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Abstract

Additive effects of transition metals (M = Cr*t, Co*t, Cu?' and Y3+) on the
electronic structures and magnetic properties of formamidinium lead halide
perovskite compounds (FAPbI;, where FA = NH,CHNH,") were investigated
by first-principle calculation using density functional theory. In the case of Cr*",
Cu®" and Y '-incorporated FAPbI; perovskite crystals, the electron density
distribution of d-p hybrid orbital on the transition metal and iodine halogen-
atoms were delocalized at frontier orbital. The total and partial density of state
appeared the 3d-p hybrid orbital near the frontier orbital with narrowing band
gap, yielding the wide broad absorption in the near-infrared region. The
electronic correlation worked in between the localized spin on 3d orbital of the
metal, and the itinerant carriers on the 5p orbital of the iodine halogen ligand
and the 6p orbital of the lead atom in the perovskite crystal. The vibration
behavior of the Raman and Infrared spectra were associated with change of
polarization and slight distortion near the coordination structure. The
considerable splitting of chemical shift of '>’I-NMR and *°’Pb-NMR in the Co®"
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and Cu”"-incorporated FAPbI; crystals were caused by crystal field splitting as
Jahn-Teller effect with nearest-neighbor nuclear quadrupole interaction based on

the charge distribution.

Keyword: Theoretical chemistry

1. Introduction

Inorganic-organic hybrid perovskite solar cells using mixed-cation and halogen lead
hybrid perovskite compounds varied with molar ratio have high potential for
applying practical use of photovoltaic device and optical properties. Control of
the perovskite crystal structure and the chemical composition ratio using organic cat-
ions from methylammonium (MA = CH;NH;"), formamidinium
[FA = CH3(NH,), "] [1,2], cesium (Cs) [3], guanidinium [4], divalent metals
(lead, tin and bismuth) [5] and halogen anions (CI ™, Br—, and I") [6, 7, 8] is impor-
tant factor for optimizing with tuning the photovoltaic and optical properties. The
effects of halogen using bromide, iodide and chloride halides, amino cations, and
hole-transporting layers on photovoltaic and optical properties were examined [4,
9, 10, 11]. The photovoltaic, transporting and optical properties, infrared (IR) and
Raman vibration modes of mixed halogen hybrid perovskites were characterized
on the basis of the experimental results together with first-principle calculation using
the density functional theory (DFT) and time-dependent (TD)-DFT [12, 13, 14, 15,
16]. The photovoltaic and magnetic mechanisms of mixed-cation and halogen lead
hybrid perovskite crystals were clarified by magnetic and spectroscopic techniques
using multinuclear (14N , 297Pb, and 127I) magnetic resonance (NMR) spectra [17, 18,
19]. The solid-state NMR spectra and Raman spectra made clear the spin dynamics
of formamidinium (FA) and methylammonium (MA) in the perovskite crystal and
identification of incorporation of potassium, cesium and rubidium [20]. Recently,
manganese (Mn)-incorporated CH3;NH;Pbl; (MAPbI;) perovskite compounds
were studied for applying the photovoltaic and spintronic devices [21, 22]. The
photo-induced magnetic mechanisms were based on the electronic structure with in-
termixing hybrization of the localized 3d orbital on the transition metal and itinerant
carriers on 6p orbital of Pb and S5p orbital of I atoms as functions of magnetic inter-
action and the size of the Fermi surface. The slight perturbation of the ligand field of
the 3d orbital on the transition metal in the perovskite crystal will cause a change of
the photo-induced magnetic properties [23]. For instant, the electronic and magnetic
properties of cerium manganese oxide (CeMnOs5) with the Mn-3d and Ce-4d elec-
trons were investigated as referred by Ref. [24]. The transition metal incorporated
CeMnOj perovskite crystal with a metallic character is advantage as a candidate ma-
terial for spintronic application and photo-induced magnetic devices. Experimental

investigation on the incorporation of transition metals such as iron (Fe), cobalt (Co)
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and copper (Cu) on lead (Pb) site of perovskite crystal was performed for optimiza-
tion with tuning the electronic structure, energies levels, total density of state within
the band gap and optical absorption [25, 26, 27]. For example, the photovoltaic and
optical properties of the Cu-incorporated perovskite solar cell were discussed on the
basis of the electron correlation between the 3d orbital localized on the metal and the
Sp orbital of the halogen atom near the metal-ligand structure in the perovskite crys-
tal. The Cu-based perovskite solar cell had the slight perturbation of coordination
structure as Jahn-Teller effect with tuning the crystal field splitting, which influenced
the magnetic and optical properties in the ultraviolet and near-infrared (NIR) region
[28]. The transition metal-based perovskite solar cells had the high potential to pro-
mote the photocurrent generation, transporting and optical properties with a wide
range of optical absorption near NIR. Incorporation of the transition metal into
the perovskite crystal modified the crystal structure, phase, work function and
band gap. Raman and optical spectra of the Co based perovskite solar cell using
mixed halides compounds varied with the molar ratio of the transition metal and
halogen anions were characterized [29]. Experimental investigations on the photo-
voltaic properties of methylammonium lead perovskite solar cell with partially re-
placing lead atom with transition metals such as Co, Cu, Fe, Mg, Mn, Ni, Sn, Sr
and Zn were performed [30, 31, 32, 33, 34]. Especially, adjusting the molar ratio
of Pb and Co in the mixed-metal perovskite crystal modified the perovskite work
function, the photovoltaic performance with the power conversion efficiencies and
open-circuit voltages. The transition metal incorporated into the perovskite crystal
have the electron correlation between itinerant electron at conduction state and local-
ized spin on 3d orbital in the transition metal at the multiplet states. The transition
metals of Co, chromium (Cr), Cu and yttrium (Y) have the different extent of inter-
mixing of hybrid orbitals between the central metal and halogen ligand with crystal
splitting of the 3d and 4d orbitals in coordination structure, which influences the car-
rier generation, mobility, photovoltaic, magnetic and optical properties. Incorpora-
tion of the transition metals into the perovskite crystal is important role of
optimizing with tuning the electronic structure and electronic correlation related to
the photovoltaic and magnetic properties with the optical absorption in ultraviolet-

visible-near-infrared region.

The purpose of this work is to investigate additive effect of transition metal on the
electronic structure, the optical and magnetic properties of formamidinium lead
halide perovskite compounds (FAPbI;, where FA = NH,CHNH,"). The additive
effects of transition metal such as Co, Cr, Cu and Y in the FAPbI; perovskite crystal
on the electronic structures, chemical shifts of 207ph_NMR and '*’I-NMR spectra,
optical absorption, vibration mode of Raman and IR spectra will be investigated
by first-principles calculation using the density functional theory. The photovoltaic
and optical properties, and magnetic interaction will be discussed on the basis of the

electronic structures including the total and partial density of state (DOS and pDOS),
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the electron density distribution, occupancy and energy levels of the 5p orbital of the
iodine halogen atom, the 3d and 4d orbitals of Co?", Cr*", Cu*", Y>" and the 6p

orbital of the Pb atom near frontier orbital.

2. Calculation

The electronic structures of the perovskite crystal were single-point calculated using
experimental parameters based from X-ray diffraction patterns combined with ab in-
itio quantum calculation based on the unrestricted Hartree-Fock (HF) method, the
hybrid functional theory (DFT) and the Perdew—Burke—Ernzerhof (PBE)-based
hybrid functional (PBEPBE) using unrestricted B3LYP (UB3LYP) with LANL2MB
as the basis set (Gaussian 09). The perovskite crystals with d transition metal have
strong electron correlation. The special treatment on the quantum calculation was
performed by approximation. In general, local density approximation (LDA) corre-
sponds to uniform electron density distribution. The no-uniformity of the electron in
d-orbital of the transition metal needs to be considered. The electron exchange-
correlation is associated with inhomogeneous distribution of electron density in d-
orbital of the transition metal in ligand structure. The electron correlation influences
the electronic structure, the metal-ligand interaction and the anisotropic parameter of
the magnetic properties. The generalized gradient approximation (GGA) and hybrid
GGA takes into account the electron correlation based on the gradient of the electron
density. For 3d transition metal in the ligand structure, the calculation accuracy of
hybrid density functional theory (DFT) using B3LYP and the Per-
dew—Burke—Ernzerhof (PBE)-based hybrid functional (PBEPBE) is higher than
that of LDA. Using LDA, the band gap is underestimated. The hybrid DFT,
PBEPBE and the Heyd—Scuseria—Ernzerhof hybrid functional (HSE) can calculate
the electronic structures with high precision. For the metal incorporated perovskite
crystal with supercells of 2 x 2 x 2 as cluster model and the FAPbI; perovskite crys-
tal as cluster model and periodic structure with cell range of 100, we employed the
quantum calculation using hybrid DFT and PBEPBE using UB3LYP with
LANL2MB as the basis set. The perovskite compounds form in a cubic crystal phase
with a lattice constant of 6.36 A [29, 32, 33, 34, 35]. As the isolated dilution system,
part of the Pb atom at the B-site was substituted with the transition metal atom for
one-atom substitution at the center of the cubic structure. The metal-incorporated
FAPbI; cubic structures as cluster model with supercells of 2 x 2 x 2 were fixed
to be +8 as the positive charge. As reference, the FAPbI; perovskite crystal with
supercells of 2 x 2 x 2 as cluster model were fixed at +8 as positive charge. In
the case of the periodic structure at neutral state, cell range and number of k point
were designated to be 100 and 10 as condition. In the case of the element-
substitution system, cluster model based on the experimental crystal structure was

used for the quantum calculation. The structures had the slight deformation with
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the local strain near the ligand field. The crystal and thermodynamic stability is de-
pending on periodicity, supercell and the perovskite crystal size. The experimental
structure of reference was used as the initial structure [34, 35]. Optimization of
the cluster model while maintaining the crystal symmetry was not performed to
cause broking the cubic structure. The single-point energy calculation of the cluster
model with supercells of 2 x 2 x 2 and positive charge of 48 was performed as not
to disturb the cubic structure, similarly to the standard case using the FAPbI; perov-

skite crystal based on the experimental results.

The numbers of quantum spins in the metal (M)-incorporated FAPbI; and FAPbI;
crystals are assumed to be quintet (S = 4) state at M = crt, quartet (S = 3/2) state
at M = Co>", doublet (S = 1/2) states at M = Cu*" and Y>*, and singlet (S = 0)
state at M = Pb*", respectively. As the isolated dilution system, the mole ratio of
the transition metal to Pb metal was adjusted to be 1:26. The concentration of the
metal atom was maintained at less than 5% so as not to generate symmetry breaking
of the crystal with suppression of strong exchange interactions in the perovskite
crystal. The effect of the ionic radius is assumed to be weak in an isolated dilution
system. The magnetic dilution system did not exist the magnetic orientation based on
the strong exchange interaction. The paramagnetic calculations of the paramagnetic
atom incorporated perovskite crystal as the magnetic dilution system were per-
formed for making clear the magnetic parameters without strong exchange interac-

tion. The ferromagnetic and antiferromagnetic calculations were not performed.

The total and partial DOS (TDOS and pDOS), the occupancy of the 3d orbital on the
transition metal, 65, the 5p and 6p orbitals of the I and Pb atoms around highest occu-
pied molecular orbital (HOMO), and lowest unoccupied molecular orbital (LUMO),
and the HOMO-LUMO band gap (E,) were calculated. As standard reference, the
electronic structure of the FAPbI; perovskite cubic structure with supercells of 2
x 2 x 2 at charge of 48 and periodic structure with cell range of 100 at neutral state
was calculated by ab initio quantum calculation based on the DFT using UB3LYP
and PBEPBE with LANL2MB as the basis set (Gaussian 09). Comparison between
the calculation and experimental results was performed. The Mulliken atomic
charges, electron and spin density distributions, and electrostatic potential (ESP)
in the perovskite crystals were estimated by Mulliken population analysis. The op-
tical absorption spectra, the excited energy, wavelength and oscillator strength were
calculated by time-dependent DFT (TD-DFT) using UB3LYP with LANL2MB as
the basis set. The vibration modes in Raman and IR spectra were calculated by
DFT using frequency mode. From the vibration calculation, the structure had real
and imaginary vibration, which was judged to be higher-order saddle point. The
isotropic chemical shifts of '*’/I-NMR and **’Pb-NMR were calculated by DFT us-
ing NMR and gauge-including atomic orbitals (GIAO) with UB3LYP and
LANL2MB as the basis set. The calculation conditions were applied to short-

range interactions. The long-range interactions based on the periodicity of the
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metal-incorporated FAPbI; perovskite crystal will not be taken into consideration.
The photovoltaic and optical properties, and magnetic interactions will be discussed
by the electronic structure with the electronic correlation of coordination structure

near ligand field and the nuclear magnetic interaction in the perovskite crystal.

3. Results and discussion

The electronic structures at HOMO and LUMO of the metal (M)-incorporated
FAPbI; perovskite crystals are shown in Fig. 1. As shown in Fig. 1, single metal
atom (M = Co>", Cr*", Cu*" and Y*") was incorporated into a FAPbI; perovskite
crystal with the cubic structure as the 2 x 2 x 2 supercell. In the case of the Co and
Cr-incorporated FAPbI; perovskite crystals, the electron density distribution on the
5p orbital of the I atom was localized at HOMO. The phases between green and red
5p orbitals on the I atom were inverted. The 5p orbital on the I atom will work func-
tion in the charge transfer as the electron-donating orbital at the valence band state.
In the case of the Co-incorporated FAPbI; perovskite crystal, the electron density
distribution of the 6p orbital of the Pb atom was localized at LUMO. In the case
of the Cr-incorporated FAPbI; perovskite crystal, the 3d orbital of Cr atom conju-
gated with the 5p orbital of I atom as ligand was localized at LUMO. The 6p orbital
of the Pb atom was slightly existed. In the case of the Cu and Y-incorporated FAPbI;
perovskite crystals, the electron density distribution at HOMO was delocalized on
the 3d-p hybrid orbital of the Cu, Y and I atoms. The electron density distribution
on the 6p orbital of the Pb atom was localized at LUMO. The orbitals work function
in the charge transfer as the electron-accepting orbital at the conducting band state.
The optical and magnetic properties depend on the contribution of the coordination
structure with electronic correlation between itinerant carriers on the 6p orbital of the
Pb atom, the 5p orbital of the I atom and the localized spin on 3d orbital in the Cu and
Y atoms as the isolated dilution system.

Electrostatic potential images of the metal (M = C02+, Cr2+, Cu** and Y3+) incor-
porated FAPDI; perovskite crystals are shown in Fig. 2. The charge distribution on
iodine halogen atoms were appeared by slight incorporation of the Co and Cr atoms
into the FAPbI; perovskite crystal. In the case of the Cu'-incorporated FAPbI;
perovskite crystals, the polarization near the FA cation atom was obtained. In the
case of the Y>-incorporated FAPbI; perovskite crystal, a small amount of negative
charge distribution at iodine halogen atoms were slightly existed by a slight large
amount of the positive charge of the Y atom, compared with other cases as listed
in Table 1. The charge distribution in the metal-incorporated perovskite crystal
will promote to cause the photo-induced charge separation and generation, transport-
ing and magnetic interaction in the correlated system. The magnetic properties of the
metal-incorporated perovskite crystal will be associated with the magnetic interac-

tion of nuclear quadrupole interaction based on the charge distribution.
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Fig. 1. Electronic structure at HOMO and LUMO of the metal (M)-incorporated FAPbI; perovskite crys-
tals. M: (a) Co>", (b) Cr*", (¢) Cu®** and (d) Y>™.
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Cu?*doped FAPbI, Y3 doped FAPDI,
N |
-2.7x102 eV 2.7x102eV

Fig. 2. Electrostatic potential of the metal (M)-incorporated FAPbI; perovskite crystals (M = Co*",
Cr’t, Cu** and Y).

Table 1. Mulliken atomic charges and spin density distributions of the metal

atoms in the perovskite crystals.

Metal Mulliken atomic charge/e Spin density distribution
Co 0.35 222
Cr 0.47 4.59
Cu 0.28 —4.45 x 1074
Y 0.52 0.95

The Mulliken atomic charge and spin density distribution in the metal-incorporated
FAPbI; perovskite crystal are listed in Table 1. The Mulliken atomic charges of the
metal (M = Co, Cr, Cu and Y) atoms in the FAPbI; perovskite crystal were esti-
mated to be 0.35 e, 0.47 e, 0.28 e and 0.52 e, respectively. These values were consid-
erably small as expected value. These results indicates a considerable amount of
ligand-metal-charge transfer from the 5p orbital on the I atom as ligand to the 3d
orbital on the Cr atom, and metal-ligand-charge transfer from the 4d orbital on the
Y atom to the 5p orbital on the iodine halogen ligand in the perovskite crystal. As
listed in Table 1, the spin density distributions of the metal atom in the Co, Cr,
Cu and Y-incorporated FAPbI; perovskite crystals were estimated to be 2.22,
4.59, -4.45x107*, and 0.95, respectively. The spin density distribution was a little

different than the expected value of 3, 4, 1 and 1, owing to a slight amount of
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electrons in the central metal released to the ligand. The spin and charge density dis-

tributions in the metal were strongly related to the magnetic properties.

The total density of states (TDOSs) of the metal-incorporated FAPbI; perovskite
crystals with the 2 x 2 x 2 supercell structure are shown in Fig. 3(a)—(d). Compar-
ison of TDOSs in the metal-incorporated FAPbI; perovskite crystals was investi-
gated. In the case of the Co and Cu-incorporated FAPbI; perovskite crystals,
TDOSs with the energy levels at HOMO and LUMO did not change. In the case
of the Cr and Y-incorporated FAPbI; perovskite crystals, the TDOSs and energy
levels at HOMO and LUMO appeared the DOS of the 3d and 4d orbitals of the tran-
sition metal near frontier orbital. The energy levels at HOMO and LUMO in the Y-
incorporated FAPbI; perovskite crystal were lowered by the slight large amount of
positive charges on the Y metal, compared with other case. In the case of the Cr and
Y-incorporated FAPbI; perovskite crystal, the degenerated 3d upper («) spin orbitals
of the Cr atom and 4d upper («) and lower () spin orbitals of Y atom were above
and below the Fermi level, as shown in Fig. 4(a) and (b). The 4s orbitals of the Cr and
Y atom were mixed with the 6p orbital of the Pb atom above LUMO. The band gap
between the 5p orbital on the I atom conjugated with the upper (o) spin of the 3d
orbital on the Cr atom, upper spin of the 4d orbital on the Y atom and the 6p orbital

of the Pb atom was narrowed. The narrowed band gap corresponds to a broad

40
(a) (b) %
30 | Co?* doped FAPbI; 40 Cu?* doped FAPbDI,
2 20 ; o X7
b5 Up spin 8 20 | Up spin
2 10 f <
5] 5 10 |
2 >
s 0 2 0t
§ 5
T 10 | 310 |
s 8.0
| R0 |
-30 Down spin 40 + Down spin
-40 50
-5 0 5 10 15 20 -5 0 5 10 15 20
E - Eq(eV) E - E; (eV)
30 d 30
c (d)
© Cr2*doped FAPbI, Y3* doped FAPbI,
20 20 |
° .
° Up spin g Up spin
8 10 » 10
- 5
20 %‘ o}
[7] f=
5 ' S
o I =
5-10 - | g-10
e ! =
20 1 1 Down spin 20 Down spin
|
30 ] . . \ 30 . .
5 0 5 10 15 20 -5 0 5 10 15 20
E-Eq (V) E - E (eV)

Fig. 3. Total density of states of the metal (M)-incorporated FAPbI; perovskite crystals. M: (a) Co*™, (b)
Cu’t, (¢) Cr** and (d) Y.
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Fig. 4. Occupancy and energy levels of s, p and d orbitals of I, N, Pb and the transition metal atom near
frontier orbital in (a) the Cr-incorporated FAPbI; crystal and (b) the Y-incorporated FAPbI; crystals.
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absorption in the near-infrared region. The total density of state with the narrowed
band gap near the frontier orbital was similar to the Mn-incorporated perovskite
crystal [34, 35]. The occupancies and energy levels of the 6s and 6p orbitals of
the Pb atom, the 3d, 4s, and 4p orbitals of the transition atom, and the 5p orbital
of the I atom, and crystal splitting 3d orbitals near frontier orbital in the transition
metal-incorporated FAPbI; perovskite crystal were reported [34, 35]. In the case
of the transition metal-incorporated FAPbI; perovskite crystals, there was a six
fold full occupancy on the degenerated upper spin of the 3d orbital on the transition
metal. The occupancies, the partial density of state (PDOS), energy levels and crystal
splitting provide significant information with the electron correlation based on the
extent of intermixing of hybrid orbitals near the frontier orbital.

The partial density of state (PDOS) including the occupancies, energy levels of s, p
and d orbitals of I, N, Pb, Cr and Y atom near frontier orbital in the Cr-incorporated
perovskite crystal and the Y-incorporated perovskite crystal are shown in Fig. 4(a)
and (b). In the former case using the Cr-incorporated perovskite crystal, the electron
correlation was improved by crystal splitting with intermixing of hybrid orbitals be-
tween Sp orbital on I atom and 3d orbital on the Cr atom in the coordination struc-
ture. For other case, TDOS and PDOS around the Fermi level of the 3d orbital on the
Cr atom in the Half-Heusler Alloys XCrZ was discussed [36]. In the latter case using
the Y-incorporated perovskite crystal, promotion of charge transfer from isolated 4d-
orbital in Y atom to itinerant 6p-orbital in Pb atom improved the carrier generation,

diffusion length, electron mobility and the photovoltaic performance.

The electronic structures of the metal-incorporated FAPbI; perovskite crystals are
related to the electronic correlation, which influences the carrier generation and
diffusion, and the photovoltaic performance. These materials will be applied to
the photo-induced magnetic devices with a wide range absorption in the near-
infrared region. In the standard case using the FAPbI; perovskite crystal, there
was partial occupancy of the 6p orbital of the Pb atom, and full occupancy of the
5p orbital of the I atom near the frontier orbital. The occupied 5p orbital of the I
atom was near HOMO, and the partially occupied 6p orbital of the Pb atom was
near LUMO. The electronic structure with the band gap of the HOMO-LUMO levels
is associated with the photo-generation and diffusion, carrier mobility, photovoltaic
and optical properties. The photovoltaic and optical properties of the metal-
incorporated FAPbI; perovskite crystal depend on the electron structure, carrier gen-
eration and charge-transfer with electronic correlation between the itinerant carriers
on 5p orbital of the halogen atom, the 6p orbital of the Pb atom, and the localized
spin on 3d orbital of the transition metal. The electronic correlation are decided
on the extent of inmixing of hybrization between the itinerant electron and localized
spin on 3d orbital of the transition metal near the ligand under electric field gradient.
The photovoltaic and optical properties were considered on the basis of the elec-
tronic structure in a recent publication [33, 34, 35, 36, 37, 38, 39, 40].
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The energy levels at HOMO and LUMO, energy band gap (Eg), valence band
maximum (VBM) and conduction band minimum (CBM) are listed in Table 2.
As the calculated results of the transition metal (Cu, Co, Fe, Cr, and Y) incorporated
FAPbI; perovskite crystals as cluster model with the 2 x 2 x 2 supercell structure,
the energy levels at HOMO and LUMO lowered in the range of —17 eV and —15
eV, yielding the narrow band gap of 0.4—1.4 eV. The relative comparison of the en-
ergy levels of the cluster model with supercell of 2 x 2 x 2 at positive charge was
investigated. As the reference of the FAPbI; perovskite crystals using cluster model
with supercell of 2 x 2 x 2 at positive charge of +8, the energy levels at HOMO and
LUMO, and E, were estimated to be —17.6 eV, —14.9 ¢V and 2.7 eV. The positive
charge in the perovskite crystal lowed the energy levels at HOMO and LUMO,
yielding increase of the energy gap. The band gap of E, was overestimated. The en-
ergy levels and band gap of the cluster model was influenced by the charge and the
number of cell in the perovskite crystal. In the case of the periodic structure of the
FAPbI; perovskite crystals at neutral state, cell range and number of k point were
designated to be 100 and 10 as condition. The energy levels at HOMO and
LUMO and E, were estimated to be —3.6 eV, —2.1 eV and 1.5 eV. The periodic
structure with the cell range of 100 narrowed the band gap of E,. The neutral state
increased the energy levels at HOMO and LUMO. In the case of the periodic struc-

ture, the calculated result will explain the experimental behaviour.

Additive effect of transitional metals into the perovskite crystal was investigated.

The slight incorporation of the Cr and Y metals into the perovskite crystal narrowed

Table 2. Energy levels at HOMO and LUMO, and energy band gap (E,) of the

perovskite crystals.

Cal. (UB3LYP, Cell 8) HOMO (eV) LUMO (eV) E, (eV) Ref.
Cu:FAPbIL, —16.8 —15.5 1.4 This work
Co:FAPbI; —16.9 —15.6 1.3 This work
Fe:FAPbI; -17.6 —16.6 1.1 This work
Cr:FAPbI; —17.7 —17.3 0.4 This work
Y:FAPbI; —15.6 —14.8 0.8 This work
FAPbI; —17.6 —14.9 2.7 [34]
VBM (eV) CBM (eV E, (eV) Ref.
MA (63Pb:1Co)I; (Exp.) —6.2 —4.6 1.6 [30]
MA,CuCly (Exp.) 2.1 [38]
CuBr,-added MAPbI; (Exp.) 1.6 [39]
FAPbI; (Exp.) —54 -39 1.5 [1]
FAPbI; (PBEPBE, Cell 100) —3.6 -2.1 1.5 This work

VBM: valence band maximum, CBM: conduction band minimum.
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the band gap, corresponding to the optical absorption near the visible-near-infrared
region. The experimental band gaps of the perovskite crystal with complete replace-
ment of lead atom was large, as compared with the band gap of the FAPbI; perov-
skite crystals. In the case of real crystal doped with the metal, the experimental
energy levels at VBM and CBM, and E; in the hybrid Pb/Co or Cu based perovskite
crystals were increased as listed in Table 2 [30, 38, 39]. The behaviour of energy
levels at VBM and CBM, and E, indicates electron-donating and p-type semicon-
ductor. There is a need for experimental and theoretical consideration of the electron
correlation between the itinerant electron and localized 3d orbital in the transition

metal.

The total and partial density of state, occupancies and energy levels changed near the
frontier orbital, as shown in Figs. 3 and 4. The slight incorporation of the metal into
the perovskite crystal generated the 3d orbital near the frontier orbital with narrow-
ing band gap, as shown in Figs. 3(c), (d) and 4. The metal-ligand charge transfer
(MLCT) and ligand-metal charge transfer (LMCT) will promote the photo-
induced carrier generation to improve the carrier mobility and photovoltaic perfor-
mance. The partial DOS and crystal splitting of the 3d-orbital on the metal in the
crystal will be investigated by experimental results using NMR, electron paramag-
netic resonance, photoemission spectroscopy, X-ray photoelectron spectroscopy

and quantum calculation.

The calculated optical absorption spectra and oscillation strength of the Cr, Fe and
Y-incorporated FAPbI; perovskite crystals as cluster model with the 2 x 2 x 2
supercell structure are shown in Fig. 5(a) and (b). As shown in Fig. 5(a), the optical
spectra of the Y, Fe and Cr-incorporated FAPbI; perovskite crystals were broadened
in a wide range of 2,000—20,000 nm, which was in the infrared region. In the case of

the Y-incorporated FAPbI; perovskite crystal as shown in Fig. 5(b), first excited

(3)300 0.007 s / o ° / (b)

. ’, % o° Pb 6p
4 0.006 o —
250 f g /
0 .
- { o.00s “o;‘é@‘” il First
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5 150 ’ 5 hy =0.50eV |d-p
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Y4d
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Fig. 5. (a) Optical absorption spectra and (b) first excitation process of the metal-incorporated FAPbI;
perovskite crystals calculated by TD-DFT.
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process was based on the energy transition process from the ground levels of the 4d
orbital on the Y atom to the excited levels on the 6p orbital of the Pb atom in the
crystal. In the case of the Cr-incorporated FAPbI; perovskite crystal, the first excited
process was based on the transition process between the ground levels on the 5p
orbital of the iodine halogen ligand and the excited levels of the 3d orbital on the
metal. The LMCT contributed to a broad-band optical absorption spectrum near
infrared region. Especially, the photovoltaic and optical properties will be explained
by electronic transition based on LMCT and d-d transition on the Y, Cr and Fe
metals with Jahn—Teller distortion in the octahedral coordination structure in the
perovskite crystal [28, 30, 34, 35, 36, 37]. Based on the experimental results of
the photovoltaic and optical properties, the Cu-based perovskite crystal with the dis-
torted coordination structure had narrow band gap between d-d transitions, corre-
sponding to a broad absorption in the near-infrared region [34, 35, 36]. Control of
coordination structure with the electronic correlation in the perovskite crystal is
important to improve the photovoltaic and optical properties with a wide-range of

optical spectra in the ultraviolet-visible-near-infrared region.

The calculated Raman and IR spectra of the perovskite crystal are shown in
Fig. 6(a)—(d). As shown in Fig. 6(a) and (b), the strong intensity of vibration modes
in Raman spectra of 100, 140, 300, 680, 750, 890, 1530, 3290, 3350, 3670 and 4430

(a) 14000 (b) 1200 o o
Raman spectra
12000 Y: FAPbI, 1 1000
3 : FAPbI 3
& 10000 Cu: FAPbl, 3 100
> Cr: FAPbI, 8 800
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& 4000 &
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Fig. 6. Calculated (a), (b) Raman and (c), (d) IR spectra of the perovskite crystal in the normal and

enlarged view of frequency.

14 https://doi.org/10.1016/j.heliyon.2018.e00755
2405-8440/© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).


https://doi.org/10.1016/j.heliyon.2018.e00755
http://creativecommons.org/licenses/by-nc-nd/4.0/

15

| Heliyon
Article No~e00755

cm ™' were assigned to the bending and stretching mode of FA in the Cu and Cr
incorporated FAPbI; perovskite crystal. As shown in Fig. 6(b), the medium intensity
of vibration modes in Raman of 30, 100 and 140 cm ™! were identified with asym-
metric stretching mode between Cr, Cu and I atoms as ligand in the coordination cu-
bic structure. The intensities on the vibration modes in the Cu and Cr incorporated
FAPbI; perovskite crystal were strongly increased, as compared with those of Y
incorporated FAPbI; crystal and standard reference using the FAPbI; perovskite
crystal. As shown in Fig. 6(c) and (d), the vibration modes in IR spectra of 23,
100, 133, 140, 300, 678, 732, 746, 752, 882, 1252, 1533, 1570, 1573, 1590,
3290, 3298, 3300, 3345, 3393 and 4430 cm~! were assigned to the bending mode
of N-C and N-H bonds of FA in the perovskite crystal. The strong intensity of vibra-
tion modes in IR spectra of 142 and 150 cm ™' were identified with stretching mode
between Pb and I atom as ligand in the coordination structure. The vibration modes
in IR spectra of 5, 42 and 141 cm ™" were based on stretching mode between Cu and I
atom as ligand in the coordination structure. The calculated vibration modes in
Raman and IR spectra were similar to the experimental results [12, 14, 41]. The vi-
bration behavior of the Raman and IR spectra were associated with change of polar-
ization and distortion of the coordination structure near the ligand field. The
electron-lattice interaction as phonon effect in the transition metal incorporated
perovskite crystal will influence the photovoltaic properties based on the carrier

diffusion.

The calculated chemical shifts of [-INMR and Pb-NMR in the metal-incorporated
FAPDbI; crystals are shown in Fig. 7. The effect of the incorporation of metal atoms
such as Cr, Cu, Co, Fe and Y atoms in the FAPbI; perovskite crystals on the chem-
ical shift of -NMR and Pb-NMR was investigated. The chemical shifts of -INMR in
the Cr, Fe and Y-incorporated FAPbI; perovskite crystals were slightly split, and the
degeneracy was increased by the symmetry crystal field effect. In the case of the Co
and Cu-incorporated FAPbI; crystals, the chemical shifts of -NMR were markedly
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Fig. 7. The calculated chemical shifts of (a) 'NMR and (b) Pb-NMR in the metal-incorporated FAPbI;

perovskite crystals.
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split in a wide range from —70 ppm to 640 ppm. The chemical shifts of -NMR near
600 ppm and 180 ppm were based on the magnetic interaction near the nearest iodine
ligand conjugated with the atom in the perovskite crystal. Similarly, the chemical
shifts of Pb-NMR in the Cr, Fe and Y-incorporated FAPbI; crystals were slightly
split by the symmetry effect. The chemical shifts of Pb-NMR in the Co and Cu-
incorporated FAPbI; crystals were widely split in the range of 8 ppm—42 ppm.
The chemical shifts of Pb-NMR near 30 ppm and 40 ppm were based on the mag-
netic interaction near the ligand field in the perovskite crystal. The magnetic behav-
iour were originated in the nearest-neighbour nuclear magnetic interaction of the
nuclear quadrupole interaction based on electronic field graduate (EFG) with asym-
metry parameter (1) of the Co and Cu metals and I atom with multi-nuclear spins of
7/2,3/2 and 5/2 [33]. The magnetic behaviour of the chemical shift of Pb-NMR and
I-NMR was directly related by the symmetry effect of the coordination structure near
the ligand field in the perovskite crystal. The chemical shifts of -ZNMR and Pb-NMR
in the perovskite crystals will depend on the electronic structure near frontier orbital
in the perovskite crystal with the crystal phase including cubic, tetragonal and ortho-
rhombic phases. As the calculation model based on the experimental results, the
crystal structure was assumed to be a cubic crystal system. The magnetic properties
depended on the perturbation of coordination structure with the nearest-neighbour
magnetic interaction based on the charge distribution in the perovskite crystals.
The magnetic properties were reflected by extent of the electron correlation based

on the magnetic interaction.

The allowed NMR transitions can be explained by the energy level diagram of the
transition atoms in the perovskite crystal. The energy levels of the transition metal
in the perovskite crystal depend on the coordination structure near the ligand field.
The degeneracy of the multiplet splits into each ground state in the magnetic field.
The multi-separated transition is based on the hyperfine coupling between the elec-
trons spin and nuclear spins in the multi-nuclear transition metal and the iodine
halogen ligands. The separated states are considerably shifted by the nuclear quad-
rupole interaction with slight perturbation of the coordination structure near the
ligand field of the transition metal. The nuclear quadrupole interaction is related
to the nuclear quadrupole moment based on the V-tensor of electric field gradient
(EFG), and asymmetry parameter (n), generated by charge distribution around the
nucleus. In the case of the Cu and Co atom incorporated perovskite crystal as shown
in Fig. 7(a) and (b), the chemical shifts of [-NMR and Pb-NMR were markedly split
and shifted by nearest-neighbour nuclear quadrupole interaction in proportion to the
extent of the V-tensor of EFG and 7 with a lack of balance in the charge density dis-
tribution. The perturbation of the coordination structure near the ligand field was
associated with the electron correlation with inmixing of the hybrization between
3d and 4d orbital in the metal and 5p orbital of halogen atom in the perovskite crys-

tal. The slight perturbation of the coordination structure was confirmed by splitting
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of chemical shift and the vibration modes of the Cu and Cr atom incorporated perov-
skite crystals, as shown in calculated NMR, Raman and IR spectra. Accordingly,
controlling of the coordination structure near the ligand field as Jahn-Teller effect
and the electron correlation based on the magnetic interaction is important factors
to optimize with tuning the carrier mobility, the photovoltaic and optical properties
with a broad absorption near the UV-vis-near-infrared region. The photovoltaic and
optical properties are associated with the electronic correlation based on the charge
transfer process between the transition metal and halogen atom, metal ligand charge
transfer (MLCT) in the perovskite crystal. The electronic correlation and perturba-
tion of the coordination structure with electron lattice interaction as phonon effect
is important factor to control the photovoltaic performance, which expect a high po-

tential of the photovoltaic devices.

4. Conclusion

Perovskite based solar cells using transition metal incorporated FAPbI; perovskite
compounds varied with molar ratio of transition metal and halogen anion have
high potential to control the photovoltaic, optical and magnetic properties. The
incorporation and substitution of the transition metals in the perovskite crystal influ-
enced the electronic structure, optical and magnetic properties. The slight perturba-
tion of coordination structure in the metal-incorporated FAPbI; perovskite crystals
as the isolated dilution system is important factor to make design of the photovoltaic
solar cells and photo-induced magnetic devices. The effects of slight incorporation
of the metals such as Cr, Co, Cu and Y atoms into the perovskite crystal on the elec-
tronic structures, chemical shifts and optical absorption spectra were investigated by
the first-principle calculation using density functional theory. In the case of the Ccr,
Cu”" and Y "-incorporated FAPbI; perovskite crystal, the electron density distribu-
tion of d-p hybrid orbital on the transition metal and iodine halogen ligand were de-
localized at the frontier orbital. The total and partial density of state appeared the 3d-
p hybrid orbital near frontier orbital, yielding the narrowing band gap as well as the
wide broad absorption in the visible-near-infrared region. The optical and magnetic
properties were originated in the coordination structure and the electronic correlation
between the transition metal, the Pb and I atoms in the perovskite crystal. The vibra-
tion modes of the Raman and IR spectra were associated with change of polarization
and slight distortion of the coordination structure in the perovskite crystal. The trans-
port and photovoltaic properties were influenced by the electronic correlation with
electron lattice interaction as phonon effect. Considerable splitting of the chemical
shift of I-NMR and Pb-NMR was caused by crystal field splitting as Jahn-Teller ef-
fect and nearest-neighbor nuclear quadrupole interaction based on the charge distri-
bution. The slight perturbation of the coordination structure caused by the insertion

of transition metal affected the photo-induced carrier generation and diffusion,
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mobility, and the photovoltaic and optical properties. Control of the coordination
structure, the electronic correlation and the magnetic interactions based on the
charge distribution in the perovskite crystal is important factor to optimize with tun-
ing the photovoltaic and optical properties with the wide broad absorption in the UV-

vis-near-infrared region.
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