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Abstract
Impedance spectroscopic measurements on spin coated 550 nm thick perovskite films sandwiched between titanium oxide 
(TiO2) deposited on fluorine doped tin oxide (FTO) glass substrates and with a platinum (Pt) counter electrode have been 
performed to determine the influence of the percentage of PbI2 in methylammonium lead iodide (CH3NH3PbI3) compounds. 
These compounds with perovskite structure have been synthesized by weaving methylammonium iodide (CH3NH3I) and 
lead iodide (PbI2) in two different weight ratios of 1:4 and 3:7. The surface grains are found from the scanning electron 
microscoping images to have become relatively larger with increasing PbI2 content in spincoated perovskite film. Nearly 2% 
increase in optical band gap has been observed with increasing weight ratio of PbI2 content from 1:4 to 3:7.

1  Introduction

The development of hybrid organic/inorganic perovskite 
solar cells have seen rapid growth in recent years due to 
their dramatic increase in power conversion efficiency 
(PCE) ~ 20% in very short interval of time [1]. The typi-
cal configuration of these cells consists of multilayered 
structures on a transparent substrate carrying electron-
selective layer [titanium dioxide (TiO2)], perovskite 
absorber [triiodide perovskite methylammonium lead iodide 
(CH3NH3PbI3)], hole transport layer and noble metal counter 
electrode. The charge mobility is found to increase from 
3.2 × 10−4 to 7.1 × 10−4 cm2 V−1  s−1 from both linearly 
increasing voltage and time of flight measurements, for 
250 nm ambipolar triiodide perovskite such as methylam-
monium lead iodide (CH3NH3PbI3) single layer films when 
it forms a 400 nm thick bilayer with phenyl-C61-butyric 

acid methyl ester film due to intercalation and aggrega-
tion between the layers [2]. The high performance of 
CH3NH3PbI3 solar cells may be attributed to the suppressed 
recombination, long life of mobile charges and the absence 
of shallow traps. Other cell structures using the perovskite 
materials methylammonium lead iodide (CH3NH3PbI3) and 
CH3NH3PbI3xClx are exploited and developed due to their 
excellent photovoltaic properties including long balanced 
carrier diffusion lengths (100–1000 nm) [3], band gap com-
patibility with the solar spectrum, ambipolar charge trans-
port, [4] low leakage current, strong solar absorption [5] and 
high capacitance with compatible conductance; and have 
gained importance in solar cells. The comparison of photo-
active material is also an important factor for charging and 
discharging capability. A certified efficiency of 12.8% was 
achieved by perovskite solar cells using a carbon electrode, 
leading to low cost, stability and abundance [6]. From this 
perspective, properties such as UV absorption, capacitance, 
conductance and dielectric loss of the perovskite material 
have a significant role in development of organic/inorganic 
solar cells. In addition to this, the most significant methods 
like Transient Photovoltage (TPV), differential capacitance, 
charge extraction, current interrupt, and chronophotoamper-
ometry are used to study the optoelectronic properties of 
solar cells [7].

We report here the synthesis of energy harvesting per-
ovskite materials using two different weight ratios of meth-
ylammonium iodide (CH3NH3I) and lead iodide (PbI2) and 
their morphology and optical properties in thin film forms. 
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As shown in Fig. 1a, the sandwich configurational device 
structures are fabricated by spin coating perovskite on TiO2 
coated fluorine doped tin oxide (FTO) substrates with a sput-
tered platinum (Pt) film as the counter electrode. Dielectric 
relaxation spectroscopy involving the measurement of AC 
electrical response over a wide frequency range provides 
information on the conductivity of thin films in terms of 
structural homogeneity and stability considering the relative 
contribution of grain, grain boundary and defect states [8].

2 � Experimental details

Following the well-established synthetic route [9, 10], meth-
ylammonium iodide CH3NH3I was synthesized through the 
stirring-assisted chemical reaction of commercially avail-
able reagents methylamine (Sigma Aldrich Product Number: 
534102), and hydroiodic acid (Product Number: 210021) at 
a molar ratio of 1.2:1 in an ice bath for 2 h. The final product 
was then dried in vacuum. A PbI2 precursor solution was 
synthesized by dissolving 1 g of PbI2 in 2.75 g of dime-
thyl formamide (DMF). The product obtained was washed 
three times with diethyl ether and recrystallized using a 
mixture of methanol and diethyl ether. Perovskite absorbers 
were obtained by mixing CH3NH3I with PbI2 precursor in 
wt% ratio of 1:4 (Perovskite I) and in wt% of 3:7 (Perovs-
kite II) respectively then subjected to 12 h of stirring with 
γ-butyrolactone (Sigma Aldrich Product Number: B103608) 
at 60 °C for 12 h. The white, crystalline product formed at 

room temperature was then filtered and dried in a vacuum 
oven for 12 h. A high resistance, hole-locking, buffer layer 
of TiO2 on FTO was prepared using 0.15 M and 0.3 M solu-
tion of titanium diisopropoxide bis(acetylacetonate) (75% in 
2-propanol, Sigma Aldrich) by spin coating, then heating at 
500 °C for 30 min. After cooling to room temperature, the 
FTO substrate was dipped in a 0.04 M aqueous solution of 
titanium tetrachloride (TiCl4) at 70 °C for 30 min, rinsed 
with water and dried at 500 °C for 20 min. The resulting 
550 nm thick perovskite layers were then deposited onto the 
TiO2 layer by the spin coating method. The counter electrode 
platinum (Pt) films of thickness ~ 50 nm was deposited on 
the top of perovskite layers by RF sputtering at 5 × 10−3 torr 
to complete the structure of Fig. 1a. The effective cross-
sectional area of the device is 0.09 cm2.

The surface microstructure and chemical composition of 
the samples were investigated using a Scanning Electron 
Microscope (SEM) (Model: JSM 6390LV) fitted with an 
X-MaxN detector for energy dispersive X-ray spectroscopic 
(EDS) analysis. The diffuse reflectance spectra of perovskite 
layers were recorded using UV–Vis spectrometer (Perkin 
Elmer model 20) in the wavelength ( � ) range between 400 
and 1000 nm at 15 nm per minute. The complex imped-
ance of the FTO/TiO2/CH3NH3PbI3/Pt device was measured 
under dark conditions using an impedance analyser (Solar-
tron model 1260) in the frequency range of 10 Hz to 1 MHz 
with signal amplitude 0.1 Vrms.

3 � Results

SEM images show the presence of the network morphology 
of small clusters in Perovskite I (Fig. 2a) with a random 
distribution of pores, exhibiting large number of discon-
tinuous grain boundaries. The Perovskite II film surfaces, 
on the other hand, consist of large, densely packed clus-
ters (Fig. 2b). The presence of C, Pb and I can be seen in 
EDS spectra in Fig. 2c and d for Perovskite I and Perovs-
kite II, respectively. Similar observations are reported for 
CH3NH3PbI3−xClx with different % of chloride, showing the 
improved film coverage of the perovskite layer prepared with 
low concentration of chloride [11].

Diffuse reflectance spectra within the UV and visible 
region in Fig. 3a shows a nearly steady intensity of reflec-
tance (R) from both types of perovskites for the wavelength 
range of 400 nm < 𝜆 < 760 nm followed by sharp rise 
between 760 and 860 nm. The reflectance becomes con-
stant again for wavelengths longer than 860 nm. Similar 
behaviour has recently been reported for solution processed 
CH3NH3PbI3, showing a steep rise in diffuse reflectance near 
� ≈ 760 nm [12]. The reflectance increases with increasing 
percentage of PbI2 content. However this effect becomes 
visibly pronounced in the low photon energy ( h� ) regime 
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Fig. 1   a Schematic FTO/TiO2/perovskite/Pt structure for electrical 
measurement and b electrical equivalent circuit of the structure
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for wavelength 𝜆 < 760 nm in comparison to the high 
energy regime corresponding to the wavelength � ≤ 760 nm. 
The absorption in Perovskite II is higher than Perovskite I 
over the entire energy. The porosity control is found to be 

important for controlling the UV absorption characteristics 
[13]. As observed in the SEM studies, the porosity in the 
morphological structure of Perovskite II is small. This offers 
larger optical absorption surface area.

Fig. 2   SEM and EDS of Perovskite I (a and c), Perovskite II (b and d) respectively

Fig. 3   a Diffuse reflectance spectra with UV visible of Perovskite I and Perovskite II and b Tauc plots of Perovskite I and II material
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The frequency dispersions of conductance, capacitance 
and dielectric loss of Perovskite I and Perovskite II were 
obtained from the impedance spectroscopic measurements 
on the FTO/TiO2/perovskite/Pt structure. The behavior of 
the Z modulus for Perovskite I and Perovskite II is shown 
in Fig. 4. The plots of conductivity �ac versus frequency f 
on semilogarthimic-linear scales in Fig. 5 shows a mono-
tonically non-linear increase of �ac with frequency f for 
the range 10 Hz ≥  f ≤ 100 kHZ for both samples. There-
after �ac approaches frequency independent values for 
f ≥ 100 kHz . This is attributed to the hopping of charge 
carriers between randomly distributed localized states 
through the perovskites [14].

4 � Discussions

The relative atomic percentage of iodide to lead is found to 
be lower in Perovskite I than that of Perovskite II. With the 
increase of % of PbI2, the relative decrease in % of CH3NH3I 
is believed to be responsible for enhancement of Gibbs free 
energy to form nucleation of perovskite [15]. As a result, 
the grain sizes became larger in Perovskite II. The relative 
atomic percentage of iodide to lead is found to be lower in 
Perovskite I than that of Perovskite II (Fig. 2c, d).

Figure 3b shows the Tauc plots in the terms of the trans-
formed Kubelka–Munk function h�F(R)

where F (R) = (1 − R)2
/

2R is proportional to the extinction 
coefficient [16]. The index p = 2 implies the occurrence of 

(1)[F(R)h�]p ∝
(

h� − Eg

)

optical absorption in the perovskite via direct band transi-
tion. v and h are the optical frequency and Plank constant. 
Values of 1.49 eV and 1.46 eV are determined for the optical 
bandgap Eg for Perovskite I and Perovskite II, respectively 
from the intercept on the abscissa at the zero ordinate. Simi-
lar changes in optical band gap have been observed for per-
ovskite films, prepared by dipping PbI2 films into different 
concentrations of methylammonium lead iodide at a fixed 
time interval of 20 min [17].

The equivalent electric circuit of FTO/TiO2/perovskite/Pt 
is shown in Fig. 1b, consisting of combination of one parallel 
RpCp network in series with the sheet resistance Rs. The overall 
charge transfer resistance Rp of the cell includes the contribu-
tion on the TiO2/CH3NH3PbI3/Pt interfaces and CH3NH3PbI3 
layer. CP indicates the corresponding charge storage capaci-
tance. RS, CP and RP of the electrical equivalent circuit were 
estimated using Zview software [18] and their values for both 
perovskites are shown in Table 1. Both values of CP and RP are 
higher for Perovskite I than Perovskite II, implying the charge 
flow is relatively easier with the increasing content of PbI2.

The frequency dependence of the equivalent impedance is 
given by [19]

(2)Zeq(�) = RS +
RP

1 + j�RPCP

100 1k 10k 100k 1M
103

104

105

IZ
I (
Ω

)

Frequency (Hz)

 Perovskite I
 Fitted line for Perovskite I
 Perovskite II
 Fitted line for Perovskite II

Fig. 4   Modulus of impedance versus frequency plots with fitted 
curves of Perovskite I (broken line with open circle) and Perovskite II 
(solid line with solid rectangle)
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Fig. 5   Conductivity versus frequency plots with fitted curve of Per-
ovskite I and Perovskite II

Table 1   Fitted value of Rs, Cp and Rp for Perovskite I and Perovskite 
II

Perovskite Rs (MΩ) Cp (nF) Rp (MΩ)

Perovskite I 0.25 4.5 50
Perovskite II 0.3 0.11 20
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where ω is the angular frequency of AC signal. RS is 
series resistance, Rp Parallel resistance and Cp parallel 
capacitance. The real part and imaginary part of the complex 
impedance determined from the above equation are given by

The conductivity �ac of Perovskite II is observed to be 
larger by approximately one order of magnitude than that of 
Perovskite I in the frequency region of 10 Hz ≥ f ≤ 10 kHz. 
The conductance of Perovskite I with random porous mor-
phologies is smaller than that of Perovskite II. This signifi-
cant difference in �ac between two types of the perovskite 
film is consistent with their SEM images and EDS analysis 
indicating the relative porosity and % PbI2 in Perovskite I 
and II films [20].

The frequency dispersion of capacitance Cac in Fig. 6 for 
both the perovskites have been attributed due to charge stor-
age capacity in the structure. A sharp fall of capacitance Cac 
with frequency f  can be seen from Fig. 6 in a frequency 
range of 10 Hz to 1 kHz and the value of Cac is one order 
magnitude higher for Perovskite I than Perovskite II. Both 
spectra converge at high frequency f > 1 kHz to a very low 
value in order of 1 nF. This is believed to be the geometrical 
capacitance of the device containing perovskite absorbing 
layer [21]. This produces a value of nearly 7 for the relative 
dielectric constant. The dielectric loss of Perovskite I and 
Perovskite II is shown in Fig. 7. The dielectric loss of Per-
ovskite II is higher than that of Perovskite I which signifies 

(3)Re[Zeq(�)] = RS +
RP

1 + �R2

P
C2

P

(4)Im[Zeq(�)] =
�R2

P
CP

1 + �2R2

P
C2

P

that the leakage current in Perovskite II is higher than Per-
ovskite I. Ion polaristion and ion migration may contribute 
to the low frequency tanδ whereas the ion vibration which 
causes the high frequency dielectric loss is found to decrease 
at higher values of frequency f ≥ 10 kHz. The increase in 
lead concentration reduces the dielectric loss, possibly due 
to dipolar polarization, trap states and electrode polariza-
tion [22].

5 � Conclusion

Environmentally friendly, low-cost, one step deposition 
method has been successfully employed for fabrication of 
hybrid inorganic–organic perovskite materials suitable for 
harvesting solar energy. It is shown that the morphological, 
optical and electrical properties may be tuned by changing 
the % of PbI2 content in perovskite films. The frequency 
dispersion behaviors of conductivity and capacitance are 
complimentary to each other. The materials having high 
absorption coefficient, band gap compatibility with the solar 
spectrum, low leakage current, high capacitance with com-
patible conductance are very important for solar cell with 
increased efficiency. The tuning of capacitance with the % 
of PbI2 is expected to contribute to storage capacity in the 
development of the charge different storage capacity.
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