of about 1017 cm-3 for PbI2). As the dipping time increases to 40 and then 60 

minutes, the PbI2 % decreases down to 36 and 32% respectively whereas the carrier density of 

these perovskite films increases up to 4.42 and 7.04 1018 cm-3. Finally, with increasing the 

dipping time in MAI up to 120 and 180 minutes, the resulting perovskite films both contain  a 

low PbI2 fraction, i.e. 21 and 6% respectively while the carrier density reaches high values,  

close to 1019 and 1020 cm-3 respectively. It appears therefore that, for a fixed dipping time in HI 

(i.e. 2 minutes in our experimental conditions), the lower the percentage of PbI2 in the 

perovskite film, the higher the carrier density of this latter. Therefore, the parameter controlling 

the carrier density of our perovskite samples in this case is the dipping time in the MAI alcoholic 

solution which in turn influences the remaining percentage of PbI2. In other words, the 

properties (carrier density in particular) of electrodeposited perovskite layers can be adjusted 

according to the desired application so that they can have low or high carrier densities.   

Conclusion 

Perovskite CH3NH3PbI3 thin films have been synthesized by using a very simple synthesis 

method involving only an electrodeposition step combined with two consecutive chemical 

conversion steps that were carried out by immersion in two different alcoholic solutions 

containing respectively HI and MAI. Whatever the two immersion durations, the resulting 

perovskite thin films all show a p-type semiconductor behavior, as indicated by the negative 

slope of Mott-Schottky plots and their optical bandgap is very close to 1.57 eV and therefore 

quite different from the one of PbI2 (2.39 eV), even though XRD and SEM-FEG/EDS analyses 

allowed us to detect and quantify PbI2 impurities in our perovskite layers. By comparing the 

PbI2 % in our perovskite layers with their carrier density, extracted as well from our Mott-

Schottky measurements, we clearly demonstrate that they vary in opposite directions. When the 
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PbI2 % decreases from 48 % down to 6%, the carrier concentration increases from 5.54 1017 

cm-3 up to 1.06 1020 cm-3, a value corresponding to a highly doped perovskite layer. With such 

observations, we provide a better understanding of the influence of PbI2 impurities on the carrier 

density of electrodeposited perovskite layers. We also amplify the attractiveness of our 

synthesis method, electrodeposition combined with two conversion steps by simple immersion, 

by showing that the carrier concentration can be tuned on purpose inside a large range. This 

makes this synthesis method very interesting promising for the large scale production of p-type 

semiconducting perovskite thin films. 
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HIGHLIGHTS 

 

• CH3NH3PbI3 perovskite thin films were synthesized using electrodeposition and two chemical 

conversion steps 

• They are p-type semiconductors with a bandgap energy close to 1.57 eV 

• They all contain a PbI2 fraction that depends on the two immersion durations 

• When the PbI2 % decreases, the carrier concentration increases over three decades 

• Our synthesis method is promising for the fast and large scale production of tunable 

perovskites 
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