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Ni- and Co-incorporated CH3NH3Pbl; perovskite solar cells were fabricated
and characterized to optimize the photovoltaic and optical properties related
to surface morphology, crystal growth and orientation, and electronic struc-
tures. Partially replacing Pb with Ni or Co in the perovskite crystals improved
the photovoltaic performance and carrier mobility based on the effective mass
in the band structure. In particular, the addition of both Ni and Rb compounds
to perovskite improved the long-term stability of the photovoltaic cells, which
depended on surface modification and coverage, crystal growth, and the high
(100) orientation in the perovskite layer. The short-circuit current density of
the cells was increased by promoting the generation and mobility of photoin-
duced carriers, which were inversely proportional to the effective mass ratio.
Electron correlation was associated with the promotion of charge transfer
owing to the hybridization between the 3d orbitals of Ni and the 5p orbitals of
the I atoms near the valence band state.

Key words: Perovskite solar cell, nickel, cobalt, rubidium,
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INTRODUCTION

Inorganic—organic hybrid perovskite solar cells
based on mixed-cation and halogen lead hybrid
perovskite compounds have been used for practical
photovoltaic devices with excellent performance,
including high open-circuit voltage (V,.), short-
circuit current density (J,.), power conversion effi-
ciency (), and external quantum efficiency
(EQE)."? The photovoltaic performance and optical
properties of perovskite-based solar cells® depend on
perovskite crystal growth, orientation, and elemen-
tal composition,*® type of cell,* morphology, optical
absorption coefficient, and carrier mobility, which
are related to the excited carrier diffusion length
and life in the active and hole-transporting layer
(HTL). The general chemical formula of perovskite
compounds is ABX3, where A and B are cations and
X is an anion. In cubic perovskite crystals, the B
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cations are surrounded by X anions and the A
cations present octahedral coordination. Perovskite
crystals consist of Pb atoms at the B-sites, halogen
anions (I, Cl, and Br) at the X-sites,”® and organic
cations such as methyl ammonium (MA, CH3NHs3),
formamidinium (FA, CH3(NH,)5), and guanidinium
(GA, C(NH,)3)” at the A-sites. To improve the long-
term stability of perovskite-based photovoltaic cells,
partial substitution of FA, GA,*? ionic liquid addi-
tives,'? halogen anions (I, C1-, and Br™),!! alkali
metal ions (Na*, K*, Rb*, and Cs*),'> !¢ metals (Sn
and Pb),!” transition metals (Cu,*22 Co,2%2* Ni,2°
7n,%*%2" Cr,2® Y, Fe, and Mn?’ in perovskite crystals
has been investigated. The tolerance factor varied
with the effective ionic radii of transition metals and
was used to predict the thermodgnamic stability of
single perovskite cubic crystals.?

Transition metal-incorporated perovskite crystals
promote photoinduced carrier generation and diffu-
sion and increase the optical absorption coefficient
and wavelength related to the E, of perovskites. 1529
Uniform crystalline films without defects and pin-
holes effectively promote carrier generation and
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diffusion without carrier recombination, which
improves the long-term stability of perovskite-based
photovoltaic cells under atmospheric conditions. For
example, the addition of small amounts of Co®*?* or
Ni®® to perovskite crystals improved crystal nucle-
ation and growth by increasing surface coverage,
which caused an increase in photocurrent by sup-
pressing the leakage current near the interface
between the crystal domains. The immobilization of
defects by suppressing carrier traps was performed to
improve photovoltaic performance.?*?° Based on elec-
tronic structural analysis, carrier mobility related to
the effective mass was expected by the band disper-
sion of the perovskite crystals along the direction of
the wave vector. Additionally, perturbation of crystal
field splitting via the Jahn-Teller effect is an impor-
tant factor for controlling the splitting of the degen-
erate energy levels of the 3d orbitals and charge
transfer between the 3d orbitals of transition metals
and the 5p orbitals of halogen atoms in the coordina-
tion structure.’® 212631 Recently, the addition of
small amounts of Eu®*—Eu?* ions to perovskite crys-
tals improved the long-term stability of perovskite-
based photovoltaic cells by decreasing the number of
internal defects and sug)pressing degradation via
redox shuttle reactions.®* Experimental results and
theoretical first-principle density functional theory
(DFT) calculations revealed that the electronic struc-
ture oflanthanide- and actinide-containing perovskite
compounds could be optimized bgf tuning their photo-
voltaic and optical properties.>**? Eu and acetate co-
doped perovskite solar cells with high conversion
efficiency and stability have been fabricated and
characterized.*

Furthermore, the incorporation of small amounts
of alkali metals, such as K, Na, Rb, and Cs, in
uniform crystalline perovskite films, crystal growth,
and suppression of pinholes and defects improved
the photovoltaic performance of perovskite-based
solar cells. Photoinduced current density—voltage
(J-V) curve analysis, infrared (IR) and Raman
spectroscopy,®*® nuclear magnetic resonance
(NMR) spectroscopy,®’#° scanning probe micro-
scopy with energy-dispersive x-ray spectroscopy,*!
x-ray diffraction (XRD) analysis, crystal structure
analysis, and angle-resolved photoemission spec-
troscopy?? have been used to optimize the photo-
voltaic and optical properties of perovskite-based
solar cells. The electronic structure, band gap (Eg),
effective mass of electrons (m. ) and holes (my ),
total density of states and partial density of states
(PDOS) have been analyzed using first-principles
DFT calculations.*>*® Electron correlation was
associated with the charge transfer from the alkali
metal to the Pb atom near the conduction band (CB)
and ligand-to-metal charge transfer from the I atom
to the metal near the valence band (VB). The
electronic mechanism was based on the promotion
of carrier generation, diffusion in the perovskite
layer, and crystal growth and orientation, which
were expected to improve the photovoltaic

performance of the cell in terms of short-circuit
current density and conversion efficiency. The Gibbs
free energy (AG) and entropy (AS) values suggested
that thermodynamic stabilization occurred without
carrier diffusion scattering as phonon effective-
ness.’**3** The AS value and vibration modes in
the IR and Raman spectra were considered with the
electron-lattice interaction as the phonon effect.
The goal of this study was to investigate the
effects of the addition of transition metals on the
photovoltaic and optical properties, microstructure,
and electronic structure of methylammonium lead
iodide (MAPDbI3) perovskite-based solar cells. The
effects of adding Co, Ni, and Rb to MAPbI; per-
ovskite compounds on the long-term stability of the
photovoltaic cells and on perovskite microstructure,
crystal growth, and electronic structure were inves-
tigated experimentally and using first-principles
DFT calculations. The photovoltaic mechanism was
discussed based on the band structure using Me ,
my E,, the PDOS, and electron correlation associ-
ated with the 3d hybrid orbitals of the transition
metal and 5p orbitals of the I atom near the VB.

EXPERIMENTAL

The schematic diagram for the fabrication of Co-,
Ni-, and Rb-incorporated MAPbI3 perovskite solar
cells is presented in Fig. 1. Fluorine-doped tin oxide
(FTO) substrates (FNT1.6, 20 mm x 20 mm x 1.6
mm, Nippon Sheet Glass Company, Ltd.) were
cleaned in an ultrasonic bath using acetone and
methanol and were subsequently dried under a Ny
flow. TiO, precursor solutions (0.15 and 0.30 M)
were prepared using titanium diisopropoxide
bis(acetylacetonate) (0.055 and 0.11 mL, respec-
tively, Sigma-Aldrich) and 1-butanol (1 mL, Nacalai
Tesque). Thereafter, the 0.15 M TiO, precursor
solution was spin-coated on the FTO substrate at
3000 rpm for 30 s followed by annealing at 125°C for
5 min. Subsequently, the 0.30 M TiO, precursor
solution was spin-coated on the previously deposited
TiO, layer at 3000 rpm for 30 s followed by
annealing at 125°C for 5 min. This process was
performed twice, and then, the fabricated FTO
substrate was sintered at 500°C for 30 min to form
a compact TiOy layer. To obtain a mesoporous TiO,
layer, TiO, paste was prepared by mixing TiO,
powder (Aeroxide TiOg P-25, Evonik Industries AG)
with polyethylene glycol (PEG #20000, Nacalai
Tesque) in ultrapure water. The solution was mixed
with acetyl acetone (Wako Pure Chemical Indus-
tries) and Triton X-100 (Sigma-Aldrich) for 30 min
and was allowed to rest for 12 h to suppress the
formation of bubbles. To prepare the electron-trans-
porting layer, TiO, paste was coated on the sub-
strate by spin-coating at 2000 rpm for 5 s and then
at 5000 rpm for 30 s. The prepared cells were
annealed at 120°C for 5 min and at 550°C for 30 min
to form mesoporous TiOy layers.
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Fig. 1. Fabrication of Co-, Ni-, and Rb-incorporated MAPbI3 perovskite solar cells.

To synthesize the perovskite compounds, a solu-
tion of methylamine hydroiodide (MAI: 190.7 mg,
1.2 mmol, Tokyo Chemical Industry Co., Ltd.) and
lead(II) chloride (PbCly, 111.2 mg, 0.4 mmol, Sigma-
Aldrich) in N,N-dimethylformamide (500 uL, Naca-
lai Tesque) was mixed with 1, 2, or 5 wt.% cobalt(II)
chloride (CoCly, Sigma-Aldrich) or nickel(II) chlo-
ride anhydrous (NiCls;, Tokyo Chemical Industry
Co., Ltd.) and rubidium iodide (RbI, Wako Pure
Chemical Industries) at 60°C for 24 h. Subse-
quently, the perovskite solution was added to the
TiOy mesoporous film via spin-coating. The spin-
coating speed was maintained at 1000 rpm for 5 s
and then at 2000 rpm for 60 s; moreover, a heat gun
placed 25 cm away from the surface of the film was
used to generate a 60 s hot air burst. After spin-
coating, the samples were subjected to annealing at
140°C for 10 min. The HTL was prepared and spin-
coated as follows. A solution of 2,2,7,7-te-
trakis[V,N-di(methoxyphenyl)amino]-9,9’-spirobi-
fluorene (Spiro-OMeTAD, 36.1 mg, Wako Pure
Chemical Industries) in chlorobenzene (0.5 mlL,
Wako Pure Chemical Industries) was mixed with a
solution of lithium bis(trifluoromethyl sul-
fonyl)imide (Li-TFSI, 260 mg, Tokyo Chemical
Industry Co., Ltd.) in acetonitrile (0.5 mL, Nacalai
Tesque) for 12 h. The solution obtained by adding 4-
tert-butylpyridine (14.4 uL, Sigma-Aldrich) to the
Spiro-OMeTAD solution was mixed with the Li-

TFSI solution (8.8 uL) for 30 min at 70°C. The
obtained mixture was spin-coated at 2000 rpm for
5 s and then at 4000 rpm for 30 s. All experiments
were performed under atmospheric conditions.
Lastly, a layer of Au was deposited via evaporation
on the top side of the electrodes. The layered
structure of the photovoltaic cells was denoted as
FTO/TiOs/perovskite/Spiro-OMeTAD/Au (Fig. 1).
The J-V curves of the photovoltaic cells were
obtained under an illumination of 100 mW cm 2
using an AM 1.5 solar simulator (San-ei Electric
XES-301S) at 27°C. The solar cells were illuminated
through the side of the FTO substrates, and the
illuminated area was 0.090 cm? The average power
conversion efficiency (1,ve) was estimated using the
average of the forward and reverse values. The
reverse value was used as the best efficiency.
Several J-V curves were obtained to determine
the average and highest values. The long-term
stability of the cells and changes in 5 and J,, were
analyzed at 27°C and 20% humidity for 50 d. The
Nave values were estimated using a three-electrode
system. The yield value was removed when the
surface was damaged. The incident photon-to-cur-
rent efficiencies of the cells were also investigated
using a QE-R (Enli Technology) system. The
microstructure of the perovskite thin films was
observed using an Eclipse E600 (Nikon) optical
microscope. The crystal structure, crystallinity, and
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lattice spacing of the perovskite thin films were
measured using a D2 Phaser (Bruker) XRD system.
After removing the Kaoy x-ray wavelength of the Cu
target from the measured x-ray diffraction patterns,
the crystallite sizes were estimated using the
Scherrer formula, the Scherrer constant (K = 0.9),
and device constant (f = 0.065). The crystal struc-
ture of each perovskite crystal was confirmed using
data reported in the literature.?®

The electronic structures of the perovskite crys-
tals were single-point-calculated using the crystal-
lographic structural data obtained from their XRD
patterns. Ab initio quantum calculations were per-
formed using the Vanderbilt ultrasoft pseudo-po-
tentials, scalar relativistic generalized gradient
approximations and Perdew—Burke-Ernzerhof
(GGA-PBE) exchange-correlation functional (Quan-
tum Espresso software) without considering the
spin—orbital coupling effect. The plane-wave basis
set cutoffs for the wave functions and charge density
were set at 25 and 225 Ry. A uniform k-point grid
(4 x4 x4) in the Brillouin zone was used to
calculate the electronic structure and PDOS. The
perovskite crystals presented cubic symmetry with
Pm3m space group, and 2 x 2 x 2 cubic supercells
were constructed using the experimental lattice
constant determined utilizing XRD data. In the
metal-incorporated perovskite crystal unit cell
model, a fraction of the Pb atoms at the B-sites
was substituted with Co or Ni atoms for one-atom
substitution at the center of the cubic structure. Co-
or Ni-incorporated MAPbI3 perovskite cubic crystal
models were constructed using 2 x 2 x 2 supercells
and the experimentally determined lattice con-
stants, and the models were used for band calcula-
tions. The molar ratio of Co®* or Ni%* ions to Pb**
ions was adjusted to 1:8; that is, 12.5% of Pb** ions
were replaced with Co?* or Ni®** ions. The ion
replacement and structural distortion caused by
the difference in the ionic radii of Co?* or Ni** and
Pb?* worked slightly in the isolated dilution system.
The band structures, effective mass, and band gap
of the Brillouin zone of the perovskite crystal lattice
were analyzed along the direction of the wave
vector. The path for MAPbI3; perovskite crystal
was set as follows: I” (0, 0, 0) —» X (0, %,
0 - M (12, 1/2, 0) > I'" - R (172, 1/2, 1/
2) > X,M — R, and the path for the MAPb(Co)I;
and MAPDb(Ni)I; perovskite crystals were set as
follows: 17(0,0,0) — X (1/2,0,1/2) — W (1/2, 1/4,
3/4) — K (3/8, 3/8, 3/4) - I' — L (1/2, 1/2, 1/
2) —» U (5/8, 1/4, 5/8) —» W (1/2, 1/4, 3/4) - L
— KIU — X. The effective m. /mo and my, /mog
ratios, where mg is the mass of free electrons, were
calculated using the curvature of the band disper-
sion curve. The Fermi energy was set to zero. The
density of states (DOS) and PDOS were calculated
to determine the energy level of each orbital near
the VB and CB. The experimentally determined
band structure of the cubic crystals was compared

with the theoretical and experimental results
reported in the literature.

To assess the thermodynamic stability and elec-
tron-lattice interactions as the phonon effect in the
systems with added Co or Ni, the thermodynamic
parameters and vibration modes in the IR and
Raman spectra were analyzed using hybrid DFT
utilizing the unrestricted BSLYP (UB3LYP) with
LANL2MB basis set (Gaussian 09). The cluster
model of the perovskite crystals consisted of a cubic
crystal, and its lattice constants were experimen-
tally determined using XRD data. The metal-incor-
porated MAPbI; cubic structure and MAPDI;
perovskite crystal cluster models were constructed
using 2 x 2 x 2 supercells, which were fixed at +8
as the positive charge of MA. The thermodynamic
parameters (AG, enthalpy (AH), and AS) and the
vibration modes in the IR and Raman spectra of the
cluster model metal-incorporated MAPbDI; per-
ovskite cubic crystals with 2 x 2 x 2 supercells
were calculated using hybrid DFT utilizing the
frequency mode. The effects of incorporating Co or
Ni atoms into the perovskite crystals on the photo-
voltaic properties of the perovskite-based cells were
qualitatively investigated using experimental data,
electronic structure, and thermodynamic
properties.

RESULTS AND DISCUSSION

The photovoltaic properties of perovskite-based
solar cells were investigated using the J-V curves
obtained under illumination. The J-V curves of the
solar cells featuring Co-, Ni-, Co/Rb-, and Ni/Rb-
incorporated MAPDbI; perovskites are presented in
Fig. 2. The J. and V. values indicated that the cells
presented semiconductive characteristics. The pho-
tovoltaic parameters, namely V. ., fill factor
(FF), series resistance (Rg), shunt resistance (Rgp),
and 5, of all analyzed cells are listed in Table 1. The
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Fig. 2. J-V characteristics of the perovskite solar cells with CoCly,
NiCl, and Rbl.
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Table I. Photovoltaic parameters of Co-, Ni- and Rb-incorporated MAPbDI; perovskite solar cells

Devices Jsc (mA ecm™) Voc (V) FF R, (Q cm?) Rg, (Q cm?) 1 (%) Have (%)
MAPDbI3 18.2 0.807 0.503 7.43 175 7.40 6.75
CoCly 2% 11.1 0.623 0.287 40.8 91.6 1.98 1.73
NiCl; 2% 9.49 0.634 0.248 47.8 76.4 1.49 1.31
CoCly 5% 15.1 0.800 0.381 24.2 340 4.60 3.53
NiCly 5% 17.2 0.514 0.343 16.7 110 3.04 2.38
CoCly 2% + RbI1% 13.3 0.633 0.246 38.3 53.8 2.07 1.77
NiCly 2% + Rbl 1% 12.5 0.679 0.401 13.1 117 3.40 3.19
CoCly 5% + RbI 2% 11.1 0.831 0.392 13.1 154 3.58 3.30
addition of 2 or 5% NiCl, or CoCl, to MAPbI; (a)

perovskite affected the photovoltaic parameters and 50 k CoCl, 5%

caused the J., V.., FF, and 5 values of the cells
featuring Ni- or Co-incorporated MAPbI; per-
ovskites to be lower than those of the cells featuring
MAPDbI; perovskite crystals. When 2% CoCly or
NiCly and 1% Rbl were co-added to MAPbI3 per-
ovskite, the 5 value of the cells increased to 2.07—
3.58 %. Jg, Voo, and Ry, increased with the amount
of CoCl, when different amounts of CoCl, and 1%
Rbl were co-added to MAPbI; perovskite. The
photovoltaic performance of cells was improved via
surface modification and crystal growth promotion
in the perovskite layer. The J, V.., FF, and 7
values were lower than those of the cells featuring
tetragonal MAPDbg 954C00.01615>>** and Ni-doped
MAPbI;*® perovskite crystals. The replacement of
Pb with Co or Ni affected the surface morphology
and the growth of perovskite crystals and also the
cubic-to-tetragonal phase transition. The photo-
voltaic performance of the cells featuring per-
ovskites with added Co or Ni depended on
promoting crystal growth and hindering the forma-
tion of pinholes and defects.

The EQEs of the solar cells featuring Co/Rb- and
Ni/Rb-incorporated MAPDbI; perovskite perovskites
are illustrated in Fig. 3a and b. The performance of
these cells was compared with that of the cell
featuring MAPbI; perovskite and Co- and Ni-incor-
porated MAPbI; perovskites. The addition of CoCl,
or NiCl, to MAPbI; perovskite decreased the EQE to
400-800 nm. The EQEs of these cells were lower
than those of the cells featurin% MAPb(Co)I5*? and
MAPb(Ni)I5 perovskite layers.?® In this study, the
photons did not efficiently convert into current, and
Js. and n decreased. Carrier recombination and loss
occurred near the interfaces with defects and pin-
holes in the cubic-phase perovskite layer. E, was
estimated using the alignment of band edges in
EQE. The E, values of MAPb(Co)I5 and MAPb(Ni)I;
were determined to be 1.547 and 1.545 eV, respec-
tively, which were lower than that of the MAPbI;
crystal (1.563 eV, Table IV). The E, values of
MAPDL(Co)I; and MAPb(Ni)I; were slightly under-
estimated compared with those of the recently
reported cells featuring MAPb(Co)I3 or MAPb(Ni)I;3
crystals (1.56 eVZ® and 1.58 eV,?° respectively). The
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Fig. 3. External quantum efficiency of the perovskite solar cells with
(a) CoCly, NiCl,, and (b) Rbl.

experimental behavior of the cells was discussed
based on the band structure, effective mass, and E,.
The addition of Co or Ni to the MAPbI; perovskite
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crystals affected the internal structure, crystal
growth, electron structure, and E,, which was
related to the energy levels of the VB.2® The band
structure near the VB was attributed to the effect of
the Jahn—Teller distortion on energy level splitting,
and the hybridization of the 3d orbitals of the
transition metal with the 5p orbitals of the I ions,
which served as ligands in the coordination
structure.

The changes in # and J,. of perovskite solar cells
were analyzed at 27°C and 20% humidity for 50 d,
as illustrated in Fig. 4a and b. The co-addition of 2%
NiCly; and 1% RbI increased 5 and Jg. after 36 d.
When 2% NiCly, and 1% Rbl were co-added to
MAPDI; perovskite, n and Jg. increased significantly
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Fig. 4. Long-term stability of (a) conversion efficiencies and (b)
short-circuit current densities for the perovskite solar cells. The solar
cells were stored and characterized at temperature of 27°C and
humidity of 20%. The average values of n and Jsc were estimated
from the three electrodes in the devices.

from 3.19% to 5.78% and from 13.91 mA cm 2 to
16.30 mA cm 2, respectively, in 36 d. The increase
in Jg. and 5 was attributed to carrier diffusion
promotion in the perovskite crystal with the co-
addition of NiCl, and Rbl owing to the solid-phase
reaction with diffusion in the perovskite layer
compared with the slow deterioration behavior of
MAPb(Ni)I; for 150 h.%° For the MAPbI; solar cells,
n and Jg. suddenly decreased from 6.97% to 4.12%
and from 17.85 mA cm 2 to 15.5 mA cm 2, respec-
tively, after 49 days (Fig. 4b and c¢). This reduced
performance was ascribed to the decrease in pho-
tocurrent with carrier recombination near defects
and the interface while causing a decomposition
reaction with diffusion of MA cations and halogen
anions for the long-term period.

The XRD patterns, crystal sizes, and lattice
constants of the solar cells featuring CoCl,-, NiCls-
, CoCly/Rbl-, and NiCly/Rbl-incorporated MAPbI;
perovskites are presented in Fig. 5a and b and
Table II. The XRD patterns of the MAPbI; per-
ovskite crystals were in good agreement with data
reported in the literature.®® The strong diffraction
peak at 20 corresponded to the d-spacing of 6.271 A,
which was assigned to the (100) plane of the cubic
perovskite crystals. The intensity of the peak at 20
increased with increasing amounts of CoCl, and
NiCl, (Fig. 5a and b). Table II summarizes the
crystallite sizes, lattice constants, crystal systems,
and unit cell volume per number of formula units in
the cells of CoCls-, NiCl,-, CoCly/RbI-, and NiCly/
Rbl-incorporated MAPbI3 perovskite crystals. The
crystallite sizes of the MAPbI; perovskites incorpo-
rated with 5% CoCly or 5% NiCl, (954 and 1079 A,
respectively) were larger than that of pristine
MAPDI; perovskite (644 A). The lattice constants
of the (100) plane of the MAPbI; perovskites
incorporated with 5% CoCly or 5% NiCl, (6.285 A
and 6.273 A, respectively) were larger than that of
pristine MAPbI; perovskite (6.271 A). Similarly, the
co-addition of 2% CoCl, and 1% RbI or 2% NiCl, and
1% RbI to MAPbI; perovskite increased the crystal-
lite size and lattice constant of the (100) plane.

The changes in crystal structure, growth, and
phases of the perovskite crystals with the addition
of Co or Ni in this study were different from those
reported in the literature (Table I1).232®> When 1.6
and 3.1% Co®" ions were added to MAPbI; per-
ovskite, the as-grown MAPbCols crystals presented
a tetragonal phase.?>?* When 3% NiCl, was added
to MAPbI; perovskite, the as-grown MAPDbNil;
crystals presented a tetragonal phase and high
crystallinity.?® Annealing confers thermodynamic
stability, surface morphology, crystal structure,
crystallinity, and phase. In this study, annealing
at 140°C led to transition into a stable cubic crystal
phase. Annealing at temperatures above the phase
transition temperature affected crystal growth and
the phase related to Jg. and 7.

The unit cell volume per number of formula units
slightly increased with increasing the percentages



1986

(a) .
1100 NiCl, 2 % _L200
100 I
J NiCl, 5 % 200
—_ A
S
. 100
& 200
2 CoCl, 2 %
L )
2
= 100
200
CoCl, 5%
JL Pt A v -—
l MAPbIg ! 200
25 30 3

10 15 20 5
26 (degree)
(b) NiCl, 2 % + Rbl 1 %
100, 2 b 200
100 CoCl,2% +Rbl1% | 200
5
r
= 100 200
wn
c
g
=
CoCl, 5% + Rbl 2%
J_ I
10 15 20 25 30 35

26 (degree)

Fig. 5. X-ray diffraction patterns of the perovskite solar cells with (a)
CoCly, NiCly, and (b) Rbl.

of CoClg, NiCl,, and RbI, even though the ionic radii
of Co?* and Ni** ions (0.75 and 0.69 A, respectively)
are smaller than that of Pb®* ions (1.19 A), and the
radius of Rb™ ions (1.72 A) is smaller than that of
MA* ions (2.17 A). The perovskite layer contained
numerous defects and voids. The incorporation of
small amounts of Co or Ni improved crystal nucle-
ation and growth by suppressing the formation of
vacancy defects near grain boundaries and short-
range order of the crystal structure in the per-
ovskite layer; this enhanced the stability and the
strength of the chemical bonds between the Ni** or
Co?* ions and I™ ions in octahedral coordination.?**7

Suzuki, Oe, and Oku

The co-addition of small amounts of CoCl, and RbI
or NiCly and Rbl markedly improved crystal orien-
tation and growth and suppressed grain boundaries
in the perovskite layer. Rb occupied the MA defects
within the perovskite crystals and promoted crystal
nucleation and growth in the perovskite layer.®
The crystal growth in the perovskite layer reduced
the trap density between perovskite grains and
increased J,. and #x. The Ni/Rb-incorporated
MAPDI; perovskite crystal presented a stable 7.

The optical microscopy images of the solar cells
featuring MAPbDI; perovskite, CoClg-incorporated
MAPDI; perovskites, NiCly-incorporated MAPDI;
perovskites, CoCly/Rbl-incorporated MAPbI; per-
ovskites, and NiCly/Rbl-incorporated MAPbI3 per-
ovskites are presented in Fig. 6. Uniform and dense
crystal films with high surface coverage were
obtained when 5% CoCl,; and 2% Rbl were co-added
to MAPbI3 perovskite. For the MAPbg 9Cog 113 thin
film, the number of voids and defects was low, which
promoted crystal nucleation and growth. Surface
modification with crystal growth improved the
photovoltaic performance of the cells. Surface mor-
phological observation and XRD analysis were
performed after long-term cell use. The crys-
tallinity, surface morphology, particle size, and
surface coverage of the perovskite-based solar cells
after long-term use are presented in Fig. 7a and b.
The intensity of the peak ascribed to the (100)
crystal plane of the MAPDbI3 perovskite crystal co-
added with 2% NiCls; and 1% Rbl increased after 44
days of use; moreover, the I¢o/l219 ratio increased
from 2.59 to 3.35. In comparison, the I,¢¢/I210 ratio
of the solar cell featuring MAPbI; perovskite
increased from 4.10 to 4.93. Typically, a I90/l210
ratio of 2.1 corresponds to random crystal orienta-
tion. These results indicated that crystals with (100)
orientation grew on the perovskite layer after 44
days of use. The co-addition of 2% NiCl; and 1% RbI
to MAPbI; perovskite promoted particle growth and
passivation and suppressed decomposition. The
particle size and surface coverage of the MAPbI;
perovskite incorporated with 2% NiCl, and 1% RbI
increased from 14.5 ym to 25.1 ym and from
70.3 um to 84.7 um, respectively, after 60 days of
use. Conversely, for the solar cell featuring pristine
MAPDI; perovskite, the particle size and surface
coverage decreased from 13.0 yum to 3.4 ym and
from 61.5 um to 48.2 um, respectively. These results
indicated the suppression of crystal nucleation and
growth with decreasing particle size. The changes in
crystalline surface morphology and crystal growth
after long-term aging are illustrated in Fig. 8. The
co-addition of NiCl, and RbI to MAPbI; perovskite
improved the growth of crystals with (100) orienta-
tion. The promotion of crystal growth and orienta-
tion without defects and pinholes improved the
long-term stability of the photovoltaic cells and
suppressed the decomposition reaction and ion
diffusion (Table III).
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Table II. Crystallite sizes and lattice constants of the perovskite crystals

Crystallite Lattice con- Crystal system (space Unit cell volume
Perovskite size (A) stant (A) Ref. group) (A3)/Zww
MAPbDI; 644 6.271(2) Present Cubic 246.63
6.2842(1)* v;z;)rk (Pm3m) 248.72%
Additives
Col, 1.6%* a = 8.88457(1)* 23 Tetragonal (I4/mcm) 248.72%
¢ = 12.6034(5)
CoCl; 2% 814 6.272 Present Cubic 246.73
work (Pm3m)
Col, 3.1%* a = 8.88624(5)* 23 Tetragonal (I4/mcm) 249.01%
c = 12.6134(0)
CoCl; 5% 955 6.285 Present Cubic 248.27
work (Pm3m)
NiCl, 2% 608 6.285(1) Present Cubic 248.28
work (Pm3m)
NiCl, 3%** a = 8.8758%* 25 Tetragonal 248.72%%
¢ = 12.6283 I4/m)
NiCly 5% 1079 6.273(1) Present Cubic 246.86
work (Pm3m)
CoCl, 729 6.274 Present Cubic 246.96
2% + Rbl 1% work (Pm3m)
NiCl, 771 6.275 Present Cubic 247.08
2% + Rbl 1% work (Pm3m)
CoCl, 1239 6.284(2) Present Cubic 248.17
5% + Rbl 2% work (Pm3m)

*Ref. 23, **Ref, 25.
*##%7 is the number of formula units in a unit cell.

The band structures near the VB and CB of the
MAPbI;, MAPb(Co)I5, and MAPb(Ni)Is perovskite
crystals are presented in Fig. 9. The band disper-
sions and band gaps of the Brillouin zone of the
perovskite crystal lattice along the direction of the
wave vector were analyzed. The band along of the /[’
(0, 0, 0) direction in the MAPb(Ni)l3 perovskite
crystal presented a strong dispersion similar to that
of the R (1/2, 1/2, 1/2) direction in the MAPbI;
perovskite crystal (Fig. 9). The band of the MAPb(-
Co)I3 perovskite crystal was widely dispersed along
the direction. The partial replacement of Pb in the
perovskite crystal with Co or Ni affected the energy
dispersion near the VB and CB by narrowing the
band gap. The m, /m, and my /m, values are listed
in Table IV. The m./m, values of all analyzed
systems presented the same order of magnitude.
The calculated values revealed the same electron
diffusion tendency related to mobility in the cubic
phase. The my, /m, values of the MAPb(Ni)I; and
MAPDb(Co)I; perovskite crystals were estimated to
be 0.05 and 0.72, respectively, which were compa-
rable with that of the MAPbI; perovskite crystal
(0.02). Carrier diffusion related to hole mobility was
inversely proportional with m" for the MAPb(Ni)I;
perovskite crystal and was higher than that of the
MAPb(Co)I; perovskite crystal. This indicated that

the MAPDb(Ni)I; perovskite crystal could promote
photoinduced carrier diffusion, which led to an
increase in charge carrier mobility and J . and a
decrease in R;. The calculated and experimental E,
values for the MAPbI;, MAPb(Co)I;, and MAPb(-
Ni)I; perovskite crystals are listed in Table IV. The
experimental E, values were confirmed by the
alignment of the band edges in EQE. The theoretical
and experimental £, values of the perovskite crys-
tals were similar. The ab initio quantum calculation
EQE results using the GGA-PBE exchange-correla-
tion function were lower than the experimental
EQE values. These results indicated that Eg,2 was
affected by the crystal structure and phase.?3%
The PDOS including occupancies, energy levels of
the 2p and 3d orbitals of I, N, Pb, Co, and Ni near
the VB and CB of the MAPbI;, MAPb(Ni)I3, and
MAPDL(Co)I; perovskite crystals were analyzed, and
the results are presented in Fig. 10a, b, and c¢. The
2p orbitals of the I atom and 2p orbitals of the Pb
atoms were located near the VB and CB levels of the
reference MAPDbI3 perovskite crystal. For the
MAPb(Ni)I; perovskite crystal, the 3d orbitals of
the Ni atoms were partially hybridized with the 2p
orbitals of the I atoms near the VB levels. The
ligand-to-metal charge transfer promoted photoin-
duced carrier generation. The holes easily diffused
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Fig. 7. (a) X-ray diffraction patterns of the MAPbI3 perovskite solar cells with NiCl, and Rbl after 44 days and (b) optical microscope images after
60 days. The samples were stored and characterized at temperature of 27°C and humidity of 20%.

around the VB, which suggested that hole mobility,
which was related to J,. and 5, improved. For the
MAPDL(Co)I3 perovskite crystals, the 3d orbitals of
Co with strong PDOS were localized above the VB.
The 2p orbitals of the I atoms were slightly shifted
near the VB and presented a wide energy disper-
sion, which caused an increase in the efficiency
mass related to carrier mobility. The ligand-to-
metal charge transfer was not caused by the
localization of the 3d orbitals of Co atoms. For the
MAPbg 9Coq 115 crystal, the contribution of the 3d
orbitals of the Co atoms near the VB promoted
charge transfer, resulting in enhanced hole

mobility.?* In this study, electrons and holes were
not generated and did not diffuse near the CB and
VB. The wide dispersion of the band structure was
responsible for the decrease in y and J, with
diffusion suppression in the perovskite crystal.

The calculated IR and Raman vibration modes of
the MAPDb(Ni)I5; and MAPbI; perovskite crystals are
illustrated in Fig. 1la, b, ¢, and d. The IR and
Raman vibration modes in the wide wavenumber
range of 1000—4000 cm ' were assigned to the
bending modes of the N-C and N-H bonds of MA.
The high intensity of the vibration modes in the IR
and Raman spectra was ascribed to stretching of the
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Fig. 8. Change in the surface morphology and crystal growth after long-term aging.

Table III. Changes in the particle sizes and surface coverages on the perovskite layer after 60 days

Particle size (um)

Surface coverage (%)

Devices As-prepared After 60 days As-prepared After 60 days
MAPDI; 13.0 3.4 61.5 48.2
NiCly 2% + RbI 1% 14.5 25.1 70.3 84.7

Pb-I bonds in the narrow wavenumber range of 20—
200 cm . The calculated IR and Raman vibration
modes of the MAPDbI3 perovskite crystal were sim-
ilar to the experimental data.?®343% The IR and
Raman vibration modes of the MAPb(Ni)I3 crystal
were attributed to the asymmetric stretchin% of the
Ni-I bonds in the coordination structure.?® The
stretching modes of MAPb(Ni)I; were downshifted
compared with those of the reference MAPbI;

perovskite crystal. The strength of the IR vibration
modes was slightly lower and wider at the low
wavenumber of 150 cm~'. The IR vibration modes
were attributed to the change in dipole moment
associated with changes in vibration and bending.
The Raman vibration modes were remarkably
higher and wider at the wavenumbers of 60, 100,
and 150 cm !. The Raman stretching vibration
mode of the Pb—I bonds was associated with changes



Fabrication and Characterization of Ni-, Co-, and Rb-Incorporated CHsNH3PbI; Perovskite 1991
Solar Cells

N W A O

-

E- E (V)

E- E-(eV)
R

E,=0.68eV  MAPb(Ni)l,

E- E- (eV)

I X W K r L U w L K|UX
Wave vector (A)

Fig. 9. Calculated band structures of the perovskite crystals.



1992

Suzuki, Oe, and Oku

Table IV. Effective mass ratios of electrons and holes, m"/m, and m",,/m,, related to the electron mass m, and

band gap energies of the perovskite crystals

Effective mass ratio (m"/m,)

Band gap (Ey)

Devices m},/my m;, /my Cal. (eV) Exp. (eV) Ref. (eV)
MAPDI; 0.01 0.02 1.394 1.563 1.56*
MAPDb(Co)ls 0.04 0.72 1.198 1.547 1.56*
MAPDb(Ni)Is 0.05 0.05 0.697 1.545 1.64**
*Ref. 23

#* Ref. 25

in the polarization and distortion of the coordination
structure near the ligand field. The vibration mode
was similar to those of Cu- or Cr-incorporated
FAPbI; perovskite crystals.?® This vibrational
behavior was related to the thermodynamic behav-
ior based on electron—lattice interaction as a phonon
effect. The electron—lattice interactions affected
carrier diffusion related to carrier mobility. Details
on the phonon effect in perovskite crystal can be
found from the phonon dispersion. The decomposi-
tion was analyzed based on the experimental IR and
Raman stretching vibration modes of the Pb—I and
N-H bonds.

The thermodynamic parameters of the metal-
incorporated MAPDbI3 perovskite cubic crystals with
2 x 2 x 2 supercells used as cluster models were
estimated using thermodynamic calculations. The
AG, AH, and AS values of the MAPbI3, MAPb(Ni)I;,
and MA(Rb)Pb(Ni)I; crystals are listed in Table V.
The AG values of the MAPb(Ni)I; and MA(RDb)Pb(-
Ni)I3 crystals were lower than that of the reference
MAPDI; crystal. The thermodynamic stability of the
perovskite crystals was improved by the addition of
Ni and Rb to MAPbIs. The theoretical results of the
cluster models were qualitativelgf considered, as
compared with the reported data.*®**° The thermo-
dynamic stability of the perovskite crystals
depended on the lattice unit volume per the number
of formula units in the unit cell of the perovskite
crystal. The lattice energy, AG, AH, and AS values
were determined as the differences between the
corresponding values of the reactants and products
for each reaction. For the metal-added perovskites,
the reaction processes and paths under actual
conditions were not confirmed using the thermal
properties and transient measurements using
experimental data. It is difficult to quantitatively
compare the theoretical and experimental results.
The contribution of AG was dominated by an

increase in AS. For the Ni-incorporated MAPDbI;
perovskite crystals, AS depended on the electron—
lattice interactions as a phonon effect related to the
stretching mode of the Ni-I bonds in the low
wavenumber range. The electron—lattice interac-
tions suppressed carrier diffusion related to the
decrease in carrier mobility and, consequently, /.
and 5 decreased. The photovoltaic and optical
properties of the MAPb(Ni)I; and MA(Rb)Pb(Ni)I;
perovskite crystals were associated with the elec-
tronic correlation while suppressing the electron—
lattice interaction as the phonon effect in the
perovskite uniform layer with high orientation and
crystal growth. Therefore, the incorporation of Ni
and Rb into the MAPbI; perovskite crystals
improved the crystallinity of the perovskite layer
and slightly perturbed the coordination structure to
optimize the electronic correlation, electron—lattice
interactions, thermodynamic behavior, and stability
of the perovskite. Controlling the electronic corre-
lation by promoting the growth of defect-free crys-
tals is important for improving the long-term
stability of photovoltaic cells.

The long-term photovoltaic performance of the
solar cells featuring MA(Rb)Pb(Ni)I3, MAPb(Ni)I3,
and MAPDb(Co)I3 perovskite crystals was investi-
gated and was compared with the previously
reported results for solar cells featuring MAPDb(Ni)I;3
and MAPb(Co)I; perovskite crystals.>>¢ The pho-
tovoltaic solar cell featuring MA(Rb)Pb(Ni)I3 per-
ovskite crystals could achieve long-term stability by
suppressing decomposition. In particular, partially
replacing Pb?* ions with Ni®** ions and MA* ions
with Rb* ions improved long-term stability and
carrier mobility based on the effective mass in the
crystal structure. However, the initial performance
of these cells should be improved to promote their
practical applications for photovoltaic devices. The
photovoltaic performance of solar cells was assessed
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Fig. 10. Partial density of states of (a) MAPbI3, (b) MAPb(Ni)l3, and
(c) MAPDb(Co)l; perovskite crystals.

based on the surface modification and coverage,
crystal growth, and high (100) orientation in the
perovskite layer. Compared to the surface condi-
tions and crystal structures of the previously
reported solar cells featuring alkali metals,?? ¢
the crystal nucleation and growth of the
MA(RD)Pb(Ni)I3 crystals should be promoted and
the occurrence of defects and pinholes should be
suppressed. The highly accurate optimization of the
film formation conditions and crystal nucleation and
growth can confer long-term stability to photo-
voltaic cells, which would increase their potential
for practical applications.

CONCLUSIONS

Ni- and Co-incorporated MAPbI; perovskite solar
cells were fabricated and characterized, and their
photovoltaic properties, crystal growth, and orien-
tation were improved. The partial replacement of

b2+ ions in the perovskite crystals with Ni®** or
Co?* ions affected the photoinduced carrier gener-
ation and diffusion, effective mass, and metal-to-
ligand charge transfer via hybridization between
the 2p orbitals of I and the 3d orbitals of Ni near the
VB. Additionally, the co-addition of Ni and Rb to
MAPDI; perovskite crystals improved the long-term
stability of the photovoltaic cells owing to crystal
growth promotion and surface modification of the
perovskite layer. The photovoltaic performance of
the solar cells strongly depended on the (100) plane
orientation, crystal growth, and surface coverage of
the perovskite layer. J . and 5 were increased by
promoting photomduced carrier diffusion related to
carrier mobility in inverse proportion with m"/m in
the band dispersion. The promotion of carrier
mobility associated with my, /mg was ascribed to
the metal-to-ligand charge transfer, which occurred
via the hybridization of the 3d orbitals of Ni with
the 2p orbitals of I near the VB. The AG values
indicated the thermodynamic stability of the per-
ovskite crystals co-added with Ni and Rb. The
changes in AS were attributed to the electron—
lattice interaction owing to the phonon effect.
Photovoltaic mechanisms were associated with the
competition between the electron correlation based
on the metal-to-ligand charge transfer, electron—
lattice interaction as a phonon effect, and thermo-
dynamic stability. The electronic correlation was
derived from the charge transfer and exchange
interactions between the localized 3d orbitals of Ni
and the 2p orbitals of I" ion ligands in the coordi-
nation structure. The co-addition of Ni and Rb to the
perovskite crystals improved the long-term stability
of photovoltaic cells. The long-term stability was
attributed to the promotion of crystal growth and
orientation and the surface modification of the
perovskite layer.
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Table V. Enthalpy, entropy, and Gibbs free energies of MAPbI3, MAPb(Ni)I3, and MA(Rb)Pb(Ni)I; perovskite

crystals

Device MAPDbDI; MAPb(Ni)I3 MA®RDb)Pb(Ni)I;
Enthalpy H (kJ mol 1) 2307 2308 2083
Entropy S (J K~ ! mol 1) 4219 4318 4308

Gibbs free energy G (kJ mol™) 1054 1025 803
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