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We investigated the addition of alkali metal elements (namely Na*, K*, Rb*, and Cs*) to Cu-modified
CH3NHzPbls_;Cl; photovoltaic devices and their effects on the photovoltaic properties and electronic
structure. The open-circuit voltage was increased by CuBr, addition to the CH3NHzPbls_;Cl; precursor
solution. The series resistance was decreased by simultaneous addition of CuBr, and Rbl, which
increased the external quantum efficiencies in the range of 300—-500 nm, and the short-circuit current
density. The energy gap of the perovskite crystal increased through CuBr, addition, which we also

confirmed by first-principles calculations. Charge carrier generation was observed in the range of 300-
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Accepted 24th July 2019 500 nm as an increase of the external quantum efficiency, owing to the partial density of states

contributed by alkali metal elements. Calculations suggested that the Gibbs energies were decreased by
DOI: 10.1039/c9ra03068a : : . . . . i
incorporation of alkali metal elements into the perovskite crystals. The conversion efficiency was

rsc.li/rsc-advances maintained for 7 weeks for devices with added CuBr;, and Rbl.

Introduction Pbl, + CH;NH;I + 2CH;NH;Cl — CH;NH;Pbl;

+ 2CH;NH;Cl (g) 1 (140 °C)(2)
Studies of methylammonium lead halide perovskite solar
cells started in 2009, when a conversion efficiency of 3.9% Pbl, + xCH3NH;I + yCH;NH;Cl — (CH3NH3) 4 Pblo (L
was reported.! Some devices have since yielded conversion CH3NH;Pbl; + CH3;NH;CL (2)1 (140 °C) ®3)
efficiencies of more than 20% as studies have expanded
globally,> with expectations for these perovskite solar cells
to be used as next-generation solar cells.®® Easy fabrication
by spin-coating enables rapid development, and mass
production of advanced perovskite solar cells will enable . . .
their the practical use.'*** TiO, layers have been often used reported on the growth mechanism of perovskite grains

for the perovskite solar cells, and they have an important through grazmg-l.nmdence wide-angle ).(-ray sc.a.ttermg
role as electron transport and hole blocking layers. -7 measurements, which confirmed that annealing conditions of

o 1 1 30
In general, the perovskite structure has a formula of ABXj;, 140 .Chfor 12 min we%;e ap p'roprlate. ired f ical apoli
where A = CH;NH;" (MA"), B = Pb*, and X = I", which is High conversion efficiencies are required for practical applica-

formed by mixing MAT and Pbl,. Since 2014, CH;NH,PbI;_4Cl;- tlollll_s of pelif’vsklte solar Celli‘ﬁE_lemem;l do(;lnng s (:1_16 method to
type compounds have been widely studied,"®>* and the intro- ic 1e;e a Lg .cozfrmgg.e c1e.ncy. ope pez‘ovs Itle structukries
duction of Cl™ is beneficial both to perovskite formation and to ave been o tal.ne Y & ln.g varlous compounds to ¢ e. perovskite
. . . sy . precursor solutions, and various dopants to the perovskite crystals,
improve photovoltaic  properties. These perovskite I as CHINEL)." (FA". Cs* and Rb® at MA" sites. Sn" at Pb%*
compounds can be formed by reacting a mixture of the such as CH(NH)," (FA), Cs’, an at sites, Sn™ at

. — — — ot 31-35 :
precursors CH3;NH;I and PbCl, in a 3 : 1 molar ratio based on Slt?s’ and Br ar?d Clatl 51te§. Although phf)tOVOltaIC prop-
the following reactions:® erties have been improved by tuning of the electronic structure and

surface morphologies, excessive doping decreases conversion effi-
PbCl, + 3CH;NH;I — Pbl, + CH;NH;I ciencies. Therefore, it is important to control the atomic arrange-
+ 2CH;NH;CI (~20 °C) (1) mMent and composition of the crystals.

Perovskite solar cells are also required to be stable. Even if
cells have high conversion efficiencies, low stability will prevent
their practical application. CH3;NH;Pbl; perovskite grains
decompose and transform to Pbl, in the presence of light,
oxygen, high temperature and humidity, through the following

Owing to the formation of intermediates and solvent evap-
oration, perovskite grains are gradually formed by annealing.
Iodine has been substituted by Cl™ in this reaction, with the
expectation of improved carrier diffusion.” In 2016, Chang et al.
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4CH;NH;PbI; + O, — 4PbI, + 21, + 2H,0 + 4CH;NH, (4)

It has been reported that CH(NH,),Pbl; (FAPbI;) is more
thermally stable than MAPbI;, and the stability has been
confirmed to improve through introduction of Br and Cl-,
based on first-principles calculations.*”~*° Because the 5p orbital
of the I atom makes the main contribution to the conduction
band of perovskite crystal, a blue shift of the band gap occurs
through introduction of halides, which becomes more
pronounced in the order: CI~ > Br~ > I".*° Furthermore, Sn has
been used to replace Pb, forming Pb-free perovskite crystals,
which have a wider range of light absorption owing to
a decrease in the band gap. Such devices offer increased current
densities and lower toxicity.

As recently reported, Pb-Sn-Cu ternary perovskite solar cells
exhibiting multiple crystal orientations have improved charge
transport properties.** However, fabrication in a glove box under an
inert gas is required because of the easy oxidation of Sn** to Sn*" at
room temperature. In addition, the ionic radius of Cu®" is consid-
erably smaller than that of Sn**. It has been suggested that stable
perovskite crystals might be formed by Sn/Cu substitution at Pb
sites, as shown in calculations of the tolerance factors.”” However,
there have been few reports on Cu doped perovskite solar cells, and
the small ionic radius of Cu might influence the steric stability of
perovskite structures. It has been reported that a perovskite struc-
ture with added Co®" changes from cubic to tetragonal,® and
control of the crystal structure is important.

In our previous work, photovoltaic properties of perovskite solar
cells were improved by adding CuX (X = I, Br, or Cl) to the perov-
skite precursors through the use of an air-blowing method.** Cells
with added CuBr featured larger perovskite grains and improved
conversion efficiencies. The perovskite crystals maintained their
cubic symmetry even at 5% addition of Cu at the Pb site. The effects
of slight incorporation of transition metals (e.g. Cr**, Co**, Cu®*, and
Y**) into the HN=CHNH,Pbl; (FAPbI;) perovskite compounds on
the electronic structure, chemical shift and optical absorption
spectra have been investigated through first-principle calcula-
tions.*** The band gap decreases readily through addition of
transition elements because of their influence on the density of
states (DOS) through the 3d orbital. Other approaches to improving
current density include reports of Pbl, addition to CH;NH;Pbl; ,Cl
precursor solution.***> Recombination between holes and electrons
is suppressed by Pbl, addition, which improves conversion
efficiencies.

The purpose of the present study is to fabricate and char-
acterize alkali metal elements with added Cu CH;NH;PbI; _,Cl,
photovoltaic devices. We performed first-principles calculations
to investigate the electronic structures. Elements with ionic
radii smaller than MA" (2.17 A) were added to the solution to
compensate for the lattice distortion caused by Cu substitution
at Pb sites. Thus, we discuss the effects of alkali metal iodides
(i.e. Nal, KI, RbI, and CsI) and CuBr, addition. We expect that
MA can be easily substituted by alkali metal elements in the
perovskite crystal, and the alkali metal elements contribute to
improved stability of the perovskite photovoltaic devices. The
carrier transport mechanism was investigated by analyzing
electronic structures and stabilities of the cells.
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Experimental
Device fabrication

A schematic illustration of the fabrication process of the
perovskite photovoltaic cells is shown in Fig. 1. F-Doped tin
oxide (FTO) substrates were cleaned in an ultrasonic bath with
acetone and methanol and then dried under nitrogen gas. The
TiO, (0.15 M and 0.30 M) precursor solutions were prepared
from titanium diisopropoxide bis(acetyl acetonate) (Sigma-
Aldrich, Tokyo, Japan, 0.055 and 0.11 mL) with 1-butanol (1
mL). The 0.15 M TiO, precursor solution was spin-coated on the
FTO substrate at 3000 rpm for 30 s and the coated substrate was
then annealed at 125 °C for 5 min. Then, the 0.30 M TiO,
precursor solution was spin-coated on the TiO, layer at
3000 rpm for 30 s and the resulting substrate was annealed at
125 °C for 5 min. The process for forming the 0.30 M precursor
layer was performed twice. Then, the FTO substrate was sin-
tered at 550 °C for 30 min to form a compact TiO, layer.>*** To
form the mesoporous TiO, layer, a TiO, paste was prepared
from the TiO, powder (Aerosil, Tokyo, Japan, P-25) with poly(-
ethylene glycol) (Nacalai Tesque, Kyoto, Japan, PEG #20000) in
ultrapure water. The solution was mixed with acetylacetone
(Wako Pure Chemical Industries, Osaka, Japan, 10 pL) and
surfactant (Sigma-Aldrich, Triton X-100, 5 pL) for 30 min and
was then allowed to stand for 24 h to remove bubbles from the
solution. Then, the TiO, paste was spin-coated on the compact
TiO, layer at 5000 rpm for 30 s. The resulting cell was heated at
125 °C for 5 min and then annealed at 550 °C for 30 min to form
the mesoporous TiO, layer.>>>®

To prepare the perovskite compounds, mixed solutions of
CH;3NH;I (2.4 M, Showa Chemical, Tokyo, Japan), PbCl, (0.8 M,
Sigma-Aldrich) and PblI, (0.08 M, Sigma-Aldrich) in DMF

FTO substrate Compact TiO,

)

Spin-coating \.

0.15M once, 0.30 M twice
125°C, 5 min, 550°C, 30 min

Mesoporous TiO, Perovskite

Spin-coating
140°C, 10 min
(22 °C, 35% humidity)

Spin-coating
550°C, 30 min

Spiro-OMeTAD Au

0.3x0.3cm?
Spin-coating\

2x2cm?
Fig. 1 Schematic illustration of fabrication process of the present
photovoltaic devices.

Vacuum deposition
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(Sigma-Aldrich, 500 mL) were prepared for the standard cell.
Details of the perovskite solutions with CuBr, and alkali metal
elements are listed in Table S1.f These perovskite solutions
were then introduced into the TiO, mesopores by spin coating
at 2000 rpm for 60 s, followed by annealing at 140 °C for 10 min
in ambient air.*®

Then, a hole-transport layer was prepared by spin coating;
a solution of spiro-OMeTAD (Wako Pure Chemical Industries,
50 mg) in chlorobenzene (Wako Pure Chemical Industries, 0.5
mL) was mixed with a solution of lithium bis(tri-
fluoromethylsulfonyl)imide (Li-TFSI; Tokyo Chemical Industry,
Tokyo, Japan, 260 mg) in acetonitrile (Nacalai Tesque, 0.5 mL)
for 24 h. The former solution with 4-tert-butylpyridine (Sigma-
Aldrich, 14.4 pL) was mixed with the Li-TFSI solution (8.8 pL)
for 30 min at 70 °C. Then, the spiro-OMeTAD solution was spin-
coated on the perovskite layer at 4000 rpm for 30 s. All proce-
dures were performed in air.

Finally, gold (Au) electrodes were evaporated as top elec-
trodes using a metal mask for the patterning. Layered structures
of the prepared photovoltaic cells are denoted as FTO/TiO,/
perovskite/spiro-OMeTAD/Au. The prepared perovskite photo-
voltaic devices were stored at 22 °C and ~30% humidity.

Calculations characterization

J-V characteristics of the photovoltaic cells were measured
under illumination at 100 mW cm ™2, with the use of an AM 1.5
solar simulator (San-ei Electric, XES-301S). J-V measurements
were performed using a source measurement unit (Keysight,
B2901A Precision SMU). The scan rate and sampling time were
~0.08 V s~ and 1 ms, respectively. Four cells were tested for
each cell composition and the reported values are the averages
of these four measurements (7,y.). The solar cells were illumi-
nated through the sides of the FTO substrates and the illumi-
nated area was 0.0784 cm?. EQEs (Enli Technology, QE-R) of the
cells were also measured using a source meter (Keithley Tek-
tronix, 2450). The microstructures of the cells were investigated
by X-ray diffraction (XRD, Bruker, D2 PHASER) and scanning
electron microscopy (SEM, JEOL, JSM-6010PLUS/LA) equipped
with energy dispersive X-ray spectroscopy (EDS).

Calculations

The electronic structures of the perovskite crystals were calcu-
lated for the single-point with the experimental parameters
obtained from XRD, through ab initio quantum calculations
based on the unrestricted Hartree-Fock (HF) method. We used
density functional theory (DFT) and the Perdew-Burke-Ern-
zerhof (PBE)-based hybrid function and unrestricted B3LYP
(UB3LYP) with LANL2MB as the basis set (Gaussian 09). The
metal-incorporated MAPDbI; cubic structures were treated as
a cluster model with supercells of 2 x 2 x 2 fixed to have
a positive charge of +8. A lattice constant of 6.391 A was used for
the perovskite compounds with a cubic crystal system.>>*” The
numbers of quantum spins in the metal (M)-incorporated
MAPDI; and MAPDI; crystals were assumed to be doublet (S =
1/2) states at M = Cu®" and a singlet (S = 0) state at M = Pb*",
respectively. As an isolated dilution system, the mole ratio of the

This journal is © The Royal Society of Chemistry 2019
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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 break crystal symmetry by suppression of strong
exchange interactions in the perovskite crystal. Alkali metal
elements (i.e., Na', K, Rb*, and Cs") were substituted for MA"
sites at contents of less than 12%. We calculated the total and
partial DOS (TDOS and pDOS), the occupancy of the 3d orbital
on the transition metal, 6s, 5p, and 6p orbitals of the I and Pb
atoms around the highest occupied molecular orbital (HOMO),
and lowest unoccupied molecular orbital (LUMO), and the
HOMO-LUMO energy gap (E,). The vibration modes in infrared
spectroscopy (IR) spectra were also calculated by DFT using the
frequency mode. The Gibbs energy (G) and enthalpy (H) were
obtained by the IR calculation, and the entropy was calculated
by using G = H — TS, where T is 298 K.

Results and discussion

J-V characteristic under illumination recorded in the reverse
scan and EQE spectra of FTO/TiO,/perovskite/spiro-OMeTAD/
Au photovoltaic devices are shown in Fig. 2(a) and (b), respec-
tively. Measured photovoltaic parameters of the present perov-
skite photovoltaic devices are summarized in Table 1. The
standard cell provided a short-circuit current density (Jsc) of
20.6 mA cm ™2, an open-circuit voltage (Voc) of 0.888 V, a fill
factor (FF) of 0.628, and a conversion efficiency (1) of 11.5%.
The Vo and 7 respectively increased from 0.888 V and 11.5% to
0.946 V and 12.6% through addition of CuBr,. Although the
series resistance (Rs) increased from 5.02 to 5.87 Q cm? through
CuBr, addition, Rs decreased to 4.77 Q cm” by simultaneous
addition of CuBr, and RbI. In addition, the shunt resistance
(Rsn) was increased from 2330 to 4664 Q cm?, and the leakage
current was decreased by the CuBr, and RbI addition. As
a result, 5 increased from 11.5% to 14.2% for the simultaneous
addition of CuBr, and RbI. The FF also increased from 0.628 to
0.719 and the recombination between electrons and holes was
suppressed by CuBr, and CsI addition.

EQE values were increased by alkali metal elements addition
in the range of 300-500 nm. The highest EQE of the device
increased from 78.8% to 82.8% by RbI addition, indicating that
the current density of the cells was increased by the RbI addi-
tion. The band gaps of the present perovskite photovoltaic
devices estimated from EQE spectra are summarized in Table 2.
The band gap was increased by addition of CuBr, and alkali
metal elements. In particular, the band gap increased from
1.583 to 1.594 eV by CsI addition.

XRD patterns of the present photovoltaic devices are shown
in Fig. 3. The crystal structure of the standard cell was a cubic
system, and the cells added with CuBr, and alkali metal
elements also had a cubic system. Diffraction intensities of the
210 peak were the same in all devices. However, diffraction
intensities of 100 increased through addition of Nal, RbI, and
Csl. Hence, the 100 planes of the perovskite grains were pref-
erentially oriented parallel to the FTO substrate.*® Measured
XRD parameters of the present perovskite photovoltaic devices
are summarized in Table 3. The lattice constant was slightly
increased by addition of CuBr,, compared with the standard

RSC Adv., 2019, 9, 24231-24240 | 24233
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Fig. 2 (a) J-V characteristics and (b) EQE of the present perovskite

photovoltaic devices.

constant. Although the lattice constant might be expected to
decrease owing to the smaller ionic radius of Cu and Br,*® the
increase of the lattice distance suggested that lattice distortion
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Table 2 Band gaps of the present perovskite photovoltaic devices
estimated by EQE

Cells Band gap (eV)
Standard 1.583
+CuBr, 1.585
+CuBr, + Nal 1.587
+CuBr, + KI 1.590
+CuBr, + RbI 1.588
+CuBr, + Csl 1.594
100
+ CuBr, + Csl
200 211
FTO
PbIZJL 110 m 210 FTO,
=
c
_: J + CuBr, + Rbl
5 L N
>
=
7]
c
B
£ + CuBr, + Nal
\ + CuBr,
A Standard
10 15 20 25 30 35

20 (degree)

Fig. 3 XRD patterns of the present perovskite photovoltaic devices.

was caused by CuBr, addition. A tolerance factor of the hypo-
thetical perovskite MACuCl; was calculated to be 1.004, which is
closer to 1 compared with that of MAPbI;.>* A remarkable
difference of the lattice constant was not observed because of
the very small amount of iodide addition. Analysis of the 100
diffraction peaks of the perovskite crystals suggested the crys-
tallite sizes to be approximately 600 A.

Electronic structures at HOMO and LUMO of the present
perovskite crystals were calculated, as shown in Fig. 4. As for the
electronic structures, the red and the green parts indicate
negative and positive charges, respectively. The electronic

Table 1 Measured photovoltaic parameters of the present perovskite photovoltaic devices

Cells Jsc (mA ecm™?) Voc (V) FF 1 (%) Nave (%) Rs (Q cm?) Rgp (Q cm?)
Standard 20.6 0.888 0.628 11.5 10.8 5.02 2330
+CuBr, 19.7 0.946 0.674 12.6 12.3 5.87 2205
+CuBr, + Nal 21.6 0.907 0.691 13.6 12.8 4.64 1068
+CuBr, + KI 21.3 0.903 0.688 13.2 12.4 4.60 618
+CuBr, + RbI 22.3 0.925 0.690 14.2 13.8 4.77 4664
+CuBr, + CsI 20.7 0.897 0.719 13.3 13.1 4.05 1131

24234 | RSC Adv., 2019, 9, 24231-24240
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Table 3 Measured XRD parameters of the present perovskite photo-

voltaic devices
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charges became broadly distributed by replacing Pb with Cu.
These results indicate that the charge carriers were generated
more efficiently by the Cu substitution, as shown in Fig. 2.

Lattice constant Crystallite . .
Cells @A) size (A) In the case of Na substituted MA(Na)Pb(Cu)l;, some differ-
ences were observed; however, the distribution of the electric
Standard 6.279 619 charge was almost the same as that of MAPb(Cu)l;. Because of
+CuBr, 6.282 617 the small ionic radius of Na, the interaction between Cu and Na
+CuBr, + Nal 6.274 630 . K ltine i inimal ch f the electric ch
+CuBr, + KI 6.279 577 is weak, resulting in minimal change of the electric charge
+CuBr, + RbI 6.280 586 distribution. Conversely, for MA(K)Pb(Cu)l;, MA(Rb)Pb(Cu)l;,
+CuBr; + Csl 6.275 604 and MA(Cs)Pb(Cu)l;, we observed a change of the specific
electric charge distribution of the HOMO level, owing to
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Fig. 4 Electronic structures at HOMO and LUMO of the present perovskite structures.
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interactions of these alkali metal elements with Cu. The linear
electric charge distribution would decrease the carrier transport
resistance and increase the carrier diffusion length. Thus, the
special electric charge distribution formed by CuBr, with Nal,
KI, RbI and CsI contributes to the increase of Jsc.

Total density of states with up-o. spin and down-f spin of the
present perovskite structures are shown in Fig. 5(a) and (b),
respectively. The electronic structure of CH;NH;PbI; mainly
derives from the electronic state of the Pblg octahedron unit,
and the level of the energy band is comprised of Pb 6s, 6p and I
5p orbits. The energy level at the HOMO is a ¢ anti-binding state
between Pb 6s and I 5p orbits, and the LUMO is a mixed ¢ or 7

(a) 50

— MAPbI,

45 | —MAPb(Cu)l;
—MA(Na)Pb(Cu)l,

40 | — MA(Rb)Pb(Cu)l,
— MA(Cs)Pb(Cu)l,

35

30 .

Up spin

AW AL

4 2 0 2 4 6 8 10 12 14 16

E-E; (eV)
(b) 50
— MAPbDI;
45 — MAPDb(Cu)l;
—MA(Na)Pb(Cu)l,
40 | — MA(Rb)Pb(Cu)l;
— MA(Cs)Pb(Cu)l;
35
30
Down spin

N Wi

4 6 8 10 12 14 16
E-E; (eV)

Fig.5 Total density of states with (a) up-a spin and (b) down-f spin of
the present perovskite structures.

24236 | RSC Adv., 2019, 9, 24231-24240

View Article Online

Paper

anti-binding state between Pb 6p and I 5s or 5p orbits. There-
fore, substitution of other elements at Pb sites influences the
HOMO and LUMO levels. The DOS at the HOMO was greatly
increased by Cu substitution but not influenced by the alkali
metal substitution. Hence, the 3d orbital of Cu influences the
energy level at HOMO and contributes to an increase in carrier
generation. The characteristic increased DOS due to alkali
metal elements is observed in the range of 5-10 eV, which would
contribute the increased generation of charge carriers by light
absorption at short wavelengths. Thus, the EQE improved in the
range of 300-500 nm.

These results indicate that alkali metal elements make
a contribution to the improved carrier transport properties. As
shown by the red arrow in Fig. 5(b), the energy level at the
HOMO slightly approached the Fermi level and became
sharper, which contributed to the increased hole mobility.
Calculated energy levels at the HOMO and LUMO, and the
energy gaps (E,) with o spin of the present perovskite structures
are summarized in Table 4. The calculated E, values are larger
than those of experimental data in Table 2, and such differences
have been previously reported for the cluster-model calcula-
tions.* The E, increased from 2.70 to 3.23 eV by Cu substitu-
tion, which increased the Voc. In addition, the energy gaps
decreased in the order Cs* > Rb" > K" > Na". The hole transport
properties between the perovskite and spiro-OMeTAD layers
benefited from the shift of the DOS at the HOMO to the Fermi
level and the decrease in the energy barrier. Therefore, the
increase of the Js¢ and V¢ are attributed to interactions of the
Cu and alkali metals, as observed from their electronic struc-
tures and DOS.

IR spectra of the present perovskite structures are shown in
Fig. 6. Both stretching vibrations of N-H and Pb-I were sup-
pressed by Cu substitution, which caused diffusion of the
carrier transport resistance and contributed to the increase of
the Jsc. In addition, the suppression of the N-H stretching
vibration depended on the ionic radius of the alkali metal
elements.

Calculated thermodynamic parameters (G: Gibbs energy, H:
enthalpy and S: entropy) of the present perovskite structure are
summarized in Table 5. As a result of the calculation, the G, H,
and S values of the MAPDI; perovskite structure were 946, 2326,
and 4.63 k] K~ mol™", respectively. The value of G slightly
increased from 946 to 958 k] mol ™' through Cu substitution,
which increased the lattice constant of the perovskite with

Table 4 Energy levels of the HOMO and LUMO, and energy gap (Eg)
with a spin for the present perovskite structures

Perovskite LUMO (eV) HOMO (eV) Eq (eV) Er (eV)
MAPDI; —-14.9 —-17.6 2.70 —16.2
MAPb(Cu)l, —~14.6 -17.8 3.23 ~16.2
MA(Na)Pb(Cu)l;  —14.6 -17.8 3.22 ~16.2
MA(K)Pb(Cu)l, ~14.6 -17.7 3.17 ~16.2
MA(Rb)Pb(Cu)I;  —14.6 -17.7 3.16 ~-16.2
MA(Cs)Pb(Cu)I; —14.6 -17.7 3.15 —-16.2

This journal is © The Royal Society of Chemistry 2019
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added CuBr,, owing to the Jahn-Teller effect of Cu d elec-
trons.”*** The Jahn-Teller effect is often observed for octahe-
dron complexes with transition metals, where the repulsion
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Fig. 6 IR spectra of (a) total view, (b) N-H, and (c) Pb-I stretching
vibration of the present perovskite structures.
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between d orbital is relaxed by distortion of the arrangement of
Pbls octahedra in the perovskite structure. Thus, addition of
a large amount of transition metal distorts the perovskite
structure. We expected that the lattice distortion of the perov-
skite crystal including Cu was relaxed by Na*, K*, Rb*, and Cs"
substitution.

The value of G gradually decreased to 729 k] mol ', and more
stable perovskite structures were formed by alkali metal
substitution in order of: Cs* > Rb" > K" > Na" substitution.
Therefore, the substitution with alkali metal elements effec-
tively stabilized the perovskite solar cells. However, further
improvements to the solvent system are necessary because Cs
compounds are poorly soluble in DMF.

Changes of the photovoltaic parameters over 7 weeks are
shown in Fig. 7(a)-(f). After -V measurements, all devices were
stored in thermostatic and humidistatic storage. Hysteresis
index (HI) values are also shown in Fig. 7(g). The HI was derived
from the data in Fig. 7(a)-(c) according to the following

equation:**
V V.
. Tus (%) — Jrs (%)

of5) 7
2

where Jgs (Voc/2) is the photocurrent at half V¢ for the reverse
scan and Jgs (Voc/2) is the photocurrent at half Vo for the
forward scan. An HI of 0 corresponds to a cell without hyster-
esis, whereas an HI of 1 represents the case where the hysteresis
is as high as the magnitude of the photocurrent. The increase in
HI of the standard device is caused by lattice defects of the
perovskite films. The remarkable decrease in photovoltaic
performance of the device with added Pbl, is compared with the
result of a previous study.> The 7 of the device with added
CuBr, remained almost constant for 7 weeks. However, we
confirmed that the HI values increased. The HI values of the
devices with added CuBr, and alkali metal remained constant
for 7 weeks. Thus, the decomposition of perovskite grains was
suppressed by CuBr, and alkali metal substitutions.

The Jsc, Voc, and n of the standard device were 17.4 mA
em™ 2, 0.711 V and 6.7%, respectively, after 7 weeks. Conversely
the device with added CuBr, and RbI provided the best Jsc, Voc,
and 7 of 21.8 mA cm™?, 0.937 V and 14.0%, respectively after 7
weeks, which resulted in improved stability of the perovskite
device. We considered that the improved stability is associated

Table 5 Calculated thermodynamic parameters of the present
perovskite structures (G: Gibbs energy, H: enthalpy and S: entropy)

G H S
Perovskite (k] mol ™) (kJ mol ™) (kJ K" mol™)
MAPDI; 946 2326 4.63
MAPb(Cu)lLs 958 2310 4.54
MA(Na)Pb(Cu)I, 756 2074 4.42
MA(K)Pb(Cu)l, 746 2076 4.46
MA(Rb)Pb(Cu)I, 743 2078 4.48
MA(Cs)Pb(Cu)1, 729 2084 4.55
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Fig. 7 Changes in (a) short-circuit current density (Jsc), (b) open-circuit voltage (Voc), (c) fill factor (FF), (d) conversion efficiency (n), (e) series
resistance (Rs), (f) shunt resistance (Rsp), and (g) hysteresis index (HI) for the present perovskite photovoltaic devices.

with lattice defects. MA can be substituted easily by alkali metal
elements in the perovskite crystal, and the alkali metal elements
can contribute to the stability of perovskite photovoltaic
devices. Moreover, the device with added CuBr, and CsI main-
tained the highest FF of more than 0.7 after 7 weeks. These
results are consistent with our first-principle calculations.

Conclusions

We investigated the effects of alkali metal (Na*, K*, Rb", and
Cs") additives on CH;NH;PbI;_,Cl, photovoltaic devices, which
also contained Cu, by device performance experiments and
first-principles calculation. Our DOS calculations indicated that
the E, and DOS of the HOMO level were increased by Cu
substitution at Pb sites. The DOS of alkali metal elements was
effective for the carrier generation as observed in the EQE in
range of 300-500 nm. An IR calculation showed that the Pb-I
stretching vibration was suppressed. Although the value of G
was increased by Cu substitution, G decreased through addition
of alkali metal elements. From these results, we attribute the
decrease in series resistance and increased stability to the
simultaneous addition of Cu and Rb. The J5c and V¢ increased
to 22.3 mA em~? and 0.925 V from 20.6 mA cm™ > and 0.888 V,
respectively, through the addition of CuBr, and RbI to the
CH;NH;PbI; ,Cl, perovskite precursor solution; conversion
efficiency also increased from 11.5% to 14.2%. Furthermore,
the formation of HI was decreased, and the stability was
improved by addition of CuBr, and RbI. These experimental
results agreed well with our calculations, confirming the
usefulness of interactions between Cu and alkali metal
elements. The present work will provide a possible guideline to

24238 | RSC Adv., 2019, 9, 24231-24240

improve both carrier transport and stability of the perovskite
solar cells by simultaneous addition of CuBr, and alkali metals.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

This work was partly supported by a Grant-in-Aid for JSPS
Fellows No. 19J15017. We thank Andrew Jackson, PhD, from
Edanz Group (http://www.edanzediting.com/ac) for editing
a draft of this manuscript.

References

1 A. Kojima, K. Teshima, Y. Shirai and T. Miyasaka, J. Am.
Chem. Soc., 2009, 131, 6050-6051.

2 H. Cho, J. Jeong, H.-B. Kim, S. Kim, B. Walker, G.-H. Kim and
J. Y. Kim, Nano Energy, 2014, 7, 80-85.

3 C. R. Carmona, P. Gratia, I. Zimmermann, G. Grancini,
P. Gao, M. Graetzelb and M. K. Nazeeruddin, Energy
Environ. Sci., 2015, 8, 3550-3556.

4 M. Hu, L. Liu, A. Mei, Y. Yang, T. Liu and H. Han, J. Mater.
Chem. A, 2014, 2, 17115-17121.

5 J.-W. Lee, D.-H. Kim, H.-S. Kim, S.-W. Seo, S. M. Cho and
N.-G. Park, Adv. Energy Mater., 2015, 5, 1501310.

6 Q. Han, S.-H. Bae, P. Sun, Y.-T. Hsieh, Y. M. Yang, Y. S. Rim,
H. Zhao, Q. Chen, W. Shi, G. Li and Y. Yang, Adv. Mater.,
2016, 28, 2253-2258.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03068a

Open Access Article. Published on 05 August 2019. Downloaded on 1/18/2026 6:19:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

7 M. Saliba, T. Matsui, J.-Y. Seo, K. Domanski, J.-P. C. Baena,
M. K. Nazeeruddin, S. M. Zakeeruddin, W. Tress, A. Abate,
A. Hagfeldt and M. Gritzel, Energy Environ. Sci., 2016, 9,
1989-1997.

8 Y. Yu, C. Wang, C. R. Grice, N. Shrestha, J. Chen, D. Zhao,
W. Liao, A. J. Cimaroli, P. J. Roland, R. J. Ellingson and
Y. Yan, ChemSusChem, 2016, 9, 3288-3297.

9 D. Bi, W. Tress, M. 1. Dar, P. Gao, ]J. Luo, C. Renevier,
K. Schenk, A. Abate, F. Giordano, J.-P. C. Baena,
J.-D. Decoppet, S. M. Zakeeruddin, M. K. Nazeeruddin,
M. Gratzel and A. Hagfeldt, Sci. Adv., 2016, 2, 1501170.

10 D. Wei, J. Ji, D. Song, M. Li, P. Cui, Y. Li, J. M. Mbengue,
W. Zhou, Z. Ning and N.-G. Park, J. Mater. Chem. A, 2017,
5, 1406-1414.

11 Y.-K. Ren, X.-H. Ding, Y.-H. Wu, J. Zhu, T. Hayat, A. Alsaedi,
Y.-F. Xu, Z.-Q. Li, S.-F. Yang and S.-Y. Dai, J. Mater. Chem. A,
2017, 5, 20327-20333.

12 T. Matsui, J.-Y. Seo, M. Saliba, S. M. Zakeeruddin and
M. Gritzel, Adv. Mater., 2017, 29, 1606258.

13 T. Singh and T. Miyasaka, Adv. Energy Mater., 2018, 8,
170067.

14 S.-H. T. Cruz, M. Saliba, M. T. Mayer, H. J. Santiesteban,
X. Mathew, L. Nienhaus, W. Tress, M. P. Erodici,
M.-]. Sher, M. G. Bawendi, M. Gritzel, A. Abate, A. Hagfeldt
and J.-P. C. Baena, Energy Environ. Sci., 2018, 11, 78-86.

15 K. R. Reddy, M. S. Jyothi, A. V. Raghu, V. Sadhu, S. Naveen
and T. M. Aminabhavi, in Nanophotocatalysis and
Environmental Applications, ed. Inamuddin, A. M. Asiri and
E. Lichtfouse, Springer Nature, Switzerland, 2020, pp. 139-
169.

16 K. R. Reddy, B. Hemavathi, G. R. Balakrishna, A. V. Raghu,
S. Naveen and M. V. Shankar, Polymer Composites with
Functionalized Nanoparticles, ed. K. Pielichowski and T. M.
Majka, Elsevier, Netherlands, 2019, pp. 357-379.

17 M. S. Jyothi, V. Nayak, K. R. Reddy, S. Naveen and
A. V. Raghu, Nanophotocatalysis and Environmental
Applications, ed. Inamuddin, G. Sharma, A. Kumar, E.
Lichtfouse and A. M. Asiri, Springer Nature, Switzerland,
2019, pp. 83-105.

18 S. Colella, E. Mosconi, P. Fedeli, A. Listorti, F. Gazza,
F. Orlandi, P. Ferro, T. Besagni, A. Rizzo, G. Calestani,
G. Gigli, F. D. Angelis and R. Mosca, Chem. Mater., 2013,
25, 4613-4618.

19 A. Dualeh, N. Tétreault, T. Moehl, P. Gao, M. K. Nazeeruddin
and M. Gritzel, Adv. Funct. Mater., 2014, 24, 3250-3258.

20 F. Xie and W. C. H. Choy, ACS Nano, 2015, 9(1), 639-646.

21 J. A. McLeod, Z. Wu, B. Sun and L. Liu, Nanoscale, 2016, 8,
6361-6368.

22 L. Cojocaru, S. Uchida, D. Matsubara, H. Matsumoto, K. Ito,
Y. Otsu, P. Chapon, ]J. Nakazaki, T. Kubo and H. Segawa,
Chem. Lett., 2016, 45, 884-886.

23 J. H. Heo, M. H. Lee, M. H. Jang and S. H. Im, J. Mater. Chem.
A, 2016, 4, 17636-17642.

24 W.Wang, Z. Zhang, Y. Gai, J. Chen, J. Wang, R. Huang, X. Lu,
X. Gao, L. Shui, S. Wu and J.-M. Liu, Nanoscale Res. Lett.,
2016, 11, 316.

This journal is © The Royal Society of Chemistry 2019

View Article Online

RSC Advances

25 J.-F. Wang, L. Zhu, B.-G. Zhao, Y.-L. Zhao, J. Song, X.-Q. Gu
and Y.-H. Qiang, Sci. Rep., 2017, 7, 14478.

26 L. Xiao, J. Xu, J. Luan, X. Yu, B. Zhang, S. Dai and ]J. Yao,
Mater. Lett., 2018, 220, 108-111.

27 X. Cao, L. Zhi, Y. Jia, Y. Li, K. Zhao, X. Cui, L. Ci, K. Ding and
J. Wei, Electrochim. Acta, 2018, 275, 1-7.

28 H.Yu, F. Wang, F. Xie, W. Li, J. Chen and N. Zhao, Adv. Funct.
Mater., 2014, 24, 7102-7108.

29 P. Docampo, F. C. Hanusch, S. D. Stranks, M. Déblinger,
J. M. Feckl, M. Ehrensperger, N. K. Minar, M. B. Johnston,
H.]J. Snaith and T. Bein, Adv. Energy Mater.,2014, 4, 1400355.

30 C.-Y. Chang, Y.-C. Huang, C.-S. Tsao and W.-F. Su, ACS Appl.
Mater. Interfaces, 2016, 8, 26712-26721.

31 F. Hao, C. C. Stoumpos, D. H. Cao, R. P. H. Chang and
M. G. Kanatzidis, Nat. Photonics, 2014, 8, 489-494.

32 E. T. Hoke, D. J. Slotcavage, E. R. Dohner, A. R. Bowring,
H. I. Karunadasa and M. D. McGehee, Chem. Sci., 2015, 6,
613-617.

33 D. P. McMeekin, G. Sadoughi, W. Rehman, G. E. Eperon,
M. Saliba, M. T. Horantner, A. Haghighirad, N. Sakai,
L. Korte, B. Rech, M. B. Johnston, L. M. Herz and
H. J. Snaith, Science, 2016, 351, 151-155.

34 M. Zhang, J. S. Yun, Q. Ma, J. Zheng, C. F. ]J. Lau, X. Deng,
J. Kim, D. Kim, J. Seidel, M. A. Green, S. Huang and
A. W. Y. H. Baillie, ACS Energy Lett., 2017, 2, 438-444.

35 C.-M. Tsai, H.-P. Wu, S.-T. Chang, C.-F. Huang, C.-H. Wang,
S. Narra, Y.-W. Yang, C.-L. Wang, C.-H. Hung and
E. W.-G. Diau, ACS Energy Lett., 2016, 1, 1086-1093.

36 N. Aristidou, C. Eames, I. S. Molina, X. Bu, J. Kosco, M. Saiful
Islam and S. A. Haque, Nat. Commun., 2017, 8, 15218.

37 S.-H. T. Cruz, A. Hagfeldt and M. Saliba, Science, 2018, 362,
449-453.

38 A. Ciccioli and A. Latini, J. Phys. Chem. Lett., 2018, 9, 3756-
3765.

39 Y.-Y. Zhang, S. Chen, P. Xu, H. Xiang, X.-G. Gong, A. Walsh
and S.-H. Wei, Chin. Phys. Lett., 2018, 35, 036104.

40 W.J. Yin, J.-H. Yang, J. Kang, Y. Yan and S.-H. Wei, J. Mater.
Chem. A, 2015, 3, 8926-8942.

41 M. Li, Z.-K. Wang, M.-P. Zhuo, Y. Hu, K.-H. Hu, Q.-Q. Ye,
S. M. Jain, Y.-G. Yang, X.-Y. Gao and L.-S. Liao, Adv. Mater.,
2018, 30, 1800258.

42 H. Tanaka, T. Oku and N. Ueoka, Jpn. J. Appl. Phys., 2018, 57,
08RE12.

43 W. Xu, L. Zheng, X. Zhang, Y. Cao, T. Meng, D. Wu, L. Liu,
W. Hu and X. Gong, Adv. Energy Mater., 2018, 8, 1703178.

44 Y. Shirahata and T. Oku, Phys. Status Solidi A, 2014, 214,
1700268.

45 H. Tanaka, Y. Ohishi and T. Oku, jpn. J. Appl. Phys., 2018, 57,
08RE10.

46 T. Oku, Y. Ohishi and N. Ueoka, RSC Adv., 2018, 8, 10389-
10395.

47 T. Oku, Y. Ohishi and H. Tanaka, AIP Conf. Proc., 2018, 1929,
020010.

48 A. Suzuki and T. Oku, Heliyon, 2018, 4, e00755.

49 A. Suzuki and T. Oku, Appl. Surf. Sci., 2019, 483, 912-921.

50 N. Ueoka, T. Oku, Y. Ohishi, H. Tanaka and A. Suzuki, Chem.
Lett., 2018, 47, 528-531.

RSC Adv., 2019, 9, 24231-24240 | 24239


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03068a

Open Access Article. Published on 05 August 2019. Downloaded on 1/18/2026 6:19:22 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Advances

51 N. Ueoka, T. Oku, H. Tanaka, A. Suzuki, H. Sakamoto,
M. Yamada, S. Minami, S. Miyauchi and S. Tsukada, jpn. J.
Appl. Phys., 2018, 57, 08RE05.

52 N. Ueoka and T. Oku, ACS Appl. Mater. Interfaces, 2018, 10,
44443-44451.

53 A. Marchiro, J. Teuscher, D. Friedrich, M. Kunst,
R. V. D. Krol, T. Moehl, M. Gritzel and J. E. Moser, Nat.
Photonics, 2014, 8, 250-255.

54 T. Oku, Y. Ohishi, A. Suzuki and Y. Miyazawa, J. Ceram. Soc.
Jpn., 2017, 125, 303-307.

55 T. Oku, M. Zushi, Y. Imanishi, A. Suzuki and K. Suzuki, Appl.
Phys. Express, 2014, 7, 121601.

56 N. Ueoka, T. Oku, A. Suzuki, H. Sakamoto, M. Yamada,
S. Minami and S. Miyauchi, jpn. J. Appl. Phys., 2018, 57,
02CEO03.

24240 | RSC Adv., 2019, 9, 24231-24240

View Article Online

Paper

57 T. Oku, Crystal structures of CH3;NH3;Pbl; and related
perovskite compounds used for solar cells, in Solar Cells -
New Approaches and Reviews, ed. L. A. Kosyachenko,
InTech, Rijeka, Croatia, 2015, pp. 77-102.

58 M. Jahandar, J. H. Heo, C. E. Song, K.-J. Kong, W. S. Shin,
J.-C. Lee, S. H. Im and S.-J. Moon, Nano Energy, 2016, 27,
330-339.

59 D. Cortecchia, H. A. Dewi, J. Yin, A. Bruno, S. Chen, T. Baikie,
P. P. Boix, M. Gritzel, S. Mhaisalkar, C. Soci and N. Mathews,
Inorg. Chem., 2016, 55, 1044-1052.

60 P. Umari, E. Mosconi and F. D. Angelis, Sci. Rep., 2014, 4,
4467.

61 D. Liu, S. Li, F. Bian and X. Meng, Materials, 2018, 11, 1141.

62 H.-W. Chen, N. Sakai, M. Ikegami and T. Miyasaka, J. Phys.
Chem. Lett., 2014, 6, 164-169.

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c9ra03068a

	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a

	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a
	Additive effects of alkali metals on Cu-modified CH3NH3PbI3tnqh_x2212tnqh_x03B4Cltnqh_x03B4 photovoltaic devicesElectronic supplementary information (ESI) available. See DOI: 10.1039/c9ra03068a


