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Boosting optoelectronic performance of MAPbDI,
perovskite solar cells via ethylammonium chloride

additive engineering

Muhammad Mateen', Zulqarnain Arain

ABSTRACT The quality of the perovskite light absorption
layer plays a dynamic role in the photovoltaic properties of
solar cells. The existing methods to prepare methylammonium
lead iodide (MAPDI;) films render substantial structural de-
fect density, particularly at the grain boundaries and film
surface, constituting a challenge that hinders the further op-
toelectronic enhancement of perovskite solar cells. Herein, a
unique approach was introduced: using a simple ethylammo-
nium chloride (EACI) additive in perovskite precursor mix-
ture to produce high-quality MAPbI; thin films. The results
indicated that EACI could encourage perovskite crystal growth
without experiencing the intermediate phase formation and
would evaporate from the perovskite after annealing. Ad-
ditionally, a gradient perovskite structure was achieved using
this technique, which impressively enhanced the performance
of the perovskite films. A high power conversion efficiency
(PCE) of 20.03% was achieved under the optimal amount of
EACI, and the resultant efficient device could retain over 89%
of the original PCE after aging for 1000 h at room tempera-
ture. This novel technique leads to a facile fabrication of high-
quality and less-defect perovskite thin films for competent and
stable devices.

Keywords: perovskite solar cells, ethylammonium chloride,
crystal growth, stability

INTRODUCTION

In recent decades, organo-metallic halide perovskite has
evolved in the solar energy conversion field as a rising
and promising material for the future photovoltaic in-
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dustry. Certain benefits can be yielded through the robust
performance of perovskite solar cells (PSCs), such as
long-range charge carrier transportation, flexible optical
band gap, and effective absorption of light [1-5]. A rapid
boost in power conversion efficiency (PCE) from 3.8% to
25.2% is proof for the success of PSCs [6,7], mainly be-
cause of optimized material stoichiometry, solvent en-
gineering, controlled crystal growth, and improved
surface engineering [5,8]. The rapidly increased PCE is
also attributed to the advancement in interface designs,
material engineering, and facile fabrication processes such
as vacuum evaporation, sequential deposition technique,
vapor-assisted, and additive-assisted deposition [9-15].
Pure perovskite material, based on methylammonium
(MAI) cation, with an optical band gap of 1.55-1.6 eV is
commonly used as a light-harvesting layer in PSCs [16-
18]. It can be produced simply via many different tech-
niques, such as one-step and two-step spin coatings,
inter-diffusion, sequential dip coating, and many other
deposition techniques [10].

However, regardless of the exceptionally enhanced
performance, a crucial problem inhibiting further per-
formance enhancement and large-scale reproducibility
toward commercialization is perovskite phase reversi-
bility [19]. MAI perovskite holds tetragonal phase sym-
metry under ideal conditions, but it is stated to experience
a reversible phase change between tetragonal and cubic
phases under some specified processing conditions, which
substantially affects the PSC stability and degrades in-
terfaces under normal working condition [20]. Therefore,
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for additional improvements in long-term stability and
large-area PSC devices, phase stability will be a serious
concern to be dealt with for practical applications of PSCs
[21]. Moreover, surface morphologies and crystallization
of perovskite thin films are mainly controlled by nu-
cleation and crystal growth, which are also difficult to
control [21,22]. Unprompted defects in the films can
degrade the performance of the device and cause in-
stability issues due to energy disorder, thereby moistur-
izing the exposed invasion sites and minimizing
concentrations of the charge carriers [22]. Thus, we must
increase the performance and extend the stability of PSCs
by reducing the flaws in perovskite crystal growth. To
control the crystallization and improve the phase stability
of perovskite, several methods have been applied, such as
additive engineering, composition modulation, and sol-
vent engineering [23,24]. Additive engineering has been
reported to offer a positive impact on perovskite thin-film
synthesis by regulating crystal evolution (for example by
inducing homogeneity through more uniform crystal
nucleation) and moderating crystallinity (through re-
tarded crystallization and change in the surficial energy)
[25].

Additive engineering is an easy and reproducible
technique that can improve the morphology of perovskite
films [26]. To coordinate with the perovskite precursor,
many additives like acetonitrile, thiourea, and dimethyl
sulfoxide (DMSO) are used to formulate the intermediate
phase. These additives can intervene with the growth
process of perovskite crystal through different methods
and reduce the grain boundaries and defects [27]. Per-
ovskite film processed via additive engineering concepts
is frequently reported to change the morphological pat-
terns of nucleation dynamics [28-30]. Lee et al. [31]
utilized DMSO to form transitional adducts with Pbl, to
gain high-quality thin films with high photovoltaic pre-
sentation. Liang ef al. [12] investigated 1,8-di-iodo octane
additive-accelerated crystallization and moderated the
kinetic growth of seed crystals during nucleation to
achieve smooth perovskite morphology. Bi et al. [19]
suggested mixing H,O in a perovskite precursor to fab-
ricate high-quality perovskite film. Perovskite films with
minimal trap states and large grains were produced be-
cause of morphological linearity [32]. The drawbacks of
perovskite films are still not limited essentially due to the
high additive diffusion into the active layer that can lead
to undesired interfacial consequences, such as charge
carrier leakages into anti-selective layers. In this regard,
finding more chemically sound additives to boost per-
ovskite nucleation for producing high-quality perovskite
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thin films with substantial grain size, low trap density,
and suitability for commercial fabrication, but without
negotiating the film morphology and band gap, is highly
necessary [18].

Here, our work presents a unique and facile additive
engineering approach to offer control over perovskite
film morphology and crystal quality, as well as scalability
for other applications. Introducing ethylammonium
chloride (EACI) as an additive in the perovskite precursor
solution casted a high-quality perovskite thin film with
large crystal size and improved crystallization, resulting in
decent carrier lifetime and enhanced material con-
ductivity. This large cation additive incorporation tech-
nique is proved to be effective in tuning the perovskite
film quality without compromising the band gap of the
material. The improvement in morphology due to film
passivation considerably reduced the trap density, re-
pressing non-radiative recombination and prolonging
charge carrier lifetime. The improved morphology boos-
ted the PCE from 17.35% to 20.03% after introducing the
optimal concentration of EACl. The optimized devices
also exhibited superior stability.

EXPERIMENTAL SECTION
The detailed materials, characterizations, and device
fabrication are illustrated in the Supplementary in-
formation. To obtain MAPbI; thin films with a smooth
morphology and optimally sized crystals, varied amounts
(mol% relative to stoichiometric MAPDbI;) of EACI were
doped to prepare the perovskite precursor solution and
traditionally spin-coated onto the conductive substrate
via an orthodox simple one-step method. For the EACI-
engineered perovskite precursor, different amounts of
EACI (0%, 1%, 2.5%, and 3.5% molar ratios) were added
to the pure perovskite precursor. The solution was then
heated at 60°C for 1 h under stirring. A perovskite pre-
cursor solution containing MAI, EACI, and Pbl, was
mixed into DMSO, and the N,N-dimethylformamide
(DMF)-based solvent system (40 uL) was spin-coated on
the meso-TiO, substrate at 1100 and 4500 r min ' for 10
and 30 s, respectively. During the second stage of spin
coating, 120 uL of anhydrous chlorobenzene (CB) was
slowly dripped on the center of the rotating film in the
last 10 s during the process. The deposited films were
sequentially annealed to an initial temperature of 70°C, at
which the film color spontaneously turned into dark
brown, and then further annealed at 150°C for 30 min,
during which the film completely turned into a black
MAPbI; perovskite.

For convenience in expression, the films were labeled as
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EACI-0% (control), EACI-1%, EACI-2.5%, and EACI-
3.5%, where 1, 2.5, and 3.5 represent the different mol%
percentages of EACI added into the precursor solution.

RESULTS AND DISCUSSION

The molecular structures of MA" and EA" are displayed
in Fig. 1b. Fig. 1a schematically illustrates the step-by-step
perovskite film synthesis via the EACl doping method,
which was illustrated in the EXPERIMENTAL SECTION.
The morphological structure of the doped films with
different EACI concentrations was examined by scanning
electron microscopy (SEM) images. Fig. lc-f show the
top-views of the perovskite films without EACI and with
different amounts of EACI additive. The EACI-0% film
consisted of fine crystals with an average grain size, which
is not favorable for ideal charge transport and collection
due to large grain boundaries [33]. The introduction of
EACI triggers a visible increase in the grain size of the
perovskite film and the film morphology becomes more
homogeneous with the increase in the EACI concentra-
tion from 1% to 3.5% in the films (Fig. S1). The EACI-
2.5% film was more uniform with fewer grain boundaries
among all the doped films. This crystal size improvement
was supported by previously reported studies, where
EACI was also found to boost the surge in grain size and
reduce the lattice disorder [33,34].

To determine the effect of EACI on the film quality,
atomic force microscopy (AFM) was conducted. The film
roughness was measured by calculating the root mean
square (RMS) of the prepared films. The control film was

Pbl,+MAI+EACI CB
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composed of small grains with an RMS roughness of
224 nm. The RMS gradually decreased to 18.3 nm for
EACI-1%, 17.1 nm for EACI-2.5%, and rose to 21.8 nm
for EACI-3.5%, as shown in Fig. S2. The witnessed
smoothness and uniformity at micro-scale confirmed that
the EACI-2.5%-doped film showed more homogeneity
and smoothness compared with the other doped films
[18].

X-ray diffraction (XRD) was conducted to study the
role of EACI in the crystal dynamics of the perovskite
films (Fig. 2a). The crystallinity of the films prepared by
using EACI was generally enhanced with increasing do-
pant concentration until it reached EACI-2.5%. Although
an excessive amount of EACI-3.5% faintly reduced the
crystallinity, no extra peak appeared, suggesting the ab-
sence of a second phase [35]. The peak intensity of the
EACI-2.5% perovskite was also stronger than that of the
other films. By using this method, the crystallization of
the films was enhanced [36]. The presence of this possible
intermediate phase somehow slowed down nucleation
and led to enhanced crystallinity in the final films, which
was consistent with the SEM measurements.

Fig. 2b shows the ultraviolet-visible (UV-Vis) absorp-
tion spectra of the prepared MAPbI; films doped with
different EACI concentrations. The absorbance of the
projected light by the EACIl-doped films generally re-
mained noticeably higher than that of the EACI-0% film.
Among all the treated films, the EACI-2.5% film exhibited
stronger spectral absorbance throughout the UV-Vis
spectrum, thereby supporting the morphological claims

Figure 1 (a) Schematic illustration of the high-quality perovskite film fabrication process employing EACI in precursor solution. (b) Molecular
structures of MA and EA. Top-view SEM images of MAPbI, films with different EACI concentrations: (c) control film (EACI-0), (d) EACI-1%,

(e) EACI-2.5%, and (f) EACI-3.5%.
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Figure 2 (a) XRD of the MAPbI, perovskite films engineered with different EACI additive concentrations and (b) UV-Vis spectra of the films without
and with EACI additive. XPS of EACI-0%- and EACI-2.5%-doped films: (c) Pb 4f and (d) I 3d core spectra.

of large and compact grain morphology. The high ab-
sorbance intensity in both low and high wavelength re-
gions could be credited to the aligned and rigid crystal
lattice structure, which was the result of controlled seed
crystal evolution induced by the EACI additive. No ob-
vious band edge shift in the UV-Vis spectra was observed
as the EACI concentration increased, signifying that the
incorporated larger size cation EA amount in the crystal
lattice was infrequent [37]. Given that the enlargement of
cubic octahedral volume also led to the change in che-
mical bonding between Pb and I, we further discovered
the effect of EACI on the chemical composition of the
control and EACI-2.5% by conducting X-ray photoelec-
tron spectroscopy (XPS), as shown in Fig. 2c, d and
Fig. S3. The binding energies of Pb 4f and I3d did not
shift with the increased EACI-2.5% content in the doped
film. The Pb 4f and I 3d peak intensities of the EACI-2.5%
film remained higher than those of the EACI-0% film. All
of these observations indicated that most of the volatile
EACl was evaporated during the annealing stage
[15,37,38].

On the basis of the above crystallographic and mor-
phological analyses, we proposed a credible notion re-
garding the intermediate transitional mechanism for the
synthesis of high-quality MAI-based film with large grain
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Figure 3 Schematic illustration of the MAI-PbI,-EACI precursor for the
formation of grain and highly crystalline MAPbI; perovskite film.

size and low defect crystallinity, as illustrated in Fig. 3.
EACI treatment induced an ion exchange process in
MAI-EACI-PbL,-DMSO, thereby suppressing the nu-
cleation rate and allowing grains more time to grow and
self-embed into the lattice network [39,40].

All these findings suggested that EACI could encourage
perovskite grain growth in a way different from all the
earlier reported studies, demonstrating EACI as a po-
tential additive in modifying the quality of perovskite thin
films for efficient and large-scale perovskite cell fabrica-
tion. Fig. 3 illustrates the proposed mechanism of EACI
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additive-based large grain MAPbI; perovskite thin films.

To analyze the trap density of the prepared films,
photophysical measurements were performed for the
control (without EACI) and EACI-2.5%-based films.
Steady-state photoluminescence (PL) and time-resolved
PL (TRPL) were carried out to explore the trap states in
the fabricated perovskite bulk (Fig. 4). The studied films
were fabricated on the bare glass side of the fluorine-
doped tin oxide (FTO). The PL intensity shown in Fig. 4a
demonstrated that the EACI-2.5% film presented a much
stronger and higher PL intensity than the EACI-0% film.
The EACI-2.5% film exhibited a stronger peak than the
EACI-0% film, showing the defects at the film surface
were reduced. The TRPL decay curve was fitted by double
exponential function to calculate the carrier lifetime (7,.),
as follows [39]:

(0= ZiAiexp[—,il_] oy (1)
2w
Tave — ZAiTi . (2)

The observed decays were analyzed by a bi-exponential
model with a fast and a slow component and the ex-
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tracted lifetime parameters. The EACI additive film yiel-
ded a slow fluorescence decay with the slow decay lifetime
7, of 120.65 ns compared with that of 75.83 ns for the
control film; this difference attested the significantly
suppressed non-radiative recombination initiated by trap
states on the perovskite surface. This phenomenon re-
sulted in an enriched perovskite film and reduced grain
boundary defects due to EACI-2.5% doping. The PL in-
tensity was mapped to further investigate the impact of
EACI on the optical dynamics of the thin film as given in
Fig. 4c, d [41]. PL measurements provide direct insight
into the non-radiative excitons’ decay performance. The
control film showed non-uniform peak intensity triggered
by large trap flux, which contributed to poor carrier
mobility [42,43]. Meanwhile, the EACI-2.5% film ex-
hibited uniform and high peak intensity, suggesting a
minimized non-radiative exciton decay, which was almost
an order of magnitude higher than that of the EACI-0%
film.

Fig. 5a shows the layered configuration of the final
meso-structured device (glass/FTO/c-TiO,/meso-TiO,/
perovskite/hole transporting layer (HTL)/Au) in this
work. The paste of TiO, nanoparticles was synthesized as
mentioned in our previous work [42], and it could form
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Figure 4 (a) Steady-state PL spectra of the EACI-0% and EACI-2.5% additive films. (b) TRPL spectra of the EACI-0% and EACI-2.5% films. PL
intensity images from 740 to 790 nm for the (c) EACI-0% film and (d) EACI-2.5% additive film deposited on glass side.
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Figure 5 (a) Schematic layered configuration of the prepared EACI-2.5% device. (b) Cross-sectional SEM image of the final mesostructured device.
(c) PCE curves, and (d) IPCE spectra of the respective prepared devices based on the perovskite films engineered with different concentrations of

EACL

an ultra-thin and electron collection-efficient mesoporous
layer. The cross-sectional SEM image of the final device is
presented in Fig. 5b. The underlying substrate was
homogenously covered by the continuous and vertically
grown large-grain perovskite active layer, which enabled
charge carrier transport from a single crystal without the
need of crossing grain boundaries. The performance
characteristic was assessed by measuring the photo-
current density versus voltage. The effect of EACI additive
engineering is remarkable in comparison with the con-
ventional process (Fig. 5¢). The detailed current density-
voltage (J-V) parameters are briefed in Table 1.

Fill factor (FF; in %) and open-circuit voltage (V) of
the devices based on the EACI additives were significantly
enhanced, probably due to the remarkably suppressed
charge recombination caused by reduced defect density.
Subsequently, the PCE remarkably increased from 17.35%

for the control device to 20.03% for the EACI-2.5%-doped
device [39]. Interestingly, the device based on the EACI-
2.5% absorber layer also showed a small hysteresis (7%)
compared with its counterpart EACI-0% (18%, Fig. S4).

The incident photon-to-current efficiency (IPCE)
spectrum of the corresponding cell revealed high quan-
tum yields over a wide spectrum ranging from 300 to
850 nm (Fig. 5d). The EACl-engineered film-based de-
vices exhibited a broad reaction spectrum, particularly for
EACI-2.5%.

The physical and chemical changes could have affected
the performances of the PSCs. These changes could be
due to different historical processes in the measurements
[44]. The high IPCE values of the PSCs were credited to
the strong and high absorption of UV-Vis light by the
EACI-2.5% film and its effective electron-hole separation
in the respective layers. The steady-state photocurrent

Table 1 -V parameters of the best-performing PSCs based on the films with different amounts of EACI

Devices Jsc' (mA cm ) Voc (V) FF (%) PCE (%)
EACI-0% 22.35 1.03 73.01 17.35
EACI-1% 22.85 1.04 75.15 18.00

EACI-2.5% 2351 1.08 76.99 20.03
EACI-3.5% 23.11 1.06 76.03 19.05

a) Jsc is short circuit current density.
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output power of the devices based on the control and
EACI-2.5% films was measured to affirm the power sta-
bility of 150 s at a bias of 0.9 V (Fig. S5). The fabrication
of the devices from the EACI-2.5% process displayed a
clearly stable power output compared with the control
device.

The statistical distribution of PCEs for 32 individual
control and EACI-2.5% engineered film-based devices is
presented in Fig. 6a. The statistical constrictions of the
EACI-2.5%-treated devices exhibited much finer spread-
ing in the boosted efficiency region in comparison with
the control devices. The EACI-2.5% devices presented
high overall performance. Thus, the EACI-2.5% technique
is an effective path to produce highly efficient and scal-
able mixed cation perovskite devices. Fig. 6b shows the
photographs of contact angles for the EACI-0% and
EACI-2.5% films, indicating the improvement in re-
sistance against the humidity, which could probably help
improve the stability against humidity.

The charge recombination and electric properties of the
devices were studied via electrochemical impedance
spectroscopy (EIS; Fig. 7a). The first semicircle of the
EACI-0%-based cell was marginally smaller than that of
EACI-2.5%, demonstrating that the EACI-0%-based cell
had a considerably smaller charge transport resistance
(R,) than EACI-2.5%. Series resistance was reduced by
the enhanced crystallinity, while the shunt resistance in-
creased by the diminished bulk and surface defects
leading to an improved FF [45]. This phenomenon could
be due to the considerably suppressed charge re-
combination caused by the reduced defect density.

The degradation of perovskite films is usually initialized
at the defect sites of the film surface and grain bound-
aries, where the highly active and mobile molecules are
highly vulnerable to oxygen and moisture. The aged

pared, and the normalized aged PCE results are presented
in Fig. 7b. The PCE evolution of the un-encapsulated
devices aged in a desiccator under 30% relative humidity
for a period of 1000 h was assessed [46]. The EACL-0%
device lost 60% of the initial PCE, while the EACI-2.5%
device maintained around 89% of its initial efficiency
during the same time period. This resilience of the sta-
bility could be due to several reasons. First, the intrinsic
thermodynamic stability of the EACl-engineered layered
structure allowed for strain relaxation and improved
stability against the potential energy disorder. Second, the
decreased defect sites at the surface and grain boundaries
inhibited the permeation of oxygen and moisture through
these defects.

The greatly reduced non-radiative recombination could
be the cause of the noticeable enhancement in Vi, as the
majority of the Vi losses in PSCs were proven to be
affected by non-radiative recombination caused by sur-
face charge traps. To verify this, a key method of transient
photovoltage decay of PSCs was measured to probe the
charge recombination and electron mobility process at
the anode against the photospectral response under the
open-circuit conditions (Fig. 7c). The photovoltage decay
curve of the EACI-2.5% device showed a slow carrier
time, thereby revealing a slow recombination rate of in-
jected electrons. The carrier lifetime of the EACI-2.5%-
based device was measured to be about five times higher
than that of the EACI-0% based device, which supported
the concept that charge carrier recombination throughout
the entire device was suppressed in the EACI-2.5%-based
cell [11,47,48]. The transient profile of V¢ for the cell
based on the EACI-2.5%-additive film showed slow
photovoltage decay. The electron lifetime was obtained
using the following equation [49]:

- _ -1 -1
stability of the control and EACI-2.5% devices was com-  © keTe (dVOC/ dr) -, €)
2% b EACI-0% EACI-2.5%
Il EACI-0%
204 MEMEACI25% "\I
\
|

\n

14 16 18 20 22

Figure 6 (a) Histogram of the PCE distribution for the devices based on the EACI-0% and EACI-2.5% perovskite absorber layers, which were
calculated from 32 cells. (b) Static water contact angle measurements of the EACI-0% and EACI-2.5% films.
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Figure 7 (a) EIS of the EACI-0%- and EACI-2.5%-based devices at a bias voltage of 0.90 V. (b) Normalized efficiency evolution of the devices aged for
a period of 1000 h. (c)Vqc decay curves and (d) the correlation function between electron lifetime and Vi of the EACI-0%- and EACI-2.5%-based

devices.

where e is the elementary charge, T is the temperature,
and kg is the Boltzmann constant. The much-elongated
electron lifetime under various voltages suggested carrier
recombination throughout the entire device and proved
that EACI processing efficiently reduced the trap state
densities, resulting in the reduction of trap-assisted non-
radiative and interfacial recombination, which was at-
tributed to the increase in V.

The electron lifetime increased as the addition of EACI
in the treatment solution reached 2.5%, and this finding
resulted from the improvement in the perovskite crys-
tallinity and morphology (Fig. 7d) [50]. The EACI-2.5%-
treated film showed a longer electron lifetime than the
film without EACI-2.5% additive over the same voltage
region. Carrier recombination throughout the entire de-
vice was suppressed in the former device, indicating that
the cell with the EACI-2.5% film had a much lower in-
terface recombination than that without the film. The
EACI film effectively passivated the perovskite interface
and hole transport across the film, thereby reducing in-
terface recombination. The high-quality film was ob-
tained with the fast charge transport method, which
helped navigate the photocarrier from the perovskite
layer into HTL and electron transporting layer (ETL).
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This novel work endorses the future potential of the in-
troduced EACI-2.5%-induced additive engineering me-
chanism, which will further help researchers achieve
high-performance and phase-resilient perovskite-based
devices at the industrial scale.

CONCLUSION

In summary, a novel and facile reproducible approach
based on EACI additive engineering was successfully in-
troduced to fabricate perovskite films with superior uni-
formity, large grain size, excellent crystal quality, and few
defects. The distinctive role of EACI in enhancing the
perovskite film quality was revealed. EACI was found to
promote perovskite crystal growth by forming a stable
intermediate phase, and it was demonstrated to deplete
during the annealing stage and evoked perovskite grain
growth. The films obtained with EACI-2.5% as a doping
agent exhibited large grains, dramatically reduced grain
boundaries, extended charge carrier lifetimes, and sig-
nificantly decreased defect densities without compro-
mising the perovskite bandgap. Lastly, an effective PCE of
20.03% was achieved via adding EACI-2.5%, and the
high-efficiency device could maintain over 89% of the
initial PCE after aging for 1000 h at room temperature.
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