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Abstract.  TiO2//CHsNH3Pby1xShxlzaBrax-based photovoltaic devices were fabricated by a spin-coating method
using mixture solutions with ShBrs. Effects of SbBrs, Csl or RbBr addition to CH3NH3Pbls precursor solutions on
the photovoltaic properties were investigated. The short-circuit current densities and photoconversion efficiencies
were improved by adding a small amount of SbBrs, Csl or RbBr to the perovskite phase, which would be due to the
doping effect of Sb, Brand Cs/Rb atom at the Pb, | and CHsNH3 sites, respectively.
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1. Introduction

Recently, CH3sNH3Pbl; perovskite solar cells have been widely studied because they provide
higher photoconversion efficiencies than ordinary organic solar cells in a short period of time
(Kojima et al. 2009, Im et al. 2011, Kim et al. 2012, Lee et al. 2012). Since a conversion
efficiency reached 15% (Burschka et al. 2013), higher efficiencies than 15% have been achieved
for various device structures and processes. The photovoltaic properties of the solar cells depend
on the compositions, microstructures and crystal structure of the perovskite compounds. Halogen
and metal atom addition such as chlorine (Cl)/bromine (Br), tin (Sn)/antimony (Sb) and cesium
(Cs)/rubidium (Rb) at the iodine (1), lead (Pb) and methylammonium (CH3;NHs;) sites in the
perovskite compounds have been studied, respectively. Studies on metal atom addition at the Pb
sites are interesting from the viewpoint of effects on photovoltaic properties and addition of Sb at
the Pb sites has been performed in the previous studies (Oku et al. 2016a, b, Zhang et al. 2016,
Oku et al. 2017a). Adding inorganic cation such as Cs or Rb to CHsNHjs sites is also interesting
from the viewpoint of efficiency improvement and device stability (Saliba et al. 2016a, b, Xu et al.
2017, Yiet al. 2016, Hu et al. 2017).

Effects of SbBrs; addition to CHsNHsPbl; were investigated in the previous work (Oku et al.
2017b) and the photoconversion efficiencies were improved by adding 3% SbBr; to the perovskite
phase. However, further additions of SbBrs; had not been investigated and other simultaneous
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additions of compounds such as Csl or RbBr are intriguing to increase the conversion efficiencies.
In addition, microstructural and compositional analyses of the perovskite phase had not been
performed by X-ray diffraction and scanning electron microscopy with energy dispersive X-ray
spectroscopy and further analyses were needed.

The purpose of the present work is to investigate photovoltaic properties of CHsNHsPbl;
perovskite solar cells added with SbBrs, Csl and RbBr, which were prepared by a simple spin-
coating technique in air. The Sb is the group V element and is expected to provide electronic
carriers at the sites of the group IV element Pb. Br is a halogen element and is expected to be
doped at the sites of the halogen element I. Cs and Rb are also suggested as an added element at
the CH3NH; site (Saliba et al. 2016a, b, Xu et al. 2017, Yi et al. 2016, Hu et al. 2017). It was also
reported that the open circuit voltage was improved by adding a small amount of Csl to
CHsNHsPbls (Ueoka et al. 2017). Therefore, the addition of Csl or RbBr to CH3sNH3Pb1.xShyla.
3xBrax is expected to increase the open circuit voltages. Effects of SbBrs, Csl and RbBr addition
into a mixture solution of perovskite compounds on the photovoltaic properties and
microstructures were investigated by light-induced current density-voltage (J-V) curves, incident
photon-to-current conversion efficiency (IPCE), optical microscopy (OM), X-ray diffraction
(XRD) and scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM-EDS).

2. Experimental procedures

A schematic illustration for the fabrication of the present TiO2/CH3NH3Pb1.xShxls3xBrax-based
photovoltaic devices is shown in Fig. 1. The details of the fabrication process are described in the
reported papers (Burschka et al. 2013, Oku et al. 2014, Oku et al. 2015, Oku et al. 2017b, Oku and
Ohishi 2018a, Oku et al. 2018b) except for SbBrs;, Csl and RbBr. F-doped tin oxide (FTO)
substrates were cleaned using an ultrasonic bath with acetone and methanol and dried under
nitrogen gas. 0.15 and 0.30 M TiOyx precursor solutions were prepared from titanium
diisopropoxide bis(acetylacetonate) (Sigma-Aldrich, 0.055 and 0.11 mL) with 1-butanol (1 mL)
and the 0.15 M TiOy precursor solution was spin-coated on the FTO substrate at 3000 rpm for 30 s
and annealed at 125°C for 5 min. Then, the 0.30 M TiOy precursor solution was spin-coated on the
TiOx layer at 3000 rpm for 30 s and annealed at 125°C for 5 min, repeated two times and the FTO
substrate was sintered at 500°C for 30 min to form the compact TiO- layer. After that, TiO, paste
was coated on the substrate by spin-coating at 5000 rpm for 30 s. For the formation of mesoporous
TiO layer, the TiO, paste was prepared with TiO> powder (Aerosil, P-25) with poly(ethylene
glycol) (Nacalai Tesque, PEG #20000) in ultrapure water. The solution was mixed with
acetylacetone (Wako Pure Chemical Industries, 10 uL) and triton X-100 (Sigma-Aldrich, 5 uL) for
30 min and was left for 12 h to suppress the bubbles in the solution. The cells were annealed at
120°C for 5 min and at 500°C for 30 min to form the mesoporous TiO: layer. For the preparation
of the perovskite compounds, a solution of CHsNHsl (Showa Chemical Co., Ltd.), Pbl, (Sigma-
Aldrich), SbBr; (Sigma-Aldrich), Csl (Sigma-Aldrich), RbBr (Wako Pure Chemical Industries)
and NH.CIl (Wako Pure Chemical Industries) with a desired mole ratio in a mixed solution of y-
butyrolactone (Nacalai Tesque, 0.3 mL) and N,N-dimethylformamide (Nacalai Tesque, 0.2 mL)
was mixed at 60°C. The solution of CH3NH3Pb1«Shxls2xBrax-based was then introduced into the
TiO, mesopores by a spin-coating method and annealed at 100°C for 15 min or 125°C for 20 min.
Then, a hole transport layer (HTL) was prepared by spin-coating. As the HTL, a solution of
2,2°,7,7 -tetrakis[N,Ndi(pmethoxyphenyl)amino]-9,9’-spirobifluorene (spiro-OMeTAD, Wako
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Fig. 1 Schematic illustration for the fabrication process of the present photovoltaic devices

Pure Chemical Industries, 36.1 mg) in chlorobenzene (Wako Pure Chemical Industries, 0.5 mL)
was mixed with a solution of lithium bis(trifluoromethylsulfonyl)imide (Li-TFSI, Tokyo Chemical
Industry, 260 mg) in acetonitrile (Nacalai Tesque, 0.5 mL) for 12 h. The former solution with 4-
tert-butylpyridine (Aldrich, 14.4 puL) was mixed with the Li-TFSI solution (8.8 pL) for 30 min at
70°C. All procedures were carried out in ordinary air. Finally, gold (Au) metal contacts were
evaporated as top electrodes. Layered structures of the present photovoltaic cells were denoted as
FTO/TiO2/CH3sNH3Pb1«Shyls.3xBrax-based/spiro-OMeTAD/Au, as shown in a schematic
illustration of Fig. 1.

The J-V characteristics (Hokuto Denko HSV-110) of the photovoltaic cells were measured
under illumination at 100 mW cm= by using an AM 1.5 solar simulator (San-ei Electric XES-
301S). The solar cells were illuminated through the side of the FTO substrates and the illuminated
area was 0.090 cm?. The IPCE of the cells were also investigated (Enli Technology, QE-R). The
microstructures of the thin films were investigated by using SEM-EDS (JEOL JSM-
6010PLUS/LA) and an optical microscope (Nikon, Eclipse E600).

3. Results and discussion

Figure 2 is J-V characteristics of the TiO/perovskite/spiro-OMeTAD photovoltaic devices
under illumination, which indicates effects of SbBrs, Csl and RbBr addition to the CH3NH3Pbls
phase. The measured photovoltaic parameters of the present devices are summarized as Table 1.
The CH3NH;Pbl; (Standard) cell provided a power conversion efficiency () of 4.16%, as listed in
Table 1.

When SbBr; was added to the CH3sNHsPbls phase, the highest efficiency was obtained for the
CH3NH3Pbo.g5Sho 0s12.85Bro.15 cell (preparation composition), which provided an # of 7.71%, a fill
factor (FF) of 0.637, a short-circuit current density (Jsc) of 16.30 mA c¢cm= and an open-circuit
voltage (Voc) of 0.743 V. In the previous work on Sbls addition to the perovskite phase (Oku et al.
20164, b), the photovoltaic cell showed the highest conversion efficiency for Sb 3% addition. The
same analogy might be expected in the present work. Actually, in the present work, 3% SbBr; and
5% SbBr; showed high conversion efficiencies and the conversion efficiencies decreased as the x
value (preparation composition of Sb) increased.
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Fig. 2 J-V characteristic of present photovoltaic devices

Table 1 Measured photovoltaic parameters of the present photovoltaic devices

Devices Jsc (MAcm?) Voc (V) FF 7 (%)
Standard 8.54 0.811 0.602 4.16

SbBrs 3 % 19.40 0.730 0.532 7.52
ShBr3 5 % 16.30 0.743 0.637 7.71
ShBr3 7 % 10.40 0.691 0.644 4.60
ShBr3 10 % 2.23 0.608 0.505 0.68
SbBr35% + Csl 5 % 15.44 0.813 0.667 8.37
SbBr3 3 % + RbBr5 % 16.12 0.803 0.642 8.30

In addition to the SbBr;, Csl or RbBr was also added to the perovskite precursor solution.
When only SbBr; was added, Voc decreased compared with the standard cell. On the other hand,
there was no decrease in Voc when Csl or RbBr was added with SbBrs. SbBrs; and Csl were also
added to the CHsNHsPbl; phase, the highest efficiency was obtained for the
(CH3NHz3)0.95CS0.05Pbo.9sSbo.os12.90Bro.1s cell (preparation composition), which provided an # of
8.37%, a FF of 0.667, a Jsc of 15.44 mA cm2 and a Voc of 0.813 V.

IPCE spectra of the CH3NH3Pb1.xSbyls-3xBrax-based cells are shown in Fig. 3. The IPCE was
improved in the range of 350~740 nm by adding a small amount of SbBrs, which agrees with Jsc
values in the J-V characteristics. When Csl or RbBr was added to the CH3NH3Pb1.xSbyls.3xBrax-
based cells, no significant chance was observed.
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Fig. 4 XRD patterns of the present perovskite photovoltaic devices

XRD patterns of CH3NH3Pb1-«Shxls-sxBrax-based cells on the FTO/TiO; are shown in Fig. 4. All
the diffraction peaks can be indexed in a cubic system except for SbBr; 3% and 5%. The
CH3NH3Pbg.97Sho.sl2.01Brocs and CH3sNH3Pbo 9sSbhoosl2.85Bro.1s (preparation composition) devices
showed splitting of 200 peaks, which indicates the formation of tetragonal system. For the
standard sample, a strong diffraction peak of Pbl, is observed, which would be due to the
decomposition of CH3sNH3Pbls. Formation of Pbl, was suppressed by the SbBrs addition.

In each composition, the unit cell volume (V) was calculated from the lattice constants and
shown in Table 2. Comparing the V divided by numbers of chemical units in the unit cell (Z),
changes of V/Z could be one of experimental evidences of elemental doping. It was confirmed that
V/Z decreases due to addition of other elements such as Sh, Br, Cs and Rb. Sb and Br have smaller
ionic radii than Pb and I, respectively. Furthermore, Cs and Rb with an ionic radii of 1.67 and 1.52
A, respectively, which are considerably smaller than that of CH3sNHs* (~2.17 A) or (NH,),CH*
(~2.53 A) (Hu et al. 2017, Duong et al. 2016, Saliba et al. 2016b, Kieslich et al. 2015).

The elemental doping of Sb at the Pb site has been confirmed by using Rietveld refinement in
the previous work (Ando et al. 2018) and the Sb would be similarly doped at the Pb site in the
present work. When Csl was added to CH3sNH3Pbo.9sSho.osl2.85Bro.1s, the V/Z decreases from 247.7
to 246.5 A3, which indicates the Cs would be doped at the CH3sNHjs site. In addition, when RbBr
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was added to CH3NH3Pbg.o7Sbo.osl2.01Bros, the V/Z decreases from 248.0 to 247.6 A3, which also

indicates the Rb would be doped at the CH3NHj site.

Table 2 Measured structural parameters of the present photovoltaic devices. V: unit cell volume. Z: number
of chemical units in the unit cell

Devices Crystal system Lattice constant (A) ( );/ 3 z (\//&/32) l100/1210
Standard Cubic a=6.284 248.1 1 248.1 1.87
a=28.860
SbBrs 3% Tetragonal 991.9 4 248.0 3.98
c=12.63
a =8.868
SbBrs 5% Tetragonal 990.8 4 247.7 4.22
c=12.60
SbBr3 5% . _
+Csl 5% Cubic a=6.270 246.5 1 246.5 341
ShBr3 3% . _
+ RbBr 5% Cubic a==6.279 247.6 1 247.6 3.92

SbBr3 5 %, (d) SbBr3 7 %, (e) SbBrs 10 %, (f) SbBr3 5% + Csl 5 % and (g) SbBrs; 3 % + RbBr 3 %
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Fig. 6 SEM images of the present devices. (a) SbBrs 3 %, (b) SbBr3 5 %, (c) SbBrs; 7 % and (d) SbBr; 10
%

Table 3 Measured SEM-EDX parameters of the CHsNH3Pb1xSbyls-3xBrsx-based photovoltaic devices

Devices Pb (%) Sb (%) 1 (%) Br (%) Cl (%) C:N
SbBr3 3 % 24.7 5.8 62.7 3.0 3.9 55.8:44.2
SbBrs 7 % 215 6.8 61.8 6.1 38 52.1:47.9
SbBrs 10 % 20.7 9.1 59.4 7.5 34 489:51.1

Therefore, it is considered that the decrease of the lattice constants is due to the incorporation
of other elements such as Sb, Br, Cs and Rb into the perovskite crystals. The addition of Cs and Rb
is thought to lead to the improvement and stabilization of the surface morphology. (100) preferred
orientation was calculated from the ratio of 100 and 210 intensities as lioo/l210 (OKku et al. 2018b).
The lio/l210 Of randomly oriented cubic CH3sNHsPbls crystals was calculated to be 1.79 and the
(100) preferred orientation was obtained by the SbBr; addition as listed in Table 2.

Optical microscope images of the CH3sNH3sPb1.xShyls.sxBrax-based cells are shown in Fig. 5. The
ShBr3 worked as an accelerator of nucleation growth of perovskite crystals. When the addition of
SbBr; exceeds 5%, dendrite crystals were formed as shown in Fig. 5(d) and 5(e), which would
resulted in decrease of Voc. When Cs or Rb was added, smaller grains were formed compared with
the CH3NH3Pb1.,Shyls.3xBrax, as shown in Fig. 5(f) and 5(g). It is considered that the surface
morphology was improved by homogenization of the perovskite grains, which would resulted in
the improvement of Voc of the CHsNH3Pb1«Sbyls-3xBray.

Figure 6 are SEM images of TiO2/CH3sNHsPb1xShyls-3xBrax-based devises, which corresponds
to the optical microscope image of Fig. 5. Depending on the amount of SbBrs; added to
CHsNH3Pbls, the surface morphology changed drastically, which agrees well with those observed
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in the optical microscope image of Fig. 5.

The composition ratio of metal elements Pb, Sb, I, Br, Cl and C-N were measured from the
EDX spectra using background correction by normalizing the spectrum peaks on the atomic
concentration, as listed in Table 3. Chlorine is derived from NH4Cl added to perovskite precursor
solution and the composition of Sb and Br increased in proportion to the addition amount of SbBrs.

Other electronic properties of the thin films are also important to understand the mechanism in
detail and further studies are necessary for the future work. The overall cell performances were not
good and unfortunately, statistic data were not obtained in the present work. Further optimization
is also required even for the standard cell.

4. Conclusion

TiO2/CH3NH3Pb1«Shxls2xBrax-based photovoltaic devices were fabricated by a spin-coating
method in air. The effects of SbBrs, Csl and RbBr addition to the CH3NH3Pbls precursor solutions
on the photovoltaic properties were investigated. The short-circuit current densities and IPCE
values in the range of 350~740 nm were improved by adding a small amount of SbBr; to the
perovskite phase, which resulted in the increase of photoconversion efficiencies. This
improvement would be due to the doping effect of Sb or Br atoms at the Pb or | sites. The decrease
in open-circuit voltage due to addition of SbBr; was suppressed by further adding a small amount
of Csl or RbBr to the perovskite phase. This suppression would be due to improvement of the
surface morphology and coverage caused by doping of Cs or Rb atoms at the CH3NHj site.
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