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ABSTRACT:The perovskite solar cells (PSCs), bearing
advantages including low cost of materials and solution
process and high power conversion e� ciency, have drawn
intensive attention. Alkaline earth metal can replace the toxic
lead in the perovskite-structured absorber (PSA) due to the
approximate ionic radius. Some of these metals can� t an
octahedral factor and Goldschmidt’s tolerance factor. In this
study, we partially replaced various alkaline earth metals (such
as Mg, Ca, Sr, and Ba) for lead. We found that Ba was most
suitable for Pb replacement in PSA and exhibited the highest
photovoltaic performance. In addition, we adopted the various
hole blocking layers (HBLs), including pristine TiO2, Ag-
doped TiO2, and Zn-doped TiO2, to enhance the photovoltaic performance. Furthermore, we replaced gold with silver for the
electrode material of n� i� p PSCs, because silver exhibits high conductivity and can drastically reduce manufacturing costs. We
systematically studied the photovoltaic e� ects of the various amount and type of alkaline earth metal doped PSAs and metal-
doped TiO2 HBLs had on PSCs. The PSCs with 5.0 mol % Ba-doped PSA and 1.0 mol % Zn-doped TiO2 HBL enhanced the
power conversion e� ciency (PCE) from 11.0 to 14.1%, and its champion device reached a PCE of as high as 14.4%. Our study
provides a series of innovative materials to be adopted in the fabrication of high stability PSCs.
KEYWORDS:perovskite solar cell, alkaline earth metal, metal-doped TiO2, power conversion e� ciency

1. INTRODUCTION

The development of photovoltaic technology has been around
for decades, and photovoltaic technologies are traditionally
divided into three generations. The� rst generation solar cell is
a wafer based solar cell which is fabricated from Si wafer, Ga�
As wafer, and so on. The second generation solar cell is a thin
� lm based solar cell which is fabricated using thin� lm
technology. The materials include amorphous silicon, CIGS,
and CdTe, etc. The third generation solar cell is a solution
based solar cell which is fabricated using a solution process.
The materials include quantum dot, organic molecule (dye),
conducting polymer, and perovskite, etc.1 Among the third
generation solar cells, the organic� inorganic hybrid perovskite
solar cells (PSCs) have drawn much attention due to the high
power conversion e� ciency (PCE). The PCE of such solar
cells has been improved to� 23.3% in the past few years.2 The
typical perovskite structure is ABX3, where A is an organic
cation, B is a metal cation, and X is a halogen anion. The
typical composition of the organic� inorganic hybrid perovskite
material is CH3NH3PbI3.

3� 6 Miyasaka et al. reported that
perovskite photocell with spectral sensitivity of up to 800 nm
can yield a solar energy conversion e� ciency of 3.8%.7 Since

then, many research groups have focused on developing high-
performance organic� inorganic hybrid perovskite-structured
absorber (PSA) due to the tunable bandgap,8� 10 the high
absorption coe� cient,11 and extended di� usion length.12,13

The pinhole-free smooth perovskite� lms are essential for
the high-performance organic� inorganic hybrid PSCs.14� 16

The continuous deposition method can enhance the quality of
the perovskite� lms, achieving a PCE of greater than 15%.17,18

Using antisolvent in the one-step process can tune the PSA to
form a uniform� lm and thus improve the photovoltaic
performance.19,20 Doping metal into PSA is also a useful
method to vary the morphology of perovskite� lm.21,22The use
of lead in PSA presents a severe toxicity issue, which can a� ect
the brain and the nervous system resulting in long-term harm
to humans. Thus, metal-doped PSA not only controls
morphology but also reduces lead content. Doping tin into
PSA can tune the bandgap e� ciently and further enhance the
coverage of PSA and photovoltaic performance.23� 25 Doping
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indium into PSA can enhance the light absorption range,
charge transport behavior, and stability.26 Moreover, nontoxic
barium is an excellent candidate to replace toxic lead in the
previous study because it maintains the charge balance and
meets Goldschmidt’s tolerance factor (TF; 0.8 < TF < 1.0) in
the PSA.27 Goldschmidt’s tolerance factor and octahedral
factor can e� ectively evaluate the crystal structure stability;
therefore, these two factors are commonly applied to consider
the substitute element for the lead-reduced perovskite material.

For the planar hole blocking layer (HBL), doping TiO2 with
metal (e.g., Li,28 Nb,29 Sn,30 and Zn31) can signi� cantly extend
the optical absorption toward the visible light band and
improve the carrier mobility. Doping lithium into TiO2 HBL
can improve the interface between PSA and the HBL. Doping
niobium into TiO2 HBL can successfully enhance the electron
injection and lower the trap-state density. The PSCs with Sn-
doped TiO2 nanorods show the high light capturing ability and
the high carrier mobility under the same condition compared
to that with pristine TiO2 nanorod. The PSCs with Zn-doped
TiO2 demonstrates its high electrical conductivity, charge
separation e� ciency and high photovoltaic characteristics. All
the suitable metal dopants can accelerate photoinduced
electron� hole separation and can tune the bandgap of TiO2
based material. Hence, doping metal into TiO2 HBL is a
feasible method to enhance the conductivity and carrier
mobility due to their high stability, cost-e� ectiveness, and high
charge transfer capability.32

In this study, we replaced gold with silver for the electrode
material of n� i� p PSCs, because silver exhibits high
conductivity and can drastically reduce manufacturing costs.
In addition, the work function of silver is� 4.3 eV, which can
match the band alignment with the electron blocking layer
(EBL), 2,2�,7,7�-tetrakis[N,N-bis(4-methoxyphenyl)amino]-
9,9�-spirobi� uorene (spiro-OMeTAD).33 Herein, we fabricated
the perovskite photovoltaic device with the con� guration of
FTO/metal-doped TiO2 HBL/alkaline earth metal-doped
perovskite/spiro-OMeTAD/silver. We optimized the morphol-
ogy and crystallinity of various alkaline earth metal-doped
PSAs. For HBL, Ag or Zn were doped into TiO2, respectively,
and we further studied the interaction between PSA and TiO2
based HBL. Finally, we selected silver as the metal electrode.

We also investigated the crystallite size, surface morphology,
topography, and charge carrier behavior for the optimal
organic� inorganic hybrid PSCs.

2. EXPERIMENTAL SECTION
2.1. Preparation of Alkaline Earth Metal-Doped PSA

Precursor Solution. Methylammonium iodide (CH3NH3I, MAI)
was synthesized in accordance with the previous study.31 Afterward,
MAI powder was dried at 50°C for 24 h in vacuum. The MAI
powder, lead chloride, and various alkaline earth metals with various
stoichiometric ratios were dissolved in DMF for 24 h. The alkaline
earth metals include magnesium 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),

2.2. Preparation of Metal-Doped TiO2 HBL Precursor
Solution. For the synthesis of Ag-doped TiO2 and Zn-doped TiO2
precursor solution, 375� L of titanium isopropoxide (Ti(OCH-
(CH3)2)4, TTIP, > 98%, Acros) was mixed with 2.5 mL of ethanol
(C2H5OH, 99.5%, Shimakyu’s Pure. Chemicals) in a beaker to form
the Ti precursor solution. Then, 6.5 mg of silver nitrate (AgNO3,
Choneye Pure Chemical) and 26.4 mg of zinc nitrate (Zn(NO3)2·
6H2O, >97%, Choneye Pure Chemicals) were each dissolved in 2.5
mL of ethanol with 35.0� L of 2.0 M hydrochloride acid (HCl, 37%,
Acros) to form the Ag and Zn precursor solutions. Finally, the various
stoichiometric ratios of Ag or Zn precursor solutions were added into
Ti precursor solution and stirred continuously in an ice-bath for 30
min.

2.3. Fabrication of Perovskite Photovoltaic Devices.The
clean � uorine-doped tin oxide (FTO; surface resistivity, approx-
imately 7� /sq) glass panels were surface-treated with UV� ozone
(STAREK Scienti� c Co., Ltd., LAST0001-020) for 20 min. Each of
the nondoped TiO2, Ag-TiO2, and Zn-TiO2 precursor solutions was
spin-coated onto an individual FTO glass panel. Then, the FTO glass
panels were calcined at 550°C for 30 min to obtain the HBL. The
alkaline earth metal-doped PSA and EBL were prepared in a glovebox
with N2 about 1.0% RH, respectively. Each of perovskite precursor
solutions with and without alkaline earth metal dopants was spin-
coated onto the HBL. Then, the HBL panels were annealed at 100°C
for 1 h to form PSA. For the EBL, spiro-OMeTAD (C81H68N4O8,
99%, STAREK Scienti� c) precursor solution (prepared in accordance
with the previous study34) was spin-coated onto various alkaline earth
metal-doped PSAs. Finally, the silver electrode was deposited onto the
surface of various panels by a high-vacuum evaporator system. The

Table 1. Characteristics of PSCs Based on Various PSAs with and without Alkaline Earth Metal Dopants

sample name dopant conc. (mol %) Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

nondoped PSC 0.0 0.93± 0.02 19.2± 0.6 61.9± 2.5 11.0± 0.4
Mg-doped PSC 1.0 0.94± 0.02 15.3± 0.9 57.4± 1.5 8.3± 0.5

2.0 0.86± 0.04 11.6± 1.6 64.5± 6.5 6.4± 0.9
5.0 0.77± 0.06 6.4± 1.3 55.0± 3.2 2.7± 0.7

10.0 0.28± 0.04 2.5± 0.8 33.8± 4.5 0.2± 0.1
Ca-doped PSC 1.0 0.95± 0.01 19.1± 0.4 64.3± 1.1 11.7± 0.4

2.0 0.84± 0.01 17.4± 0.1 61.7± 1.3 9.0± 0.1
5.0 0.72± 0.03 8.2± 0.8 61.2± 3.3 3.6± 0.4

10.0 0.48± 0.02 2.2± 0.2 49.1± 5.1 0.5± 0.1
Sr-doped PSC 1.0 0.90± 0.03 18.9± 0.6 62.6± 0.6 10.6± 0.7

2.0 0.81± 0.06 13.7± 1.1 58.7± 5.1 6.5± 0.7
5.0 0.82± 0.06 9.2± 1.2 57.0± 5.5 4.3± 0.7

10.0 0.58± 0.10 3.5± 0.2 52.9± 8.2 1.1± 0.3
Ba-doped PSC 1.0 0.93± 0.01 20.2± 0.4 65.5± 1.0 12.3± 0.2

3.0 0.92± 0.02 19.2± 0.2 64.3± 1.8 11.4± 0.2
5.0 0.90± 0.02 20.0± 0.9 61.9± 1.8 11.2± 0.6
7.0 0.85± 0.02 15.6± 1.7 60.3± 1.2 7.9± 0.9

10.0 0.80± 0.04 4.4± 0.8 59.1± 2.6 2.8± 0.4
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active area of the silver electrode is controlled by a shadow mask with
0.09 cm2 for 120 nm.

2.4. Characterization of Materials and Devices.The current
density� voltage (J� V) curve of the PSCs was measured by the
computer-controlled digital source meter (Keithley 2410, Keithley,
OH, USA) under 1.0 sun illumination (100 mW/cm2, AM 1.5G).
Solar-simulated AM 1.5 sunlight was generated using irradiation
(Newport-69920, 100 mW/cm2) calibrated with a silicon reference
cell (Oriel P/N 91150 V, VLSI standards) with KG-5 visible color
� lter. Several characteristics of two separate TiO2 based HBLs
(pristine TiO2, Ag-TiO2, and Zn-TiO2), one with nondoped PSA and
the other with 5.0 Ba-PSA, were analyzed. The surface microstructure
of these HBLs was observed by scanning electron microscope (SEM,
SNE-4500M, SEC). The topography and roughness of these HBLs
were measured by atomic force microscope (AFM, Bruner Multi-
mode2-U-NSV, Bruker). The photoluminescence (PL) spectra of
these HBLs were measured under 440 nm continuous wave diode
laser (PDLH-440-25, DONGWOO OPTRON). The time-resolved
photoluminescence (TRPL) decay time behavior of these HBLs was
observed using time-correlated single photon counting (TCSPC)
under 440 nm pulse laser (PDLH-440-25, DONGWOO OPTRON)
working at 312.5 MHz continuously for 1.08 ms. The external
quantum e� ciency (EQE) spectra for PSCs of these HBLs were
analyzed (EQE-R-3011, Enli Technology). The crystal structures of
these HBLs were characterized by X-ray di� ractometer (D2 phaser
with � ash4300, Bruker). The cross-sectional morphology of the PSC
of the 5.0 Ba-PSA was studied by� eld-emission SEM (Hitachi, S-
3000N). The surface potential mappings of various perovskite
samples were collected by KPFM (Dimension-3100 Multimode,
Digital Instruments) with Pt/Ir-coated tip in tapping mode.

3. RESULTS AND DISCUSSION
We prepared various n� i� p structure PSCs, because they have
reached over 20% after the concentrated e� orts of the scienti� c
community.32,35� 37 The con� guration of PSCs prepared in this

study is FTO/metal-doped TiO2 HBL/alkaline earth metal-
doped PSA/spiro-OMeTAD/Ag electrode. For the electrode
material in this study, we adopted silver as the counter
electrode, because silver is much cheaper than gold. For the
perovskite active layer, we prepared a series of alkaline earth
metal-doped PSAs used as the active layers of the PSCs to
obtain their photovoltaic performance.Table 1 shows the
detail characteristics of photovoltaic devices fabricated from
the nondoped perovskite� lms and various Mg-, Ca-, Sr-, or Ba-
doped perovskite� lms. The average PCE of nondoped PSC
reached� 11.0 ± 0.4%. The respective power conversion
e� ciency of Mg-doped PSC and Sr-doped PSC decreased with
increasing doping levels as shown inFigure 1a,c. In our
previous study, when Mg and Sr were doped into PSA, the
PSA showed very rough morphology.27 A 1.0 mol % Ca-doped
PSC and a 1.0 mol % Ba-doped PSC showed the higher PCE
(11.7± 0.4% and 12.3± 0.2%) compared with nondoped PSC
(� 11.0± 0.4%) as shown inFigure 1b,d. When Ca doping
levels reached higher than 1.0 mol %, Ca-doped PSC presented
a decline in PCE. Although the PCE of Ba-doped PSC decayed
with increasing doping level, Ba-doped PSC with 5.0 mol %
doping levels (5.0 Ba-PSA) still showed 11.2± 0.6%. In this
study, we selected 5.0 Ba-PSA to study further to reduce the
lead toxicity.

The active layer quality and thickness is an essential issue for
high-performance PSCs. We adjusted the thickness of 5.0 Ba-
PSA by varying the spin-coating speed, and they were
fabricated into the Ba-doped PSCs. InFigure 2a, photovoltaic
devices with the active layer prepared at 1,200 rpm exhibited
the highest PCE. Therefore, we adopted 5.0 Ba-PSA prepared
at 1,200 rpm for further study, and its thickness is about 600
nm. Here, the annealing temperature of 5.0 Ba-PSA was set at

Figure 1.J� V curves of PSCs based on various PSA with and without alkaline earth metal dopants, including (a) Mg-doped PSC, (b) Ca-doped
PSC, (c) Sr-doped PSC, and (d) Ba-doped PSC.
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100°C, and annealing time was� xed at 60 min. As mentioned
in the Introduction, the reported annealing conditions
signi� cantly impact the performance of PSCs. We fabricated
several PSCs using various annealing conditions (varying
annealing temperature and annealing time) to obtain high-
performance PSC. First, while keeping the annealing time at 60
min, the annealing temperatures for PSCs were set at 95, 100,
110, and 120°C, respectively. The PSCs annealed at 100°C
showed the high PCE (Figure 2b). Then, keeping the
annealing temperature at 100°C, the annealing times were
set for 45, 60, 90, and 120 min, respectively. FromFigure 2c,
the PSC that was annealed for 60 min showed the highest
PCE. Hence, the 5.0 Ba-PSA prepared by spin-coating at 1,200
rpm, and annealing at 100°C for 60 min was used for further
study.

To enhance the photovoltaic characteristics of PSC with 5.0
Ba-doped PSA, we used two kinds of metal-doped TiO2, Ag-

doped TiO2 and Zn-doped TiO2, as HBLs because of their low
internal electrical resistance.31 The precursor solutions of
various dopant level Ag-doped TiO2 or Zn-doped TiO2 were
synthesized using modi� ed sol� gel method. Then, they were
spin-coated as the HBLs to assemble perovskite photovoltaic
devices. The architecture of our photovoltaic device is FTO/
metal-doped TiO2/5.0 Ba-PSA/spiro-OMeTAD/Ag electrode.
The J� V curves of PSC with 5.0 Ba-PSA and various metal-
doped TiO2 are shown inFigure 3. For 5.0 mol % Ba-doped

PSC with 1.0 Ag-TiO2 (Figure 3a) or 1.0 Zn-TiO2 (Figure 3b),
Jsc increased from 20.0 to 20.8 and 21.6 mA/cm2, respectively.
TheirVoc increased from 0.90 to 0.97 and 0.93 V, respectively,
as shown inTable 2. The 5.0 mol % Ba-doped PSC with 1.0
Zn-TiO2 HBL showed the highest PCE (� 14.1%) because of
Zn’s ability to modify the TiO2 electronic structure.27,31,38 The
results indicated that improving the HBL could further
enhance the photovoltaic performance.

Prior to assembling the perovskite photovoltaic device, we
examined the surface microstructures by taking AFM topo-
graphic images of four kinds of PSA/HBL� lms, nondoped
PSA/pristine TiO2, 5.0 Ba-PSA/pristine TiO2, 5.0 Ba-PSA/1.0
Ag-TiO2, and 5.0 Ba-PSA/1.0 Zn-TiO2. The surface micro-
structures are crucial factors for the charge transport behavior
and photovoltaic performance (Figure 4). The AFM topo-
graphic images of di� erent HBL� lms (pristine TiO2, 1.0 Ag-
TiO2, and 1.0 Zn-TiO2) are shown inSupporting Information
Figure S1. The roughness of 1.0 Zn-TiO2 is the lowest at
� 22.7 nm, compared to pristine TiO2 (24.2 nm) and 1.0 Ag-
TiO2 (24.1 nm). Nondoped PSA/pristine TiO2 exhibited some
pinholes on the surface, and its nondoped PSA� lm was rough
with root-mean-square (RMS) roughness of� 85.0 nm (Figure

Figure 2.J� V curves of various PSCs with 5.0 Ba-PSA prepared in
various conditions, including (a) the spin-coating speed, (b) the
annealing temperature, and (c) the annealing time.

Figure 3.J� V curves of PSCs with 5.0 Ba-PSA and various metal-
doped TiO2 HBL, including (a) Ag-TiO2 and (b) Zn-TiO2.
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4a-1� a-3). Compared to nondoped PSA/pristine TiO2, 5.0 Ba-
PSA/pristine TiO2 is smoother with a smaller RMS roughness
of � 82.1 nm (Figure 4b-1� b-3). The PSA� lm surface with
fewer voids is bene� cial for carrier transport. Therefore, 5.0 Ba-
PSA was further assembled with various metal-doped TiO2

HBLs to improve the surface morphology. The 5.0 Ba-PSA/1.0
Zn-TiO2 perovskite� lm demonstrated a� at � lm morphology
with lower RMS roughness of 71.5 nm than 5.0 Ba-PSA/1.0
Ag-TiO2 of 73.6 nm (Figure 4c-1� c-3,d1� d3). The� at � lm
morphology of metal-doped TiO2 HBL is advantageous for

Table 2. Photovoltaic Characteristics of PSCs Based on 5.0 mol % Ba-Doped PSA and Metal-Doped TiO2 HBL

HBL absorber Voc (V) Jsc (mA/cm2) FF (%) PCE (%)

pristine TiO2 5.0 Ba-PSA 0.90± 0.02 20.0± 0.9 61.9± 1.8 11.2± 0.6
0.5 Ag-TiO2 5.0 Ba-PSA 0.93± 0.02 20.7± 0.5 66.3± 2.3 12.7± 0.7
1.0 Ag-TiO2 5.0 Ba-PSA 0.97± 0.02 20.8± 0.6 65.7± 1.2 13.3± 0.4
3.0 Ag-TiO2 5.0 Ba-PSA 0.89± 0.01 19.9± 0.3 65.5± 2.1 11.6± 0.4
5.0 Ag-TiO2 5.0 Ba-PSA 0.81± 0.01 19.8± 0.2 58.7± 3.0 9.5± 0.6

0.5 Zn-TiO2 5.0 Ba-PSA 0.91± 0.01 20.4± 0.2 68.5± 1.0 12.8± 0.4
1.0 Zn-TiO2 5.0 Ba-PSA 0.93± 0.01 21.6± 0.3 69.7± 1.2 14.1± 0.2
3.0 Zn-TiO2 5.0 Ba-PSA 0.95± 0.02 21.4± 0.5 63.9± 1.2 13.0± 0.5
5.0 Zn-TiO2 5.0 Ba-PSA 0.80± 0.04 17.5± 0.4 44.8± 3.3 6.3± 0.9

Figure 4.SEM images and AFM topographical images of (a-1� a-3) nondoped PSA/pristine TiO2, (b-1� b-3) 5.0 Ba-PSA/pristine TiO2, (c-1� c-3)
5.0 Ba-PSA/1.0 Ag-TiO2, and (d-1� d-3) 5.0 Ba-PSA/1.0 Zn-TiO2.
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depositing PSA� lm and for reducing the interface resistance in
order to accelerate the charge transport.

To visualize the crystallinity of PSA that was coated on
various TiO2 based substrates, XRD was applied to measure
four kinds of PSA/HBL� lms, including nondoped PSA/
pristine TiO2, 5.0 Ba-PSA/pristine TiO2, 5.0 Ba-PSA/1.0 Ag-
TiO2, and 5.0 Ba-PSA/1.0 Zn-TiO2. After coating 5.0 Ba-PSA
on various metal-doped TiO2 HBLs, there was no new phase
appearing. The characteristic peaks of (220) and (222) planes
for 5.0 Ba-PSA/1.0 Zn-TiO2 present the strongest intensity
among these samples (Figure 5a). It is believed that the

increase in crystallinity is helpful for reducing the voids and
defects of the perovskite thin� lm. After doping Ba into PSA,
the characteristic peak of the (110) plane shifts slightly toward
a smaller angle. The reason is attributed to the ion radius of
Ba2+ (1.35 Å) which is larger than that of Pb2+ (1.19 Å) and
causes the lattice expansion. Also, we predict the crystallite size
of the (110) plane of four kinds of PSA/HBL� lms (Figure 5b)
by using the Debye� Scherrer equation as follows:

D
K
coshkl

hkl

�
� �

=
(1)

whereDhkl is the calculated crystallite size for the (hkl) plane,K
is the dimensionless shape factor,� is the synchrotron X-ray
wavelength, and� and� are the full width at half-maximum
(fwhm) and the Bragg angle for the (hkl) plane, respectively.
The 5.0 Ba-PSA/1.0 Zn-TiO2 shows the largest crystallite size

of � 44.0 nm compared to nondoped PSA/pristine TiO2
(� 36.2 nm), 5.0 Ba-PSA/pristine TiO2 (� 36.4 nm), and 5.0
Ba-PSA/1.0 Ag-TiO2 (� 37.3 nm). According to the literature,
the stability and PCE can be enhanced as the crystallite size of
perovskite materials become larger.39,40 The large crystallite
size resulted in the decreased grain boundary. Therefore, the
carrier would not be trapped at the grain boundary and allowed
the charge transport to become more e� ective. The decreased
fwhm of (110) planes in 5.0 Ba-PSA/1.0 Zn-TiO2 resulted in
the crystallite size increase. We can predict that the charge
transport behavior of 5.0 Ba-PSA/1.0 Zn-TiO2 is superior to
others.

The charge carrier dynamics of four kinds of PSA/HBL� lms
are studied using PL and TRPL spectroscopy. The decrease of
PL intensity is attributed to e� cient electron extraction that
occurred in the PSA/HBL interface due to high coverage of
the perovskite� lm.41� 43 Nondoped PSA/pristine TiO2
showed the highest PL intensity. The high PL intensity
indicated that more electron� hole pairs in the perovskite� lm
resulted in stronger radiative recombination.44,45 For the same
pristine TiO2 HBL, the PL intensity of 5.0 Ba-PSA is less than
nondoped PSA because Ba dopant could improve electron
transfer (Figure 6a). The transient PL decay plots of various
PSA/HBL� lms are established by TCSPC, and it can verify
the charge transport kinetics (Figure 6b). Here, we adopted
the biexponential decay kinetics function to� t the transient PL
decay plots according toeq 2, shown as follows:46,47

F t A B( ) e et t/ /A B= +� �Š Š (2)

where A and B are the time independent coe� cients of
proportion of charge transfer and amplitude fraction,
respectively.� A is the fast decay time, and� B is the slow
decay time.48 � av is the average decay time, and it was
calculated according toeq 3, shown as follows:

A B

A B

( )

( )
A B

av�
� �

=
+

+ (3)

Table 3shows the summarized� A, � B, and� av, where� A is the
result of free carriers quenching in the PSA close to TiO2 HBL,
and� B is the result of charge recombination. Nondoped PSA/
pristine TiO2 showed the large average lifetime (96.7 ns), and
recombination is the dominant mechanism (78.3%). The
lifetime of 5.0 Ba-PSA/pristine TiO2 was reduced to 49.7 ns
and the proportion of charge transfer (A) increase to 37.2. The
short� av for 5.0 Ba-PSA/pristine TiO2 is due to the improved

Figure 5.(a) XRD patterns and (b) magni� ed XRD patterns of 2�
between 13.87° and 14.43° of nondoped PSA/pristine TiO2, 5.0 Ba-
PSA/pristine TiO2, 5.0 Ba-PSA/1.0 Ag-TiO2, and 5.0 Ba-PSA/1.0 Zn-
TiO2.

Figure 6.(a) PL spectra and (b) various samples made by nondoped PSA/pristine TiO2, 5.0 Ba-PSA/pristine TiO2, 5.0 Ba-PSA/1.0 Ag-TiO2, and
5.0 Ba-PSA/1.0 Zn-TiO2.
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surface morphology and enlarged crystallite size of the
perovskite active layer. The photovoltaic performance basically
depends on e� ective transportation of photoelectrons which
hinder the electron� hole recombination. Both 5.0 Ba-PSA/1.0
Ag-TiO2 and 5.0 Ba-PSA/1.0 Zn-TiO2 displayed the improved
electron transfer behavior between PSA and HBL, which
reduced electron� hole recombination. Comparing 5.0 Ba-
PSA/1.0 Ag-TiO2 with 5.0 Ba-PSA/1.0 Zn-TiO2, the fast decay
lifetime decreased from 12.5 to 9.8 ns meaning that Zn-TiO2
demonstrated high electron extraction. On the other hand, the
independent coe� cient of amplitude fraction,B, was decreased
from 46.2 to 41.5%, which could decrease the electron� hole
recombination. In addition, both electron transport e� ect and
electron� hole recombination of Zn-TiO2 HBL were more
impressive than Ag-TiO2 HBL. The average decay lifetime of
5.0 Ba-PSA/1.0 Zn-TiO2 perovskite� lm achieved 16.6 ns.
Therefore, doping metal into TiO2 could enhance the
photovoltaic performance of PSCs.

The fast charge transport and the reduced charge
recombination are necessary for the high-performance PSCs.
We summarized the photovoltaic performance of four types of
PSCs shown inTable 4andFigure 7a: (1) nondoped PSA/
pristine TiO2, (2) 5.0 Ba-PSA/pristine TiO2, (3) 5.0 Ba-PSA/
1.0 Ag-TiO2, and (4) 5.0 Ba-PSA/1.0 Zn-TiO2. The PCE of
nondoped PSA/pristine TiO2 PSC was about 11.2%, very
similar to that of the reference sample prepared by nondoped
PSA (11.0%) (Figure 7a). From EQE spectraFigure 7b, the
result con� rmed that Ba dopant caused the improvement of
charge separation e� ciency. The EQE spectrum for 5.0 mol %

Ba-doped PSC demonstrated the broad absorption behavior.
The Ba-PSA/1.0 Zn-TiO2 PSCs achieved the highest PCE of
� 14.1%. Excellent EQE e� ciency for the 5.0 Ba-PSA/1.0 Zn-
TiO2 PSCs displayed the highest utilization of incident light in
the wavelength range between 380 and 800 nm. Furthermore,
we also integrated the area under the curve of the EQE plot to
further estimate theJsc for PSCs, and the results were
consistent with theJ� V curves.Figure 7c demonstrates the
cross-section SEM image of 5.0 mol % Ba-doped PSC. The
thicknesses of the silver electrode, spiro-OMeTAD electron
blocking layer, 5.0 mol % Ba-doped PSA, and TiO2 HBL are
� 120,� 340,� 600, and� 55 nm, respectively.

Figure 8shows photoassisted KPFM mapping of 5.0 Ba-
PSA/1.0 Zn-TiO2/FTO to check the electron transport
behavior. When the 5.0 Ba-PSA absorbs the light, the electron
immediately transfers from 5.0 Ba-PSA to 1.0 Zn-TiO2 and the
surface potential can be changed. The contact potential
di� erence (CPD) was measured by Pt/Ir-coated tips at room
temperature, in the dark and under various wavelengths of light
illumination. The CPD is calculated by49

e
CPD

SP SPtip sample
=

Š

Š (4)

where SPtip and SPsampleare surface potentials of tip and sample
andeis an electronic charge. Under UV-light illumination, the
change of CPD for 5.0 Ba-PSA/1.0 Zn-TiO2 was�� 600 mV
higher than other wavelengths of light illumination (Figure 8a)
due to the high light energy of UV light. In the visible region
(Figure 8b� d), the trend of CPD change under various

Table 3. Summary of Measured Fast Decay Time (� A), Slow Decay Time (� B), and PL Average Decay Time (� av) of the Various
Samples Made by Nondoped PSA/Pristine TiO2, 5.0 Ba-PSA/Pristine TiO2, 5.0 Ba-PSA/1.0 Ag-TiO2, and 5.0 Ba-PSA/1.0 Zn-
TiO2

sample name A (%) � A (ns) B (%) � B (ns) � av (ns)

nondoped PSA/pristine TiO2 21.7 44.0 78.3 111.3 96.7
5.0 Ba-PSA/pristine TiO2 37.2 25.3 62.8 64.2 49.7
5.0 Ba-PSA/1.0 Ag-TiO2 53.8 12.5 46.2 42.0 26.1
5.0 Ba-PSA/1.0 Zn-TiO2 58.5 9.8 41.5 26.3 16.6

Table 4. Photovoltaic Characteristics of Four Types of PSCs: (1) Nondoped PSA/Pristine TiO2, (2) 5.0 Ba-PSA/Pristine
TiO2, (3) 5.0 Ba-PSA/1.0 Ag-TiO2, and (4) 5.0 Ba-PSA/1.0 Zn-TiO2

HBL absorber Voc (V) JscC (mA/cm2) FF (%) PCE (%)

pristine TiO2 nondoped PSA 0.93± 0.02 19.2± 0.6 61.9± 2.5 11.0± 0.4
pristine TiO2 5.0 Ba-PSA 0.90± 0.02 20.0± 0.9 61.9± 1.8 11.2± 0.6
1.0 Ag-TiO2 5.0 Ba-PSA 0.97± 0.02 20.8± 0.6 65.7± 1.2 13.3± 0.4
1.0 Zn-TiO2 5.0 Ba-PSA 0.93± 0.01 21.6± 0.3 69.7± 1.2 14.1± 0.2

Figure 7.(a) J� V curves and (b) EQE spectra of the reference sample and various 5.0 mol % Ba-doped PSCs with pristine TiO2, 1.0 Ag-TiO2, and
1.0 Zn-TiO2 HBLs. (c) Cross-section image of 5.0 mol % Ba-doped PSC.
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wavelengths of light was consistent with EQE results (Figure
7b). These results showed that the PSA is a visible-light-
activated material. However, the CPD showed no signi� cant
change in near-infrared light (850 nm;Figure 8e). Because the
energy bandgap of PSA is 1.55 eV,50 wavelength > 800 nm is
unable to excite the PSA. We also used white light as the light
source because white light contains all of the visible spectrum

of light. When the 5.0 Ba-PSA was irradiated with white light,
the change of CPD was�� 240 mV.

To further check the conductivity, trap density, and carrier
mobility of pristine TiO2, 1.0 Ag-TiO2, and 1.0 Zn-TiO2, we
carried out the SCLC measurement. TheI� V curves are based
on analysis divided into three parts:� rst, the I� V curves
(Figure 9b) exhibit a linear relationship and the conductivity

Figure 8.CPD images and cross-sectional analyses of CPD data under various wavelengths of light: (a) 365 nm, (b) 470 nm, (c) 530 nm, (d) 656
nm, (e) 850 nm, and (f) white light.

Figure 9.Structure of electron-only device: FTO/HBL/Au with pristine TiO2, 1.0 Zn-TiO2, and 1.0 Ag-TiO2. (a) I� V curves, (b)I� V curves of
ohmic region (I � V), and (c)J� V2 curve of Child’s region (I � V2).
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according toI = � 0(A/ d)V, whereA, d, and� 0 are sample area,
thickness, and electrical conductivity, respectively. The 1.0 Zn-
TiO2 showed the highest conductivity (1.37× 10� 5 mS/cm)
compared to pristine TiO2 (3.02× 10� 8 mS/cm) and 1.0 Ag-
TiO2 (3.65× 10� 6 mS/cm). Second, when the electron� lled
the traps, a transition point occurred between the ohmic region
and the TFL region (Figure 9a). The relationship of trap� lled
limit voltage (VTFL) and trap density (Nt) is as follows:51

V
eN d

2
t

TFL

2

0��
=

(5)

whereeis an elementary charge,� is the dielectric constant of
TiO2, and� 0 is the permittivity of free space. The trap density
of 1.0 Zn-TiO2 is 6.68× 1012 cm� 3 and lower than that of
pristine TiO2 and 1.0 Ag-TiO2, which are 9.14× 1012 cm� 3

and 6.69× 1012 cm� 3, respectively. At last, we can follow with
the Mott� Gurney law to calculate the charge carrier mobility
(� ) in the Child’s region (Figure 9c). The Mott� Gurney law is
shown below:52

J
V
d

9
8 0

2

3���=
(6)

The 1.0 Zn-TiO2 also exhibited the highest charge carrier
mobility (2.93× 10� 7 cm2 V� 1 s� 1) and the pristine TiO2 and
1.0 Ag-TiO2 are 2.10× 10� 7 cm2 V� 1 s� 1 and 2.86× 10� 7 cm2

V� 1 s� 1, respectively. These results are the best for 1.0 Zn-
TiO2, we considered that exhibited� atter HBL� lms, the trap
density e� ectively reduced and the charge carrier mobility
increased.

Finally, we measured the stability of four kinds of PSCs,
including nondoped PSA/pristine TiO2, 5.0 Ba-PSA/pristine
TiO2, 5.0 Ba-PSA/1.0 Ag-TiO2, and 5.0 Ba-PSA/1.0 Zn-TiO2
(Figure 10). We stored the four kinds of PSCs in a glovebox

with the <1.0 relative humidity and 25°C for over 265 h. For
5.0 Ba-PSA/1.0 Ag-TiO2 and 5.0 Ba-PSA/1.0 Zn-TiO2 PSCs,
each of them retained about 88.6% and 89.4% of their original
PCE. We successfully prepared nondoped PSA/pristine TiO2,
5.0 Ba-PSA/pristine TiO2, 5.0 Ba-PSA/1.0 Ag-TiO2, and 5.0
Ba-PSA/1.0 Zn-TiO2 PSCs with improved stability. The 5.0
Ba-PSA/1.0 Zn-TiO2 PSCs showed the high stability which is
consistent with the fact that the larger crystallite size enhances
the stability and PCE (Figure 5).53

4. CONCLUSIONS
In summary, we successfully fabricated the organic� inorganic
hybrid perovskite solar cells with a partially lead replaced

perovskite active layer and with pristine TiO2, Ag-doped TiO2,
and Zn-doped TiO2 as the HBL. For selecting the optimal
PSA, we used various alkaline earth metals (Mg, Ca, Sr, and
Ba) to partially replace lead, and the PSC with the 5.0 mol %
Ba dopant demonstrated the highest PCE. For choosing HBLs,
we adopted the various HBLs with pristine TiO2, Ag-doped
TiO2, and Zn-doped TiO2 to enhance the photovoltaic
performance. The PSCs based on 5.0 mol % Ba-doped PSA
and 1.0 mol % Zn-doped TiO2 HBL enhanced the PCE from
11.0 to 14.1%, and its champion device reached as high as
14.4%. The crystallite size, surface morphology, topography,
and charge carrier behavior of devices were all enhanced and
thus resulted in high photovoltaic performance. Our study
provides a series of innovative materials to be adopted in the
near future by fabricating the high stability PSCs.
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