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skite solar cell performance and
stability by doping barium in methylammonium
lead halide†

Shun-Hsiang Chan,a Ming-Chung Wu, *abc Kun-Mu Lee,abc Wei-Cheng Chen,a

Tzu-Hao Lina and Wei-Fang Su*d

Organic–inorganic lead halide perovskite solar cells are considered as one of the most promising

technologies for future photovoltaics because they show high power conversion efficiency (PCE) and

can be fabricated through a simple solution process. Non-toxic alkaline-earth metal cations are suitable

candidates to replace toxic lead in perovskite because they maintain the charge balance in perovskite

and some of them meet the tolerance factor of Goldschmidt's rule. We investigated four kinds of

alkaline-earth metal cations (Mg2+, Ca2+, Sr2+, and Ba2+) to replace lead cations partially. Among these

four alkaline-earth metals, the Ba2+ is most suitable for Pb2+ replacement in perovskite films and exhibits

the best power conversion efficiency. Furthermore, we systematically studied the crystal structure,

absorption behavior and surface morphology of Ba2+-doped perovskite films with different doping levels.

The relationship between the charge carrier dynamics and Ba2+ concentration was evaluated by the

time-resolved photoluminescence (TRPL) technique. The Ba2+-doped perovskite films that can be

processed in the environment containing moisture (1.0% relative humidity) are stable. At the optimal

3.0 mol% Ba2+ replacement, the PCE of the fabricated solar cell is increased from 11.8 to 14.0%, and the

PCE of champion devices is as high as 14.9% with increased storage stability.
1. Introduction

The organic–inorganic lead halide perovskite solar cell (PSC) is
considered as one of the most promising photovoltaic tech-
nologies due to its rapid progress in power conversion efficiency
(PCE).1–4 In 2009, T. Miyasaka et al. were the rst group to have
reported the fabrication of PSCs from high visible absorbance
CH3NH3PbI3 and a PCE of 3.8% was obtained.5 Aer that, many
research groups have been devoted to the development of PSCs,
and the high PCE of 22.1% is achieved.6 The typical structure of
the organic–inorganic lead halide perovskite is APbX3, where A
is an organic cation and X is a halide.7 However, long-term
contact with lead can cause severe nerve and brain damage.8

The toxicity issue of lead drags the commercialization of PSCs.
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To advance the technology of PSCs, the development of lead-
reduced or lead-free perovskite is imperative.9–14

N. K. Noel et al. and F. Hao et al. demonstrated a tin-based
perovskite (CH3NH3SnX3) solar cell.9,11,15 However, the device
exhibited a PCE of 6.4%, low stability, and low reproducibility as
Sn2+ readily oxidizes to Sn4+.15,16 Partial replacement (doping) to
reduce the lead in lead halide perovskite has been studied. For
instance, an aluminum (Al)-doped perovskite lm improves the
device performance because the crystal quality is increased and
the microstrain is reduced in the perovskite lm.17 J. Navas et al.
partially replaced Pb with Sn, Sr, Cd, and Ca.18 They found that
Sr2+-doped and Ca2+-doped perovskites have a smaller bandgap
compared with that of CH3NH3PbI3 (1.57 eV). The perovskite
with a lower bandgap could extend the range of light absorption
and increase the amount of photocurrent.16 D. Pérez-del-Rey
et al. described that the partial replacement of Pb2+ with Sr2+

can improve the surface morphology of the perovskite lm
which can thus enhance the charge transport efficiency for high
current density and high ll factors.19

M. Pazoki et al. reported the structure simulation of alkaline-
earth metal perovskites (CH3NH3CaI3, CH3NH3SrI3, and CH3-
NH3BaI3) based on Goldschmidt's rule and the quantum
mechanism.20 The simulated bandgaps of alkaline-earth metal
perovskites are too high to be an efficient photo-absorber.21

However, alkaline-earth metal perovskites have a stable perov-
skite structure.20,22,23 Thus, we partially replace the lead with
This journal is © The Royal Society of Chemistry 2017
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alkaline-earth metals to have a structure of CH3NH3M1�xPbx-
I3�yCly, where M represents alkaline-earth metals (Mg, Ca, Sr
and Ba). Aer a systematic study, it was found that the Ba2+-
doped perovskite (i.e., CH3NH3Ba1�xPbxI3�yCly) exhibits the
highest photovoltaic performance. We investigated the crystal
structure, absorption behavior and surface morphology of
various Ba2+-doped perovskite active layers with different
doping levels, and determined the correlation between these
properties and Ba2+ doping levels. The charge carrier dynamics
of various Ba2+-doped perovskite active layers were also explored
by time-resolved photoluminescence (TRPL) spectroscopy. The
photovoltaic performances of various Ba2+-doped PSCs with
different doping levels are elucidated systemically.
2. Experimental details
� Materials and sample preparation

Methylammonium iodide (CH3NH3I, MAI) was synthesized
based on our previous study.24 Briey, 30.0 mL of hydriodic acid
(HI, >57.0 wt% aqueous solution, Sigma-Aldrich) was added
dropwise into the methylamine solution (CH3NH2, 33.0 wt% in
ethanol, Sigma-Aldrich) with continuous stirring at 0 �C for 2 h.
A blue-green solution was obtained, which was then rotary
evaporated at 60 �C for 30 min to get a white precipitate.
Subsequently, the white precipitate was dissolved in ethanol
and was recrystallized in diethyl ether. Finally, the MAI powder
was dried at 50 �C in a vacuum oven for 24 h. The various
alkaline-earth metal-doped perovskite precursor solution was
prepared by mixing MAI powder, lead chloride (PbCl2, 99.999%,
Sigma-Aldrich), and different metal iodides, including magne-
sium iodide (MgI2, 98%, Sigma-Aldrich), calcium iodide (CaI2,
99%, Sigma-Aldrich), strontium iodide (SrI2, >99.99, Sigma-
Aldrich), and barium iodide (BaI2, 99.995%, Sigma-Aldrich),
with various stoichiometric ratios at 0.9 M in 1.0 mL of dime-
thylformamide (HCON(CH3)2, DMF, anhydrous, 99.8%,
ACROS). For the preparation of TiO2 precursor solution,
375.0 mL of titanium isopropoxide (Ti(OCH(CH3)2)4, TTIP,
>97%, Sigma-Aldrich) was added dropwise into 2.5 mL of
ethanol (C2H5OH, 99.5%, Shimakyu's Pure Chemicals). A
35.0 mL of 2.0 M HCl aqueous solution was added dropwise into
2.5 mL of ethanol in another beaker, and then it was added to
the Ti precursor solution in an ice-bath with continuous stirring
for 30 min. For the preparation of precursor solution for the
hole transport layer, a 2,20,7,70-tetrakis[N,N-di(4-methoxy-
phenyl)amino]-9,90-spirobiuorene (spiro-OMeTAD, FrontMate-
rials Co. Ltd.) solution was synthesized according to a previous
report.25 The lithium-bis-(triuoromethanesulfonyl)imide
(Li-TFSI, 99.95%, Sigma-Aldrich) of 104 mg was dissolved in
200.0 mL of acetonitrile (CH3CN, 99.5%, ACROS). The spiro-
OMeTAD solution was well prepared by dissolving 80 mg of
spiro-OMeTAD, 28.5 mL of 4-tert-butylpyridine (tBP, 96%, Sigma-
Aldrich), and 17.5 mL of Li-TFSI solution in 1.0 mL of chloro-
benzene (C6H5Cl, CB, 99.8%, ACROS) with continuous stirring
for 30 min. The series of perovskite solution and spiro-OMeTAD
solution were prepared in a chamber of N2 with 1.0% RH. All
chemicals were used as received without any purication.
This journal is © The Royal Society of Chemistry 2017
� Fabrication of solar cells

The FTO glass (7 U, FrontMaterials Co. Ltd.) was cleaned
sequentially with detergent, ammonia/hydrogen peroxide solu-
tion, methanol, and isopropanol by using an ultrasonic cleaner.
The FTO glass was treated in a UV-ozone for 20 min. The TiO2

precursor solution was spin-coated on the FTO glass by
1000 rpm for 40 s and calcined at 550 �C for 30 min to form
a TiO2 electron transport layer. Then, various alkaline-earth
metal-doped perovskite precursor solutions were spin-coated
on the TiO2 coated FTO glass by 1200 rpm for 45 s in a N2

chamber with 1.0% RH, and the coated samples were annealed
at 100 �C for 60 min. Subsequently, the spiro-OMeTAD solution
was spin-coated over a perovskite layer at 4000 rpm for 30 s.
Finally, 100 nm of gold electrode was thermally evaporated on
the device surface through a shadow mask with an 0.09 cm2

active area. The performance of devices fabricated from
different perovskite layers was evaluated by measuring 15
separated solar cells and expressed in statistical average.
� Characterization of materials and devices

The surface and cross-sectional morphology of the perovskite
lm was studied by SEM (SNE-4500M, SEC). The surface rough-
ness of the perovskite lm was analyzed by AFM (Bruner Multi-
mode2-U-NSV, Bruker) in the tapping mode. The chemical
compositions of the perovskite lms were investigated by energy
dispersive spectroscopy (EDS) (INCA Penta FET-x3, Oxford
Instruments). The UV-visible absorption spectra were obtained
with a UV-vis spectrometer (V-730, Jasco). The crystal structure
was determined with a X-ray diffractometer (D2 phaser, Bruker).
For the photoluminescence (PL) measurement, the samples were
excited with a 440 nm continuous-wave diode laser (PDLH-440-
25, DongWoo Optron Co. Ltd.) with a 550 nm longpass lter. The
emission spectrum was collected and analyzed using a photo-
multiplier tube detector system (PDS-1, DongWoo Optron Co.
Ltd.) and conventional photon-counting electronics using
a monochromator (Monora 150i, DongWoo Optron Co. Ltd.). For
TRPL spectroscopy, a 440 nm pulse laser operating at 312.5 MHz,
with a 1.08 ms duration was used for excitation. The TRPL spectra
were measured using a time-correlated single photon counting
spectrometer (WELLS-001 FX, DongWoo Optron Co. Ltd.). The
current density–voltage (J–V) characteristic of the device was
measured under solar-simulated AM1.5 sunlight irradiation
(Newport-69920, 100 mW cm�2) calibrated with a silicon refer-
ence cell (Oriel P/N 91150 V, VLSI standards) with a KG-5 visible
color lter. The external quantum efficiency (EQE) was measured
with an IPCE spectrometer (EQE-R-3011, Enli Technology Co.
Ltd). It was calibrated with a single-crystal silicon reference cell
for each EQE measurement.
3. Results and discussion

The four kinds of alkaline-earth metal cations at 3.0 mol%,
including Mg2+, Ca2+, Sr2+, and Ba2+, were doped into the
perovskite lm, and their corresponding XRD patterns are
shown in Fig. 1. The incomplete phase transformation and PbI2
existence are observed for the pristine, Mg2+, Ca2+, and
J. Mater. Chem. A, 2017, 5, 18044–18052 | 18045
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Fig. 1 (a) XRD patterns of the perovskite film without and with alkaline-earth metal doping, and (b) the magnified XRD patterns in the range of 2q
between 13.8–15.5 degrees at the plane of (110).
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Sr2+-doped lms as shown in Fig. 1(a).26,27 In contrast, the lm
doped with Ba2+ shows the inconspicuous PbI2 (001) peak
because it almost transforms into perovskite. Fig. 1(b) exhibits
the magnied XRD patterns of the perovskite lm (110) plane.
The 3.0 mol% Ba2+-doped perovskite lm shows a slight shi to
the smaller scattering angles due to the ionic radius of Ba2+

(�135 pm) which is larger than that of Pb2+ (�119 pm). The
average crystallite size was estimated from the full-width at half
maximum of the perovskite lm (110) peak by using the
Scherrer equation. The 3.0 mol% Ba2+-doped perovskite lm
shows the largest crystallite size of �91.0 nm among all alka-
line-earth metal doped lms. These results indicated that Ba2+

is compatible with the perovskite structure. For the pristine
perovskite lm, the crystallite size is merely �75.5 nm. The
large crystallite size could enhance the transport of charge
carriers, and thus increases the photocurrent and PCE of
perovskite devices.28,29
Fig. 2 SEM images of (a) the pristine perovskite film, (b) 3.0 mol% Mg
(d) 3.0 mol% Sr2+-doped perovskite film, and (e) 3.0 mol% Ba2+-doped p

18046 | J. Mater. Chem. A, 2017, 5, 18044–18052
Fig. 2 shows the surface microstructures of the perovskite
lm without and with dopants. The pristine perovskite lm
presents some small pinholes on the lm surface (Fig. 2(a)). The
Mg2+-doped perovskite lm is rough when the Mg2+ concen-
tration reaches 3.0 mol% (Fig. 2(b)). The ionic radius of Mg2+ is
too small to t the tolerance factor of Goldschmidt's rule, and
the octahedral structure of CH3NH3MgI3 is outside of the range
as shown in Fig. S1.†30–32 The lms doped with Ca2+ and Sr2+

exhibit some pinholes as shown in Fig. 2(c) and (d).18 In
contrast, the Ba2+-doped lm appears to have the most homo-
geneous distribution (Fig. 2(e)). Thus, we expect that the solar
cell fabricated from the Ba2+-doped lm could present high
photovoltaic performance, whereas, the PSCs fabricated from
the Mg2+-doped lm could show the worst device performance.

Fig. 3(a) shows the red-shi of the absorption spectra aer
the lm was doped with Ba2+. Fig. 3(b) shows the Tauc plots of
the lm with and without Ba2+ doping. The bandgaps of the
2+-doped perovskite film, (c) 3.0 mol% Ca2+-doped perovskite film,
erovskite film.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 (a) Absorption spectra and (b) Tauc plots of the pristine perovskite film and various Ba2+-doped perovskite films with different doping
levels.
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lms can be estimated from the absorption spectrum. They are
decreased by increasing the amount of the dopant to be 1.62,
1.60, 1.59, 1.58 and 1.57 eV for 0.0, 1.0, 3.0, 5.0 and 10.0 mol%,
respectively. The results are related to the crystalline structure,
microstructure, and doping level. The report of J. Navas et al.
indicated that the bandgap energy of perovskite materials
decreased slightly, suggesting that the presence of the dopants
slightly modied the interaction with the ions in the network,
leading to changes in the bandgap.18 As the bandgap of the Ba2+-
doped perovskite lm is decreased with an increasing doping
level, it can extend the adsorption range and improve the
photocurrent.16

The correlation between the crystal structure and the Ba2+

doping level is studied systemically. Fig. 4(a) shows the XRD
patterns of perovskite lms with different doping concentra-
tions of Ba2+. When the doping level is >1.0 mol%, the PbI2 (001)
peak disappears, and the typical tetragonal CH3NH3PbI3
perovskite lm is formed. Fig. 4(b) indicates that the (110) peaks
of the tetragonal CH3NH3PbI3 perovskite lm are shied to
smaller scattering angles due to the ionic radius of Ba2+

(�135 pm) which is larger than that of Pb2+ (�119 pm). Fig. 4(c)
is the plot of the calculated crystallite size of various Ba2+-doped
perovskite lms. When the Ba2+ doping level is increased from
Fig. 4 (a) XRD patterns of perovskite films without and with Ba2+ doping
(c) the calculated crystallite sizes of perovskite films without and with Ba

This journal is © The Royal Society of Chemistry 2017
0.0 to 3.0 mol%, the crystallite size gradually increases from
75.5 to 91.0 nm. However, the crystallite size is reduced to
79.2 nm as the doping level is increased to 10.0 mol%. These
results are due to non-uniform strain (microstrain).17 It is
known that the crystallite size is related to the rate of carrier
transport. A larger crystallite size presents a higher carrier
transport rate. Thus, the performance of the device is improved
due to the increased current density.33 In addition, when the
Ba2+ doping level is increased to >10.0 mol% (Fig. S2†), the BaI2
peak appears because of the excess amount of the Ba dopant.34

Hence, we adopted 10.0 mol% as the critical Ba2+ concentration.
Fig. 5(a–e) illustrate the SEM images of various perovskite

lms without and with various doping levels. The pristine
perovskite lm contains many pinholes and voids (�300 nm) on
the surface (Fig. 5(a)). However, the voids are gradually reduced
when the Ba2+ doping level is increased to 1.0 mol% (Fig. 5(b)).
At 3.0 mol% and 5.0 mol% Ba2+ doping levels, their surface
morphologies appear more homogeneous (Fig. 5(c and d)) than
that of the 1.0 mol% sample. However, when the Ba2+ doping
level reaches 10.0 mol%, the lm becomes rough again
(Fig. 5(e)). To further discuss the surface morphology of various
Ba2+-doped perovskite lms, we used AFM to measure the
surface roughness of each lm and the results are shown in
, (b) the magnified XRD patterns at 2q between 14.0–14.6 degrees, and
2+ doping.

J. Mater. Chem. A, 2017, 5, 18044–18052 | 18047
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Fig. 5 SEM images of (a) the pristine perovskite film, (b) 1.0 mol%, (c) 3.0 mol%, (d) 5.0 mol%, and (e) 10.0 mol% Ba2+-doped perovskite films.
(f) The Rq distribution of various perovskite films was measured by AFM.
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Fig. S3 of the ESI.† The root mean square roughness (Rq) is
slightly decreased from 57.6 to 50.4 nm with increasing the Ba2+

doping level from 0.0 to 3.0 mol% (Fig. 5(f)). However, the Rq of
the 10.0 mol% Ba-doped perovskite lm is increased to 63.9 nm
due to the formation of voids from an excess amount of Ba2+.

The charge carrier dynamics of the Ba-doped perovskite
device are investigated by using PL and TRPL spectroscopy. The
various Ba-doped perovskite/TiO2/FTO lms were measured by
the static PL (Fig. 6(a)) and transient PL decay (Fig. 6(b)).
Fig. 6(a) shows the PL intensity which is decreased with a low
doping level of 3.0 mol% but is increased with a high doping
level of 10.0 mol%. The decrease of the PL intensity is attributed
to the efficient electron extraction that occurred in the perov-
skite/TiO2 interface due to high coverage of the perovskite lm.
The increase of the PL intensity is attributed to an inhomoge-
neous and partially covered perovskite lm.35 To check the
charge transfer rate and the charge separation efficiency, the
transient PL decay plots of different lms were established by
Fig. 6 (a) Photoluminescence spectra and (b) time-resolved photolumin
amounts of Ba2+ doping.

18048 | J. Mater. Chem. A, 2017, 5, 18044–18052
time-correlated single photon counting (TCSPC). The transient
PL decay curve can be tted by a bi-exponential decay function
as below,

FðtÞ ¼ A1 exp

�
� t

s1

�
þ A2 exp

�
� t

s2

�

where A1 and A2 are the time independent coefficients of
amplitude fraction, respectively. s1 and s2 are the fast decay
time and slow decay time, respectively. The average decay time
was calculated using the following equation:

savg ¼
X
i

Aisi
.X

i

Ai

The measured fast decay time (s1), slow decay time (s2), and
PL average lifetime (savg) of Ba2+-doped perovskite lms are
summarized in Table 1. The fast decay component is the result
of free carriers quenching in the perovskite lm close to the
escence characterization of perovskite films without and with various

This journal is © The Royal Society of Chemistry 2017
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Table 1 Summary of the measured fast decay time (s1), slow decay time (s2), and PL average decay (savg) of the films of Ba2+-doped perovskite/
TiO2/FTO

Sample name A1 (%) s1 (ns) A2 (%) s2 (ns) savg (ns)

Pristine perovskite 58.2 14.2 41.8 40.3 25.0
1.0 mol% Ba2+-doped perovskite 60.2 13.9 39.8 36.4 22.9
3.0 mol% Ba2+-doped perovskite 66.0 7.7 34.0 29.4 15.0
5.0 mol% Ba2+-doped perovskite 41.6 4.4 58.4 36.2 22.9
10.0 mol% Ba2+-doped perovskite 29.3 8.3 70.7 39.9 30.6
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TiO2 compact layer, and the slow decay component is the result
of charge recombination.36,37 For the pristine perovskite lm,
the fast decay time is 14.2 ns, the slow decay lifetime is 40.3 ns
and their corresponding amplitudes are 58.2% and 41.8%,
respectively. On the other hand, the fast decay lifetime of the
3.0 mol% Ba2+-doped perovskite lm signicantly decreased to
7.7 ns and the amplitude increases from 58.2 to 66.0%. That
results in improved charge transport efficiency to the TiO2

compact layer and reduced electron–hole recombination. The
average lifetime of pristine perovskite is 25.0 ns and is reduced
to 15.0 ns for the 3.0 mol% Ba2+-doped perovskite lm. The
shortest PL average decay time of the 3.0 mol% Ba2+-doped
perovskite lm is due to the improved surface morphology and
enlarged crystallite size of the perovskite lm. The fast charge
transport and the reduced charge recombination are necessary
for the high-performance PSC.38 We also compare the PL spectra
and TRPL decay of the perovskite lm with/without the TiO2

quencher. Two kinds of schematic diagram of the device are
shown in Fig. S4(a and d).† The PL intensity of the sample
without the quencher (Fig. S4(b)†) exhibits the opposite trend to
that with the quencher (Fig. S4(e)†). The PL intensity of the
3.0 mol% Ba-doped perovskite lm is higher than that of the
pristine perovskite lm (Fig. S4(b)†). The high PL intensity
indicates that themore electron–hole pairs in the perovskite lm
result in the stronger radiative recombination.17,39 The average
PL lifetimes of the pristine perovskite and 3.0 mol% Ba-doped
Table 2 Characteristics of the pristine perovskite film and various alkalin

Sample name Doping conc. Jsc (mA cm�

Pristine perovskite 0.0 19.2 � 0.5
Mg2+-doped perovskite 1.0 18.7 � 0.6

3.0 15.1 � 1.0
5.0 10.4 � 0.8

10.0 6.5 � 0.4
Ca2+-doped perovskite 1.0 18.4 � 0.6

3.0 17.1 � 0.7
5.0 17.0 � 1.0

10.0 1.4 � 0.3
Sr2+-doped perovskite 1.0 18.6 � 0.5

3.0 18.4 � 0.3
5.0 18.4 � 0.6

10.0 3.9 � 0.3
Ba2+-doped perovskite 1.0 19.5 � 0.8

3.0 20.4 � 0.3
5.0 19.3 � 0.7

10.0 17.0 � 0.9

This journal is © The Royal Society of Chemistry 2017
perovskite are 30.2 ns and 44.6 ns, respectively (Fig. S4(c)†). The
average PL lifetime of the sample without the quencher is higher
than that of the sample with the quencher (Fig. S4(f)†).

The photovoltaic characteristics of solar cells fabricated
from perovskite lms with and without alkaline-earth metal
dopants are listed in Table 2 in detail. The average PCE of a PSC
with the pristine perovskite active layer is about 11.8%. The PCE
of the PSC with the Mg2+ and Sr2+-doped perovskite active layer
decreases with increasing the doping levels. The 1.0 mol% Ca2+-
doped PSC shows a PCE of 12.0% that is close to that of the
pristine PSC. As stated above, the PCE of the Ba2+-doped PSC is
higher than that of other alkaline-earth metal-doped PSCs.

Fig. 7(a) shows the cross-sectional SEM image of the Ba2+-
doped PSC, and it has the conguration of FTO/TiO2/Ba

2+-
doped perovskite/spiro-OMeTAD/Au electrode. The thicknesses
of the TiO2 compact layer, perovskite lm, and spiro-OMeTAD
are 60, 600, and 520 nm, respectively. In this study, the 3.0
mol% Ba2+-doped PSC exhibits the highest PCE of 14.0% (Table
2). Thus, we further discussed the optical property and crystal
structure of the 3.0 mol% Ba2+-doped perovskite lm. The
absorption spectra of the 3.0 mol% Ba-doped perovskite lm
with different annealing temperatures are shown in Fig. S5(a).†
The absorbance of the 3.0 mol% Ba2+-doped perovskite lm
increases with increasing the annealing temperature from 80 to
100 �C. The result indicates that annealing the perovskite lm at
80 �C cannot form the perovskite completely.40 The perovskite
e-earth metal-doped PSCs

2) Voc (V) FF (%) PCE (%)

0.95 � 0.03 65.0 � 1.1 11.8 � 0.6
0.89 � 0.01 64.8 � 0.8 10.8 � 0.4
0.87 � 0.10 57.0 � 2.7 7.5 � 1.1
0.80 � 0.02 60.7 � 5.2 5.1 � 0.5
0.58 � 0.07 42.3 � 5.8 1.6 � 0.4
0.96 � 0.01 67.8 � 1.8 12.0 � 0.4
0.95 � 0.02 65.9 � 3.2 10.6 � 0.5
0.80 � 0.05 60.8 � 3.5 8.3 � 0.7
0.72 � 0.02 42.3 � 2.6 0.4 � 0.1
0.93 � 0.02 65.0 � 2.5 11.2 � 0.4
0.90 � 0.01 64.7 � 2.7 10.7 � 0.1
0.81 � 0.02 64.3 � 2.2 9.6 � 0.3
0.61 � 0.03 41.8 � 3.5 1.0 � 0.1
0.98 � 0.01 68.8 � 1.2 13.1 � 0.5
0.99 � 0.01 69.6 � 1.6 14.0 � 0.5
0.96 � 0.02 67.2 � 2.9 12.4 � 0.5
0.85 � 0.02 61.1 � 2.8 8.8 � 0.3
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Fig. 7 (a) The schematic diagram and the cross-sectional SEM image of the Ba2+-doped PSC (3.0 mol% sample). (b) The J–V curves and (c) PCE
distribution of the PSCs fabricated from the perovskite film without and with various Ba2+ doping. (d) The J–V curve of the champion device.
(e) EQE spectra of PSCs with either the pristine or 3.0 mol% Ba2+-doped perovskite film.
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lm annealed at 100 �C shows the highest absorption. However,
when the annealing temperature is higher than 120 �C, the
absorption is decreased because the perovskite decomposes to
PbI2. We further studied the perovskite structure with different
annealing temperatures, and the corresponding XRD patterns
are shown in Fig. S5(b).† The perovskite lm annealed at 100 �C
exhibits the highest degree of crystallinity. When the annealing
temperature is increased to 160 �C, the perovskite lm almost
decomposes to PbI2.41 Fig. 7(b) and (c) show the J–V curves and
PCE distribution of solar cells, respectively. The open-circuit
voltage (Voc) is slightly increased from 0.95 to 0.99 V with
18050 | J. Mater. Chem. A, 2017, 5, 18044–18052
increasing the Ba2+ doping level from 0.0 to 3.0 mol%, because
Ba2+ doping results in the low electron–hole recombination
(Fig. 6(a)). The short-circuit current density (Jsc) is increased
from 19.2 to 20.4 mA cm�2 due to the high absorption behavior
(Fig. 3(a)) and improved charge transport (Fig. 6). The solar cells
based on the 3.0 mol% Ba2+-doped perovskite lm exhibit an
average PCE of 14.0% and a champion PCE of 14.9% (Fig. 7(d)).
For the solar cells with Ba2+ doping larger than 5.0 mol%, they
exhibit a low Jsc and Voc, because the high Ba2+ doping level
causes the formation of voids. When the doping level is
increased to 10.0 mol%, the PCE is decreased to 8.8%. Hence,
This journal is © The Royal Society of Chemistry 2017
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the PCE performance is correlated with the perovskite lm
morphology and charge transport. From the EQE spectra as
shown in Fig. 7(e), the result conrms that the improvement of
charge separation efficiency is caused by optimal Ba2+ doping
concentration. As mentioned, the EQE spectrum of the PSC with
3.0 mol% Ba2+ doping exhibits the broad absorption behavior.
The chemical compositions of pristine perovskite and 3.0 mol%
Ba2+-doped perovskite lms were investigated by EDS
(Table S1†). The atomic ratios of Ba/Ba + Pb for the 3.0 mol%
Ba2+-doped perovskite lm is 2.89%.

The instability of the organic–inorganic perovskite struc-
tured active layer is a predictable barrier for commercializa-
tion.42,43 In our study, the pristine PSC and 3.0 mol% Ba2+-doped
PSC were prepared and stored in the glovebox systems with/
without an integrated gas purication system for the stability
test. These PSCs were not encapsulated, and they were stored in
two kinds of glovebox systems. For the atmosphere of two
different glovebox systems, one is N2 with �1.0% RH and the
other is N2 with H2O < 0.1 ppm and O2 < 0.1 ppm. In the
Fig. 8 The stability of PSCs with the pristine and 3.0mol% Ba2+-doped
perovskite films when stored in (a) the glovebox system with the
integrated gas purification system and (b) the glovebox systemwithout
the integrated gas purification system.

This journal is © The Royal Society of Chemistry 2017
glovebox systems with the integrated gas purication system
(N2 with H2O < 0.1 ppm and O2 < 0.1 ppm), the pristine PSC and
3.0 mol% Ba2+-doped PSC exhibit high stability. Aer 720 h,
these PSCs still possess �85% of the normalized PCE (Fig. 8(a)).
In the glovebox systems without the integrated gas purication
system (N2 with �1.0% RH), the normalized PCE of the pristine
PSC decreases to�36%, however, the 3.0 mol% Ba2+-doped PSC
exhibits �72% of the normalized PCE (Fig. 8(b)). The result
indicates that when the Ba2+ doping level is increased to
3.0 mol%, the crystallite size is increased from 75.5 to 91.0 nm.
Hence, the larger crystallite size could improve the stability of
the PSC.44

4. Conclusion

We have investigated the effect of partial replacement of Pb in
the perovskite lm using alkaline-earth metals (CH3NH3M1�x-
PbxI3�yCly), where M represents alkaline-earth metals (Mg, Ca,
Sr and Ba). The Ba2+-doped perovskite lm demonstrates high
crystallinity and the highest photovoltaic performance. The
optimal doping level of Ba2+ was determined by studying the
effects of doping levels on the change of the optical absorption
behavior, surface morphology, and charge carrier dynamics.
When the Ba2+ doping level is increased from 0.0 to 3.0 mol%,
the crystallinity, absorption behavior, and charge separation
efficiency increase with the increased Ba2+ doping level.
However, a high Ba2+ doping level (>3.0 mol%) results in the
decay of the properties due to the formation of voids. At the
optimal 3.0 mol% Ba2+ replacement, the fabricated solar cell
shows an average PCE of 14.0% and a champion PCE of 14.9%.
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S. R. Smock, J. Hu, H. Wang, J. W. Zwanziger,
M. L. Chabinyc and R. Seshadri, Chem. Mater., 2015, 27,
7137–7148.

13 F. Giustino and H. J. Snaith, ACS Energy Lett., 2016, 1, 1233–
1240.

14 S. F. Hoeer, G. Trimmel and T. Rath,Monatsh. Chem., 2017,
148, 795–826.

15 F. Hao, C. C. Stoumpos, P. Guo, N. Zhou, T. J. Marks,
R. P. H. Chang and M. G. Kanatzidis, J. Am. Chem. Soc.,
2015, 137, 11445–11452.

16 F. Hao, C. C. Stoumpos, R. P. H. Chang andM. G. Kanatzidis,
J. Am. Chem. Soc., 2014, 136, 8094–8099.

17 J. T.-W. Wang, Z. Wang, S. Pathak, W. Zhang,
D. W. deQuilettes, F. Wisnivesky-Rocca-Rivarola, J. Huang,
P. K. Nayak, J. B. Patel, H. A. Mohd Yusof, Y. Vaynzof,
R. Zhu, I. Ramirez, J. Zhang, C. Ducati, C. Grovenor,
M. B. Johnston, D. S. Ginger, R. J. Nicholas and
H. J. Snaith, Energy Environ. Sci., 2016, 9, 2892–2901.

18 J. Navas, A. Sanchez-Coronilla, J. J. Gallardo, N. Cruz
Hernandez, J. C. Pinero, R. Alcantara, C. Fernandez-
Lorenzo, D. M. De los Santos, T. Aguilar and J. Martin-
Calleja, Nanoscale, 2015, 7, 6216–6229.
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