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ABSTRACT: The development of ambient-air-processable organic—inorganic halide perovskite solar cells (OIHPSCs) is a
challenge necessary for the transfer of laboratory-scale technology to large-scale and low-cost manufacturing of such devices.
Different approaches like additives, antisolvents, composition engineering, and different deposition techniques have been employed
to improve the morphology of the perovskite films. Additives that can form Lewis acid—base adducts are known to minimize
extrinsic impacts that trigger defects in ambient air. In this work, we used the 3-thiophenemalonic acid (3-TMA) additive, which
possesses thiol and carboxyl functional groups, to convert Pbl,, PbCl,, and CH;NH;I to CH;NH;Pbl; completely. This strategy is
effective in regulating the kinetics of crystallization and improving the crystallinity of the light-absorbing layer under high relative
humidity (RH) conditions (30—50%). As a result, the 3-TMA additive increases the yield of the power conversion efficiency (PCE)
from 14.9 to 16.5% and its stability under the maximum power point. Finally, we found that the results of this work are highly
relevant and provide additional inputs to the ongoing research progress related to additive engineering as one of the eflicient
strategies to reduce parasitic recombination and enhance the stability of inverted OIHPSCs in ambient environment processing.
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1. INTRODUCTION photoactive layer."" Consequently, the overall performance of
the OIHPSCs is abated because of the recombination of charge
carriers at the surface and/or across interfaces.

To improve both the PCE and stability of the OIHPSCs,
researchers are extensively exploring several approaches to
reduce high trap density states in the OIHP polycrystalline thin
films. In this regard, compositional engineering, incorporation
of additives, interface, and surface passivation of the light
absorber layer, careful selection of charge transport layers,
solvent engineering, and use of proper electrode layers have
been investigated extensively to minimize the barrier toward

The unprecedented increase in power conversion efliciency
(PCE) of organic—inorganic halide perovskite solar cells
(OIHPSCs) from 3.9% in 2009' to 26.1% in 2023” is a
great motivation for researchers as well as achievement in
photovoltaic science and technology. Even though OIHPSCs
exhibit many exciting optoelectronic features,”” their instability
toward extrinsic and intrinsic stresses’ is profoundly hindering
their scalability and commercialization. For example, large
grain boundaries, pinholes, and residuals are instigating deep
and shallow defects at the surface and/or interfaces, which
induce degradation of the OIHPSCs.®” Octahedral tilting,

rotations, and deformations of corner-sharing PbI¢*~ octahedra Received: ~ September 30, 2023
are also suggested for lowering the performance of the Revised:  December 10, 2023
OIHPSCs.* ' On the other hand, the oxidatively doped Accepted: December 22, 2023

Spiro-OMeTAD layer, which is the most common hole Published: January 4, 2024

transporting material in a standard planar OIHPSC structure,
induces the leakage of air and moisture through it toward the
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commercialization of OTHPSCs.'*~"” Structural engineering of
a three-dimensional/two-dimensional (3D/2D) mixed perov-
skite structure has also been investigated to get stable and
reproducible OTHPSCs.”>*' In addition to this, the role of
deposition techniques on whole performance has also been
studied as one of the mechanisms to fabricate stable organic—
inorganic halide perovskite (OIHP) devices.”

Pbl, impurities can be formed by an incomplete conversion
of the precursor materials to CH;NH,;Pbl; in dimethylforma-
mide (DMF), which is ascribed to the so-called fast
crystallization.”® In this case, a nonhomogeneous photon
absorber layer with pinholes and numerous grain boundaries is
formed. As a result, nonradiative recombination can occur due
to the defective surface. To improve the crystallization of the
perovskite thin films, researchers have been working on a
Lewis acid—base adduct approach, which involves the effective
coordination of under-coordinated Pb** or I~ with additives
that can donate or accept lone pair electrons.”*”*® This
approach is mainly based on retarding the crystallization of
Pbl,, which improves the crystallization of OIHP. Research
results show that a uniform and smooth morphology of the
OIHP thin films can be obtained by incorporating some
appropriate additives.”’~>” Moreover, larger grain or fewer
grain boundaries have been found to reduce the number of
deep-trap states, which cause charge recombination on the
surface of the OIHP thin films. The formation of ionic,
covalent, or noncovalent bonds between ions or atoms in
OIHP and additives/or passivators plays a vital role in
suppressing the dissociation of OIHP films due to physical
and chemical stresses.*”*" In this regard, adding small organic
molecules or organic salts as an additive to the OIHP solution
has been employed as an effective and efficient strategy to
augment the PCE and/or stability of devices in ambient air.

In this work, we introduced 3-thiophenemalonic acid (3-
TMA) as an additive to the precursor solution of CH;NH;Pbl,
to enable facile crystallization in an ambient environment. The
molecule possesses a thiol and two carboxyl functional groups.
The binding of carboxyl functional groups with under-
coordinated Pb** or I" was disclosed from the results of
Fourier transform infrared spectroscopy (FTIR) and X-ray
photoelectron spectroscopy (XPS) measurements. Conse-
quently, the results of surface morphology measurements
indicated that a smooth surface with an improved average grain
size was achieved for an optimized concentration of 0.30% (w/
w). X-ray diffraction (XRD) shows that the characteristic
diffraction peak intensity of the additive-containing devices is
increased, which is ascribed to the improved crystallinity of the
films. In addition to this, the extracted results ensure that Pbl,
is completely converted to CH;NH;Pbl;. Results from
intensity-modulated photovoltage spectroscopy (IMVS) also
indicate that the incorporation of the 3-TMA additive reduces
the formation of the nonradiative recombination across a
surface and/or interface of the photoactive films. Moreover,
the additive-containing OIHPSCs showed improved photo-
voltaic performance and stability compared to devices without
additives.

2. EXPERIMENTAL DETAILS

2.1. Materials. Indium tin oxide (ITO)-coated glass
substrates (15 Q cm™), lead iodide (Pbl,, Sigma-Aldrich,
99%), lead dichloride (PbCl,, Alfa Aesar, 99.9%), [6,6]-phenyl-
Cg;-butryic methyl ester (PCBM, Solenne BV), 3-thiophene-
malonic acid (TCI America, 98%), aluminum (Al), poly(3,4-
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ethylenedioxythiophene) polystyrenesulfonate ((PE-
DOT:PSS), Clevios PH1000), Zonyl FS-300 fluorosurfactant
(40% in H,0, Fluka), dimethylformamide (DMF, anhydrous,
Sigma-Aldrich), dimethyl sulfoxide (DMSO, Anal. R. VWR
chemicals, 99.5%), chlorobenzene (CsH;Cl, 99.8%, Sigma-
Aldrich), chloroform (Anal. R. VWR chemicals), acetone
(VWR Chemicals), isopropanol (VWR Chemicals), acetylace-
tone (AA, Sigma-Aldrich >99%), and Helmanex detergent
(Hellma Analytics) were purchased from the commercial
chemical suppliers and used as received. In addition,
methylamine (33 wt %, in absolute ethanol, Sigma-Aldrich),
hydroiodic acid (HI (aq), 57 wt %, Sigma-Aldrich), diethyl
ether (VWR Chemicals), and ethanol (absolute, MERCK)
were used to synthesize and purify methylammonium iodide
(MAI) according to the literature.” TiO, sol—gel was
synthesized based on the procedure reported by Park et al.**

2.2. Preparation of the Perovskite Solution. MAPbI,
solution was prepared by mixing a 1:1:4 mol ratio of Pbl,,
PbCl,, and MA], respectively.34 Then, different concentrations
of 3-TMA in % (w/w) (0.15, 0.30, and 0.45) were added as the
solid additives to the above mixture for optimization. Finally,
the mixture of the perovskite precursors was dissolved in
anhydrous DMF, which contains 10.0 vol % acetylacetone
(AA) as the solvent additive, and was stirred overnight at about
45 °C.'° Finally, the solution was filtered using a 0.45 yum
polytetrafluoroethylene (PTFE) filter.

2.3. Device Fabrication. ITO-coated glass substrates were
cleaned by using Hellmanex detergent solution, deionized
water, acetone, and isopropanol (IPA) for about 20 min of
each step in an ultrasonicator. Then, the cleaned substrates
were dried under nitrogen (N,) gas stream before starting the
spin-coating process. A PEDOT:PSS (Clevious PH1000)
solution was prepared by adding 7% of dimethyl sulfoxide
(DMSO) and 0.7% Zonyl FS-300 fluorosurfactant and it was
mixed well in order to enhance the conductivity.”” The
PEDOT:PSS (Clevious PH1000) solution was spin-coated as a
hole transport layer (HTL) at 1250 and 2000 rpm for 45 s and
annealed at 120 °C for 15 min. It was washed by spin-coating
IPA (400 pL) at 2000 rpm for 2 s and 4000 rpm for 10 s and
annealed again for 15 min at 120 °C. After cooling the
PEDOT:PSS films to room temperature, the filtered solution
of the perovskite (MAPbI;) was spin-coated at 1250 rpm for
17 s and 2000 rpm for S s. After 1 min delay, the coated
substrate was then transferred to a hot plate for annealing at
110 °C for 30 min. Then, 20 mg/mL PCBM solution in
chlorobenzene and chloroform (1:1 vol ratio) was spin-coated
on the absorber layer as an electron transport layer (ETL) at
1250 rpm for 16 s and 2000 rpm for 15 s. Here, it should be
noted that all solutions (i.e., hole transport, perovskite, and
electron transport layer solutions) were filtered with their
corresponding filters before they had been deposited. Hence-
forth, TiO, sol—gel was spin-coated on the top of the ETL at
5000 rpm for 30 s and annealed at 107 °C for 7 min. The
whole device processing was performed in the ambient
environment, and finally, the inverted perovskite solar device
configuration: (ITO/PEDOT:PSS/MAPbI,/PCBM/TiO,/Al)
was completed by thermal evaporation of 110 nm aluminum
metal as a back electrode.

2.4. Characterization. The surface morphology of the
films was characterized by using Bruker Innova atomic force
microscopy (AFM) and scanning electron microscopy (Jeol
SEM). The thickness of different layers was measured by a
profilometer (Bruker Dektak.XT). X-ray diffraction (XRD)

https://doi.org/10.1021/acsomega.3c07592
ACS Omega 2024, 9, 2674—2686


http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c07592?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

patterns were measured by a Materials Research diffractom-
eter, which is suitable for the structural characterization of the
thin films under ambient conditions. It has a horizontal w-20
goniometer (320 mm radius) in a four-circle geometry and
works with a ceramic X-ray tube with a Ka anode (4 = 1.540
A). This diffractometer is equipped with different incident and
diffracted optics, which can be interchanged depending on the
application required (i.e, a parabolic mirror, a hybrid
monochromator, a Ge (440) four-crystal monochromator, a
parallel plate collimator, and a polycapillary lens). A PIXcel
detector, which is a fast X-ray detector on Medipix2
technology with a 256 X 256 pixels array, was used. The
characteristic photocurrent density—photovoltage (J—V) re-
sponse of the solar cells with 0.15 cm?® active cell area was
measured by using a Keithley-2400-LV source meter. A LOT-
QD solar simulator with a 1000 W xenon lamp providing an
AML1.5 global spectrum was used for irradiation. The intensity
of the solar simulator was calibrated by a silicon reference
diode. This technique was also used to measure the hole-only
device dark current density (J,) to get the space-charge-limited
current (SCLC) curves.

The external quantum efficiency (EQE) was measured by
using an optical setup consisting of a lock-in amplifier (SR830,
Stanford Research Systems) and a Jaissle 1002 potentiostat
functioning as a preamplifier. Devices were illuminated with
light from the xenon lamp passing through a monochromator
(Oriel Cornerstone). A filter wheel holding long-pass filters
and a mechanical chopper were mounted between the xenon
lamp and the monochromator. Chopping frequencies in the
range of 10—200 Hz were chosen. A silicon diode
(Hamamatsu S2281) was used to determine the light intensity
delivered by the setup at each wavelength.

Absorbance, transmittance, and reflectance of MAPDbI; thin
films with and without the 3-TMA additive were recorded with
an ultraviolet—visible—near-infrared (UV—vis—NIR) spec-
trometer (PerkinElmer Lambda 1050). Tungsten and
deuterium lamps were used as the light source to provide a
wide wavelength range from 190 to 3100 nm.

An Osssila contact angle goniometer (L2004Al, Nether-
lands) was used to carry out the contact angle measurements
of the HOIP films at room temperature using 18 MQ ultrapure
water.

Fourier transform infrared spectroscopy (FTIR) spectra
were collected by an FTIR spectrometer (Bruker Vertex 80,
equipped with a Bruker platinum attenuated total reflectance
(ATR) accessory). XPS measurements were performed on a
Theta Probe XPS system (Thermo Fisher). The system used a
monochromated Al-Ka X-ray source with an energy of 1486.6
eV and a spot diameter on the sample surface of 400 ym. For
high-resolution scans, a hemispherical analyzer was set to a
pass energy of 20 eV at an energy step size of 0.05 eV. The
system used a dual flood gun, which provided electrons and
Ar" ions with low kinetic energy for charge compensation on
the sample. Data acquisition and evaluation were performed
via Avantage software (Thermo Fisher). For background
correction of high-resolution XPS spectra, the smart back-
ground correction was used, which is based on a Shirley
background, modified by the constraint that the background
values cannot be at a higher intensity than the measured data.
To correct charging, the binding energies of all spectra were
referenced to the values of the Pb 4f,,, binding energy of
Pb(0) artifacts at 136.5 eV.*°
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Photoluminescence spectra of various devices were meas-
ured by using a Shamrock SR-303i monochromator and an
Andor iDus Si-CCD detector. Samples were excited at 488 nm
with a 5§ mW power using a COHERENT OBIS 488—150 LS
laser. A set of long-pass filters was used to avoid any distortion
of the recorded spectra by laser light.

Intensity-modulated photovoltage spectroscopy (IMVS)
measurements were executed under V. conditions under
illumination with 10% light-modulated amplitude. IMVS
measurement setups were proceeded as follows. Primarily,
the OIHPSCs with and without additives were fronted to a
light-emitting diode (LED). The parameters were set to
measure the perturbed V,, which is DC voltage with 10% light
intensity perturbation in the frequency range from 1 MHz to
50 mHz by using PhotoEchem software. Then, the values of
LED light intensity were set by the program to vary the
intensity by controlling the current applied to the LED source.
Finally, the software generated an intensity calibration curve by
using its NIST-calibrated reference photodiode and controlled
the LED intensity directly via a LED driver (Thorlabs
DC2100). To check whether the solar cell was properly
connected and operated, the J—V characteristics were
measured before the IMVS measurements.

2.5. Theoretical Calculations. Quantum chemical calcu-
lations were carried out using the M06-2X density functional®’
as implemented in Gaussian09 software.”® The Los Alamos
National Laboratory 2-Double-Zeta (LANL2DZ) basis set was
used for lead and iodine®” and the standard basis set 6-
31+G(d,p) was used for other atoms. The noncovalent
interaction (NCI) analysis was performed using the software
called a multifunction wavefunction analyzer (Multiwfn).*’
Furthermore, visualization of the noncovalent interactions was
displayed by the VMD program.*'

3. RESULTS AND DISCUSSION

3-TMA, which is incorporated as a solid additive in the
MAPbI; perovskite solution (Figure la), was employed to

(a) 0

0

HO OH

PEROVSKITE

=

/

Figure 1. (a) Chemical structure of 3-thiophenemalonic acid and,(b)
the p-i-n configuration of MAPbI; PSCs.

ITO
)

fabricate perovskite solar cells with the p-i-n architecture
(Figure 1b). The compound contains the thiophene and
carboxylic functional groups, which act as Lewis bases due to
their lone pair electrons on oxygen and sulfur atoms. The
presence of lone pairs of electrons on the compound provides
the possibility to form either noncovalent or covalent
interactions with lead ions (Pb**) or iodide ions (I7) or
hydrogen atoms in the ammonium cation.*” Consequently, it is
believed that chemical interactions, resulting from Lewis acids
and bases,” could induce nucleation and control the kinetics
of crystallization.*”** Thus, they can lower the degree of
nonradiative recombination conception in a material.*>*’
3.1. Chemical Interactions. 3.1.1. Computational Find-
ings. A computational calculation using MO06-2X density
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Figure 2. (a) Schematics of the most stable structure of the 3-TMA and Pbl, and (b) isosurface map for NCI of the 3-TMA and Pbl, complex,

which are obtained using the M06-2X density functional.
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Figure 3. Contact angle of MAPbI, films (a) without and (b) with additives and (c) FTIR spectra of 3-TMA and Pbl, thin films. XPS spectra
indicate the characteristic core-level fitted peaks of (d) Pb 4f and (e) I 3d of films with and without additives.

functional theory (DFT) was applied to gain detailed insight
into the possible interaction between Pbl, and 3-TMA in the
perovskite precursor. After generating the input structures of
Pbl, and 3-TMA, the most stable structure (Table S1) was
used to carry out the noncovalent interaction (NCI) analysis
(Figure 2a). Theoretical information, which visualizes the
presence of NCI between nuclei of atoms, provides a better
explanation for the existence of attractive van der Waals and
repulsive forces.”® These forces are indicated using an
isosurface map of interaction region indicator (IRI), which
are assigned by blue, light blue, green, light green, and red
colors to show the type of NCI between atoms.*”*’
Accordingly, the presence of a blue disk (Figure 2b) between
09 (red) and Pb19 (gold) in the 3D isosurface map of the
NCI plot ensures that the interaction is attractive. Besides, the

presence of green isosurface between H16 (white color) and
120 (dawn pink color) reveals the existence of van der Waals
interactions in the same figure.

Moreover, the energy density parameters are indicated in
(Table S2) to provide possible clues for the nature of the
interactions between atoms. In the aforementioned table, the
Laplacian of the electron density (V?p), which is used to
identify bond critical points (BCP), describes the strength of
NCI between two nuclei of atoms.’” Accordingly, the
calculated positive V?p values along the 09—Pb19, H16—120
and 7—Pb19 BCPs reflect the presence of NCI between
atoms.’” Further, the 7 electron density of the highest
occupied molecular orbital (HOMO) level is indicated in
Figure SI. It shows the possible van der Waals forces between
the 7z system of 3-TMA and Pb**. In addition, the NCI
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Figure 4. Optical properties of MAPbI, films with and without the 3-TMA additive. (a) UV—vis transmittance spectra, (b) time-resolved
photoluminescence, (c) room-temperature photoluminescence, and (d) X-ray diffraction (XRD) of MAPDI, films with and without the 3-TMA

additive.

strengths are dependent on the electron density and the bond
length of the two nuclei between atoms.>® In this regard, the
corresponding bond lengths, which are calculated for non-
covalent interactions, are larger than those of the covalent.
This shows that the relative electron density that was
calculated between atoms for NCI is smaller (Table S2).
Consequently, theoretically extracted NCI between atoms of
lead halides and 3-TMA is an important factor to regulate the
crystallization kinetics of the OIHP thin films.™*

3.1.2. Experimental Results. The ionic nature of OIHP thin
films induces dissolution in moisturized environments even if a
very small amount of water as a Lewis base is integrated into
them.” To support such findings, the formation of hydrogen
bonding with the organic or halides of OIHP thin films in the
presence of water molecules, leading to chemical decom-
position, was computationally studied.® One of the critical
problems with OIHPSCs is their instability when exposed to
moisture. To mitigate this kind of negative impact, improving
the crystallinity of the photoactive layer or passivating surfaces
or interfaces has been widely applied as a possible solution. In
this work, water contact angle measurements were taken to
examine the interaction of light-absorbing layers with water.
The results in Figure 3a,b indicate that the hydrophobicity of
the film with the additive is increased compared to that of the
one without the additive, which attributes to the improved

crystallinity and reduced trap-assisted recombination. Corre-
spondingly, FTIR measurements were collected to investigate
whether functional groups of 3-TMA interacted as a Lewis
base with Pb**, which is a Lewis acid, to form a Lewis acid—
base adduct or not. Figure 3¢ confirms that there is a shift to
lower wavenumbers, which ascribes to the binding of two
different C=0 stretching vibrations from 1752 and 1680 to
1723 and 1638 cm™' with Pbl, to form a Lewis acid—base
adduct. X-ray photoelectron spectroscopy (XPS) measure-
ments were also conducted to further investigate the
interaction of Pb*" with the 3-TMA additive. In order to
show the Pb 4f fitted peak spectra, the binding energy of Pb(0)
is referenced (Figure S2a). Figure 3d shows the characteristic
XPS spectra of fitted peaks of Pb 4f that shifts to a higher
binding energy, which indicates the binding of uncoordinated
Pb*" with the carbonyl groups of the additive. In addition, the
chemical shift of I 3d to a lower binding energy confirms
hydrogen bonding interactions between the I and OH
functional groups of additives (Figure 3e). This phenomenon
is supported by the disappearance of the characteristic broad
OH stretching peak of 3-TMA in the range of 3500—2500
cm™ for the Pbl, + 3-TMA sample (Figure S2). Moreover, C
Is also shows the change in the atomic mass percentage of
carbon and the chemical shift in carboxyl groups with and
without additives (Figure S2b,c). The chemical shift with a
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lower binding energy in both cases is attributed to the increase
in electron density and the decrease in electron affinity after
more electrons are donated from carboxyl functional groups of
the 3-TMA additive. In addition to this, the XPS results ensure
that there is no leftover chlorine in the OTHP thin films.”’
Even though lone pair electrons on the sulfur atom have the
possibility to bind with Pb**, the aromaticity of the thiophene
could reduce the nucleophilicity of the sulfur atom. In
addition, the seven-membered chelate ring, which is formed
by Pb** and lone pair electrons of sulfur and oxygen, is less
stable than the six-membered ring, which is formed by Pb**
and lone pair electrons of oxygen in 3-TMA. Results obtained
from the contact angle, FTIR, and XPS measurements confirm
the existence of the interactions between Pb** and I" with 3-
TMA, which is consistent with the NCI findings from
theoretical calculations. Therefore, the existing interactions
are among the prominent elements that regulate the
crystallization growth of OMHP thin films to improve the
crystallinity and reduce SRH recombination.

3.2. Optical and Crystallographic Responses. The
measured transmittance spectra (Figure 4a) of glass/ITO/
PEDOT/OIHP films show that the transmittance of light is
lowered for films with additives, which correlates to the
formation of good crystals.58 This, in turn, enhances the light-
harvesting potential of the photoactive layer, which results in
the generation of more charge carriers. Moreover, this
phenomenon improves the charge collection efficiency of the
OIHPSC.”

To study charge recombination dynamics, which strongly
affect the whole performance of the solar cells as well as the
quality of the light absorber layer, films with the glass/ITO/
PEDOT:PSS/OIHP structure were prepared. The photo-
luminescence (PL) and time-resolved photoluminescence
(TRPL) measurements were recorded in order to scrutinize
the degree of defects in the absorber layer. It is well-known
that the generation of electron—hole pairs by light absorption
in solar cells is interconnected with the strong radiative
recombination of the electron—hole pairs in a light-emitting
diode.”" As a result, the higher PL intensity (Figure 4b) after
the addition of 3-TMA as the solid additive in the pristine
OIHP solution proves that the trap-assisted nonradiative
recombination is reduced due to the passivation of
uncoordinated Pb** ions.”’ Similarly, TRPL spectroscopy
measurements were collected to analyze the level of trap-
assisted recombination. The TRPL curves are well fitted with a
biexponential decay equation: f(t) = A, exp(—t/7,) + A, exp-
(—t/1,) + B, where 7, and 7, are the decay time constants of
fast and slow processes, respectively, while A, and A, are
corresponding to relative decay amplitudes of fast and slow
processes, respectively, and B is the constant for the baseline
offset.”> The OIHP film without additives shows a distinctive
biexponential fast TRPL decay process (7;), which indicates
the presence of significant non-radiative recombination in the
light absorber perovskite surface (Figure 4c and Table 1). On
the other hand, the mentioned figure and table show that films
with additives present longer lifetime decay than those without
additives, which attributes to a lower density of the electron or
hole-trapping centers. The extracted longer average decay time
constant (Tavg) also unveils that the reduced defect density in
additive-treated OIHP films can be accounted for improved
V,. and FE.%’ In general, the longer radiative recombination
(7,) pathways in the photoactive perovskite layer lead to an
improvement of charge carrier injection, which contributes to
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Table 1. Summary Decay of Relative Amplitudes, Time
Constants, and Average Constant Time Extracted from
Resolved Photoluminescence Spectra of Perovskite Films
With and Without the 3-TMA Additive

w/w (%) A Ay 7, (ns) 7, (ns) Tavg (ns)
0.00 0.754 0.076 8.54 31.41 10.64
0.15 0.687 0.118 9.89 31.26 13.02
0.30 0.531 0.414 19.42 48.13 31.99
0.45 0.480 0.415 10.68 26.79 18.15

enhancing photovoltaic characteristics like V,,, J,, and FF of
the OIHPSCs.

On the other hand, X-ray diffraction (XRD) measurements
were carried out to analyze the effect of the 3-TMA additive on
the crystal structure and phase of MAPbI;. XRD spectra
(Figure 4d) are presented for MAPbI, films with and without
additives deposited on the glass substrate. The incorporation of
additives did not change the tetragonal crystal phase of
MAPDI; compared to the pristine film, which shows typical
peaks at about 14.12, 28.43, and 43.23°, corresponding to the
(110), (220), and (330) crystal planes, respectively.64 But the
equimolar excess CH;NH;I in both the precursor solution can
remove residual Pbl, from the surface of the photoactive
perovskite layer;” therefore, the characteristic diffraction peak
of residual Pbl, at about 12.7° was not observed. Thus, the
increased intensity of 3-TMA additive-treated MAPDI; films by
~1.41 indicates that the crystal quality is improved, which is in
good correlation with UV—vis—NIR, PL, and TRPL findings.

3.3. Topographic Profile. Atomic force microscopy
(AFM) and scanning electron microscopy (SEM) imaging
are employed to assess the morphology of MAPbI; films with
and without 3-TMA. The sample films have a glass/ITO/
PEDOT:PSS/OIHP configuration. Figure Sab indicates the
AFM images of the films without and with additives,
respectively. The OIHP films without and with additives
have a root-mean-square roughness (Rq) of 36.2 and 23.3 nm,
respectively. The lower R, for the additive-incorporated film
indicates that the additive improves the smoothness of the film,
indicating reduced defect density on the surface of the film.
The average grain sizes of films without and with additives are
1114 and 135S nm, respectively (Figure S3a,b). The increment
in average grain size due to the integration of additives in a
precursor solution improves charge carrier traniport with less
non-radiative recombination across a surface.’”®” Similarly, the
SEM images in Figure 5c,d show the OIHP films without and
with additives, respectively. In this work, additive-containing
OIHP films show a notable rise in crystal grain size (Figure
S3c,d). Thus, the degree of formation of small grains, which act
as charge carrier trap centers, is reduced.®®

3.4. Photovoltaic Characterization. In order to analyze
the impact of 3-TMA on the mentioned photovoltaic
parameters, current density—voltage (J—V) characteristics of
perovskite solar cells having glass/ITO/PEDOT:PSS/OIHP/
PCBM/TiOx/Al structures with a 0.15 cm?® active cell area
were measured under AM1.5 G (100 mW/cm?) solar spectrum
illumination. It is a well-known fact that charge carrier trapping
centers or defects in OIHPSCs could be formed during film
formation due to fast crgfstallization, which results in the
formation of small grains.”” Consequently, the performance of
the solar device becomes poor owing to the reduced open-
circuit voltage (V,.), short-current density (J.), and fill factor
(FF). That is why we used the additives to obtain optimal
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Figure 5. Topographic profile of MAPbI; films with and without 3-TMA. AFM images of MAPb, films (a) without and (b) with additives. SEM

images of films (c) without and (d) with additives.

morphology. To find the optimal concentration of the additive,
the J—V curves of about 30 MAPbI; devices with different
percent concentrations (weight/weight), viz. 0.0, 0.1, 0.30,
and 0.45 of 3-TMA, were compared. The characteristic J—V
curves in Figure 6a,b indicate that the additive with a 0.30%
(w/w) concentration yields a maximum performance and less
hysteresis. Statistical distribution of photovoltaic charteristics
of the 61 additive-treated and 22 without additive devices is
also plotted to compare the 3-TMA effect on the pristine
solution (Figure S4(a—d)). Thus, when the additive was
incorporated into the pristine solution, intriguing that
improvements were observed in all J-V characteristics, and
also the optimum concentration of the additive shows small
standard deviation for the cells. As mentioned in the discussion
of optical and crystallographic responses and topographic
profiles, the integration of additives enhanced the whole
performance of a device either by regulating the kinetics of
crystallization or weakening the surface defects in the
material.”’ The plotted J—V characteristics curves, the
statistical distribution, and Table 2 indicate that V, J, and
FF are improved when 0.30% (w/w) of the 3-TMA additive
was added to the pristine, which attributes to the formation of
a smooth surface and reduced nonradiative recombination.*>”"

In addition, Figure 6c shows that the external quantum
efficiency (EQE) and integrated J,. are higher for the
OIHPSCs containing 3-TMA. Additionally, the measured
dark current—voltage response indicates that the leakage
current is smaller for devices containing an additive, which
could be attributed to the lowered trap-assisted Shockley—
Read—Hall (SRH) recombination and high shunt resistance in
the device (Figure 6d).”>”* The results are consistent with J—V
curves (Figure 6a,b), attributing to the improved V,,, ], and
FF of the additive-containing solar cells. Moreover, the
continuous operational stability of encapsulated OIHPSCs
was studied using the maximum power point tracking (MPPT)
measurement under ambient conditions with a humidity of
40—50%. The PCE at MPPT (Figure 6e) indicates that the
OIHPSC with 3-TMA shows improved stability compared to
the control (devices without additives). The overall device
characteristics indicate that the integration of additives during
the solution preparation of the OIHPSCs improves the
performance as well as stability of the device as a result of
reduced SRH recombination.

To study the level of defect densities, space-charge-limited
current (SCLC) measurements were used. The defect densities
of the OIHPSCs with and without additives were explored by
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Figure 6. Photovoltaic properties of MAPbI,; PSCs with and without additives. (a) Photocurrent density—voltage (J—V) characteristics of devices
containing 0.00, 0.15, 0.30, and 0.45% (w/w) of 3-TMA. (b) J—V characteristics of reverse and forward scans of 0.00 and 0.30% (w/w), (c)
external quantum efficiency (EQE) and integrated J,., and (d) semilog dark current—voltage curves of devices, incorporating 0.00 (control) and
0.30% (w/w) (optimized) of additives. (e) Normalized PCE obtained from maximum power point tracking (MPPT) measurements, and (f) dark
J—V of hole-only devices incorporating 0.00 (control) and 0.30% (w/w) (optimized) of additives.

using the equation applied for trap-filled states.”* Trap density
(n,) for hole-only devices having a glass/ITO/PEDOT:PSS/
OIHP/PTAA/Al structure was calculated by using the

2VrL£€y
M= ed”
voltage, ¢ is the relative dielectric constant of CH;NH,Pbl, (&
= 32.2) of the perovskite, & is the vacuum permittivity
constant, e is an elementary charge, and d is the thickness of
the OIHP film. Vg is 1.25 and 1.12 V for the device without
and with additives, respectively (Figure 6f). The calculated n,
for the device without additives (1.78 X 10'® cm™) is larger
than the device with additives (1.60 X 10'® cm™), proving that
the density of trapping densities in the film is reduced due to

the incorporation of 3-TMA as the additive.

equation, where Vip is the trap-filled limit
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3.5. Charge Carrier Recombination Dynamics. To
study the charge carrier recombination dynamics in the device,
intensity-modulated photovoltaic spectroscopy (IMVS) was
employed. The measurement was made in the absence of
charge extraction in order to find the decay of charge carriers
as a result of defects in OIHPSCs. In IMVS response, the
dominant SRH recombination (recombination resistance)
phenomena are mainly observed in the lower transfer function
semicircle region of the Nyquist plot (Figure 7a), which is
analogous to a lower frequency semicircle region in electro-
chemical impedance spectroscopy (EIS).”> The finding shows
that devices with additives exhibit enhanced recombination
resistance compared with devices without additives.
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Table 2. Summarized Photovoltaic Parameters (i.e., V., J.,
FF, and PCE) of MAPbI, PSCs With and Without Additives
under 100 mW/cm’ Light Intensity Illumination

0

(w?w) V.. (V) (mA]/sccmz) FF (%) PCE (%)

000 av. 1004003 187 +05 754+28 140+ 08
best  1.02 18.7 777 14.9

015 av.  100+001 195+04 779+ 19 153 + 05
best 101 19.8 80.9 16.1

030 av. 101 +002 197 +04 794+ 13 158 + 0.4
best 104 20.0 792 165

045 av.  100+001 190+08 788+ 14 150+ 06
best  1.02 19.7 79.1 15.9

Figure 7b represents the imaginary transfer function (H") vs
frequency, which was scanned in the range of 1 MHz to 50
mHz with 10% light intensity modulation amplitude under 8
mW/cm? LED light intensity. The critical frequency (f.)

(

frequency and inversely proportional to the time constant (z.).
The time constants for devices with additives are longer than
those without additives, which suggests a lower charge
recombination rate in additive-incorporated devices.”*"”
Moreover, the ideality factor (), which is calculated from
the slope of the graph of V. as a function of light illumination
intensity (Figure 7c), suggests the presence of trap-assisted
recombination in the devices.”®”” The extracted n, values for
the OIHPSCs with 0.30% (w/w) and without additives are

27,

) is directly related to the maximum of H” at a high

~1.34 and ~1.39, respectively. The results infer that the
improved V. of additives containing OIHPSCs is attributed to
the reduced trap-assisted recombination and high shunt
resistance of devices.””*’

The recombination time constant versus light illumination
intensity graph (Figure 7d) was plotted to compare the
recombination time constant of the OIHPSCs with and
without additives. Devices with additives show a longer
recombination lifetime compared to devices without additives,
which attributes to suppressed trap-assisted recombination and

improved charge extraction processes across device interfaces.

4. CONCLUSIONS

The findings in this work show that the integration of 3-TMA
as a solid additive to the precursor perovskite solution has the
potential to bind its carbonyl groups (Lewis base) to Pb**
(Lewis acid). Its binding potential simplifies the free charge
carrier mobility and extraction across the bulk and interface of
the OIHP layer.”*"** Consequently, the additive-incorporated
p-i-n OIHPSC, which was processed in an ambient environ-
ment except for top contact, showed significant improvements
in V,, J,, FF, and stability of the device. The results confirm
that the incorporation of this additive is a viable strategy to
reduce trap-assisted recombination and improve the overall
performance of MAPbI;-based perovskite solar cells.
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Figure 7. Intensity-modulated photovoltage characteristics of MAPbI, PSCs containing 0, 0.15, 0.3, and 0.45% (w/w) of the 3-TMA additive. (a)
Nyquist plots, (b) imaginary transfer function (H") vs frequency plots, (c) open-circuit voltage (V,.) as a function of photon flux (cm™ s7*)
intensity, and (d) charge carrier recombination time constant (7jyys) as a function of V. of OIHPSCs.
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