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Abstract: Effects of co-addition of CuBr2 and NaCl to CHsNHsPbIs(Cl) perovskite solar cells were
investigated on the photovoltaic properties and microstructures. Short-circuit current densities and
conversion efficiencies were improved by the simultaneous addition of CuBrz and NaCl. In addition,
the efficiencies of the devices were maintained even after 10 weeks. The perovskite structure
changed from a tetragonal to a cubic system by the addition of Na, which resulted in the
improvement in the stabilization of the perovskite crystal.
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1. Introduction

Perovskite solar cells are widely studied, and the partial substitution method with different
elements and molecules is often used to improve the properties of perovskite solar cells [1-4].
Organic-inorganic metal halide perovskites have a cubic structure with a general formula ABXs,
where A is an organic cation, B is a divalent metal ion, and X is a halide ion [5]. Doped perovskite
structures have been obtained by adding various compounds to the perovskite precursor solutions,
and the various dopants investigated are as follows: CH(NH2)? [6-9], C(NH2)s* [10,11], CHsCH2NHs
[12], Cs* [7,13], Rb+ [7,14], and K+ [15-17] at CHsNHs* (MA+) sites, Sn?* [18,19] or Sb* [20,21] at Pb?*
sites, and Br— and Cl- at I- sites [22-24].

In previous studies, perovskite crystals have been synthesized from MAPbI3«Clx mixed
precursor solutions with MAI and PbClz in the ratio of 3:1 [25-27], and the highest conversion
efficiency was obtained for the cells fabricated at 140 °C [26]. Although annealing at high
temperatures above 200 °C was possible through the use of polysilanes in chlorobenzene [17,28],
perovskite grains may decompose even at 150 °C, and MAPbIs changes into Pbl- by MA desorption.
Another approach to improve the MAPbI3«Clx cells is by adding a small amount of excess Pbl: to the
MAPDbI-«Clx precursor solutions [29]. The recombination of electrons and holes was suppressed by
the formation of a small amount of Pblz, and the external quantum efficiencies increased. Stabilities
of the Pbl>-added cells were also improved [30], and Cl was an important element to improve the
stability, which was evidenced by the constant Cl content in the MAPbI3xCl cells even after several
weeks [29,30].

The short-circuit current density was also increased by the simultaneous addition of alkali metal
iodides (Nal, KI, RbL, or Csl) and CuBr2 to mixed perovskite precursor solutions with MAI, PbClz,
and Pblz [31]. It was suggested that the lattice constant decreased through the addition of CuBr2
because of the smaller ionic radius of Cu?* compared with that of Pb?. An increase of the density of
states owing to the alkali metal elements was confirmed by first-principles calculations, which
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contributed to the increase of charge generation by light absorption in the shorter wavelength range
compared with the band gap energy of the perovskite. In the co-addition study, it was necessary to
optimize the adding amount of CuBr2 and alkali metal iodides to improve further the photovoltaic
characteristics of the perovskite devices. However, increasing the amount of Cu leads to lattice
defects that break the bond between Cu/Pb and halogen due to the smaller ionic radius of Cu? than
that of Pb?". The addition of alkali metal elements is effective in stabilizing the perovskite solar cells
because of the more stable alkali metal elements compared with MA. Since Cu-Cl bond is shorter
than the Cu—Br bond for MA2CuCl:Br2 with two-dimensionality [32], it is considered that the smaller
ionic radii such as that of Na/Cl with excellent solubility is effective for the perovskite formation.

The purpose of the present study is to fabricate NaCl/CuBr2 co-added MAPbI:-«Clx photovoltaic
devices and to characterize the photovoltaic properties and crystal structures. The additive quantities
of NaCl and CuBr: to the perovskite precursor solutions are optimized to improve the photovoltaic
performance and stability of the perovskite solar cells [33]. Then, the effects of Na addition to Cu-
modified perovskite are investigated by analyzing the changes in the conversion efficiencies and the
microstructures. The tolerance factor approaches 1 by the introduction of Cu?* at the position of Pb2+
because of the smaller ionic radius of Cu2 (0.73 A) compared with that of Pb> (1.19 A), thus a more
stable perovskite structure is expected to be formed by the addition of CuBr2. Gibbs free energies
were also calculated and compared.

2. Materials and Methods

A schematic illustration of the present perovskite photovoltaic cells is shown in Figure 1. F-
doped tin oxide (FTO) substrates were cleaned in an ultrasonic bath with acetone and methanol and
dried under nitrogen gas. The TiO:2 (0.15 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. The 0.30 M TiO2
precursor solution was spin-coated on the TiO:z layer at 3000 rpm for 30 s, and the resulting substrate
was annealed at 125 °C for 5 min. The process to form the 0.30M precursor layer was performed twice.
Then, the FTO substrate was sintered at 550 °C for 30 min to form a compact TiO: layer [33-35]. To
form the mesoporous TiO: layer, a TiO: paste was prepared from the TiO2 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
mL) and surfactant (Sigma-Aldrich, Triton X-100, 5 mL) for 30 min and then allowed to stand for 24
h to remove bubbles from the solution. Then, the TiO2 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 CHsNHsI (2.4 M, Showa Chemical,
Tokyo, Japan), PbClz (0.8 M, Sigma-Aldrich, St. Louis, MO, USA), and Pblz (0.08 M, Sigma-Aldrich)
in DMF (Sigma-Aldrich, 500 mL) were prepared for the standard cell [33]. Pb or MA in the perovskite
structure was expected to be substituted by Cu or alkali metal elements, respectively. These
perovskite solutions were then introduced into the TiO2 mesopores by spin-coating at 2000 rpm for
60 s, followed by annealing at 140 °C for 10 min under 27 °C and 40% humidity in air.

A hole-transport layer was prepared by spin-coating. A solution of spiro-OMeTAD (Wako Pure
Chemical Industries, Osaka, Japan, 50 mg) in chlorobenzene (Wako Pure Chemical Industries, 0.5
mL) was mixed with a solution of lithium bis(tri-fluoromethylsulfonyl)imide (Li-TFSL; Tokyo
Chemical Industry, Tokyo, Japan, 260 mg) in acetonitrile (Nacalai Tesque, Kyoto, Japan, 0.5 mL) for
24 h. The former solution with 4-tertbutylpyridine (Sigma-Aldrich, 14.4 mL) was mixed with the Li-
TEFSI solution (8.8 mL) 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 procedures were performed in ambient air. Finally, gold
(Au) electrodes were evaporated as top electrodes using a metal mask for the patterning. Layered
structures of the prepared photovoltaic cells are denoted as FTO/TiOz/perovskite/spiro-
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OMeTAD/Au. The prepared perovskite photovoltaic devices were stored at 22 °C and ~30%
humidity.

Au 0.3X0.3cm?
Spiro-OMeTAD

<+—— Perovskite

Mesoporous TiO,
Compact TiO,
FTO substrate 2X%X2cm?

Figure 1. Schematic illustration of the present rovskite photovoltaic devices.

The photovoltaic properties of the fabricated solar cells were investigated by current
density-voltage (J-V) characteristics and external quantum efficiency (EQE). Microstructures of the
thin films were investigated by X-ray diffraction (XRD), optical microscopy, and scanning electron
microscopy (SEM)/energy dispersive spectroscopy (EDS).

3. Results and Discussion

Table 1 shows photovoltaic parameters of the present perovskite photovoltaic devices with
added NaCl and CuBr2 under air mass 1.5 sunlight illumination [33]. The device with only 2% CuBr:
added without NaCl provided a short-circuit current density (Jsc) of 18.9 mA cm2, an open-circuit
voltage (Voc) of 0.952 V, a fill factor (FF) of 0.655, and a conversion efficiency (1) of 11.8%. The Jsc was
increased from 18.9 to 22.7 mA cm2 by the simultaneous addition of 2% CuBrz2 and 2% NaCl, and the
1 increased to 14.5%. Hysteresis of the current density-voltage curves were decreased by the co-
addition of 2% CuBrz and 2% NaCl, which contributed to suppressing the recombination between a
hole and an electron. For the 5% CuBrz2-added device, the carrier transport property and the quality
of the perovskite layer were improved by increasing the amount of NaCl added, which resulted in
an improvement of 7.

Stability measurements of the photovoltaic parameters up to 10 weeks were carried out. The 7
of the (2% NaCl + 2% CuBr2)-added device remained almost constant for 10 weeks. Although most of
Cl were evaporated during the annealing process, a small amount of Cl remained in the perovskite
layers. The remained Cl in the perovskite layer would play a critical role in the perovskite grain
growth, which resulted in the few defects in perovskite thin films, and also lead to stability. The
higher Voc and FF of the (7% CuBr2 + 5% NaCl)-added device were maintained for 10 weeks in
comparison with those of the (5% CuBr2 + 5% NaCl)-added device, which caused a structural
transition from a tetragonal to a cubic system by adding excess CuBrz, and suppressed recombination
between a hole and an electron owing to the pinhole decrease.

Table 1. Measured photovoltaic parameters of the perovskite photovoltaic devices.

Devices Jsc (mA cm?) Voc (V) FF Rs(Q cm?) Rsn (Q cm?) H (%) nave (%)
Standard 20.6 0.888 0.628 5.02 2330 115 108
2% CuBr: 18.9 0.952 0.655 6.34 1815 11.8 113
2% NaCl 20.9 0.942 0.610 6.93 657 120 116
2% CuBr2 + 2% NaCl 22.7 0.944 0.676 5.93 2567 145 13.6

The partial Na would transfer into the MA vacancy site after 10 weeks, which caused the
structural transformation from a pseudocubic system to a cubic system, as shown in Figure 2. This
structural change indicated that a small amount of Na improved the stability of the photovoltaic
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properties. Although the present perovskite structures exhibited an almost cubic structure from the
lattice constant, weak diffraction peaks corresponding to tetragonal symmetry were observed at ~23°,
and this structure was classified as pseudocubic [5,36] almost of a/c axis was 1 in the present work.
This pseudocubic structure transformed into perfect cubic symmetry by the addition of excess CuBr,
which was confirmed by the disappearance of the diffraction peaks at ~23° for the 10% CuBrz2-added
devices.

After 10 weeks
MA === = mm e MA ====—— MA MA === mm e MA ===——— MA

@
@
@
@

T

MA ---- MA - - MA MA -======== MA -—=—=————- MA

Figure 2. Stability mechanism for the Na-added perovskite crystals.

4. Conclusions

Effects of co-addition of NaCl and CuBr2 to MAPbIs were investigated on the microstructures
and photovoltaic properties. A smooth perovskite layer was obtained under the ambient air, and the
Jsc was improved by the simultaneous addition of CuBr2 and NaCl. The conversion efficiency of 14%
was maintained for the (2% CuBr2 + 2% NaCl)-added device even after 10 weeks. The perovskite
structure changed from a pseudocubic (tetragonal) to a cubic system by the addition of Na. The Na
atoms exist at the interstitial sites and are transferred to the MA vacancy sites after several weeks,
which resulted in the improvement in the stabilization of the perovskite crystal. The photovoltaic
performance of the device co-added with CuBr2 and NaCl was superior to that of the device added
with CuBr2 and Nal.
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