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Perovskite solar cells (PSCs) are considered to be ideal energy devices, where perovskite-type organic metal
halides act as light-absorbing materials. In PSCs, the photoexcitons are extracted and separated to afford
high photoelectric conversion efficiency under the action of the built-in electric field (Ey;). However, the
current challenge is that a low E,; cannot provide a sufficient driving force to separate photonic excitons,
which causes the captured charges to escape from the deep energy-level defect state. Here, the
ferroelectric material barium titanate (BaTiOsz) was directly introduced into the perovskite precursor
solution to reduce the defection density (to 8.58 x 10 cm™) in PSCs and promote the separation of
photoexcitons. Furthermore, the addition of BaTiOs improved the quality of the perovskite film and

significantly increased the photoelectric performance after the polarization treatment. This is mainly
Received 27th December 2021 ttributed to th idual larizati lectric field ted by f lectri larizati hich
Accepted 11th February 2022 attributed to the residual polarization electric field generated by ferroelectric polarization, whic
increased the Ep; of the PSCs and the width of the depletion layer and inhibited the non-radiative

DOI: 10.1035/d1ra09374f recombination of carriers. This work provides a possibility to design and develop optoelectronic devices
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1 Introduction

Organic-inorganic hybrid perovskite (OIHP) materials have
become a bright-star material because of their excellent optical
and electrical properties and simple and low-cost synthetic
methods. Since the first report from Miyasaka's research group
in 2009, the photoelectric conversion efficiency (PCE) of PSCs
has rapidly increased from an initial 3.8% (ref. 1) to a certified
25.5% (ref. 2) in just ten years. Despite this rapid development,
the PCE of PSCs is still far below the S-Q limitation (33.5%) of
single-junction solar cells due to the non-radiative recombina-
tion of carriers in PSCs. The main causes of carrier recombi-
nation are poor quality of the perovskite film, material interface
mismatch, and low built-in electric field. At present, the first
two factors are mainly investigated and analyzed in view of
perovskite crystallization engineering, defect passivation engi-
neering, and interface engineering,>® whereas studies on
improving cell performance based on increasing E,; are still
few. Therefore, when other optimization methods cannot
further improve the overall performance of PSCs, we consider
that carrier separation and transmission can be regulated by
enhancing the Ey,; with the aim of reducing the occurrence of
non-radiative recombination.
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with high-efficiency optoelectronic response behavior.

The first method to increase the Ey,; of the cell is to apply an
external electric field on the photoactive layer of photovoltaic
devices to suppress carrier recombination at the capture site.
Chen et al” first proved the ferroelectric property of MAPbI;
through the phase change of the piezoelectric microscope (PFM),
and further verified that pressurized polarization can regulate
the interface energy-band structures of PSCs for charge separa-
tion under certain circumstances. Zhang et al® developed an
external electric field-assisted annealing treatment technology,
which can control the ion polarization direction of perovskite
films. Therefore, a good perovskite crystal film obviously
enhances the internal electric field and effectively promotes
charge separation and transport, leading to an increase in the
PCE of PSCs from 16.77% to 19.18%. This method of carrier
transport assisted by an external electric field mainly relies on
the recognition of the ferroelectric properties of OIHP materials.
Although researchers have confirmed this conclusion by theo-
retical calculation,”** PFM observation,” and hysteresis loop
measurement (P-E),">** Fan et al.** did not observe the existence
of ferroelectric domains in MAPbI;, and the P-E test results also
showed that MAPDbI; did not have ferroelectric properties.
Therefore, whether this material has ferroelectricity is still
controversial. Since it is impossible to determine whether the
ferroelectricity of MAPDI; exists or not, we should focus on the
utilization of the electric field to promote carrier separation.
However, it is not difficult to understand that this is not
a persistent and stable method because the applied electric field
is easily shielded by ion migration or accumulated charges. On
this basis, we hope to develop a material that can maintain
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permanent polarization and provide a stable and controllable
electric field for optoelectronic devices.

Based on the knowledge of ferroelectric materials, we think
about their residual polarization field. Ferroelectric materials are
introduced into the PSCs to change the remaining polarization
electric field through the external electric field, finally regulating
the ion and carrier transports. This idea was firstly used in the
fields of photovoltaic organic solar cells (OPV) and dye sensitized
solar cells (DSSC). Researchers introduced inorganic ferroelectric
materials (SrTiO;, BaTiO;, etc.) and organic ferroelectric mate-
rials [PVDF, P(VDF-TTFE), etc.] into OPV light absorption layer,
anionic buffer layer, and photoanode of DSSC, respectively,
causing better photoelectric performance.’>*® PSCs are devel-
oped from DSSC with similar principles. In view of the successful
application of ferroelectric materials in DSSC, researchers are
aiming at introducing ferroelectric materials into PSCs to further
improve their efficiency.">* At present, the introduction of
ferroelectric materials has three locations or functions: replacing
TiO, as ETL, inserting at the ETL/perovskite layer or the
perovskite/HTL interface, and forming the perovskite layer. The
former two methods are common, and the latter method is only
used for organic materials P(VDF-TtFE).

In this work, in order to improve the E; of PSCs, we selected the
inorganic ferroelectric material, BaTiO;, which induced strong
spontaneous polarization and had the same structure as that of the
perovskite film to prepare the composite optical absorption layer.
Subsequently, the corresponding microstructures and chemical
compositions were characterized in detail to support the mecha-
nistic analyses on the carrier transport. Also, the photoelectric
performance of the PSCs with the introduction of ferroelectric
materials was measured around the two aspects of photoelectric
conversion efficiency and interfacial state. This work will provide
a possibility to design and develop optoelectronic devices with
high-efficiency optoelectronic response behavior.

2 Experimental
2.1 Materials

Isopropyl titanate (99%), titanium tetrachloride (99%), chloro-
benzene (99.5%), isopropanol (99.8%), barium titanate
(<100 nm, 99.9%), and graphite (8000 mesh, 99.95%) were all
purchased from Aladdin Reagent (Shanghai) Co., Ltd. Lead
iodide (99%), dimethyl sulfoxide (DMSO, 99%), and N,N-dime-
thylformamide (DMF, 99.9%) were all purchased from Sigma-
Aldrich. Ethyl cellulose (CP, M70) was provided by Sinopharm
Chemical Reagents Co. Ltd. Carbon black (30-45 nm) was
purchased from Nanjing Xianfeng Nano Co., Ltd; TiO, slurry
(NJV-30NR-D) and ammonium methyl iodide (99%) were
provided by Sunlight New Energy Co., Ltd and Maitidevi
Chemical New Material Technology Co., Ltd, respectively. The
FTO conductive glasses with the resistance of 7-8 Q@ [0~ were
provided by Shandong Opivite New Energy Technology Co., Ltd.

2.2 BaTiO;@MAPbDI; precursor solution preparation

Firstly, 3000 uL mixed solution of DMF and DMSO (volume ratio
of 4 : 1) was prepared and placed in bottle A for later use. 40 mg
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BaTiO; powders were accurately weighed and placed into bottle
B, where the above mixed solution (1000 pL) in bottle A was
added. Then, the ultrasonic treatment was carried out until the
powders were evenly dispersed into the solution. Subsequently,
1500 pL mixed solution of DMF and DMSO was sucked into
bottle C, where 2.4 M MAI and Pbl, were added.

For 0.5 wt% BaTiO;@MAPbDI; precursor solution, we took
300 pL of the solution in bottle A, 100 uL of the solution of bottle
B, and 400 pL of the solution of bottle C to form the precursor
solution. Also, the mixed solution including 200 uL bottle A
solution, 200 pL bottle B solution, and 400 pL bottle C solution
could form 1.0 wt% BaTiO;@MAPDI; precursor solution. The
2.0 wt% BaTiO;@MAPDI; precursor solution included 400 uL
solution of bottle B and 400 puL solution of bottle C. All these
precursor solutions would be stirred at 60 °C for use in device
fabrication.

2.3 Device fabrication

After cleaning the FTO conductive glasses, we coated their
surfaces with the compact layer solution at 2000 rpm for 60 s,
which was followed by heat treatment at 500 °C for 30 min. The
TiO, precursor was prepared by diluting TiO, slurry with
alcohol at a mass ratio of 1 : 7, then it was spun onto the surface
of the above compact layer at the speed of 3000 rpm for 30 s.
Also, the as-prepared TiO, precursor was treated at 500 °C for
30 min. The prepared FTO conductive glasses were immersed in
TiCl, solution, soaked at 70 °C for 30 min, and then treated at
500 °C for 30 min. The as-prepared BaTiO;@MAPbDI; precursor
was spin-coated onto the surface of the modified layer by a two-
step spin-coating method (1000 rpm, 10 s and 5000 rpm, 30 s).
250 pL chlorobenzene was dripped onto the spin-coated film.
Afterward, annealing treatment was carried out on the heating
platform in two steps (60 °C, 2 min; 120 °C, 10 min). Finally, the
carbon slurry (including ethyl cellulose, carbon black, graphite,
ethyl cellulose solution, and chlorobenzene) was scraped onto
the surface of the perovskite layer and annealed at 100 °C for 1 h
to complete the assembly of the whole cell. Also, the whole
assembly process of the cell was completed in air. The fabrica-
tion process of the BaTiO;@MAPbDI; composite film with
a certain content (0.5 wt%, 1.0 wt%, and 2.0 wt%) of BaTiO;
powders in the perovskite precursor solution, as shown in
Fig. 1.

2.4 Characterization

X-ray diffraction (XRD, RIGAKU Ultima IV) was used to char-
acterize the crystal structure of the samples. Spectroscopy
(Renishaw in Via) was used to characterize the phase structure
of BaTiO; nanoparticles. Field emission scanning electron
microscopy (FE-SEM, Zeiss Merlin Compact) was used to char-
acterize the surface and section morphologies. The -V char-
acteristic curves of C-PSCs were obtained using the full
spectrum solar simulator (Model 91192, Newport Co.), equip-
ped with a Keithley digital source meter (Keithley 2400), and the
effective area was set to 0.15 cm?. The EQE characterization of
the C-PSCs was carried out by an external quantum test system
(Oriel's IQE 200) in the wavelength range of 300-900 nm.
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Fig. 1 BaTiOz@MAPbIz composite film and the device preparation processes.

An electrochemical workstation (Shanghai Chenhua C660E)
was used to evaluate the corresponding electrochemical
performances. The electrochemical impedance test amplitude
was 10 mV with test frequency in the range of 1-1 MHz, and the
Mott-Schottky test frequency of 10 kHz. The excitation voltage
of the photoluminescence test system (PTI QM40-NI) was 3 V,
the light source wavelength in the system was 355 nm, and the
test wavelength range was 650-850 nm. All the characterizations
were carried out in the atmosphere without any encapsulation.

3 Results and discussion

From the point-view of the structural features, ferroelectricity is
an electron/ion polarization phenomenon in the typical perov-
skite BaTiO; materials, which is caused by the displacement of
the Ti*' cation in the TiO¢ octahedron from the center. This
process results in a decrease in the symmetry between the unit
cell and the cubic lattice, and the structural transformation
from the cubic phase to the tetragonal phase. Also, the phase
structure directly determines the ferroelectricity of BaTiOs;
therefore, it needed to analyze the crystal structures of BaTiO;
materials.

Tetragonal BaTiO; (T-BaTiO;) nanoparticles were prepared
by the simple sintering treatment on cubic BaTiO; (C-BaTiO;)
nanoparticles at 800 °C.*® Firstly, the crystal structures of the
two BaTiOj; were verified by XRD, as shown in Fig. 2(a). C-BaTiO;
shows a single peak at 26 = 45° corresponding to the (200)
crystal plane, which is consistent with the cubic BaTiO; struc-
ture of the Pm3m space group (JCPDS no. 79-2263). On the other
hand, the splitting phenomenon of the peak of T-BaTiOj; is also
observed at the position of about 26 = 45° (upper right inset),
where 44.8° and 45.2° correspond to the (002) and (200) crystal
planes of BaTiOj, respectively. It matches well with the
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tetragonal BaTiOj; structure (JCPDS no. 05-0626). Raman spec-
troscopy is an advantageous technique to analyze the cubic-
tetragonal symmetry of BaTiO; nanoparticles. Fig. 2(b) shows
the Raman spectrum of the BaTiO; powders after sintering.
Among them, the two Raman peaks at 305 cm™* and 717 cm ™
are the characteristic peaks of tetragonal BaTiO;, indicating
that T-BaTiO; has a tetragonal crystal structure at room
temperature.>®

As shown in Fig. 3(a and b), it can be obviously seen that
there are many pinholes on the surface of the film without the
addition of BaTiOj3, and many white spots are distributed at the
grain boundaries. According to the literature reports, it can be
determined that these white spots are residual Pbl,.*” After
adding BaTiOs3, the pinholes on the surface of the MAPbI; film
disappeared, the surface was uniform and dense, and the
number of small white particles also decreased to a certain
extent. The average grain size of MAPbI; increased from 0.47 pm
to 0.51 um. The main reason was that both BaTiO; and MAPDbI;
had an octahedral structure. A similar structure allows BaTiO;
to be used as the seed layer to induce the crystal growth of the
MAPDI; film, and the crystal grain size increases significantly.
Since the grain boundary in the MAPbI; film can be used as
a trap center, it is an important factor to cause the non-radiative
recombination of carriers.”® Therefore, the increase in the
crystal grain size can effectively suppress the occurrence of non-
radiative recombination and increase the open circuit voltage
and filling factor of the device. Fig. 3(c and d) shows the cross-
sectional views of the sample before and after the addition of
BaTiO;. It can be seen that the thickness of the perovskite layer
does not change significantly. When BaTiO; is not added, there
is a large gap between the MAPDI; film and the substrate,
causing the interruption of the carrier transport channel and
adversely affect the carrier transport. The addition of BaTiO;

© 2022 The Author(s). Published by the Royal Society of Chemistry
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completely covers the substrate, which is conducive for the
transport of carriers. At the same time, it can be seen that the
surface of the MAPDI; film with BaTiO; is smoother without
obvious protrusions. The relatively smooth surface can also
improve the interface contact between the MAPDI; film and the
carbon electrode, promoting the transfer of holes, and effec-
tively inhibiting carrier recombination. However, it is not the
main factor affecting the inhibition of carrier recombination,
compared with the addition of BaTiO;.

In order to investigate the influence of the BaTiO; doping
amount on the crystallization properties of the MAPDI; film, the
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(a) XRD patterns of BaTiOs powders before and after sintering. (b) Raman spectrum of BaTiOs powders after sintering.

XRD diffraction pattern was used to characterize the film, as
shown in Fig. 4(a). The film has two strong diffraction peaks at
14.11° and 28.45°, corresponding to the MAPDI; (110) and (202)
crystal planes. The results show that no new diffraction peaks
appear at the XRD diffraction pattern after doping the BaTiO;
nanoparticles. This indicates that the addition of BaTiO; does
not change the tetragonal crystal structure of MAPbI;. However,
after normalizing the (110) diffraction peak, it is found that the
FWHM decreases from 0.228° to 0.173° after adding BaTiO;.
The addition of BaTiO; nanoparticles can increase the crystal-
linity of the MAPDI; film. According to the Scherrer formula D =

Fig. 3 FE-SEM images of (a) FTO/TiO,/MAPblz and (b) FTO/TiO,/BaTiO3:MAPbls. Cross section images of (c) FTO/TiO,/MAPblz and (d) FTO/
TiO,/BaTiO3:MAPbIs. The insets in (a) and (b) are the grain size distributions of the corresponding samples.

© 2022 The Author(s). Published by the Royal Society of Chemistry

RSC Adv, 2022, 12, 7950-7960 | 7953


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra09374f

Open Access Article. Published on 10 March 2022. Downloaded on 2/26/2026 9:33:26 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

RSC Advances

()

(b) 10°

View Article Online

Paper

—  Pristine ~FTO s FTO/TiO/MAPbI/C,/C
VIR «PbI, -z 10°] » FTO/TIO/BaTiO :;MAPbI/C,/C
s sMAPBL| 3
-~ E 10y
& * - =
z : 2% 1_ iA.‘ A.L i N A z ]0‘]
-g %
1) -
: 20
P
e I O WP = V. =085V
-JJ » Nt/ \o/nnd &) IO-I] i TFL
10 20 30 40 50 60 10° 10" 10’ 10'
20 (deg.) Voltage (V)

~
()
~

—a—Pristine
o 12 4= - 0.5 Wt%
E —a— 1.0 Wt%
< 2.0 Wt%
E g
2
‘z
=
D .
£ a A
§ Voc (V) Jsc (mA/cm?) FF (%) PCE (%)
5 Pristine 0.868 1272 4826 435 \
= oJH0w 0904 1039 s099 587 hg
0.0 0.2 0.4 0.6 0.8 1.0
Voltage (V)

Fig. 4

@,

Y Pristine

104 Y With BaTiO),

Counts

PCE (%)

(a) XRD patterns of MAPDbl3 and BaTiOs:MAPbIs. (b) SCLC tests based on the MAPbI3 and BaTiOs:MAPbI5 single electronic devices. (c) J-V

characteristic curve of C-PSCs prepared with BaTiOs doped with MAPbI3 at different concentrations. (d) Efficiency statistics of the MAPbls and

BaTiO3:MAPbls-based C-PSCs.

Kvy/B cos 6, the B value decreases (i.e., the FWHM decreases),
and the grain size D in the MAPbI; film will increase, which is
consistent with the results of the FE-SEM image. In addition to
the diffraction peaks of MAPbI; and FTO, the Pbl, peak is also
observed at 12.69°. When the content of Pbl, is too high, it will
affect the light absorption capacity of MAPDI;, but the presence
of a small amount of Pbl, can passivate the perovskite grain
boundaries, suppress the formation of defect states, and reduce
the non-radiative recombination of the carriers.

To understand the effect of doping BaTiO; on the defection
state density in the MAPDI; film, a single electron device with
the structure FTO/TiO,/(BaTiO;):MAPbI;/C60/C was prepared,
and the transmission characteristics of the electronic transient
process were studied by the SCLC testing method, as shown in
Fig. 4(b).

VTFL = eNtd2/2eeO (1)

where e is the unit charge, Vygp, is the trap-filled limit region
voltage, N, is the trap-state density, ¢ is the relative permittivity
of MAPDI;, ¢, is the vacuum permittivity, and d is the thickness
of the film. When the single-electron device is in the SCLC area,
the I-V curve in the dark state conforms to the Mott-Gurency
formula:

7954 | RSC Adv, 2022, 12, 7950-7960

J = 9eequV*/8L> (2)

where Vis the applied bias voltage and p is the electron mobility.
We made the tangents at the two curves separately, and found
that the Vg, of the doped film is reduced from 0.85 V to 0.61 V.
According to formula (1), the defection density of the original
film is 1.21 x 10" cm™>. The defection density of the BaTiO;
doped MAPbI; film reduced to 8.58 x 10" em ™, indicating that
the quality of the doped perovskite film is effectively improved,
reducing the non-radiative recombination of the carriers, and
endowing the carriers with longer diffusion. The length can pass
through the MAPDI; film smoothly, which is also consistent with
the results obtained by FE-SEM. Using formula (2) to calculate the
dark current in the space-limited current region, the values of
electron mobility u of MAPDbI; and BaTiO3;:MAPbI; single-electron
devicesare 5.43 x 10 " cm?*V *s 'and 5.73 x 10> cm?*V 's7?,
respectively.

Based on the addition of BaTiO; to improve the quality of the
MAPDI; film, we fabricated C-PSCs with different concentra-
tions of BaTiO; doped MAPbI; to study the effect of the doping
concentration on the device performance. Fig. 4(c) shows the J-
V characteristic curves of C-PSCs prepared with different
concentrations of BaTiO; under the condition of simulated
sunlight with a light intensity of 100 mV cm™>. As the

© 2022 The Author(s). Published by the Royal Society of Chemistry
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concentration increases in the range of 0-1.0 wt%, the perfor-
mance of the device gradually improves. When the concentra-
tion further increases to 2.0 wt%, the performance of the device
begins to decrease. Therefore, the performance of the device is
optimal under the condition of the concentration of BaTiO;
being 1.0 wt%. At this time, Voc is 0.904 V, Jc is 12.72 mA cm ™2,
and FF and PCE are 50.99% and 5.87%, respectively. In order to
ensure the reliability of the data, we prepared 40 samples and
calculated the efficiency of C-PSCs before and after the addition
of BaTiO;. The PCE of the device is significantly improved and
the discreteness is reduced after the addition of BaTiOj;, as
shown in Fig. 4(d).

Fig. 5(a) shows the corresponding dark current curve. The
dark current can characterize the internal leakage current and
the defections in the device. It can be found that the dark
current of the device is significantly reduced after doping with
BaTiO;. Combining with the FE-SEM and SCLC test results, it
can be seen that the optimized device film is denser to avoid
direct contact between the electron transport layer and the
carbon electrode, thus effectively reducing the dark current of
the device. At the same time, the defections of the doped film
are reduced, which effectively inhibits the formation of the non-
radiative recombination centers and reduces the non-radiative
recombination. Fig. 5(b) shows the EQE curve of the C-PSCs
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prepared based on the MAPDI; film and the BaTiO;@MAPDbI;
composite film. The optimized device has an improved EQE
value in the entire visible light wavelength range, which indi-
cates that the doped BaTiO; can improve the collection effi-
ciency of the photogenerated electrons. In order to further verify
the positive influence of BaTiO; addition on the device, the
actual output efficiency of the pristine sample and the opti-
mized sample were tested. The corresponding voltages at the
maximum output power point are 0.56 V and 0.65 V, respec-
tively, and the test process is continued for 120 s under this bias
voltage, as shown in Fig. 5(c). After illumination, the steady-
state output current of the device rose rapidly and finally
stabilized at 7.86 mA cm ™ and 8.68 mA cm . Fig. 5(d) shows
the impedance spectra of the two sets of devices, which are used
to analyze the effect of doped BaTiO; nanoparticles on the
carrier transport inside the device. The test bias voltage is 0.6 V
and the test frequency is 1-1 MHZ. The curve is also fitted using
Z-view software. Rg is reduced from 80.56 Q to 47.78 Q, and R,
is increased from 3569 Q to 5703 Q, indicating the low inter-
facial contact resistance. The higher the carrier recombination
resistance, the lower the degree of carrier recombination, which
is conducive to carrier transmission and can reduce the prob-
ability of non-radiative recombination, leading to an increase in
the Vo and FF of the device.
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(a) Dark current curve, (b) EQE curve, and (c) steady-state output current curve at the maximum power point. (d) Impedance diagram of
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In order to maximize the action of the ferroelectric material,
we prepared the BaTiO;@MAPbDI; composite film for polariza-
tion treatment, as shown in Fig. 6(a), and then assembled it into
a cell with the structure to investigate the effect of the polari-
zation voltage on the performance of PSCs. Fig. 7(a) shows the -
V curves of BaTiO;@MAPDbI; based on C-PSCs, and the corre-
sponding photovoltaic performance parameters (listed in
Table 1) under the conditions of polarization treatment with
different polarization voltages. The performance of the cells
with a polarization voltage of 2.0 V um ™" is better than that of
unpolarized cells, which further confirms the improvement of
the polarization on the cell performance. When the applied
voltage is 1.0 V um ™, the device performance is the best among
these samples. The Vo increases from 0.888 V to 1.005 V, Jsc
increases from 13.47 mA cm 2 to 15.59 mA cm 2, FF also
increases from 47.10% to 56.40%, and the PCE of the device
increases from 5.64% to 8.83%.

Subsequently, the Mott-Schottky test was used to charac-
terize the changes in the built-in electric field of the cell. Firstly,
the depletion layer approximate model was used to fit the curve,
and the formula is as follows.

1/C? = (2leeegA>NA)Y Vi — V) 3)
Nu = 2leeegA°K (4)
W = \J2e60(Vis — Vioy) /2N )

where C is the capacitance at the interface between the light-
absorbing layer and the ETL, N, is the electron density, V}; is
the built-in electric field, and K is the Boltzmann constant.
Fig. 7(b) is the Mott-Schottky curve of the BaTiO;@MAPDI;-
based C-PSCs before and after polarization treatment. The
intersection of the tangent line and the abscissa of the polarized
C-PSCs is significantly shifted to the right compared to the
pristine one. The obvious right shift indicates that V},; signifi-
cantly increases, and the slope of the tangent is significantly
increased. The values of N,, V4;, and W of C-PSCs can be calcu-
lated according to Formulas (3)—(5). The detailed values can be

(b)
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found in Table 2. After polarization, the carrier concentration N
decreases from 5.82 x 10" ecm™® to 3.91 x 10" cm™>. The
decrease in the carrier concentration, and the increase in the
width of the depletion layer and the built-in electric field indicate
that the residual polarization electric field generated by the iron
polarization of the BaTiO; electric dipole promotes the bending
of the interface energy band. This is conducive to the trans-
mission of photogenerated carriers at the interface, thereby
improving the performance of the cell.

The steady-state PL spectrogram, an important method, is
used to investigate the carrier dynamics. The extraction rate of
the carriers can be judged by comparing the degree of fluores-
cence quenching.” Fig. 7(c) shows the steady-state PL spectra of
the BaTiO;@MAPDI;-based C-PSCs before and after polariza-
tion treatment. The fluorescence intensity of the device after
polarization treatment is significantly reduced, indicating that
the carriers can be transported faster from the perovskite film to
the electron transport layer. This process can avoid non-
radiative recombination caused by the recombination center.
The corresponding voltage decay curve is shown in Fig. 7(d).
After the polarization treatment, the voltage decay rate of the C-
PSCs decreases to induce a longer internal carrier life of the
device, which is consistent with the PL spectrum result. The
residual polarized electric field formed by the dipole provides
the transmission power for the carriers, which is the key
element to the life extension.

According to the principle of semiconductor heterojunction,
we assume that the parallel resistance (Rg,) is infinite, the
leakage current of the device can be ignored,***' and the I-V
characteristic curve of a single heterojunction solar cell can be
expressed as:*?

—dVidJ = [(AKBT)/Q](JSC — .])71 + RS [6)

where J is the current density through the external circuit load,
Rs is the series resistance, A is the single-junction ideality factor,
and T 'is the absolute temperature. We fitted the J-V curve of the
MAPbDI;/BaTiO;z-based C-PSCs before and after polarization

Applied bias

@ hole

@ BaTioO,

@ ¢lectron

(a) A diagram of the thin film polarization device. (b) Polarization schematic diagram of the C-PSCs.
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Table 1 Photovoltaic performance parameters of the BaTiOs@MAPbI3-
based C-PSCs polarized by different voltages

Voc (V) Jsc (mA ecm™?) FF (%) PCE (%)
Pristine 0.888 13.47 47.10 5.64
0.5V um™* 0.989 15.72 55.66 8.65
1.0V pum™* 1.005 15.59 56.40 8.83
2.0 Vum™* 0.940 14.92 50.57 7.09

Table 2 The Nja, Vi and W values of the BaTiOz@MAPbIz-based C-
PSCs before and after polarization treatment

Ny (em™3) W (nm) Vi (V)
Pristine 0.888 13.47 47.10
0.5V um " 0.989 15.72 55.66
1.0Vpum™ 1.005 15.59 56.40
2.0 Vum * 0.940 14.92 50.57

treatment to investigate the charge transfer characteristics
inside the cell. As shown in Fig. 8(a), Rg decreases from 11.14 Q
em® to 6.93 Q cm?® after polarization treatment, which is
conducive for carrier transmission. Fig. 8(b) shows the rela-
tionship curve between the first derivative of the j-V curve and

© 2022 The Author(s). Published by the Royal Society of Chemistry

the voltage in the cell. The polarized cell shows better linear
relationship near the open circuit voltage, indicating the
reduced carrier collection barrier. Also, it is beneficial to
improve the transmission efficiency of the carriers and reduce
the probability of non-radiative recombination. Fig. 8(c) shows
the corresponding EIS curve. The semicircle of the polarized cell
in the low frequency region is extremely large. The EIS curve of
the unpolarized C-PSCs is almost invisible in the whole picture,
indicating that the non-radiative recombination of the carriers
is greatly suppressed. It can also be verified from Fig. 8(d) that
the R... value of unpolarized C-PSCs is only 5 kQ, yet it rises
sharply to about 50 kQ after polarization treatment. It shows
that the remnant polarization electric field generated by the
electric dipole iron polarization provides power for carrier
transfer and effectively inhibits the charge recombination of the
device.

Finally, we further illustrate the principle of the perfor-
mance caused by BaTiO; nanoparticles doped C-PSCs light-
absorbing layer, as shown in Fig. 9. The specific explanation is
divided into two points. Firstly, we doped BaTiO; nano-
particles with the C-PSCs light-absorbing layer, and the
improvement in the cell performance is mainly caused by the
increased quality of the light-absorbing layer film, leading to
the improvement of the light absorption capacity. Further-
more, BaTiO; and MAPbI; are both regular octahedral

RSC Adv, 2022, 12, 7950-7960 | 7957
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structures. During the solvent volatilization and grain nucle-
ation processes, BaTiO; can be used as the site for grain
nucleation and growth, and can reduce the holes in the film.
Also, the increased size of the crystal grains can improve the
film coverage and uniformity, and the defects inside the film
are reduced to promote carrier transmission. On this basis,
when a positive external electric field is applied to polarize the
ferroelectric dipole, the electric dipoles will be aligned under
the action of the external electric field to form a polarized
electric field, which is opposite to the direction of the external
electric field. After the external electric field is removed, there
can still be a residual polarization electric field E,qq that is
slightly smaller than the polarization electric field. E,qq and
Ep; have the same direction, and the built-in electric field
inside the film increases to Eyy. The width of the depletion
layer Wgry, is changed at the same time so that the carrier
transmission ability is further improved, and the non-radiative
recombination is suppressed. It is mainly due to the effective
regulation of the ferroelectric material on the carrier trans-
port, resulting in the significantly improved performance of
the cell.

4 Conclusions

In summary, BaTiO; was directly used as the additive in the
perovskite precursor to prepare the BaTiO;@MAPbDI;
composite film. The as-prepared perovskite film had better
morphologies with the addition amount of 1.0 wt%. The
crystallization performance of MAPbI; was improved with
increased grain size, and the residual PbI, decreases to
a certain degree, which effectively passivates the defects and
reduces the defect state density. After the polarization treat-
ment, the performance of the cell was significantly improved
with the V¢ of the cell reaching 1 V, and the PCE was 8.83%. It
is proved that the realization of high-performance C-PSCs
comes from the residual polarization electric field induced
by the ferroelectric material BaTiO;. This can enhance the
built-in electric field of the cell and increase the width of the
depletion layer. Also, the increased driving force of carrier
transport can promote the transport of the carriers and effec-
tively suppress non-radiative recombination caused by the
defects. The best device efficiency can reach 9.03% after opti-
mization. This work mainly provides a possibility to design
and develop optoelectronic devices with high-efficiency opto-
electronic response behavior.
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