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This paper presents the synthesis of organic—inorganic hybrid perovskite CHsNHsPb; ,Cd,ls. The effect
of incorporating Cd®* or Pb?* on the stability of the perovskite structure was analysed from a theoretical
and experimental viewpoint. The XRD results showed that the tetragonal perovskite structure was
formed for x values of up to 0.5, which seems to indicate that the presence of a considerable amount of
Pb?* is necessary to stabilise the structure. In turn, UV-Vis spectroscopy showed how the presence
of Cd®* led to a reduction in the optical band gap of the perovskite structure of up to 9% for
CH3NHzPbg 5Cdg sl with regard to the MAPbIs structure. Moreover, periodic-DFT calculations were per-
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Finally, the DOS analysis confirmed the experimental results obtained using UV-Vis spectroscopy. The
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1. Introduction

Perovskites have many fascinating properties, including super-
conductivity, ferroelectricity, high thermoelectric power or
optical properties.! Owing to these properties, perovskites have
been used as sensors, catalysts and optoelectronic materials.”™
Nowadays, organic-inorganic perovskites based on halides are
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theoretical band gap values decreased as the concentration of Cd increased.

studied because they perform well in photovoltaic applications.>”
Perovskites have a specific crystal structure with the ABX;
formula. The crystal structure of the ABX; compounds consists
of a three-dimensional lattice of corner sharing BXs octahedra,
where B is a bivalent metal cation, A is a monovalent organic
cation that is small enough to fit into the structure, and X is a
halogen.® A methyl ammonium cation ([CH;NH;]", MA) is the
most usual monovalent organic cation in several applications.
Moreover, an interesting example of these kinds of perovskites
is CH;NH;BX;, where B = Sn”*', Pb*>"; X = C17, Br™, I". In turn,
methyl ammonium lead iodide (MAPDI;) has brought about
a revolution in photovoltaic applications, thanks to its high
efficiency, which reaches 18%.” Thus, the crystalline structure
and good photonic absorption are two vital factors in the high
performance of this kind of compound in solar cells. The
substitution of some elements in MAPbI; can make it possible
to control the optical and electronic properties of perovskites,
which can affect the performance of the devices. For example,
the substitution of I" with C1™ or Br~ has been widely studied;
and doping with inorganic cations such as Sn**, Sr**, or Ca*>" in
Pb>" sites has been analysed to understand its effect on the
optical and electronic properties.>®™*>

Thus, this article studies the effect of the introduction of
Pb** or Cd*" ions in position B of an ABXj-type perovskite,
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where A = MA and X = I", on the structural stability and
electronic properties. To do this, synthesized samples were
characterised using elemental analysis techniques such as the
CHNS technique or X-ray fluorescence (XRF) to corroborate the
amount of Pb®>" and Cd*" introduced; X-ray diffraction (XRD)
was used to determine the crystalline phases present in the
samples; X-ray photon spectroscopy (XPS) was used to deter-
mine the chemical bonding states; and UV-Vis spectroscopy in
the diffuse reflectance mode (DR-UV-Vis) was used to establish the
optical band gap of the samples. In addition, from a theoretical
perspective, periodic density functional theory (DFT-periodic)
calculations were performed to rationalize the experimental
information on this topic. Therefore, to explore the electronic
and structural effects of increasing the concentration of Cd,
the structures (MA),Pbyl;,, (MA),PbsCdl;,, (MA),Pb,Cd,l;,
(MA),Pb,Cd;1;, and (MA),Cd,l,, were optimised. The analysis
of both the electron localization function (ELF)"™'” and the
non-covalent interaction (NCI)'® sheds light on the bonding
interactions established within these hybrid systems, highlight-
ing the important role of the Pb*>" ions in the stabilization of
these kinds of hybrid structures. The density of state (DOS) and
band structure results, taking into account the spin-orbit coupling
(SOC) effects, were in agreement with the tendency forecast experi-
mentally, showing a decrease in the optical band gap energy as the
concentration of Cd** increased.

2. Experimental and
computational section
2.1. Experimental

2.1.1. Reagents. All reagents were from commercial sources
and used without further purification. The hydroiodic acid (HI,
57 wt% in water) was from Aldrich; methylamine (CH;NH,, 33 wt%
in ethanol), diethyl ether (Et,O, purity > 99.8%), lead iodide
(PbL,, purity 99%), cadmium iodide (Cdl,, purity 99.999%), and
y-butyrolactone (purity > 99%) were from Sigma-Aldrich.

2.1.2. Synthesis. The synthesis of the perovskite phases
was performed by the reaction of CH;NH;I and the nominal
quantities of Pbl, and Cdl,. First, CH;NH;I was synthesized by
using the following procedure:'>***° HI (10 mL, 0.076 mol) and
CH;NH, (11.33 mL, 0.091 mol) were stirred in an ice bath for
2 h. Next, the mixture was evaporated at 50 °C for 1 h, and
CH;NH;I was obtained. Then, the solid was cleaned three times
using Et,0.

For the synthesis of the perovskite phase, a mixture was
prepared of CH;NH;I (0.395 g) and the corresponding stoichio-
metric amount to obtain nominal concentrations of Cd (Cd/(Cd +
Pb)) of 0, 25, 50, 75 and 100 at% in y-butyrolactone (2 mL) at
60 °C for 18 h.

2.1.2. Characterization. The elemental analysis was per-
formed using two instrumental techniques. The CHNS technique
was used to obtain the amount of C, H and N, using an elemental
analyser supplied by Leco®™, model CHNS932. Also, X-ray fluores-
cence (XRF) spectroscopy was performed to determine the
amount of Pb, Cd and I using a sequential XRF spectrometer
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supplied by Bruker®, model Pioneer S4. X-ray diffraction (XRD)
was used to determine the crystalline phases in the samples.
The patterns were recorded using a diffractometer supplied by
Bruker®™, model D8 Discover, under Cu-Ko radiation. The scan
conditions were from 10 to 70° in 260 with a resolution of 0.02°,
at 40 kv and 40 mA. The optical band gap (E;) values were
determined from diffuse reflectance UV-Vis (DR-UV-Vis) measure-
ments. The spectra were collected by using a system assembled in
our laboratory composed of an integrating sphere supplied by
Spectra Tech®™, a USB2000+ spectrometer supplied by Ocean
Optics®, and a Xe lamp, model ASB-XE-175, supplied by Spectral
Products®, as the illumination source. Moreover, X-ray photo-
electron spectroscopy (XPS) was used to study the chemical
bonding states and the chemical compositions of the samples.
The spectra were obtained using a Kratos®™ Axis UltraDLD spectro-
meter, under monochromated Al-Ko radiation (1486.6 eV) and
20 eV pass energy. The binding energy was given with an accuracy
of 0.01 eV. Electrostatic charging effects were stabilised with the
help of a specific device developed by Kratos®.

2.2. Computational framework

DFT-periodic calculations were performed using the Vienna Ab
Initio Simulation Package (VASP)*'~** by the projector-augmented
wave (PAW) method.***® The number of plane waves in VASP was
controlled by a cut-off energy, chosen according to the pseudo-
potential and set in our calculations to E., = 500 eV to satisfac-
torily describe the system." In this way, the value of the cut-off
was chosen by increasing around 30% the highest value defined
for all pseudopotentials used, i.e. carbon and nitrogen. The
electron exchange and correlation were treated within the
generalised gradient approximation (GGA).”” In the case of
GGA, Perdew-Burke-Ernzerhof (PBE)*” functionals were used
that provide geometrical structures and relative stabilities for
hybrid perovskites in good agreement with the experimental data,
as reported elsewhere.""**° Both the cell shape and atomic
positions were optimised using a conjugate-gradient algorithm,
where the iterative relaxation of atomic positions was stopped
when the forces on the atoms were less than 0.01 eV A~%. Also, a
Gaussian smearing with kg7 = 0.1365 eV was applied.

The perovskite tetragonal phase was characterised by the
I4/mem space group.’® The tag KSPACING determined the
number of k-points in the mesh. A value of 0.4 for sampling
the Brillouin zone for the perovskite bulk was enough to obtain
negligible changes in the optimised cell parameters and energy.
The resulting cell parameters were a = 8.912 A and ¢ = 12.707 A
for the tetragonal phase, in agreement with the experimental
values (a = 8.874 A, ¢ = 12.671 A).*°

The (MA),Pb,l;, cell was optimised as a model for the
tetragonal phase of perovskites. The incorporation of each
proportion of Cd into the structure was performed in substitu-
tional positions. The Cd atom substitutes the Pb atom in the
perovskite structure taking into account the equivalent sites.
The structures (MA),Pb;Cdl;,, (MA),Pb,Cd,l;, (MA),Pb,Cd;l;,
and (MA),Cd,1;, were optimised. The selected structures were
adequate to represent qualitatively the experimental concentra-
tions within DFT with a periodic boundary condition framework.
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The structural disorder associated with the MA rotation in these
kinds of hybrid perovskites is well known.***" In a previous
work we tested different orientations of MA within the tetra-
gonal structure, reporting the most stable configuration for
each doped structure.'” This structure has been used as a basis
for optimizing the structures used in this work.

The density of states (DOS) and projected density of states
(PDOS) for the relaxed structures were obtained using the tetra-
hedron method with Bléchl corrections®” and a KSPACING of
0.3. For all the systems, DFT+U*? calculations were performed
to take into account the on-site Coulomb interaction. A U value
of 5 eV was used for d orbitals.**

Recent studies have confirmed a relevant SOC in MAPbI; due
to the strong SOC on Pb atoms leading to a strong band-gap
reduction by inducing a large splitting of the conduction levels
while the valence band levels are nearly unaffected.*>>¢ Although
more computationally demanding, the inclusion of many body
perturbation theory, within the GW approach®”*® and SOC, leads
to a good correlation between the calculated band gap values
and the experimental ones,'"** because GW corrections are large
and in the opposite direction to the SOC effect.>® Nonetheless, a
computationally viable alternative that has been recently applied
consists of SOC-U which is followed in this work.?>® For MAPbI; a
U value of 9 eV was used for Pb p-orbitals.

Images of the electron localization function (ELF and
the structure were obtained using the Vaspview software*® and
ChemCraft 1.6,"" respectively. The non-covalent interaction
analysis was performed using CRITIC2 software.*>** NCI
images were made using VMD software."* VMD was developed
with the NIH support by the Theoretical and Computational
Biophysics group at the Beckman Institute, University of Illinois
at Urbana-Champaign.

)13—17

Table 1 Results in weight percentage (wt%) obtained from the elemental
analysis performed using the CHNS and XRF techniques

Nominal at% Cd wt% CHN wt% I wt% Pb wt% Cd Cd/(Cd + Pb)
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3. Results and discussion
3.1. Elemental analysis

The elemental analysis of the samples synthesized (see the
experimental section) was performed using X-ray fluorescence
to determine the amount of I, Pb>" and Cd>" in the samples.
The CHNS technique was used to determine the amount of C,
H and N. From the elemental analysis, the weight percent of the
elements present in the samples was obtained, and are shown
in Table 1. The percentages of C, H and N are shown together,
but are detailed by the element in Table S1 in the ESL.} In turn,
Table 1 shows that the atomic/molar proportion of Cd was
determined and obtained as the ratio of Cd/(Cd + Pb). It shows
that the expected proportions were obtained with only small
deviations with respect to the nominal composition.

3.2. X-Ray diffraction

Fig. 1A shows the XRD patterns for the samples with a nominal
atomic Cd proportion of 0 at%, 25 at% and 50 at%, while Fig. 1B
shows the patterns for the samples with 75 at% and 100 at%. The
patterns of the samples without Cd show several diffraction peaks,
which can be indexed to planes of the tetragonal I4/mcm space
group, as reported previously for the MAPbI, perovskite.®>**>~*”
The assignment of the peaks found in the patterns is shown in
Table 2. The peak highlighted as (4) is assigned to the reflection
of the plane (211) of the perovskite tetragonal phase, and this
reflection is the main difference between the patterns for the
perovskite tetragonal phase and the perovskite cubic phase
(Pm3m space group). This reflection is inconsistent with cubic
symmetry, so the presence of the perovskite cubic phase is
negligible in our samples.?® In turn, for the samples without
Cd, some peaks (pointed out as (6)*, (12), (14)) are assigned to
the residual PbI, used as a reagent in the synthesis, according
to the PDF 00-007-0235 reference.

Moreover, the XRD patterns obtained for the samples with a
nominal Cd composition of 25 at% and 50 at% show the peaks
assigned to the perovskite tetragonal phase (see Table 2). More-

0.0 5.19 61.25 33.56 — 0.00 over, the XRD patterns of these samples show peaks (marked
25.0 5.39 63.71  25.98 4.92 - 0.26 as (1), (3), (6), (12), (14), (16)) that can be assigned to Pbl,, CdI, and
50.0 5.57 66.53 17.92 9.98 0.51 . . .
750 5.85 69.08 10.05 15.02  0.73 MAL, used as reagents in the synthesis, according to PDF 00-007-
100.0 6.11 7214 — 21.75  1.01 0235, PDF 00-033-0239, PDF 00-030-1797 references, respectively.
(A) (B)
@ a("® @
(GISAN ]
o \
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Fig. 1 XRD patterns of the samples synthesized.
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Table 2 Assignment of the XRD peaks. Te: tetragonal perovskite phase; MAI: CHzNH3l|
Fig. 1A Fig. 1B
Peak Assignment Peak Assignment Peak Assignment Peak Assignation
(1) Cd1,(002) 9) Te(213) () Cd1,(002) (2 PbI,(102)
PbI,(001) MATI®
MAI*
(2) Te(110)(002) (10) Te(114) (a)* CdI1,(002) (h) CdI1,(006)
Residual CdI,(103) PbI,(001)
MAT®
(3) Te(112) (11) Te(222)(310) (b) MAI* (h)* CdI,(006)
MAI® MAI* Pbl,(110)
4 Te(211) (12) PbI,(102) (0) Cd1,(004) (i) MAI*
MAI“
(5) Te(200) (13) Te* (c)* CdI,(004) G) PbI,(111)
PbI,(002)
MATI*
(6) Cd1,(004) (14) CdI1,(006) (d) MAT” (k) CdI1,(110)
PbI,(002) PbI,(110)
MAI?
(6)* Pb1,(002) (15) Te* (e) MAI* ) PbI,(103)
Residual CdI,(105)
Residual MAI“
) Te(004) (16) CdI,(110) (3] CdI,(103)
MAT®
(8) Te(220) (17) Te(330)

¢ Planes not assigned in the references.

Moreover, the proportion of the reagents increased with the
nominal percentage of Cd, as is clearly observed in the peak
pointed out as (6). Therefore, these samples are composed of a
mixture of phases. These are tetragonal perovskite phase (I4/mcm
space group), hexagonal CdlI, (P63mc space group), hexagonal
PbI, (P3m1 space group) and hexagonal MAI.

Fig. 1B shows the patterns for the samples with a nominal
Cd percentage of 75 at% and 100 at%. The assignment of the
peaks is shown in Table 2. The presence of any perovskite phase
is not observed in these patterns. Moreover, only the peaks of
the reagents are found.

The formability of the perovskite structure is estimated
based on a geometric factor, known as Goldschmidt’s tolerance
factor (¢). For ABX; perovskites, this factor is described as

t=(ra + r)/2"? (15 + 1) (1)

where ry, 15 and rx are the effective ionic radii of A, B and X
ions,*® which in our case are [CH;NH;]", Pb** or Cd*" and I,
respectively. Goldschmidt’s factor is widely accepted as a criter-
ion for the formation of the perovskite structure. Generally, the
formation of perovskite structures occurs in the range 0.75-1.00,
and an ideal cubic perovskite is expected when ¢ = 1, while octa-
hedral distortions are expected for ¢ < 1.*° But, Goldschmidt’s
tolerance factor does not seem to be sufficient to predict the
formation of the perovskite structure, and another factor is
needed. Li et al. reported the use of the ‘octahedral factor’
(1),***° defined as

'
=2 2
n=. (2)

According to the literature, for halide perovskites, most pero-
vskites show tolerance factors in the range of 0.813-1.107, and
the octahedral factor is higher than 0.442.*° Thus, we analysed

This journal is © the Owner Societies 2015

the MAPDbI; and MACdI; systems. The values for the effective
ionic radii of Pb®", Cd*" and 1™ were taken from the literature,>
while the effective ionic radius value of MA (ry,) was calculated
according to a rigid sphere model with free rotation of its centre
of mass. First, the centre of mass of the molecule is detected,
and the distances between the centre of mass and all the atoms
are estimated. The effective radius of MA is calculated as the
sum of the largest distance between the centre of mass and an
atom, including hydrogen atoms (rcy), and the corresponding
covalent radius of this atom (7ov), Which is hydrogen. So, rys =
Fem + Teovir, Where in our case roy = 1.51 A, and according to the
literature 7eou; = 0.23 A.52 Thus, ry, is estimated as 1.74 A, in
good agreement with the values found in the literature.” The
values for the effective ionic radii used and the results for the
Goldschmidt tolerance factor and the octahedral factor for both
systems are shown in Table 3. These results show that the MAPbI;
system fulfils both conditions and that ¢ < 0.9, which is coherent
with obtaining the tetragonal perovskite phase in the sample. In
turn, the tolerance factor value for the MACdI; system is within
the range established for the formation of the perovskite phase,
but the octahedral factor value is below the usual limit. This is
coherent with the perovskite phase not being formed when the
proportion of Cd*" in the samples is increased.

Thus, from the XRD patterns, it is possible to conclude that
an increase in the proportion of Cd*>* in the synthesis impedes
the formation of the perovskite phase. These results are coherent
with the UV-Vis spectroscopy results, as shown below.

3.3. UV-Vis spectroscopy

The optical band gap (E,) was determined using Diffuse Reflec-
tance UV-Vis measurements (DR-UV-Vis). Fig. 2A shows the spectra
of the samples with a nominal composition of Cd of 0 at%,
25 at%, and 50 at%, and the spectrum of Pbl, used as a reagent

Phys. Chem. Chem. Phys., 2015, 17, 23886-23896 | 23889
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Table 3 Values of the ionic radii used and the values calculated for
Goldschmidt's tolerance factor and the ‘octahedral factor’ for the MAPDbIz
and MACdIs systems

Ion /A Perovskite t u
[CHNH,]* 1.74 MAPbI, 0.822 0.541
Pb2* 1.19 MACdI, 0.884 0.432
cd* 0.95

I 2.20

in the synthesis. For the samples with Cd, two absorption bands
are observed in the spectra. The first is at about 540 nm and is
assigned to the presence of Pbl,. For the sample without Cd**,
which is composed of MAPDI;, this absorption band is observed
but its intensity is low, which is coherent with the XRD results
shown above. The second absorption band observed is at about
830 nm. This is assigned to the presence of the perovskite phase
in the samples."” In turn, a shift of this band towards a higher
wavelength was observed when the nominal composition of Cd
increased in the samples, which is from 0 at% to 25 at% and
50 at%. This led to a decrease in the optical band gap for the
perovskite with Cd** and Pb**, which suggests that the incor-
poration of Cd*" into the perovskite structure is obtained up to
50 at% of Cd.

The optical band gap for the perovskite phases in the samples
can be determined from the UV-Vis spectra in the diffuse reflectance
mode. The optical absorption coefficient (2/S) can be calculated by
means of reflectance using the Kubelka-Munk formalism,*

o _ 2
2w = ®)

where R is the light reflected (%), « is the absorption coefficient
and S the scattering coefficient. Moreover, the optical band gap
is related to the incident photon energy (hv) according to the
Tauc plot, that is ref. 54 and 55

[FR)AVP = A(hw — Ey) @)

where A is a constant depending on the transition probability
and p is related to the optical absorption process. Theoretically,
pisequal to 1/2 or 2 for an indirect or a direct allowed transition,
respectively."® The optical absorption for this kind of perovskite
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occurs by direct transition, as reported previously.”® So, the
optical band gap was determined from the extrapolation of the
linear part of the Tauc plot with p = 2. The values of the optical
band gap obtained were 1.57 eV, 1.50 eV and 1.43 eV for the
samples with a nominal composition of Cd of 0 at%, 25 at%
and 50 at%, respectively. A decrease of around 9% in the band
gap value was obtained when Cd>" was incorporated into the
perovskite structure in the Pb>" position.

Fig. 2B shows the spectra of the samples with a nominal
composition of Cd of 75%, and 100%, and the spectrum of CdI,
used as a reagent in the synthesis. For these samples, the
presence of the perovskite absorption band is not observed.
Moreover, the presence of the typical absorption band for CdI, at
about 390 nm, seen in the DR-UV-Vis spectrum of CdI, used as a
reagent, is observed in the samples with a nominal composition
of Cd of 75 at% and 100 at%. Moreover, for the sample 75 at% of
Cd, it is possible to observe the typical absorption band for Pbl,.
So, these spectra are further evidence of the absence of reaction
between CH3;NH;I, Pbl, and CdI, for higher proportions of Cd,
or when Pbl, is not present, for obtaining perovskite structures.
Thus, the results seem to indicate that a high proportion of Cd**
in the samples (75 at% and 100 at% for the Cd/(Cd + Pb ratio))
impedes the formation of the perovskite structure, with the
presence of the reactants used for its synthesis being observed.
The presence of CH3;NH;I is not detected by UV-Vis, as its
absorption band overlaps the one assigned to the Cdl,. The
UV-Vis spectrum, in the diffuse reflectance mode for CH;NH;I
used as a reagent, is shown in Fig. S1 in the ESL}

3.4. XPS

XPS spectra were recorded to study the oxidation and bonding
states of the elements in the samples. The samples with a
nominal composition of 25 and 75 at% of Cd were studied.
Fig. S2 in the ESI,{ shows the general spectra of these samples.
Moreover, Fig. 3A shows the Pb 4f spectra of these samples. The
Pb 4f,, signals appear at the binding energy (BE) of about
139 eV, in good agreement with the values reported previously.>®””
Moreover, the spectra show well-separated spin-orbit compo-
nents, with a separation of about 5 eV in both cases, which is
typical of Pb>".

(A) (B)

; 5
3 s | cd,
8 2
2 50%Cd 2 75%Cd
IS L)
g 8 100%Cd
5 B
& o

0%Cd
400 500 600 700 800 900 400 500 600 700 800 900
A/ nm A/ nm

Fig. 2 UV-Vis spectra, in the diffuse reflectance mode, of the samples synthesized.
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Fig. 3 XPS spectra of (A) Pb 4f, (B) Pb 4d and Cd 3d, and (C) | 3d for the samples with a nominal composition of 25 and 75 at% Cd.

Fig. 3B shows the spectrum of the Cd 3d. The signal of the
Cd 3dj,, completely overlaps that of the Pb 4d;,, at approxi-
mately 413 eV. This signal is asymmetrical due to the presence
of several contributions to it. Furthermore, the signal changes
shape depending on the Cd content in the samples. The BE of
Cd 3ds/, was found to be about 406.2 eV, in agreement with the
literature for Cd*".>® The intensity ratio between the signals
shown in Fig. 3B varies due to different amounts of Cd in the
samples. The signal observed at a BE of about 402.5 €V in
Fig. 3B is assigned to N 1s.

Fig. 3C shows the I 3d;/, and I 3ds/, spectra for the samples.
The spectra show well-separated spin-orbit components, with a
separation of about 11.5 eV in both cases, which is in agree-
ment with the values reported for I".°° Moreover, a shift
towards a lower BE is observed in the samples with a higher
nominal composition of Cd, which is coherent for compounds
of a more ionic nature. So, this typical shift suggests small
modifications in the oxidation state of I" that occurred in
accordance with the amount of Cd*>" in the samples. In fact,
the decrease in the optical band gap for the perovskite samples
suggests that the presence of Cd slightly modifies the inter-
actions of the ions in the lattice, which leads to changes in the
band gap and geometrical distortions in the lattice, as theore-
tical calculations show.

3.5. Structure and local geometry analysis

From a theoretical perspective, an analysis was performed on the
effect of increasing the concentration of Cd on the structural and

This journal is © the Owner Societies 2015

electronic properties of MAPDI; perovskites. Likewise, a study
was performed on the tetragonal structures of MAPb, ,Cd,I3
with x = 0.00, 0.25, 0.50, 0.75 and 1.00.

The local geometry for the most stable configuration of the
optimised structures is shown in Fig. 4. Our theoretical results
show that the incorporation of Cd*>* ions caused distortions in
the structure. Generally, the inclusion of Cd** ions produced a
shortening of the Cd-I distances compared with the Pb-I ones.
This change is more noticeable for the MAPb, ;5Cd, »sI; and
MAPD 50Cd 5015 structures (ca. 3-5% in both) than for the
MAPb, ,5Cd, 7513 structures (ca. 1-2%) and MACd]I; (ca. 1%). These
modifications to the Cd-1 and I-Pb distances are reflected in the
changes in the values of the Pb-I-Cd and Cd-I-Cd angles (Fig. 4,
Table 4). As an example and for clarity, these angles are repre-
sented as o, 5, y, and ¢ in Fig. 4. The ESI} includes the cut
corresponding to the front face of the tetragonal structure (Fig. S3)
and a table that includes its angles (Table S2). As shown in Table 4,
in general, the o, 8, y and J angles increase in accordance with the
concentration of Cd, reaching their highest values in the MACdI;
structure. In turn, the y and ¢ angles in the MACdI; structure are
ca. 10 and 5° bigger than the same angles for the MAPbI; structure.
These geometry results lead us to believe that the structural
tensions in the theoretical structures MAPb, ,5Cd, 7513 and MACdI,
are greater than those in the structures with low concentrations of
Cd*" ions. Therefore, it would seem that a certain concentration of
Pb*>" ions must be present to stabilise the structure, as shown
experimentally and as the results from ELF and NCI indicate, and
which will be discussed below.
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Fig. 4 The local geometry in 2D and 3D and ELF contour plots for the tetragonal MAPb;_,Cd,ls perovskite with x = 0.00, 0.25, 0.50, 0.75 and 1.00.

Table 4 Geometrical parameters, identified in Fig. 4, of the structures
studied

Structure o B y 1

MAPbDI; 157.11 155.03 156.52 158.35
MAPby 75Cdo 2515 157.98 155.22 158.38 160.33
MAPb, 50Cdy 5015 158.71 155.33 160.02 161.95
MAPb, ,5Cdy 7515 159.03 155.30 161.19 163.19
MACdI; 159.85 157.02 166.40 163.48

The lower parts of Fig. 4 and Fig. S3 (ESIf) show the ELF
plots corresponding to the geometries represented in 2D. Fig. 4
shows how the contour plot for Pb is different from that of Cd.
It shows that for the experimentally formed MAPbI; structure,
the outlines of the ELF for I and Pb almost overlap by means of
slight electron localization (sky blue colour) that provides more
stability to the Pb-I interaction. The introduction of Cd pro-
duces directionality in the outlines of the electron localization
of the I towards the Cd, which explains the decrease in the Cd-I
distances. As an example, this directionality is shown as an
arrow in the enlarged image of the ELF for the MAPb, ;5Cdy »513
structure. However, for the MAPb,;5Cdg 515, MAPD, 50Cdg 5015
and MAPb, ,5Cd, ;515 structures, there is a sky blue area between
the Pb and I atoms due to the electron localization between them.
For the MACd]I; structure, a double directionality can be observed
of the I towards each Cd, which explains the variation in the
angles stated above (Table 4). This effect is also observed in the
ELF image of the MAPD, ,5Cd, ;513 structure in Fig. S3 in the ESL.¥
The results of the analysis of the ELF show that a certain
proportion of Pb must be present for the perovskite structure
to be formed and that the Pb-I interaction provides the structure
with a stabilizing effect. At this point, it is interesting to use the
NCI index,"® an analysis tool that complements ELF and is
useful for studying weak interactions. This index enables
the qualitative identification and characterisation of weak

23892 | Phys. Chem. Chem. Phys., 2015, 17, 23886-23896

interactions of various strengths as chemically intuitive iso-
surfaces that reveal both stabilizing (strong and attractive
interactions in blue, weak interactions in green) and destabiliz-
ing interactions (strong and repulsive interactions in red). Fig. 5
shows a comparison of the NCI plots for the I-Pb-I, I-Cd-I-Pb-I
and I-Cd-I interactions for the MAPbI;, MAPb, 5,Cd50I; and
MACdI; structures, respectively. The ESI,{ includes the NCI plots
for the remaining structures (Fig. S4) as well as multimedia files
(video) with the NCI analysis for all the structures. Comparing
Fig. 5A and B, it is interesting to note that the experimentally
formed structures (MAPbI; and MAPb, 5,Cdg 50l3) show iso-
surfaces in blue for the Pb-I and Cd-I-Pb interactions. However,
for the MACdI; structure, which was not formed experimentally,
the Cd-I isosurface lobes are a green-blue colour, which shows
that this interaction is weaker compared with the previous ones.
Bearing in mind the tones of the isosurfaces, it is clear that the
presence of Pb, particularly above a certain concentration,
provides stabilizing characteristics to the Pb-I interaction,
which promotes the formation of these perovskite-type struc-
tures. In this sense, the MAPb, ,5Cd, 5515 structure that was not
formed experimentally provides crucial evidence of this (see
Fig. S4 and multimedia files in the ESIT). Fig. S4 (ESIt) shows a

MAPb, sCdy3l, MACly
, ® 1... f @
b ‘ ’T
» 0 g |
B .
‘“i.l a‘__,.

©@Pb Q! @C JH ON »Cd

Fig. 5 NCI plots for tetragonal structures: (A) MAPbls, (B) MAPbg 5Cdg sls,
and (C) MACdlIs.
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majority of Cd-I interactions of a green-blue colour, compared
with the uniform blue colour of the Pb-I interaction. This greater
strength of the Pb-I interactions means that the structures with
a certain amount of Pb are more stable, and so can be formed
experimentally. In the case of the MAPb, ,5Cd, ;513 structure,

(A) PBE+U

100 MACdI;

DOS / 1/eV

E/eVv

View Article Online

PCCP

the presence of few strong interactions leads us to believe that
the structure is less stable, which is coherent with the fact that
it is not formed experimentally. Of course, all of the above does
not mean that the interactions of other perovskite-type experi-
mental structures will present green-blue interactions, as the
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Fig. 6 Total DOS for tetragonal perovskite structures analysed with and without SOC.

® MAPbI, ®)

MAPb, sCdsls ©

MACdl,

1.50

1.0 Total CHN states 0.8+ Total CHN states Total CHN states
0.5 0.4 0.75 4
3
=
0.0 i A 0.0 ® 0.0 A ; T == N
t 1 t t 1 t + t t T o t T t t t
AQ Total | states 40 Total | states 2 60 Total | states
3
g 20
2 2
0 1 + + 1 a 4: + t + + +
2 o
— Pb s-states 2 —— Pb s-states
—— Pb p-states = —— Pb p-states
1 —— Pb d-states 24 — Pb d-states
0 T i T : 0 1 . . "
t t i t t t f ¥ f t 4 + t t +
2 0 1 2 3 4 1.2 —— Cd s-states — Cd s-states
El/eV >
—— Cd p-states ° —— Cd p-states
o —— Cd d-states I 2 —— Cd d-states
e 172
o
=)
o
0.04
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formation of these structures is known to present a wide range
of exceptions.*>*® These results are coherent with the experi-
mental results shown previously.

3.6. DOS and PDOS analysis

To deepen our understanding of the electronic properties that
underlie the geometrical effects mentioned above, we will discuss
the electronic structure in terms of the density of states (DOS),
the projected density of states (PDOS) and the band structure
analysis.

The band gaps calculated using the DOS analysis decreased
with higher concentrations of Cd (see Fig. 6). This smaller band
gap is in agreement with the tendency observed experimentally
for the perovskite structures formed. Fig. 6 compares the DOS
with and without SOC. Although, qualitatively, they follow the
same trend, the band gap values calculated when the SOC is
taken into account are slightly lower than those without SOC.

Cd s-states o578
MAPb;,Cdyl3
1.0
3
@
o
o
o 0.5
0.0
3 T T
0.0 0.5 1.0 1.5 2.0
E/eV

Fig. 8 Cd projected s-states for tetragonal perovskite structures analysed
with SOC+U.
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Fig. 7 shows the contribution of Pb, Cd, I and MA groups to
the valence band (VB) and the conduction band (CB) for the
MAPDI;, MAPDb, 5,Cd, 50l and MACdI; structures, which were
chosen as representatives for the discussion below. Fig. S5 in
the ESI,} includes the same contributions for the MAPb, ;5Cd 2515
and MAPb,, ,5Cd, 513 structures. Fig. S6 (ESIT) shows the PDOS for
all structures without SOC. In the figures, the contributions of I
atoms and MA groups are represented as total I (s, p and d states
of I atoms) and total CHN (s and p states of C and N, and s states
of H), respectively. The analysis of the projected density of states
(PDOS) of the structures simulated indicates that the VB is mostly
composed of I p states, and the CB of the s, p and d states of the
Pb** and Cd*" ions, depending on the structure analysed. For
the MAPDI; structure, the VB and the CB are mostly composed
of I p and Pb p states (see Fig. 7A) respectively, as reported
elsewhere.'**° Likewise, Fig. 7A shows that the s and p states of
the Pb make the biggest contribution to the edges of the VB and
the CB, respectively, while the MA groups contribute more
internally. In Fig. 7B, for the MAPb, 5,Cd, 50l structure, as well
as the I and CHN states, it is possible to see that the s states of
the Pb together with the d states of the Cd make the biggest
contribution to the edge of the VB. In particular, the d states
that are near the edge of the VB must play an important role in
the charge transfer processes. The origin of the CB is domi-
nated by the s states of the Cd followed by the p states of the
Pb (Fig. 7B). A different situation is observed for the MACdI;
structure, where the I states contribute almost exclusively to the
edge of the VB while the s states of the Cd make an extra-
ordinary contribution to the origin of the conduction band
(Fig. 7C). The analysis of the PDOS shows that the contribution
of the s states of the Cd to the origin of the conduction band
(CB) plays a fundamental role in the decrease in the band gap
(Fig. 6). This decrease in the band gap values can be seen more
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Fig. 9 Band structure with SOC+U for tetragonal structures: (A) MAPbIs, (B) MAPbgsCdgsls, and (C) MACdIs. Splitting associated with the loss of
inversion symmetry is shown in detail in (D). I' (0.0,0.0,0.0); M (0.5, 0.5,0.0); Z (0.0,0.0,0.5); X (0.0,0.5,0.0); A (0.5,0.5,0.5); R (0.0,0.5,0.5).
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clearly in Fig. 8, where the Cd s states in the CB have been
superimposed for the MAPD, ;5Cdg 2515, MAPDg 50Cdg 5013,
MAPby »5Cdy 7513 and MACdI; structures. Fig. 8 shows the shift
to lower gap values of the Cd s states as the concentration of Cd
increases.

In turn, Fig. 9 shows the band structure of the MAPDI;,
MAPD, 5,Cdy 50l and MACAI; structures. The Brillouin zone for
the tetragonal lattice was chosen as described in the literature.”®
As Fig. 9A and C show, the transition from the VB towards the CB
for the MAPbI; and MACdI; structures is direct and takes place at
point I'. However, the transition for MAPDb, 50Cdo s0l5 is indirect
(Fig. 9B). The valence-band maximum (VBM) corresponds to point
I' and the conduction-band minimum (CBM) to point R. For the
MAPbDI; structure, a splitting of the bands away from the critical
point® associated with the loss of inversion symmetry has been
reported. This splitting in the presence of SOC is also produced
in the MAPb, 5,Cd,.50I3 and MACAI; structures. Nevertheless,
strangely, the splitting for both MAPb, 5,Cdy 503 and MACdI;
around the critical points R and G, respectively, is less striking
than that observed for the MAPbI; structure (Fig. 9D). This result
shows the marked effect of lead in these kinds of hybrid materials.

4. Conclusions

This paper presents the synthesis of organic-inorganic perovskite
CH;3NH;Pb, _,Cd,I;. XRD showed the formation of the tetragonal
perovskite phase for x values of up to 0.5, while for values of
x > 0.5 the perovskite phase was not formed and evidence was
found of crystalline phases of the reactants used in the synthesis.
The geometrical analysis seems to indicate that the Cd** ion was
small and its incorporation into the octahedral geometry of the
perovskite structure was not satisfactory. For this reason, the
presence of a large quantity of Pb** ions was what made possible
the stabilization of the tetragonal perovskite structure in the
system studied. In addition, DR-UV-Vis spectroscopy showed
that the optical band gap value of the perovskite structure
decreased when the amount of Cd increased. The optical band
gap values decreased by 9% for the MAPb,, 5Cd, sI3 structure with
regard to the MAPbI; structure.

The tendency followed by the band gap values calculated by
means of DOS was in agreement with that obtained experi-
mentally. In this sense, the s states of the Cd played a very
important role in narrowing the band gap between the valence-
band maximum (VBM) and the conduction-band minimum (CBM).
The band structure analysis shows an indirect transition between
the VBM and the CBM for MAPb,, ;5Cd, 513, MAPb, 5,Cd, 503 and
MAPb,, ,5Cd, 7515 structures.

The ELF and NCI analyses complemented these results and
suggested that a certain proportion of Pb** must be present for
the perovskite-type structure to be formed and in this regard
the Pb-I interaction provides a stabilizing effect to these kinds
of hybrid systems, which is in agreement with the experimental
results found. Finally, the NCI analysis indicated that the Cd-I
interaction was weaker in the structures with a high percentage
of Cd than in those with low percentages.
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