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Abstract
An understanding of the effects of doping in lead perovskites may allow for improved solar cell performance or reduction 
in toxicity of the materials used. Ba2+ doped CH3NH3PbI3 (CH3NH3Pb1−xBaxI3 with x = 1%, 5% and 10%) are successfully 
synthesized by cooling down a concentrated aqueous solution containing HI, CH3NH2 and metal acetates and their 
properties are investigated using x-ray diffraction, differential scanning calorimetry, and impedance spectroscopy (IS). 
No new structures are formed upon doping with Ba2+ ions, however the lattice expands. The IS measurements show a 
strong increase in the conductivity and dielectric constants of the doped crystals. The conductivity arises mainly from 
vacancy mediated iodide ion (I−) migration and the increase in ionic conductivity with dopants is ascribed to increased 
defect formation due to lattice distortion. In addition, the bulk dielectric constant increases with increasing Ba2+ dopant. 
The increase in the dielectric constant is consistent with ordering of CH3NH3 dipoles resulting from distortions of the 
Ba sites in the lattice. The temperature dependence of the dielectric constants is attributed to thermal effects on the 
orientation of CH3NH3 molecules.
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1  Introduction

Using CH3NH3PbX3 (X = Br, I) as a photo-absorber in solar 
cells was first carried out in 2009 by Kojima et al. [1]. Since 
then, OILH (organic–inorganic lead halide) perovskite 
based solar cells have been vigorously investigated for 
their excellent solar cell performance, which comes from 
material properties such as high light absorption coef-
ficients [2, 3], high dielectric constants, ultrafast carrier 
charge separation [4, 5], high carrier mobility, and long 
carrier diffusion lengths [6–9]. Especially interesting are 
the inexpensive fabrication costs compared to other PV 
technologies [10]. The rapid progress towards high solar 
cell efficiencies (> 23% as of 2018) has been achieved 

within just a few years [11]. However, toxicity of lead (Pb) 
is a major concern for its further development. Doping of 
Pb in CH3NH3PbX3 perovskites with nontoxic metals has 
attracted a lot of attention in the perovskite photovoltaic 
community because of the possibility of improving solar 
cell properties while reducing the amount of toxic Pb 
present. Doping is a potential means of improving stabil-
ity and solar cell lifetime, so measuring the properties of 
doped perovskites is a necessary first step.

1.1 � Tolerance considerations for doping

Perovskite compounds have a crystal structure which 
consists of three primary ions with a stoichiometry ABX3 
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similar to calcium titanate. The A, B and X ions are typi-
cally represented by a large metal cation, a smaller metal 
cation and an anion respectively. In the idealized cubic 
perovskite structure, the ions are arranged in such a way 
that the cation A forms a 12-fold cuboctahedra coordina-
tion and cation B forms a sixfold octahedral coordination 
of the anion X [2]. The structural stability is deduced by 
considering the Goldschmidt tolerance factor (t) and the 
octahedral factor (μ) given by,

where RA , RB and RX are radii of cation A, cation B and anion 
X respectively. The t factor evaluates whether the A cation 
can fit within the cavity formed by the BX3 framework and 
the factor μ assesses the fit of the cation B in the BX6 octa-
hedron [12, 13]. For example, for halide perovskites (where 
X = F, Cl, Br, I), t and μ lie in the ranges 0.81 < t < 1.11 and 
0.44 < μ < 0.90 [13].

Suitable candidates for doping can be selected con-
sidering Eqs. 1 and 2 [10, 12]. In this regard, the non-toxic 
alkaline-earth metal Ba2+ (t = 0.871) is compatible in the 
CH3NH3PbI3 perovskite structure in place of Pb2+. Hence 
without forming new structures Pb2+ can be substituted 
by Ba2+. Using density functional theory (DFT), it has also 
been predicted that crystals of CH3NH3BI3 with B = Ca, 
Sr and Ba will form with similar formation energies to 
that of CH3NH3PbI3 but with an increased bandgap 
resulting in worse optical absorption in the visible and 
infrared [14]. However, partial replacement of Pb with 
Sr showed a decrease in the bandgap [15]. Ba doping 
has been shown to deteriorate the photovoltaic perfor-
mance in CH3NH3PbI3 solar cells, but with less effect than 
in Sr doped cells [16], and 1–5% Ba doping resulted in 
improved photovoltaic performance in thin film solar 
cells [17, 18]. Studies where Pb is partially replaced with 
Ba are relevant to dopant effects on thin films solar cell 
properties. For this paper Ba doped CH3NH3PbI3 poly-
crystals (CH3NH3Pb1−xBaxI3 with x = 1%, 5% and 10%) 
were synthesized, and structural, calorimetric, conduc-
tivity, and dielectric properties are investigated. Our 
work studies how Ba dopants affect material properties 
(in 3D crystals) such as structure, ionic conductivity, and 
the dielectric constant, and it provides further insights 
on dopants and their effects on material properties.

(1)
t =

RA + RX
√

2
(

RB + RX
)

(2)� =
RB

RX

2 � Materials and methods

2.1 � Crystal preparation

Lead acetate trihydrate (Pb (CH3CO2)2·3H2O) (≥ 99%, CAS 
6080-56-4), barium acetate (Ba (CH3CO2)2) (99%, CAS 543-
80-6), methylamine (CH2NH2) (40 wt% (aq.), CAS 74-89-5) 
and hydro iodide acid (HI) (57 wt% (aq.), CAS 10034-85-2) 
were purchased from Alfa Aesar and used as received.

Polycrystalline CH3NH3Pb1−xBaxI3 was synthesized by 
slightly modifying the method described by Poglitsch and 
Weber [19]. The undoped sample (x = 0) was prepared by 
dissolving 0.625 g of Pb-acetate in 2.5 ml of concentrated 
aqueous HI in a Pyrex round bottom flask heated in a sili-
con oil bath using a magnetic stirrer. The molar ratio of 
Pb-acetate to Ba-acetate was chosen to be 1 − x: x (x = 0.01, 
0.05 and 0.1) for Ba doped samples. The obtained solution 
was pale yellow in color. In a separate container, another 
0.5 ml of HI was mixed with 0.1664 ml of aqueous methyl-
amine in an ice bath and added dropwise to the first solu-
tion. A black precipitate formed upon slow (~ 5 day) cool-
ing from 110 to 50 °C, and was filtered and dried overnight 
at 70 °C in a vacuum oven.

2.2 � X‑ray diffraction

2θ x-ray diffraction scans on powdered samples depos-
ited on a single crystal Si zero background holder were 
obtained using a PANalytical Empyrean X-ray Diffraction 
System using Cu Kα1 (1.54060 Å) x-rays. Measurements 
were taken in vacuum. Measurements in air over several 
days resulted in the degradation of the sample as shown 
by color change (from black to yellow) and the diffrac-
tion data. No changes over the measurement time were 
observed for the samples in vacuum.

2.3 � Differential scanning calorimetry

DSC measurements were performed on ~ 7 mg samples 
using a TA Instruments DSC Q100 calorimeter at a rate 
of temperature change of 10 °C min−1 from 35 to 100 °C 
under nitrogen gas flow.

2.4 � Impedance spectroscopy (IS)

For the IS measurements, thin cylindrical pellets were 
prepared by pressing powdered crystals using a hydrau-
lic press. To reduce the effect of strain, the pellets were 
annealed at 70 °C for about an hour. The pellet was sand-
wiched between two copper (Cu) electrodes and the 
impedance data was collected using a QuadTech 1920 
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precision LCR meter. Dark measurements of capacitance 
(C) and complex impedance (Z) were carried out in the 
frequency range from 20 Hz to 1 MHz with a 1 V AC signal 
under 0 V DC bias for the temperature range of 25–65 °C. 
Nyquist plots were created and the equivalent RC parallel 
circuits were identified and used to calculate bulk conduc-
tivity and dielectric constant.

3 � Results

The ideal powder diffraction patterns for the pristine 
sample at room temperature (294  K) were simulated 
using Rietveld modeling with High Score Plus software 
to index the PXRD peaks (Fig. 1). The simulation for the 
pristine sample was obtained using the available theoreti-
cal structural data [20] (space group symmetry, unit cell 
dimensions, and relative coordinates of atoms in unit cell, 
atomic site occupancies, and atomic thermal displacement 
parameters). This simulated result was used to identify the 
hkl values for the peaks with the experimental sample and 
to confirm the room temperature tetragonal phase (I4/
mcm space group).

Then, for all the samples, PXRD profiles were fitted using 
the available default profile fitting function with the High 
Score Plus software to obtain more precise peak infor-
mation about position, intensity, width and shape of the 
diffraction peaks in the profile. Si references peaks were 
aligned, and angles were taken from reference profile 
ICDD 00-027-1402.

The PXRD profiles for the Ba doped samples and a 
standard Si (NIST) powder are shown in Fig. 2a.

Si peaks from different runs are aligned, and with 
increasing Ba%, a peak shift towards lower 2θ angles is 
observed as shown for the (110) peak in Fig. 2b. The shoul-
der peak is ascribed to the (002). The variations in lattice 
parameters are calculated using these peaks (Table 1).

As given in Fig. 3, Vegard’s law, which states the change 
of the lattice constant is proportional to the concentra-
tion of the dopant for a crystal whose lattice reacts as an 
elastic medium, was used to verify the dopant amounts 
[21]. The lattice parameters for pristine CH3NH3PbI3 [19] 
and CH3NH3BaI3 [22] were used to find the relation-
ship between lattice constant and Ba%. The Ba2+ doped 
CH3NH3PbI3 samples exhibit tetragonal to cubic transi-
tion peaks at ~ 57 °C and ~ 56 °C for heating and cooling 
curves respectively as confirmed by the DSC plots (Online 
Resource).

Nyquist plots of impedance at different frequen-
cies show single distorted semicircular arcs whose radii 
become smaller as the temperature increases (Fig. 4). The 
real axis intercept of these semicircular arcs was obtained 
by extrapolating the curves to estimate the sample resist-
ance (R). The Apex frequency (fp) of the Nyquist semi-circle 
is given by the relation

where fp is a fundamental parameter which is independent 
of the geometry, known as the relaxation frequency of the 
material [23]. Using this relation, the bulk capacitance (C) 
can be determined and the bulk dielectric constant (εb ) of 
the material can be found by,

where ε0 is the permittivity of free space, A is the area of 
the pellet and d is the thickness.

Furthermore, as shown in Fig. 5, the dark conductivity 
of the Ba2+ doped CH3NH3PbI3 samples increases by over 
two orders of magnitude with increasing Ba content. The 
bulk dielectric constant of doped CH3NH3PbI3 samples 
increases with increasing Ba content as shown in Fig. 6.

Furthermore, the frequency and temperature depend-
ence of dielectric constant of Ba doped CH3NH3PbI3 can 
be analyzed as follows. The dielectric constant (�) can be 
written as a complex number,

where ε� and ε�� are the real and imaginary part of the die-
lectric constant. The ε� represents the dispersion, which is 
the dependence of ε of the material on the frequency of an 
applied field, and the ε�� represents the loss characteristic 
of the dielectric response. The ratio between, ε� and ε�� is 
known as the loss tangent,

(3)2πfpRC = 1

(4)C = ε0εb
A

d

(5)ε = ε� − jε��

Fig. 1   Simulated powder XRD pattern for pristine sample with 
labeled peaks (the Cu Kα1 wavelength is 1.54060  Å, Tetragonal I4/
mcm space group at temperature 294 K)
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and, ε� and ε�� can be expressed as,

where d is the thickness of the pellet, A is the surface area 
of the electrode, and ε0 and f are the vacuum permittiv-
ity and the frequency respectively [24] Z’ and Z’’ are the 
real and imaginary part of the measured impedance. The 

(6)tan δ =
ε��

ε�

(7)ε� =
d

2πfAε0

[

−Z
��

Z
�2 + Z

��2

]

(8)ε�� =
d

2πfAε0

[

Z
�

Z
�2 + Z

��2

]

Fig. 2   a PXRD profiles with indexed peaks for Ba2+ doped CH3NH3PbI3 crystals with Si peaks aligned together. b Peak shift of (110) peak for 
Ba2+ doped CH3NH3PbI3 crystals. The shoulder peak is the (002)

Table 1   Variation of unit cell parameters a, c with Ba%

Ba% a (Å) c (Å)

0 8.8471 ± 0.0001 12.6218 ± 0.0002
1 8.8702 ± 0.0001 12.6298 ± 0.0002
5 8.8740 ± 0.0001 12.6388 ± 0.0002
10 8.9085 ± 0.0001 12.7138 ± 0.0002

Fig. 3   The variation of the lattice constants a and c with Ba%. The 
calculated values are compared with the linear trend of Vegard’s 
law (inset) (the error bars are 0.01% of data)
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Fig. 4   Temperature dependence of the  Nyquist plots for 
CH3NH3Pb1−xBaxI3 pellets sandwiched between two Cu elec-
trodes. a x=0, b x=0.01, c x=0.05, d x=0.10. The extrapolated arc R is 
shown in figure a and the arrows in figures c and d show the begin-

ning of the grain boundary arc (error bars are on the order of graph 
point size). The inset in figure a shows the equivalent RC circuit for 
Nyquist plots with a single semicircular arc and fp represents the 
apex frequency position. Temperatures are given in °C

Fig. 5   Temperature and composition dependence of dark conduc-
tivity of Ba2+ doped CH3NH3PbI3 pellets (error bars are on the order 
of graph point size)

Fig. 6   Variation of bulk dielectric constant calculated using the 
apex frequency (fp) of the Nyquist plots with Ba% and temperature 
of Ba2+ doped CH3NH3PbI3 pellets
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frequency and temperature dependence of the real part 
of the dielectric constant (ε�) for different Ba% is shown 
in Fig. 7 while Fig. 8 shows the imaginary part of the die-
lectric constant. At low frequencies the dielectric func-
tion increases with temperature and Ba content and the 
dielectric loss function shows 1/f dependency near low 
frequencies. 

Moreover, the loss tangent (tan �) plotted against fre-
quency for different temperatures shows high values at 
low frequencies and the peak value shifts toward high 
frequency (shown by an arrow) as the temperature is 
increased (Fig. 9).

4 � Discussion

As shown in Fig. 2a, no new peaks arise upon doping 
implying that the tetragonal structure of the undoped 
material is preserved, and no impurity phases form with 
measurable concentrations. The lattice expands with 
increasing Ba% due to the replacement of Pb2+ (1.19 Å) 
with Ba2+ (1.35 Å) [25]. As shown in Fig. 3, the experimen-
tal lattice constants are consistent with the amounts in 
the solution used for synthesis. As confirmed by the DSC 
results, the phase transition temperature for the undoped 

sample is in good agreement with previously reported 
transition temperatures [26] and for the doped samples 
this temperature remains essentially the same. No addi-
tional peaks in the DSC profile within the used tempera-
ture range also implies that no other structural transitions 
occur.

According to Nyquist plots given in Fig. 4, the bulk 
resistance decreases with the increase in temperature 
and thus the bulk conductivity increases with tempera-
ture. These arcs emerge at high frequencies which corre-
sponds to a bulk effect [23, 27]. A low frequency arc starts 
to emerge which corresponds to grain boundary effects 
[23], as the Ba increases in the sample from 5 to 10%. Even 
though the grain boundary effect is not fully detectable 
within the range of the frequencies studied, it can be con-
cluded that the high number of dopants can modify the 
grain boundary behavior. As shown in Fig. 5, there is a 
significant increase of the dark conductivity with increas-
ing Ba content. The dark conductivity in CH3NH3PbI3 was 
found to be mostly ionic in previous studies [28] and is 
thought to arise from point-defect mediated ion migration 
of CH3NH3

+ [29, 30] and I− [31–33]. The activation energy 
for migrations of I− (0.58  eV) is smaller than CH3NH3

+ 
(0.84 eV) and Pb2+ (2.3 eV) from first principle calculations 
[34]. Also, the I− on the edge of PbI6

4− octahedra have a 

Fig. 7   Temperature dependence of real part of dielectric constant for Ba2+ doped CH3NH3PbI3 pellets (temperatures are given in   °C and 
error bars are on the order of graph point size)
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shorter distance to the nearest I− vacancy (~ 4.46 Å) than 
Pb2+ (~ 6.28 Å) ions, again favoring I−conductivity [35]. 
Since the Ba2+ is isovalent to Pb2+, the observed increase 
in ionic conductivity is not related to isovalent doping. 
When the Pb2+ is replaced by the larger Ba2+ ion, atoms 
locally rearrange their positions resulting in a tensile strain 
near the Ba site and leaving the neighboring Pb site under 
compression. We propose that strain increases the defect 
concentration thereby increasing the ionic conductivity. 
The Gibbs free energy for accommodating vacancies into 
the lattice, includes the loss of bond energy with a vacancy 
but the gain of configurational entropy. The number of 
vacancies in a lattice can be approximated by,

where n is the number of vacancies, H is defect formation 
enthalpy, k is Boltzmann constant, T is absolute tempera-
ture and m is an integer (= 1 for point defects, = 2 for Fren-
kel defects). The defect formation within the lattice will be 
enhanced by lowering the defect formation energy. We 

(9)n ≈ exp
(

−H

mkT

)

suggest that in the Ba doped lattice, the defect formation 
energy is lower and thereby the number of vacancies pre-
sent is higher than in the pristine lattice. An increase in 
vacancies will result in an increase in I− conductivity. The 
enhancement of defect formation is related to the lattice 
distortion by the Ba ions. In ionic and heteropolar crystals 
like CH3NH3PbI3, the interactions are influenced by the 
Madelung electrostatic potential [36]. The electrostatic 
interaction (ucoul(r)) per ion pair has the form,

where α is the Madelung constant, which depends only 
on the crystal structure and the coordination number, i.e., 
the number of nearest neighbors (of opposite charge), 
r is the nearest neighbor distance and e is the electron 
charge [37]. As given in Fig. 10a, in the undoped lattice, 
iodine in the Pb–I plane is predominantly affected by inter-
action with Pb ions, whereas, in CH3NH3Pb1−xBaxI3 there 
are different interactions due to neighboring Ba and Pb 

(10)ucoul(r) = −�
e2

r

Fig. 8   Temperature dependence of imaginary part of dielectric constant for Ba2+ doped CH3NH3PbI3 pellets (temperatures are given in °C 
and error bars are on the order of graph point size)
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ions (Fig. 10b). Since the crystal structure remains the 
same upon addition of the Ba dopants, the coordination 
number for I in both lattices is same. But the Ba–I bond 
length (3.23 Å) is larger than that of Pb–I (3.11 Å) [14]. Con-
sequently, the absolute value for the Madelung potential 
is smaller for iodine in the Ba doped lattice. This smaller 

interaction may enhance displacement of an iodine atom 
from the lattice site into a nearby interstitial site, form-
ing an iodine vacancy and interstitial (Frenkel pair). The 
interstitial can be in close proximity to the vacancy due to 
the spatial availability near the Ba site. In the case of the 
undoped lattice such Frenkel pairs will cost more energy 

Fig. 9   Temperature and frequency dependence of loss tangent for Ba2+ doped CH3NH3PbI3 pellets (temperatures are given in °C and error 
bars are on the order of graph point size)

Fig. 10   Schematic atomic 
arrangement in the Pb–I 
plane in a CH3NH3PbI3 and 
b CH3NH3Pb1−xBaxI3 lattice. 
Red, blue and yellow circles 
represent I, Pb and Ba atoms 
respectively (here, for simplic-
ity, the octahedral tilting of 
the tetragonal structure is not 
shown)
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to form. Hence Ba sites may introduce extra vacancies in 
the lattice by Frenkel defect formation and so enhance the 
ionic conductivity for increasing Ba amounts.

There is an increase in dark conductivity by an order of 
magnitude from 0 to 5% (10−6–10−5 S m−1) Ba2+ doping 
and then as higher dopant concentration is approached 
(10%) the conductivity starts to saturate (Fig. 4). This can 
be due to formation of Ba clusters at high concentrations 
which may saturate the number of defects at Ba sites and 
the clusters can also act as scatters for the ionic motion 
thereby decreasing the ionic conductivity. Moreover, as 
seen in the Fig. 5, the conductivity increases with tempera-
ture. The increased thermal vibrations make it easier for 
an iodine atom to move to nearby vacancy and enhance 
the ionic motion.

Moreover, as shown in Fig. 6, there is an increasing bulk 
dielectric constant with increasing Ba content. The dielec-
tric constant (ε) of a material is defined as

where P and E are the magnitudes of polarization P̄ and 
applied electric field Ē vectors. Note that P̄ is the contri-
bution from both induced and permanent dipoles in the 
material. In CH3NH3PbI3, the CH3NH3

+ ion has a perma-
nent electric dipole moment; thus, changing the orien-
tation of this ion will contribute to the dielectric proper-
ties [38–40] Specially, within the frequency range where 
the bulk properties were determined (MHz regime), the 
polarization response is principally the contribution from 
CH3NH3

+ rotation and its associated dipole moment 
along the C–N bond axis [41]. Near room temperature the 
entropy associated with CH3NH3

+ orientation is high and 
upon lowering the temperature, the entropy of CH3NH3

+ 
dipole orientation decreases, reflecting an increase in 
the dielectric constant [42]. In that low temperature 
orthorhombic phase CH3NH3

+ are well-oriented to maxi-
mize the hydrogen bonding with I in PbI6 octahedral [43]. 
In contrast, in the tetragonal phase CH3NH3 molecules are 
randomly oriented and show no orientational correlation 
resulting in high orientational disorder [42]. Considering 
the above facts, reduction of the orientational disorder of 
CH3NH3 molecules in the tetragonal lattice will enhance 
the dielectric constant. To explain the observed behavior 
of dielectric constant with Ba incorporation, we suggest 
that the distortion from the Ba sites causes the orientation 
of CH3NH3 molecules to be ordered to some extent and 
thereby increases the dielectric constant. Since the ori-
entation of CH3NH3 molecules depends on the hydrogen 
bonds it forms with iodides in octahedron [44], displace-
ment of I due to lattice distortion may introduce a pre-
ferred orientation of CH3NH3 molecules. In the literature, 
similar behavior in dielectric constant with dopant was 

(11)ε = ε0 +
P

E

reported for Fe2+ doped CH3NH3PbI3 films and the behav-
ior was attributed to the creation of larger grains during 
the crystallization due to the high residual stress cause by 
the Fe2+ dopants [45]. In contrast, the increase in the die-
lectric constant with increased Ba content, improves exci-
ton separation, promoting free charges which is beneficial 
for solar cell performance, while reducing Pb content. Also, 
there is a variation of the dielectric constant with temper-
ature (Fig. 6). This can be due to thermal effects on the 
orientational polarization. As the molecules receive more 
thermal energy the random motion becomes greater, and 
molecules align less closely with each other reducing ori-
entational polarization and hence the dielectric constant 
is lowered. This effect is observed experimentally up to 
~ 55 °C as shown in Fig. 6. After that the trend shows a 
discontinuity likely due to the tetragonal to cubic phase 
transition shown in the DSC data. From the DSC curve the 
transition temperature was calculated to be 57 °C. During 
the phase change, the structural change will affect the ori-
entation of the dipoles and hence the dielectric constant 
will change.

At low frequency there is a clear increase in the dielec-
tric function (Fig. 7) which agrees with the previously pub-
lished reports for pristine samples [31, 46–48]. This change 
is attributed to slow ionic migration of I− [49]. From the 
same plots it is also evident that ε� increases with increas-
ing Ba concentration. This agrees with the assumption we 
made earlier about more defect formation with increas-
ing Ba% in the sample, which leads to enhancement of 
I− motion. Also, at low frequencies ε� increases with tem-
perature whereas at high frequencies (~ MHz) the rate 
of increase is reduced. In the high frequency region, the 
polarization response is mainly from reorientation of 
CH3NH3

+ ions with a permanent dipole and the increase 
in ε� can be ascribed to the CH3NH3 ordering with Ba incor-
poration as previously described. As shown in Fig. 8, the 
dielectric loss ( ε�� ) shows 1/f dependence below 10 kHz, 
a phenomenon known as ‘Jonscher’s law’ which indicates 
ionic conductivity of the material [48, 50].

In the loss tangent plot (Fig. 9) a peak appears in the 
low frequency region which gradually shifts towards high 
frequency with increasing Ba concentration and tempera-
ture. In addition, with more barium the value and the peak 
frequency of tan � increases. The peak behavior in the loss 
tangent plot (Fig. 9) can be attributed to increased forma-
tion of defects due to lattice distortion caused by the Ba. 
Similar loss peak behavior was reported in the literature 
for Mg 2+ doped barium zirconate titanate (BZT) ceramic 
[51]. As mentioned earlier, at low frequencies the dielec-
tric response comes from I− motion. So, this loss can be 
attributed to conduction loss of the iodide ions. As more 
I− ions are present with the increased doping, they can 
cause more collisions during ion conduction and thereby 
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increase the value of loss tangent at a given temperature. 
However, we do not have an explanation of the loss tan-
gent peak value shifting towards high frequency (Fig. 9). 
Similar behavior for CH3NH3PbI3 thin films has been 
reported [52] but also not explained.

5 � Conclusions

In conclusion, nontoxic Ba doped CH3NH3PbI3 polycrystals 
(CH3NH3Pb1−xBaxI3 with x = 1, 5 and 10) were successfully 
synthesized. The room temperature tetragonal structure 
of pristine CH3NH3PbI3 perovskite is preserved upon Ba2+ 
doping at 1, 5 and 10% dopant concentrations but the 
lattice expands with increasing Ba% which is ascribed to 
the replacement of Pb2+ with Ba2+ which has a larger ionic 
radius (1.35 Å) than Pb2+ (1.19 Å). For the dopant concen-
trations studied, there is no effect on the tetragonal to 
cubic phase transition temperature. The dark I− ion con-
ductivity of prepared perovskite samples increases with 
increasing Ba content. The conductivity increase with Ba 
concentration is ascribed to an increase in I− conductivity 
from additional vacancies. The bulk dielectric constant also 
increases with increasing Ba which promotes formation of 
free charge carriers, beneficial for solar cell performance 
while reducing the amount of Pb. This increase is corre-
lated to the ordering of CH3NH3 dipoles and the distor-
tions of the Ba sites in the lattice. Additionally, a tempera-
ture dependence of the dielectric constants is observed 
and attributed to thermal effects on orientation polariza-
tion of CH3NH3 molecules.
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