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Abstract

Arsenic (As) and chlorine (Cl) were co-doped to CH,NH,PbI, perovskite solar
cells, and the photovoltaic properties were investigated. Asl, and NH,Cl were
added to perovskite precursor solution, which were deposited on mesoporous
TiO, by a spin-coating combining an air flow method. Current density-vol-
tage characteristics and incident photon-to-current conversion efficiencies
were improved by the co-doping of As and Cl to the perovskite phase, which
also indicated an energy gap of 1.57 eV. X-ray diffraction showed suppression
of Pbl, formation by the Asl; addition. The structure analysis by scanning
electron microscopy indicated formation of a homogeneous microstructure by
adding Asl; with NH,CI, which would result in the improvement of the pho-
tovoltaic properties.

Keywords

Perovskite, Arsenic, Solar Cell, NH,Cl, Chlorine

1. Introduction

Since the discovery of application of CH;NH,PbI; compounds to solar cells [1],
various types of solar cells have been fabricated and characterized [2] [3] [4] [5].
To improve the photovoltaic properties, halogen doping, such as chlorine (CI) or
bromine (Br) at the iodine (I) sites of the CH,;NH,PbI, has been studied [6] [7]
[8]. The doped Cl would lengthen the diffusion length of excitons, which re-
sulted in the improvement of the efficiency [9] [10].

Additionally, studies on elemental doping such as tin (Sn) [11], antimony (Sb)
[12] [13], germanium (Ge) [14] [15], thallium (TI) [15], or indium (In) [15] at
the lead (Pb) sites have been carried out. Especially, the conversion efficiencies
were improved by Sb-doping to the perovskite phase [12] [13]. To improve the
photovoltaic properties, detailed searches on the metal and halogen doping at
the Pb and I sites are needed.
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The purpose of the present work is to investigate a co-doping effect of arsenic
(As) and Cl to CH,NH,PbI; perovskite solar cells. As a group 15 element, it
would be expected to improve the photovoltaic properties as previously reported
Sb doping to the CH,NH,PbI; [12] [14]. Cl is expected to increase the carrier
diffusion length in the perovskite phase [9] [10], and an improvement of the
morphology of the perovskite films is also expected by adding NH,Cl [16] [17].
Devices were fabricated by a spin-coating, and the photovoltaic properties and
microstructures were investigated by light-induced current density-voltage (/-V)
characteristics, incident photon-to-current conversion efficiency (IPCE), scan-
ning electron microscopy (SEM) with energy dispersive X-ray spectrometry
(EDS), and X-ray diffraction (XRD).

2. Experimental Procedure

A schematic illustration of the fabrication process of the present TiO,/
CH,NH,Pb(As)I;(Cl) photovoltaic cells is shown in Figure 1. The details of the
fabrication process are described in the reported papers [2] [12] [13], except for
Asl, addition. F-doped tin oxide (FTO) substrates were cleaned using an ultra-
sonic bath with acetone and methanol, and dried under nitrogen gas. 0.15 M and
0.30 M TiO, precursor solution was prepared from titanium diisopropoxide
bis(acetylacetonate) (Sigma-Aldrich, Tokyo, Japan, 0.055 mL and 0.11 mL) with
1-butanol (1 mL), and the 0.15 M TiO, precursor solution was casted on the
FTO substrate at 3000 rpm for 30 s, and heated at 125°C for 5 min. Then, the
0.30 M TiO, precursor solution was casted on the TiO, layer at 3000 rpm for 30
s, and heated at 125°C for 5 min. This casting process of 0.30 M solution was
performed two times, and the TiO, was sintered at 500°C for 30 min to form the
compact TiO, layer. After that, a mesoporous TiO, layer was formed on the
compact TiO, layer by spin-coating at 5000 rpm for 30 s. For the mesoporous
TiO, layer, the TiO, paste was prepared with TiO, powder (Nippon Aerosil,
Tokyo, Japan, P-25) with poly (ethylene glycol) (Nacalai Tesque, Kyoto, Japan,

Compact TiO, Mesoporous TiO,
Spin coating (3000 rpm, 30 s) Spin coating (5000 rpm, 30 s)
Annealing (500 °C, 30 min) Annealing (500 °C, 30 min)

Mesoporous TiO,

FTO substrate Ij | FTO substrate | FTO substrate

Perovskite CH;NH;Pb(As)l,(Cl) Hole transport layers (HTL) | Au: Vacuum deposition
Spin coating (2000 rpm, 60 s) Spiro-OMeTAD
Annealing (100 °C 15 min) Spin coating
D Au
Spiro-OMeTAD Spiro-OMeTAD
CH;NH;Pb(As)l,(Cl) CH;NH;Pb(As)I,(Cl) CH;NH;Pb(As)I;(Cl)
Mesoporous TiO, » Mesoporous TiO, » Mesoporous TiO,

| FTO substrate | FTO substrate | FTO substrate

Figure 1. Schematic illustration for the fabrication of CH,NH,Pb(As)I,(Cl) photovoltaic
cells.
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PEG #20000) in ultrapure water. The solution was mixed with acetylacetone
(Wako Pure Chemical Industries, Osaka, Japan, 10 uL) and triton X-100 (Sig-
ma-Aldrich, Tokyo, Japan, 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. A solution of CH,NH,I (Showa
Chemical Co., Ltd., Tokyo, Japan, 98.8 mg), Pbl, (Sigma-Aldrich, Tokyo, Ja-
pan), NH,Cl (Wako Pure Chemicals Industries, Ltd., Osaka, Japan), and Asl,
(Sigma-Aldrich) with a desired mole ratio in )-butyrolactone (Nacalai Tesque,
350 puL) and N,N-dimethylformamide (DMF, Sigma-Aldrich, 150 pL), was mixed
at 60°C. DMF and NH,CI were added to y-butyrolactone to improve photovol-
taic properties [13] [16] [17] [18]. The detailed preparation compositions of
TiO,/CH,NH,Pb(As)L,(Cl) cells with different additives are listed in Table 1.
The solution of CH,NH,Pb(As)I,(Cl) was then introduced into the TiO, meso-
pores by a spin-coating and an air flow method at 50°C, and annealed at 100°C
for 15 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 (p-methoxyphenyl) ami-
no]-9,9’-spirobifluorene (spiro-OMeTAD, Wako 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, Tokyo, Japan, 260 mg) in acetonitrile (Nacalai Tesque, 0.5
mL) for 12 h. The former solution with 4-tert-butylpyridine (Aldrich, 14.4 uL)
was mixed with the Li-TFSI solution (8.8 pL) for 30 min at 70°C. All procedures
were carried out in air. Finally, gold (Au) metal contacts were evaporated as top
electrodes. Layered structures of the present photovoltaic cells are denoted as
FTO/TiO,/CH,;NH,Pb(As)L,(Cl)/spiro-OMeTAD/Au, as shown in Figure 1.

The J-V characteristics of the photovoltaic cells were measured under illumi-
nation at 100 mW cm™ by using an AM 1.5 solar simulator (San-ei Electric,
Osaka, Japan, 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, Kaohsiung, QE-R). The micro-
structures of the thin films were investigated by using an X-ray diffractometer
(Bruker, Kanagawa, Japan, D2 PHASER) and a scanning electron microscope
(Jeol, Tokyo, Japan, JSM-6010PLUS/LA) equipped with EDS.

3. Results and Discussion

The J-V characteristics of the TiO,/CH,NH,;Pb(As)I,(Cl)/spiro-OMeTAD

Table 1. Preparation composition of TiO,/CH,NH,Pb, As I,Cl,  cells with different ad-
ditives.

Preparation Composition Amount of Additives
CH,NH,PbI, None
CH,NH,PbLCl, s NH,CI (5 mg)
CH,;NH,Pb 45AS 051505 Asl; (14.5 mg)
CH;NH,;Pby 95AS 0515,05Clo 15 Asl; (14.5 mg) + NH,CI (5 mg)
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photovoltaic cells under illumination are shown in Figure 2. The measured
photovoltaic parameters of TiO,/CH,;NH,;Pb(As)I;(Cl) cells are also summarized
in Table 2. The CH,NH,PbI, cell provided a power conversion efficiency (1) of
0.249%, and the averaged efficiency (7,.) of four electrodes on the cells is
0.171%. A short-circuit current density (/) increased up to 11.1 mA cm™ by
addition of Asl,, which would imply an increase of carrier concentration. The
highest efficiency was obtained for a cell added with [Asl, + NH,CI], which pro-
vided an 7 of 6.31%, a fill factor (FF) of 0.563, a Ji- of 13.9 mA cm™, and an
open-circuit voltage (V) of 0.807 V. A /. value for the Asl;-doped sample in-
creased further by adding NH,CI, as observed in Figure 2.

IPCE spectra of the CH,NH,Pb(As)I,(Cl) cells are shown in Figure 3. The
perovskite CH,NH,Pb(As)I,(Cl) shows photoconversion efficiencies between
300 nm and 790 nm, which corresponds to an energy gap of 1.57 eV. The IPCE
was improved in the range of 350 - 750 nm by adding As and CL

Figure 4(a) shows XRD patterns of CH,NH,Pb(As)I,(Cl) cells on the FTO/
TiO,. The observed diffraction peaks and reported values are summarized as
Table 3. The diffraction peaks can be indexed by a tetragonal crystal system
(/4/mcm), as shown in Figure 4(b). A tetragonal structure is sometimes in-
cluded in the cubic perovskite phase [8] [19], and they indicates that the fabri-
cated films are a single perovskite structure. In addition to the perovskite phase,
diffraction peaks of attributed to PbI, appeared in the CH,NH,PbI,(Cl) films, as

Without As and CI

10 |

Current density (mA cm?)

12
+Asl, + NH,CI

14 F

-16

0 01 02 03 04 05 06 07 08 09
Voltage (V)

Figure 2. J-V characteristic of TiO,/CH,NH,Pb,  As I,Cl,  photovoltaic cells.

Table 2. Measured photovoltaic parameters of TiO,/CH,NH,Pb,  As I,Cl, , cells.

Additive Jsc(mA cm™) Voc (V) FF n (%) Nave (%)
None 1.07 0.414 0.562 0.249 0.171
NH,Cl 3.36 0.665 0.360 0.805 0.415
Asl; 11.1 0.813 0.573 5.15 3.64
Asl; + NH,Cl 13.9 0.807 0.563 6.31 5.04
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Figure 3. IPCE spectra of TiO,/CH,NH, Pb, ,As I,Cl, | cells.

Table 3. Measured photovoltaic parameters of TiO,/CH,NH,Pb, ,As I,Cl, | cells.

Reference data Present work
Material Index 20(°) d-spacing (A) 260(%) d-spacing (A)
Pbl, [20] 001 12.677 6.9770 12.69 6.973
101 25.926 3.4339 - -
TiO, [21] 101 25.271 3.5214 25.32 3.514
SnQO, [22] 110 26.585 3.3503 26.53 3.357
101 33.875 2.6441 33.79 2.650
CH,NH,PbI, [23] 002 13.951 6.3425 13.81 6.409
110 14.222 6.2225 14.12 6.270
200 20.165 4.4000 20.05 4.425
211 23.651 3.7587 23.51 3.781
202 24.604 3.6152 24.55 3.624
220 28.668 3.1113 28.47 3.133
310 32.139 2.7828 31.89 2.804

shown in Figure 4(a), which indicates that the As addition suppressed the for-
mation of PbL,

Figure 5(a) is a SEM image of TiO,/CH,NH,Pb(As)I; cell with an additive of
Asl,, and the particle sizes are approximately 2 - 3 um. Elemental mapping im-
ages of Pb, As, I, C, and N by SEM-EDX are shown in Figure 5(b)-(f), respec-
tively. The elemental mapping images indicate the particles observed in Figure
5(a) would correspond to the CH,NH,PbI, phase.

Figure 6(a) is a SEM image of CH,NH,Pb(As)I;(Cl) cell. By adding NH,CI to
the CH,NH,Pb(As)l;, the surface morphology was drastically changed, and
dense packing of particles is observed. Elemental mapping images of Pb, As, I, C,
N, and CI are shown in Figure 6(b)-(g), respectively. Figure 6 indicates the
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Figure 4. (a) XRD patterns of TiO,/CH,NH,Pb, ,As I,Cl, , cells. (b) Structure model of tetra-
gonal CH,NH,Pb(As)I;(Cl). Indices are based on a tetragonal system.

Figure 5. (a) SEM image of CH,NH,Pb(As)I; cell with an additive of Asl;. Elemental
mapping images of (b) Pb M line, (c) As L line, (d) I Lline, (e) C K line, and (f) N K line.
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Figure 6. (a) SEM image of CH,;NH,Pb(As)I,(Cl) cell with additives of AsI, with NH,CI.
Elemental mapping images of (b) Pb M line, (c) As L line, (d) I L line, (¢) C K line, (f) N
Kline, and (g) Cl K line.

perovskite CH,NH,PbI, phase is dispersed homogeneously on the device surface.
Table 4 shows a composition ratio of Pb, As, I, Cl and C:N calculated from the
EDX spectrum. Basic compositions were calculated only on the Pb, As, I and Cl
elements, and iodine is the highest percentage in these elements. To investigate
the C:N ratio in the perovskite crystal, the C:N composition ratio was also calcu-
lated separately. This result indicates that I would be deficient from the starting
composition of CH,NH,Pb(As)I;(Cl), and the deficient I might increase the hole
concentration.

An energy level diagram of TiO,/CH,NH,Pb(As)I,(Cl) photovoltaic cells is
proposed as shown in Figure 7. The electronic charge generation is caused by light
irradiation from the bottom of FTO substrate side. The TiO, layer receives the
electrons from the CH,NH,Pb(As)I;(Cl) layer, and the electrons are transported to
the FTO. The holes are transported to an Au electrode through spiro-OMeTAD.
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Table 4. Measured compositions of TiO,/CH,NH,Pb(As)L;(Cl) cell. Only C:N composition
is calculated separately.

Additive Pb (%) As (%) 1(%) Cl (%) CN
NH,Cl + As 359 2.1 56.6 5.4 63.8:36.2
-3.0 eV
.
e X ]
=== | 39ev | Spiro-
v OMeTAD
. -4.4 eV CH;NH,;Pb
B (As)I5(Cl)
5 B | 48ev
w -5.5eV ,—'>
i°2 h+
FTO o)
h+
Au
1.4 eV
-8.1eV

Figure 7. Energy level diagram of CH,NH,Pb(As)L,(Cl) cells.

Three mechanisms can be considered for the improvement of the photocon-
version efficiencies [12] [13]. The first is as follows: I' ions would be attracted at
the I sites by As’* with more ionic valence compared with that of Pb*, which
resulted in the suppression of Pbl, elimination from CH,NH,PbI;. This would
improve the TiO,/CH,NH,PbI, interfacial structure, which improve the V.
values. As the amount of arsenic increases, the lattice constants would decrease
by a smaller ionic size of As** (0.76 A) compared with that of Pb*" (1.49 A).

The second mechanism is as follows: when a small amount of Cl was doped in
the CH,NH,PbL,, diffusion length of excitons would be lengthened [9] [10],
which results in the increase of the J;-values.

The third is as follows: by adding Asl; with NH,CI to the CH,NH,PbL,, the
homogeneous surface and interface were formed, which improved the photo-
voltaic properties, especially the FF values. In addition, the doping effects of As
and Cl would also contribute the improvement of the /. values. However, fur-

ther studies are needed for the photovoltaic mechanism.

4. Conclusion

CH,NH,PbI, perovskite solar cells co-doped with As and Cl were fabricated and
characterized. Results of /- V characteristics and IPCE showed that the photovol-
taic properties of the perovskite solar cells were improved by adding a small
amount of Asl; and NH,CI to perovskite precursor solutions. XRD indicated
suppression of Pbl, formation by AsI; addition, and I" ions would be attracted at
the I sites by As® with more ionic valence compared with that of Pb**, which led
to the suppression of Pbl, elimination from CH,NH,PbI,, and this would im-
prove the TiO,/CH,NH,PbI, interfacial structure. The microstructure structure
analysis also indicated formation of a homogeneous microstructure by adding
AsI, with NH,CI, which would improve the FF values. SEM-EDS analysis

K2
o5
“2:0

Scientific Research Publishing



T. Hamatani et al.

showed the deficiency of iodine in the perovskite phase, which would lead to
higher hole concentration and increase of ;- which improved the V. values. A
small amount of Cl was also doped in the CH,NH,PbI, from the EDS analysis,
and the diffusion length of excitons would be lengthened, which resulted in the
increase of the /i values. From these combining effects, the photovoltaic prop-
erties of the CH,NH;Pb(As)I,(Cl) cell were improved.
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