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ABSTRACT

One major problem in the application of TiO2 and other oxides as an electron transport layer
and optical window in perovskite solar cells (PSCs) is the non-stoichiometric defects related to
oxygen vacancies. We report the studies of a TiO> compact layer annealed in ambient air and in
an oxygen environment, and the consequences on planar PSC performance. Chemical analysis and
optical studies indicate that oxygen vacancy density can be significantly reduced by changing
annealing conditions, leading to higher optical transmission of the TiO> layer and retarded carrier
recombination in the PSC. The carrier dynamics studies found that the electron recombination
lifetime was significantly increased. With an improved electron transport layer, the power
conversion efficiency of PSCs with a TiO2 compact layer annealed in oxygen was increased from
13.58% to 15.85%, due to a largely enhanced current density when comparing to the control PSCs

with TiO; annealed in ambient air.
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INTRODUCTION

With the rapid progress in terms of both power conversion efficiency and fundamental
understanding of material and device physics, hybrid organic-inorganic lead halide perovskite
solar cells (PSCs) have become one of the most promising next-generation solar cells, considering
their potential in both efficiency and cost-effective production.!” In a conventional PSC, the
perovskite active layer is sandwiched between the electron transport material (ETM) layer and the
hole transport material (HTM) layer to form a double heterojunction structure. In addition to the
perovskite active material, ETM and HTM, by selectively accepting one category of photo carriers
and reflecting the opposite one, play critical roles in determining the cell power conversion
efficiency (PCE), stability and other performances. Study and optimization of these carrier
transport materials are therefore essential for maturation of PSC technology.

Several wide bandgap metal oxide materials have been widely used as an effective ETM with
superior electron selecting and hole blocking ability, in addition to being employed as a transparent
window. Of these oxides, anatase titanium dioxide (TiO), an extensively-studied ETM used in
dye-sensitized solar cells (DSSC),*® is also the common candidate for PSCs. State-of-the-art PSCs
employ either nano-crystalline mesoporous TiO; structures or compact TiO; layers as an ETM to
facilitate electron collection and improve the device stability; this attests to the critical role of TiO2
in PSCs.""# A major challenge in the application of TiO, and other oxides is the presence of non-
stoichiometric defects related to oxygen vacancies. These defects were found to easily appear
during the thermal annealing process.”!® When using such oxides as an ETM in DSSCs or PSCs,
the oxygen vacancy related defects cause several issues that diminish the cell performance.'!"!*
These defects form trap states in the bandgap, and therefore retard the transfer of photo electrons

from the active layer to the electrode. In addition, these deep-level states in TiO2, when located



close to the interface with perovskites, will block the efficient injection of electrons from
perovskite to TiO2 ETM and dramatically enhance the charge recombination at the interface, as
recently confirmed both experimentally and theoretically.!® Therefore, interface engineering can
improve the PSC performance.'® It was further proposed that TiO, oxygen vacancy migration in
the electric field, which leads to variation of interfacial charge transfer and recombination rates,
might also contribute the anomalous hysteresis observed in PSCs.!

In the most common approach, the TiO; compact layer is deposited in a solution process
via spin-coating or screen-printing, followed by thermal annealing in ambient air. A TiO> layer
produced this way could have a high density of vacancy related defects. The defects in a TiO> film
is mostly related to the vacancy from Ti*" states which can even vary from bulk to surface across
the film thickness.!” Several methods have been reported to modify a TiO2» ETM by minimizing
oxygen vacancy density or passivating these traps toward improving its charge transport
performance. These includes doping with Mg,'® Nb,' Y,?° Sn,?! Fe,?? and F,?® sputter deposition

2425 and morphology modification by using inverse opal formed

with reduced oxygen vacancies,
structure.?® Also, it has been reported that the oxygen vacancy defects could be decreased by
oxygen plasma treatment, as demonstrated in DSSCs?"*® and PSCs'> studies. In addition, TiO
surface treating and interface engineering by using self-assembled monolayer Fullerene C60, and
its derivatives such as PCBM including PC60BM ([6,6]-phenyl-C61-butyric acid methyl ester) or
PC70BM ([6,6]-phenyl-C71-butyric acid methylester),?>*° graphene quantum dots,*!
acetylacetonated-based additives,*> and many others,*-*> have been extensively studied. Park et
al. has summarized these defects related issues and recent progress on the way to eliminate these

defects in a recent review article.>®

Each of these approaches has its pros and cons. When considering low-cost and large-scale



production of PSCs, modification of the thermal annealing process of a TiO2 layer to minimize the
oxygen vacancy density and its adverse consequences, if achievable, shall be a simple and effective
approach, and therefore is worthy of investigation.

Herein, we report annealing of solution-processed TiO> compact layer in ambient air and
oxygen, and its effect on planar PSC performance. It was found that by annealing TiO2 in oxygen
instead of the commonly used ambient air, its oxygen vacancy density can be significantly reduced,
which leads to higher optical transmission and slower carrier recombination. X-ray photoelectron
spectroscopy (XPS) and cathodoluminescence (CL) investigations confirmed the densities of
oxygen vacancy defects can be reduced by changing the annealing conditions. As a consequence,
the charge recombination lifetime is significantly extended. The PCE of PSCs with the oxygen
annealed TiO2 compact layer was increased from 13.58% to 15.85%, when comparing to the

control PSCs due to a largely enhanced current density.

EXPERIMENTS
Perovskite Solar Cell Fabrication

Prior to the device fabrication, a FTO-coated glass substrate was patterned by etching with
Zn metal powder and 2M HCI diluted in deionized water. The patterned substrate was cleaned by
successive sonication in detergent, distilled water, acetone, and 2-propanol, each sonication step
carried out for 15 min, and then treated with oxygen plasma for 10 min. The precursor of TiO2 was
prepared by dropwise addition of 35 puL of titanium isopropoxide into the mixing solution of 35
pL of 2 M HCl and 4.965 mL of ethanol under stirring. A TiO> compact layer was deposited onto
the substrate by spin-coating at 2000 rpm for 30 s. Subsequently, the TiO> compact layer was

sintered in different atmospheres at 500 °C in an oven. For annealing in an oxygen environment,



the oven gas inlet was connected to an oxygen cylinder with steady flow of 10 LPM at 5 PSI
injecting pressure, while its outlet is slightly opened to maintain at 1 atm pressure. The oven was
purged prior to the oxygen sintering process. For annealing in ambient air, both the inlet and outlet
of the oven were opened to the air atmosphere. During annealing, the temperature was ramped up
at a rate of 15°C per min until 500°C was reached, and then was maintained at this temperature for
the given duration. After that the oven was cooled down naturally. For the materials
characterization study, a TiO2 compact layer was directly deposited on glass without a FTO contact
layer.

The CH3NH3Pbl; (MAPDI3) perovskite precursor solution was synthesized by dissolving
646 mg of Pblx and 222 mg of methylammonium iodide (MAI) in 900 pL anhydrous N,N-
dimethylformamide (DMF) and then adding 100 puL dimethyl sulfoxide (DMSO). The precursor
was spin-coated on the prepared substrate through a three-step process using spinning speeds of
500, 3500, and 5000 rpm for 3, 10, and 30 s, respectively. 600 pL of toluene, used as an anti-
solvent, was dropped on the spinning substrates at the ninth second. The sample was then annealed
on a hot plate at 70 °C for 5 min, and then at 130 °C for 10 min in air in a 30% R.H. hydration
chamber. A solid perovskite layer with thickness of ~400 nm and grain size of 1.5 to 2.0 um was
obtained.

75 mg of the hole transport material (HTM), Spiro-OMeTAD, was dissolved in 1 mL
chlorobenzene with the addition of 18 pL bis-(trifluoromethyl-sulfonyl)-imide lithium salt
(LiTFSI) and 28 pL 4-tert-butylpyridine (TBP). The HTM solution was spin-coated onto the
perovskite film at 4500 rpm for 30 seconds. The sample was then kept in a dry box under dark
conditions for 3 hours to adequately oxidize the HTM. The device was then fabricated with Au

(100 nm) as the back electrode through e-beam evaporation under vacuum.



Solar Cell Characterization

The photovoltaic characteristics were obtained with a SS50 Solar Simulator (Photo
Emission Tech, America) under AM 1.5 simulated irradiation (100 mW cm™). The current density-
voltage (J-V) characteristics were recorded by using Keithley 2400 SourceMeter SMU
instruments. The scan rate was 10 mV/s with scan delay time 10 ms. The charge carrier dynamics
was characterized via open circuit photovoltage decay measurement. The electrochemical
impedance spectroscopy (EIS) measurement of PSCs was recorded by using an electrochemical
workstation with the frequency range from 1 MHz down to 100 mHz in a nitrogen glove box under
zero bias with light illumination.
Materials Characterization

X-ray photoelectron spectroscopy (XPS) measurements were performed on a Physical
Electronics PHI 5000 Versa Probe spectrometer using a monochromatic Al Ka (hv = 1486.6 eV)
X-ray source. Peaks reported were charge corrected using the adventitious carbon C 1s peak at
284.6 eV as the reference. The room temperature cathodoluminescence (CL) spectra were acquired
at 7 kV accelerating voltage with an e-beam current of 100 pA. Transmission spectra of the TiO2

layer were measured by an UV-Vis-NIR UV-3600 spectrophotometer (Shimadzu, Japan).

RESULTS AND DISCUSSION

The SEM image in Figure 1a shows the typical surface morphology of the hybrid perovskite
film deposited on the ~ 45 nm thick TiO2 compact layer, with a grain size up to ~ 2 um. There is
no discernable morphology change for the perovskite film when the TiO, compact layer was

annealed under different conditions. Figure 1b is the cross-sectional SEM image of the PSC



structure, indicating the FTO, TiO,, MAPDbI3, and HTM layers. The MAPbI; perovskite layer has
a thickness of ~ 400nm. There are no perovskite grains stacked up on each other in the vertical

direction, and therefore large grains will facilitate charge carrier transport and their collection.
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Figure 1. (a) SEM image of perovskite surface morphology showing large crystalline grains. (b)
Cross-sectional SEM image of the PSC structure (before Au contact deposition). Pseudo colors
were applied to differentiate each layer. (c) Current density-voltage curves for the three different
cells based on TiO2 annealed under different conditions. (d) The corresponding external quantum
efficiency and the integrated photocurrent density for the cells in (c). (¢) The photocurrent
distribution histogram for the three category of cells. (f) The PCE distribution histogram for the

three category of cells.

PSCs with TiO2 ETM annealed in ambient air for 0.5 h, oxygen for 0.5 h, and oxygen for 2 h
are called PSC1, PSC2, and PSC3, respectively. The photocurrent-voltage characteristics of these

three categories of PSCs are shown in Figure 1c, while the quantum efficiency measurements and



the integrated currents (Figure 1d) were used to calibrate the short circuit current Jy.. The J-V
curves were obtained in the reverse scan from the open voltage to the short circuit at a rate of 10
mV/s. For these champion devices obtained with TiO; annealed in different conditions, an increase
of Ji from 19.93 mA/cm? to 22.26 mA/cm?* was observed after the annealing atmosphere was
changed from ambient air to oxygen while maintaining the 0.5 h annealing duration. J;c was even
further increased to 22.82 mA/cm? after a longer period (2 h) of oxygen treatment. With a similar
open circuit voltage (Vo) but an enhanced fill factor (FF), the PCE was thus improved from
13.58% to 15.85%. The photovoltaic parameters of these three champion devices are compared in

Table 1.

Table 1. The PSC performance comparison for different TiO2 annealing conditions.

Sample Jse Voe FF PCE Average J;,. Average PCE
mA/em?) (V) (%) (%) (mA/cm?) (%)

PSCI (Air0.5h)  19.93 1.03 66.14 1358 19.09+£1.35 12.41+1.95

PSC2 (02 0.5 h) 22.26 1.03 65.40 15.00 20.82+1.04 13.57+1.50

PSC3 (022 h) 22.82 1.03 67.45 1585 21.52+1.17 1438+1.25

Considering the PSC performance variation from the same process batch, multiple cells were
fabricated and characterized. The J;. and PCE histograms are summed up in Figure le,f. It is clear
that with the TiO2 annealing atmosphere changed from air to Oz and the annealing time changed
from 0.5 h to 2 h, the short circuit current and power conversion efficiency of these cells,
statistically speaking, were improved. The average J;c was increased from 19.09, 20.82 to 21.52

mA/cm?, and PSC from 12.41%, 13.57% to 14.38% for the three annealing conditions (Table 1).



In the entire fabrication process of these PSCs, the thermal annealing condition of TiO>
compact layers was the only parameter that was changed. In order to clarify how annealing
condition change of ETM could lead to better photocurrent and power conversion efficiency in
PSCs, three TiO; samples: annealed in air for 0.5 h (S1), in Oz for 0.5 h (S2) and in O> for 2 h (S3)
were studied to understand their property change and the subsequent impact on electron transport
in PSCs.

XPS studies were carried out to characterize the variation of oxygen vacancy density in the
TiO> film surface. The survey spectra of the three samples showed no discernible difference. The
high-resolution Ti 2p, O 1s and C 1s core level XPS spectra were then recorded. Detailed analysis
of Ti 2p23 component is shown in Figure 2a-c. For each sample, the Ti 2p2/3 peak was deconvoluted
into two symmetric peaks at around 458.8 eV and 457.3 eV. The former peak (458.8 eV)
corresponds to Ti*'(2p2/3) state, while the latter peak (457.3 eV) could originate either from Ti**2p213)
state or from core level peaks of Ti*" bound to an oxygen vacancy (Ti*'~Vo). It was argued that
the peak separation between Ti*" and Ti*" is around 1.8-1.9 eV,*’ while the peak separation
measured here is around 1.4—-1.5 eV, and therefore, the small shoulder (457.3 eV peak) should be
attributed to core level peak of Ti*" bound to an oxygen vacancy Ti*'—Vo.*® Regardless of its
origin, oxygen-deficiency during annealing results in this shoulder peak. From our measurements,
the area ratio of this shoulder peak to both peaks is reduced from 6.66% in S1 to 6.31% in S2, and
further to 3.68% in S3. These differences imply that Ti ions with a lower oxidation state or
bounded to an oxygen vacancy as non-stoichiometric defects were oxidized/repaired, and the
oxygen deficiency in the film was thus reduced by treatment in the oxygen environment at longer
duration. With more stoichiometric structures in the TiO> compact layers, the density of the oxygen

vacancy defects was reduced.
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Figure 2. The high-resolution Ti 2p3» peak is deconvoluted into two peaks at around 458.8 eV
(main peak) and 457.3 eV (shoulder peak) for three TiO> samples: S1 in (a), S2 in (b) and S3 in
(c). Similarly, high-resolution O 1s peak is deconvoluted into two peaks at around 530.1 eV (main

peak) and 531.5 eV (shoulder peak) for three TiO, samples: S1 in (d), S2 in (e) and S3 in (f).

Similar conclusion can also be drawn from the XPS analysis of O 1s peak, which was
deconvoluted into a pair of symmetric peaks, as shown in Figure 2d-f. The dominant peak at around
530.1 eV is unambiguously attributed to O—Ti*" bond, while the shoulder peak at around 531.5 eV
could be ascribed to O-Ti*" or O-Ti*'— Vo. For the three (S1, S2, and S3) samples, the area ratio
of the shoulder peak to both peaks is reduced from 13.81% to 8.76%, and further to 6.32% when
annealing in oxygen for 0.5 h and 2 h, respectively. Although the area ratios of the shoulder peak
obtained from O 1s spectra are somewhat different when compared to the area ratios obtained from

Ti 2p spectra, probably due to surface contamination that introduces other oxygen bonds such as
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OH bond, the decreasing trend of the shoulder peaks, and therefore, the conclusion that annealing
in oxygen can reduce the oxygen deficiency in a TiO; film, is the same.

Since the oxidation of TiO; during the annealing process starts from the surface and
gradually penetrates into the film “bulk”, and because XPS is a surface-sensitive characterization
technique, the XPS-measured oxygen deficiency differences determined for the three samples,
although exhibiting the changing trend, are not necessarily the most informative/appropriate when
considering the entire thickness of TiO» film. Low-voltage cathodoluminescence (CL)
spectroscopy measurements were carried out to better quantify the effect of oxygen annealing on
TiO2 oxygen vacancies defects in the film “bulk”. CL spectroscopy is widely applied as an

3940 and the optical property of a TiO>

effective technique for the study of defects in metal oxides,
film greatly depends on its stoichiometry.***!*? In our measurements, the overall intensity of the
CL spectra significantly increased with the introduction of oxygen annealing. Figure 3 shows the
normalized CL spectra of the three (S1-S3) samples annealed in different conditions, and a
shoulder peak at longer wavelengths is clearly discernible. At room temperature, band edge
transition in TiO; is not observable, and the measured spectrum in the visible range comes from
sub-band optically active defects and bounded excitons. Based on TiO2 subband optical transitions,
the spectrum was fitted with three Voigt peaks centered at 500, 550, and 610 nm, respectively.*
Relevant to this study, the red emission at 610 nm was attributed to optically active oxygen
vacancy sites.**** For the three samples in Figure 3a-c, the intensity ratio (area ratio) of the 610
nm peak emission to the overall emission decreased from 52.6% to 43.2% and 34.3%, respectively.

This suggests that after annealing in oxygen environment, particularly at longer duration, the

density of oxygen vacancy sites in the “bulk” film is significantly reduced.
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Figure 3. The retrieved CL spectra and their sub-band deconvolution for TiO2 samples: S1 in (a),
S2 in (b), and S3 in (c). All spectra were normalized and fitted with three Voigt functions centered
at 500, 550, and 610 nm. The 610 nm red emission is considered to originate from optically active

oxygen vacancy sites.

TiO2 material property change after annealing in oxygen can be further observed from the
UV-visible transmission spectra, as shown in Figure 4. The optical transmission at wavelengths
below ~ 500 nm increased after the oxygen treatment. In particular, a significant blue shift of the
absorption edge can be noticed. From the Tauc plot (inset of Figure 4), the optical energy band
gap is derived to be 3.21, 3.33, and 3.37 eV for S1, S2, and S3 samples, respectively. Both, the
increased optical band gap, and the enhanced optical transmittance ensure that more solar light
enters, and therefore, is absorbed in the perovskite active layer of PSCs for higher photocurrent
generation, as shown in Figure 1. Therefore, reduction of oxygen deficiency in TiO2 ETM is

critical for an enhanced photocurrent in PSCs.
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Figure 4. Transmittance of the three TiO2 samples (S1-S3). The inset is the Tauc plots to derive

their optical band gaps.

Since oxygen vacancies in TiO» are electron traps, density reduction of these vacancies will
certainly impact the electron transport kinetics in TiO, ETM. To confirm this effect, the electron
lifetime study and electrochemical impedance spectroscopy (EIS) measurements of PSCs were
carried out. The electron lifetime, which is related to the electron recombination kinetics, was
measured via the open-circuit photovoltage decay (OCVD) method.**** Open circuit voltage (Voc)
decay was recorded in the dark condition immediately after switching off the solar illumination on
PSCs, as shown in Figure 5a. Since devices were investigated under the open-circuit in the dark
condition, the feature of carrier recombination could be revealed. After switching off the light, the
Voe of three PSCs decayed at a different rate, with PSC3 being the slowest. After 47 s, the Vi

decreased to 0.27, 0.39, and 0.46 V for PSC1, PSC2, and PSC3, respectively (Figure 5a). The

T . : kpT (dVoc\ L
electron recombination lifetime (7,,) was calculated using the equation 7., = —%(d—‘t’c) ,

where k3 is the Boltzmann constant and 7 is the temperature. The dependence of 7., on Vo is

shown in Figure 5b. PSC3 exhibited a much longer electron lifetime than the other two PSCs,
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especially when compared to PSC1. Since the only difference between these PSCs is the TiO»
annealing condition, the OCVD study suggests that the oxygen treatment could reduce the density

of oxygen vacancy traps in TiO; and further inhibit carrier recombination.
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Figure 5. (a) The time transient measurement of the open circuit photovoltage after switching off
the solar illumination for the three PSCs, and (b) the calculated electron recombination lifetime

dependence on the open circuit voltage.

Electrochemical impedance spectroscopy (EIS) measurements of PSCs with the differently
treated TiO2 ETMs were also conducted to investigate the effect of oxygen annealing process on
the charge transport kinetics and the recombination loss of PSCs. Figure 6a shows the EIS spectra
of PSC1-3 in the Nyquist plot format, which exhibits two semicircle feature regions. This suggests
a different carrier kinetics behavior at low and high frequencies.’’>? It is clear that the impedance
is increased from PSC1, to PSC2, and further to PSC3, indicating the dramatic effect of the TiO»

annealing condition.
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Figure 6. EIS spectra of three (PSC1, PSC2, and PSC3) cells. (a) Nyquist plots and fitting curves.

Inset is the circuit used for curve fitting. (b) Bode plots showing the characteristic frequency peaks.

Table 2. Parameters extracted from EIS spectra of three PSCs.

Cell R, Reon  CPEcon  peon  Rrec CPE, pu Je Ter
(Qem?) (Qem?) (nF cm?) (Qcm?)  (uF cm?) (kHz)  (us)
PSC1 (Air 0.5 h) 1.24 191 5.87 0.82 402 3.03 0.81 120 1.32
PSC2 (0, 0.5 h) 1.27 301 1.13 0.91 825 1.53 0.90 102 1.55
PSC3 (022 h) 1.54 508 0.24 0.95 1782 0.54 0.88 87 1.83

To extract useful information, EIS spectra were fitted using the circuit shown in the inset of
Figure 6(a) consisting of two parallel-RC elements connected in series along with an additional
series resistance (Ry). This model can describe well the measured EIS spectra, as noticed from the
good fittings. In this model, the low-frequency part is attributed to the recombination resistance
(Rrec) and chemical capacitance (CPE,) of the system, while the high-frequency semicircle is
described by the contact impedance, Rco» and CPE..,, between the perovskite and two selective

contacts.>® Considering the same perovskite/HTM interface being used, the difference in contact
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impedance for three PSCs is due to the perovskite/TiO> interface.’*>® For a better fitting, constant
phase elements (CPE with parameter p) were used instead of capacitors. The fitted parameters are
listed in Table 2. It is not surprising that with the reduced density of oxygen vacancies and related
sub-band states in the TiO2 ETM layer, the series resistance Ry is slightly increased, and the
electron injection rate into TiO; is reduced, thus resulting in a slightly higher Rc,,» when TiO> is
annealed in O> and at longer duration. However, considering the overall PSC performance, the
slightly higher contact resistance and series resistance can be offset by the concomitant increase
of the recombination resistance R, or the reduction of recombination rate of photocarriers. It is
known that electrons trapped in the sub-band states of TiO2, particularly for those close to the
interface with the perovskite, will enhance recombination with holes in the perovskite. Our results
clearly indicate that the reduction of density of oxygen vacancies in TiO2 can decrease the charge
recombination rate. It is interesting to note that the chemical capacitance CPE,, is reduced after the
treatment of TiO2 in oxygen. The chemical capacitance is closely related to energy states around
the electrochemical potential of the contact layer (TiO; here). A diminishing chemical capacitance,
as measured here, again, is consistent with our observation that the oxygen treatment of TiO»
reduces the density of oxygen vacancies and their related energy states.

With the reduction of charge traps in TiO2, particularly those at the surface, it is expected that
the charge transfer rate from perovskite into TiO2 will decrease. To find out the electron transfer
time (ze;), Bode plots of EIS spectra were generated, and are shown in Figure 6b. The electron
transfer time can be obtained from the characteristic frequency peaks (f.) in the high frequency
charge transfer region®’ using the relation: z.; = (2mf.)"!. It is clear from Figure 6b that the f. value
shifts towards lower frequency as the oxygenated annealing time is increased. Thus, 7. is increased

from 1.32 ps for PSC1 to 1.55 ps for PSC2, and 1.83 ps for PSC3. In principle, a short electron
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transfer time improves PSC efficiency; however, this shortened time should not be achieved by
introducing wrong electron paths such as electron deep traps since electrons transferred through
such paths will not be collected at PSC electrodes. The slightly longer electron transfer time
measured in PSC3 proves that the electron transfer path through deep traps have been reduced
significantly comparing to PSC1. This result again confirms that the oxygen deficiency related

traps were diminished after longer time annealing in oxygen.

CONCLUSION

In summary, the chemical bonding analysis and the optical emission study revealed that the
oxygen vacancy related defect density in the TiO» electron transport layer was reduced by changing
the annealing environment from ambient air to oxygen and increasing its duration. The reduced
oxygen vacancy density improved the optical transmission of TiO» layer, and resulted in a wider
optical bandgap; and therefore, the improved TiO: layer can serve as better optical window. More
significantly, the reduction of oxygen vacancy related defects decreased the trap-assisted charge
carrier recombination rate at the perovskite/TiO» interface, and resulted in the extended charge
carrier lifetime, as confirmed by the open circuit photovoltage decay study and the electrochemical
impedance spectroscopy study. This leads to an enhanced current density and an improved fill

factor in the PSC; and therefore, results in a better power conversion efficiency.
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