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Light-emitting diodes based on metal halide perovskites have gained significant research interest due to
their exceptional properties, including tunable emission wavelengths and high photoluminescence
quantum yield (PLQY), and offer the potential for solution-based fabrication. However, the antisolvent
approach in forming perovskite thin films and the delicate modification of A-site cations in metal halide
perovskite materials remain ongoing topics of discussion. In this study, we investigate the morphology,
crystal structure, photoluminescence, and optical and photoelectronic spectroscopy characteristics of
perovskite materials containing cesium (Cs*) and a mixture of formamidinium (FA*) and Cs*. We begin
by exploring the formation of CsPbBrsz perovskite films using three different antisolvents, including
chlorobenzene (CB) and eco-friendly solvents toluene and anisole. Our findings indicate that toluene
significantly improves the surface morphology and crystallinity of the film compared to anisole and CB,
and a small portion of FA* in Cs-based perovskite potentially influences charge transport in device
applications. Based on these results, we use toluene for FA,Cs;_,PbBrs (0 < x < 0.15) perovskite thin
films for the rest of the study. The results show that incorporating a small portion of FA* in Cs-based
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negligible change in the band gap, effective charge transport, and improved device luminance. These
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Introduction

Metal halide perovskite light-emitting diodes (PeLEDs) have
gained significant attention in recent years, achieving external
quantum efficiencies (EQE) of above 25%. This is largely due to
ongoing research efforts in different deposition techniques and
dimensionality engineering, including composition, interfacial
modifications, anti-solvent, and various additives in perovskite
light-emitting layers.'* Moreover, outstanding features such as
tunable emission color, easy solution processing, high absorp-
tion coefficient, excellent carrier mobility, and charge transport
make perovskite materials promising candidates for solid-state
lighting technologies and next-generation displays.”” The 3D
framework of perovskites generally adopts the chemical for-
mula ABX;, where A is a monovalent cation such as methylam-
monium (MA"), formamidinium (FA"), cesium (Cs"), potassium

“ Department of Physics, Hope College, Holland, Michigan, 49423, USA.
E-mail: ighodalo@hope.edu

b Department of Materials Science and Engineering, The Pennsylvania State
University, University Park, PA, 16802, USA. E-mail: nzd5349@psu.edu

¢ Materials Research Institute, The Pennsylvania State University, University Park,
PA, 16802, USA

 Department of Engineering Science and Mechanics, The Pennsylvania State
University, University Park, PA, 16802, USA

This journal is © The Royal Society of Chemistry 2025

findings broaden the A-site cation options for efficient mixed-cation perovskite light-emitting diodes.

(K"), as well as other alternatives, which include phenethyla-
mine (PEA), as well as polymeric ammonium cations like
polyethyleneimine (PEI). B is a divalent cation, which is mostly
lead (Pb**) or tin (Sn**), while X is an anion and is typically a
halide such as iodide (I, Br~, and CI).®*° Due to the Gold-
schmidt tolerance factor, only certain cations, such as FA*, Cs",
and MA', with ionic radii of 2.79 A, 1.81 A, and 2.70 A,
respectively, can be used in the 3D perovskite crystal
structure.'>"?

Many properties of 3D perovskite, such as the band gap,
crystal stability, and optical properties, depend on the choice of
antisolvents, but are highly dependent on the nature of the A-
site cations. These cations have been widely utilized in PeLEDs
to enhance their optoelectronic properties, including improved
electroluminescence (EL) performance, photoluminescence
quantum yield (PLQY), and external quantum efficiency, as well
as extended operational lifetime.”**> Most high-performance
PeLEDs are FA'-based perovskites since the MA'-based perovs-
kites suffer from poor stability at higher temperatures, affecting
long-term optoelectronic properties and hindering future
applications.'® Thus, Cs* have been introduced to enhance the
MA"-based perovskite systems.'”® For example, incorporating
Cs' into MAPbBr; has been shown to possess superior surface
morphology and PLQY compared to MAPbBr; and a breakthrough
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in the luminescence of 24 500 cd m ™2

, nearly tenfold higher, was
achieved through Cs” doped MAPbBr; green-light emitting layer
compared to MAPbBr;."* This can be attributed to the optimized
optoelectronic properties after composition modification, espe-
cially charge transport. Additionally, large-group ammonium bro-
mide incorporation into the MA" cation system has also been
explored.®

Recent studies indicate that incorporating inorganic Cs*
into FAPbBr; improves film morphology and enhances optoelec-
tronic properties.”>*' For instance, Cho et al. demonstrated that
adding Cs" to FAPbBr; significantly reduces both the average
grain size and trap density, thereby effectively improving charge
transport. As a result, this modification leads to increased
photoluminescence quantum efficiency (PLQE), prolonged PL
lifetime, and improved current efficiency.”! Furthermore, the
exchange of MA', Cs', or FA" has been utilized to enhance
thermal stability and modify the bandgap.'”** Many combina-
tions of suitable A-cation combinations are employed in the
fabrication of PeLED devices, employing various device struc-
tural configurations to optimize performance.'®*2* In addition,
the FA' content modulation in Cs-based perovskites has been
mostly explored, particularly in single crystals, nanostructures,
and microplates;*®® thus, further in-depth studies in thin films
are still needed. To enhance our understanding, we conducted a
systematic analysis of FA" in CsPbBr; perovskite thin films,
emphasizing the fabrication process, structural properties, and
other relevant characteristics. By highlighting the significant
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progress in PeLEDs, we judiciously submit that there is room
for further insight into the study of these components and their
composition ratios.

In this study, we explored the formation of CsPbBr; perovs-
kite films using three different antisolvents and the incorpora-
tion of a small portion of FA" into CsPbBr; perovskite with
varied compositions, resulting in mixed-cation FA,Cs;_,PbBr;
(0 < x < 0.15) perovskite. We conducted a constructive
investigation into the morphology, crystal structure, photolu-
minescence (PL) characteristics, and X-ray photoelectron
spectroscopy (XPS) of the mixed-cation perovskite-emitting
layer. We used the anti-solvent method**™* during spin-
coating to assist the crystallization of the perovskite thin films,
followed by annealing. In our experiments with various anti-
solvents, we identified toluene as the optimal choice, as it
produced superior quality thin film morphology and PL com-
pared to anisole and chlorobenzene (CB). After annealing the
toluene-processed mixed-cation perovskite thin films at differ-
ent temperatures, we observed that increasing the ratio of FA"
effectively induced a redshift in the PL emission wavelength.
Further enhancement in this effect is noticed in thin films
subjected to high-temperature annealing. Our findings indicate
that higher FA" ratios and elevated temperatures contribute to
larger grain sizes and increased film roughness, alongside
shifts in the X-ray diffraction (XRD) peaks towards higher
angles. This structural modification plays a crucial role in
influencing electronic properties, including bandgap and

~_ Anti-Solvent UV-lamp

1L

4 [}

b

AN

V 4
b .

Annealing

Fig. 1 Fabrication process and morphological characterization of CsPbBrz perovskite films. (a) Schematic of the chemical structures and facile solution-
based fabrication procedure of the perovskite film with PEABr additive. SEM image of (b) pristine CsPbBrs films and (c) CsPbBrs:PEABTr films with toluene,

anisole, and CB.
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charge carrier transport. To understand the mechanism, it is
essential to note that FA", which is partially substituted, can
lead to a significant increase in Br~ concentration and a slight
increase in the lattice structure, resulting in a peak luminance
higher than that of Cs-based films, as indicated by our pre-
liminary results. Our work closes the gap and provides new
insights into A-site cation engineering in Cs-based perovskite
emitting layers, which can be significant for advancing PeLEDs.

Results and discussions

We fabricated perovskite thin films through a one-step spin-
coating process using perovskite precursor solutions, as described
in the experimental section. Fig. 1(a) depicts the chemical struc-
tures and casting process of the solution-based layer. To attain the
best quality perovskite thin films, optimized surface morphology
and control of the crystallization and growth are imperative. This
is particularly crucial due to the observed low surface coverage
and poor film morphology of pristine Pb-based perovskite films.
The presence of pinholes in the perovskite films can significantly
increase non-radiative recombination and impede charge trans-
port within the perovskite layer, thereby affecting the overall
properties and performance.®**3°

Reports suggest that high molar excess ratios of PEABr may
cause blue wavelength emission, leading to the formation of a 2D
perovskite film with varying absorption peaks.>® This was also
confirmed in the absorbance and PL measurement (Fig. S1).
Based on this, for optimization, we added a 40% molar excess
ratio of PEABr solution to the CsPbBr; perovskite solution to
improve the film morphology. Next, we investigated the impact of
anti-solvent treatment on the morphological and optical proper-
ties of the film before fabricating the FA,Cs; ,PbBr; (0 < x <
0.15) perovskite films. Fig. 1(b and c) displays the SEM images of
three distinct perovskite thin films on glass/ITO treated with
toluene, anisole, and CB before and after optimization, respec-
tively. Before optimization, as shown in Fig. 1(b), all perovskite
films treated with toluene, anisole, and CB exhibited poor film

CsPbBr,:PEABr
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coverage and pinholes with huge gaps in various areas of the SEM
image. After optimization, we observed that the perovskite thin
films treated with toluene exhibited a slightly different morphol-
ogy compared to the best compact films, as shown in Fig. 1(c),
which were treated with CB and anisole, respectively. The toluene-
based thin films show better surface coverage with fewer pinholes
and almost no gaps in various areas of the SEM image, as shown
in Fig. 1(c).

We conducted AFM measurements on the perovskite films,
as shown in Fig. S2, and found that the average roughness of
the thin films treated with toluene (2.1 nm) is less than that of
the films treated with CB (3.2 nm) and anisole (4.5 nm). We also
investigated the effects of the different anti-solvent treatments
on the optical properties of the optimized perovskite films. Fig.
(2a and b) shows the absorption and photoluminescence (PL)
spectra of optimized CsPbBr; films treated with toluene, ani-
sole, and CB.

Fig. 2(a) shows similar absorption spectra of perovskite films
treated with toluene, anisole, and CB, with the optical bandgap
exhibiting a small change, i.e., 2.37 eV for toluene, and 2.42 eV
and 2.41 eV for anisole and CB, respectively. As shown in
Fig. 2(b), we observed a slight peak shift towards higher
wavelengths (redshift) for the perovskite thin film treated with
toluene and an intense PL intensity, indicating that toluene
exposure helps form a higher quality film. Thus, the morphol-
ogy and PL characteristics of the perovskite film treated with
toluene point to better performance than those treated with
anisole and CB.

For the rest of the study, we fabricated the FA,Cs;_,PbBr;
(0 < x < 0.15) perovskite film using toluene as the antisolvent.
We added different molar excess ratios of the PEABr solution
(0% to 100%) to the FA,Cs; ,PbBr; (0 < x < 0.15) precursor
solution and annealed the thin films at different temperatures.
A detailed description of the procedure, from perovskite
solution preparation to film fabrication steps, is provided in
the experimental section. Fig. S3-S6 show the images of
FA,Cs; ,PbBr; (0 < x < 0.15) of the fabricated perovskite thin
films under UV light. We observed that the brightness of the

CsPbBr,:PEABr
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Fig. 2 Optical characterization of optimized CsPbBrs perovskite films. (a) Absorbance and (b) PL spectra measurements of CsPbBrs:PEABr films treated

with toluene, anisole, and CB.
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various perovskite films tends to increase when the FA' ratio
and annealing temperature are increased (Fig. S3-S6). We
chose a 40% molar excess ratio of PEABr to gain a clearer
understanding of the impact of incorporating FA" into CsPbBr;
perovskite and the effect of higher annealing temperatures on
the optical, morphological, photoelectrical, and structural
properties of the films. The 40% molar excess ratio of PEABr
is optimum for the green emission in the thin films and also at
the borderline between green and blue emissions, considering
all our studied perovskite thin films.

To elucidate the optical properties, we conducted absorption
and PL measurements on thin films deposited onto glass
substrates. Fig. 3(a-d) shows absorption and PL spectra of
optimized FA,Cs; ,PbBr; (0 < x < 0.15) films annealed at
different temperatures (70 °C, 90 °C, and 110 °C). Fig. 3(a)
shows the absorption spectra for FA,Cs; ,PbBr; (0 < x < 0.15)
perovskite films. As shown in Fig. (3a), we observed slight
redshifts towards the higher wavelength as the annealing
temperature increased. Furthermore, as the FA" increases, the
absorption edge slightly shifts toward higher wavelengths, as
shown in Fig. S7, due to orbital overlap.’” The optical bandgap
showed a variation between 2.37 eV and 2.44 eV with the
various treatments, as shown in Table S1. Therefore, incorpor-
ating FA" into CsPbBr; perovskite and different annealing
temperatures affects the absorption of the perovskite thin
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films. The redshift in the absorption edge was also observed
in the PL spectra, as shown in Fig. 3(b). Compared with pure Cs
films, no significant peak shift occurred with smaller FA" ratio
films annealed at low annealing temperatures. With a further
increase of FA" ratio and annealing temperature, noticeable
changes in peak shifts toward higher wavelengths were
observed in FAj 45CSg.9-110, FA;19CS0.90-110, and FA, 15CS¢.g5-
110 films, as seen in Fig. 3(b).

We plotted the PL intensities of FA,Cs; ,PbBr; (0 < x <
0.15) films annealed at 70 °C as illustrated in Fig. 3(c) to further
demonstrate the effect of incorporating PEABr and FA". The PL
intensity for the FAj ¢5CS.05-70 °C film showed a higher PL
intensity (Fig. 3(c)) as compared to pure Cs-70 films due to the
presence of defects and traps in the pure Cs films. The higher
PL intensity indicates an effective recombination of charge
carriers, which can be attributed to the improved charge
transport.>®*® This suggests that incorporating FA' into the
films can positively influence charge transport in the perovskite
active layer. The presence of defects and traps in the perovskite
active layer is known to influence the charge transport mecha-
nism in the device. Therefore, time-resolved photolumines-
cence (TRPL) measurements were carried out to investigate
the charge carrier dynamics in the perovskite thin films depos-
ited on glass substrates. The carrier lifetimes were obtained
from a biexponential fitting of the TRPL spectra and presented
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Fig. 3 Optical characteristics of FA,Cs; 4PbBrs (0 < x < 0.15) perovskite films. (a) Normalized absorbance measurement at different temperatures
(70 °C, 90 °C, and 110 °C) and (b) normalized PL spectra at different temperatures (70 °C, 90 °C, and 110 °C). Selected (c) PL spectra and (d) TRPL spectra

of films at 70 °C.
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in Fig. 3(d). Generally, the shorter or faster lifetime, 74, is linked
to bulk recombination of the trapped charges, and the slower
decay or longer time, 1,, is related to the radiative recombina-
tion of the charge carriers in the material.*>*° In comparison to
the lifetimes of the pure Cs-70-based films, the lifetimes
increased upon the incorporation of the FA" and PEABr addi-
tives. Both the time constants increased from t; = 0.95 ns and
T, = 5.66 ns for Cs-70 to 7; = 2.42 ns and 1, = 8.78 ns for
FA 05Cs0.05-70, respectively (Table S2). A slight difference in the
time constants was also observed for other FA' ratios. This
evidence suggests that the FA" and PEABr additives improve the
interfacial charge transfer, resulting in suppressed non-
radiative recombination. This suppression could enhance the
carrier lifetimes and device performance, potentially leading to
more efficient perovskite light-emitting diodes.

We selected Cs-70, FAj05CS0.05-70, FAg.10CS0.90-70, FAy15CSp g5~
70, FAj 05CS0.05-110, and FA, ;5Csp g5-110 films, as illustrated in Fig.
S8, to probe further the effect of incorporating FA™ and annealing
temperatures. Fig. 4(a—f) displays the SEM images of six selected
perovskite thin films on glass/ITO. From the SEM images, as shown
in Fig. 4(a—d), the grain size of the perovskite film with FA, 15Cso g5-
70 is enlarged compared to the perovskite film with Cs-70. Also,
with an increase in the annealing temperature, we found that
the grain size of FA( 05Cs0.05-110 films and FAj15Csgg5-110 films
(Fig. 4(e and f)) enlarged compared to FAjsCSpo5-70 and
FAo.15CSo.85-70, as shown in Fig. 4(b and d). Previous work reported
that enlarged grain sizes facilitate charge carrier transport and
enhance carrier mobility within the perovskite films. This improve-
ment occurs because these characteristics help reduce pinholes,
grain boundaries, and defect density at the grain boundaries.”*"*>
The enlarged grain size can effectively contribute to the high PL
intensity, as shown in Fig. 3(c).

To further validate the effect of FA" and annealing tempera-
ture and the enlarged grain size observed in our SEM images,
we conducted AFM characterization. Fig. 5(a—f) shows the sur-
face morphology and roughness of six selected perovskite thin
films on glass/ITO. As shown in Fig. 5(a), the perovskite film
roughness for Cs-70 shows a roughness value of 2.7 nm. With
the increase in the FA" ratio, the roughness increased to 5.9 nm
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for the FA,15Csg5-70 perovskite film. An increase in the
annealing temperature increased the film roughness of
FAj.05CS0.05-110 films and FA, 15Cs; g5-110 films to 3.8 nm and
6.8 nm, respectively (Fig. 5(e and f)), with the enlarged grain
size more evident for FA;,5Csgg5-110 films, as shown in
Fig. 5(f).

Fig. 6(a—-d) displays the XRD pattern of the six selected
perovskite thin films on glass/ITO shown in Fig. S8. All XRD
patterns are characterized by a peak positioned at 20 ~ 15.2°
and 30.6°, indicating the formation of (100) and (200) crystal
planes.”® The perovskite films exhibited a cubic crystalline
structure with a diffraction peak at 20 ~ 15.18° and a more
intense diffraction peak at a known angle of 30.56°, as shown in
Fig. 6(a and c). The magnified diffraction peaks in Fig. 6(b)
show that the peaks at (200) shifted slightly toward a higher
diffraction angle with an increased FA' ratio in Cs-based
perovskite films. This shift can be attributed to the smaller
Cs' ions being partially substituted by the larger FA" ions in the
perovskite crystal structure, which reduces the interplanar
crystal spacing. A shift towards higher angles was also observed
at a higher temperature, as shown in the magnified diffraction
peaks (Fig. 6(d)). These peaks confirm the successful formation
of a highly crystalline perovskite structure. We also measured
the average crystallite size using the (100) and (200) reflections
of the selected perovskite thin films using Scherrer’s eqn (1).

K
" Bcos0

(1)

Here, K represents the Scherrer constant, which we assume to
be 0.9, D is the crystallite size, B denotes the full width at half
maximum (FWHM) of the measured diffraction peak, 6 repre-
sents the diffraction angle, and 1 stands for the X-ray wave-
length (0.154 nm). Table S3 shows the crystallite size derived
from the FWHM and Scherrer’s equation of the perovskite
films. The calculated crystallite sizes for the perovskite films
Cs-70, FA, 05CSg.95-70, and FA( 10CSg.90-70 are 17.9 nm, 18.1 nm,
and 18.7 nm, respectively. In contrast, the size for FA, 15Csp g5~
70 and FA(15CSo.g5-110 decreases to 16.8 nm and 15.5 nm,
respectively. Additionally, our results indicate that as the

A.05Csp.05 - 1

LN g
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Fig. 4 Microstructure morphological characterization of FA,Cs;_,PbBrs (0 < x < 0.15) perovskite films. SEM image for (a) CsPbBrs, (b) FAg.05CSo.95PbBr3,
(c) FA0.10Cs0.90PbBrz and (d) FAg15Csp.g5PbBrs annealed at 70 °C, (e) FA0.05CS0.95PbBrs and (f) FAq15Csg.gsPbBrs annealed at 110 °C.
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Fig. 5 Morphological characterization of FA,Cs;_,PbBrs (0 < x < 0.15) perovskite thin films. AFM images of films annealed at 70 °C for (a) CsPbBrs3, (b)
FAp.05Cs0.95PbBr3, () FAg10Csp.90PbBrs, and (d) FAq 15Csg.gsPbBrs; and films annealed at 110 °C for (e) FAg.05Cso.95PbBrs and (f) FAg 15Csg gsPbBr=.

annealing temperature increases, the average crystallite size
reduces from 17.9 nm at 70 °C to 15.5 nm at 110 °C, with our
findings aligning with other reports.**** This reduction in the
crystallite size indicates a densely packed microstructure with
increased grain boundaries.

Fig. 7 presents a schematic illustration of the FA,Cs;_,PbBr;
crystal structure. During the standard fabrication method for
CsPbBr; (without FA or PEABr), it has been demonstrated that
Br~ vacancies occur due to the rapid nucleation rate,***”
resulting in poor morphology and traps,*® which leads to very
low emissions, as shown in Fig. S3-S6. Accordingly, the CsBr/
PEABr doping scheme first introduces PEABr into the perovs-
kite solutions, thereby filling the partial Br vacancies, which is
favorable for the growth of high-quality films. Afterward, FA"
was partially substituted, which can also lead to a significant
increase in the Br-concentration and a slight increase in the
lattice structure of the FA,Cs,;_,PbBr, framework,*® as evident
in the SEM and AFM images (Fig. 4b-f and 5b-f), thereby
decreasing the defects and possibly enabling charge transport
in the perovskite film.

XPS was used to track the surface composition. Table 1
summarizes the perovskite components in relative mole% with

J. Mater. Chem. C

Pb** fixed at 1.0, similar to Maniyarasu et al.’® When FA is
incorporated into the perovskite lattice as FA", one of the two
nitrogen atoms is charged and chemically shifted relative to the
remaining nitrogen. The uncharged FA" nitrogen was observed
at 400.3 £ 0.1 eV, while the charged one was shifted to 402.0 £
0.2 eV. Nitrogen in PEA contains a single charged nitrogen
atom, which is present at the same position (402.0 =+ 0.2 eV). To
quantify the data in Table 1, we assumed that only FA" were
present in the perovskite lattice and that PEA was present at the
surface layer. The uncharged N (400.3 eV) represented only FA",
and since that molecule only contains one uncharged nitrogen,
the atom% measured by XPS was effectively the mole% of that
molecule in each sample.

In addition, as shown in Table 1, the mole% of PEA was
determined by quantifying the non-FA charged nitrogen and
then accounting for 8 carbon atoms associated with that
molecule. The PEA did constitute a significant amount of the
overall signal, consistent with it forming predominantly at the
surface. Fig. 8 shows a progression of nitrogen 1s spectra
containing increasing proportions of FA" relative to Cs" and
PEA. There was generally good agreement between the expected
surface composition and the measured composition by XPS for

This journal is © The Royal Society of Chemistry 2025
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"Brvacancies = ® & &
N P37

o /hoshosho ¢ , © Y F G

— - — «  Filing Br vacancies — e

(+) o (4] (] o o (] o
[ = a" e o —

() o (4] o (+) (] o [+
«  Poorfim morphology = - ~
« Trap states \_ y 'h § ;/ \ : \(

= oN “ R
O Qe Br\e/PEABrﬁaﬁ ¢ .0 <Y Y o

«  Filling Br vacancies

* Increase inthe Brconcentration

* Increase inthe lattice structure
framework

Fig. 7

the 110 °C films. The 70 °C films all contained excess Cs" and
Br  ions, suggesting the possible presence of CsBr on the
surfaces. Overall, we observed that the addition of an optimum
amount of PEABr promotes the formation of compact perovs-
kite films, and in this case, without significantly altering the

This journal is © The Royal Society of Chemistry 2025
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lllustration of the mechanisms of additive-assisted strategy for PEABr and FA™ incorporation in CsPbBrs perovskite films.

optical properties, as evidenced by the SEM, XPS, UV-Vis, and
PL measurements.

For the preliminary results of the fabricated light-emitting
diodes, we employed a simple device architecture of ITO/
PEDOT:PSS (poly(3,4-ethylenedioxythiophene)/perovskite)/LiF/
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Table 1 Summary of XPS results in relative mole% (Pb%* = 1.0)

A-site B-site X-site

Perovskite Cs N-C' (FA) Pb Br PEA
Cs-70 1.5 — 1.0 2.3 —

Cs + PEABr-70 1.1 — 1.0 2.6 51.4
FAg0sCSo0s-110 1.1 0.1 1.0 2.6 33.0
FAo 0:CSo.05-70 22 01 1.0 5.3 23.4
FAo10CS000-110 21 0.3 1.0 5.0 21.2
FAg 10CS0.00-70 24 03 1.0 5.1 22.4
FAo1sCSoss-110 1.0 0.2 1.0 2.5 5.3
FAg 15CS0.55-70 23 04 1.0 5.1 1.1

Al (Fig. 9a), without using traditional electron transport layers
such as TPBi or F8BT, or employing Ba/Al or Ca/Al.>'>* Fig. 9a
shows the device architecture for the optimized film at 70 °C,
while the J-V and luminance (L-V) characteristics are displayed
in Fig. 9b and c, with the turn-on voltage varying between 2 V
and 6 V. Moreover, as shown in Fig. 9c, the 510-512 nm PeLEDs
exhibit peak luminance of 102, 225, 11, and 87 cd m 2,
respectively, for Cs, FAy.05CS¢.05, FA.10CS0.00, and FAq 15C5g_gs.
All samples exhibit low EQE, with FAg5Csgos showing the
highest value among the other ratios. The EL spectra are shown
in Fig. 9d, with the device under operation (inset). We exam-
ined the spectra stability of the green FAg(5Csg.9s LEDs by
increasing the voltage from 0 V to 6 V (Fig. 9¢). The EL peak
remained stable at 511 + 1 nm, and the full width at half

View Article Online
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maximum remained unchanged at 24.4 nm. All the devices
exhibit a green EL emission, while FAg(5Csg9s LED corre-
sponds to the Commission Internationale de L’Eclairage (CIE)
color coordinates of (x = 0.076, y = 0.678) with color purity of
0.803, as shown in Fig. 9f. The summary of the perovskite
materials and device structure for the green PeLEDs with the
corresponding CIE coordinates compared to literature is shown
in Table S4.

Although we observed that the quality of the film improves
with the addition of PEABr and FA", the device performance is
lower than usually reported in the literature.”**® The transla-
tion of improved film quality into device performance will
require further work and improvement to reflect this observa-
tion in PeLEDs, as device architecture and other parameters
may play a crucial role. However, these findings are promising
and a good indication for PeLED device applications. There-
fore, future research efforts may optimize the device structure
and material properties in these perovskite thin films to
achieve highly efficient and stable green light-emitting diodes.

Conclusions

In this study, we found that toluene outperforms anisole and
chlorobenzene as an anti-solvent in the studied CsPbBr; and
FA,Cs;_,PbBr; perovskite films. More importantly, we found

a)

b)

402 400

404
Binding Energy (eV)

406

406

404 402 400
Binding Energy (eV)

Fig. 8 Nitrogen 1s spectra curve fit into NH, (400.3 eV) and C-NHs* (402.0 eV). (a) Cs-70, (b) PEA only, (c) FA.05Csp.95-110, (d) FA(05Csp.95-70, (€)

FA0.10Cs0.90-110, (f) FA0.10CS0.90-70. (9) FA0.15Cs0.85-110, (h) FA(15Csp.85-70.
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that incorporating a small portion of FA" in Cs-based perovskite
and adjusting the annealing temperature substantially impacts
the optical, structural, morphological, and transport properties
of the perovskite film. Our experiments demonstrated that an
increase in the FA" ratio leads to a slight shift in the optical
bandgap and the (200) XRD peaks toward higher wavelengths
and 20 angles, respectively, which becomes even more pro-
nounced at a higher temperature, thus improving the crystal-
linity and formation of larger grain sizes. The chemical
changes, large grain sizes, and defect and trap reduction can
significantly promote effective charge transport within the
perovskite thin film, as indicated by the preliminary device
performance results. While our findings contribute valuable
insights into studying antisolvent treatment and A-site cations
modification in perovskite materials for thin films, future
research should aim to optimize the FA/Cs ratio, device struc-
ture, and material properties, which are essential for achieving
high-quality perovskite light-emitting diodes.

Experimental methods

Materials

Lead bromide (PbBr,; 99.999%), cesium bromide (CsBr;
99.999%), dimethyl sulfoxide (DMSO; 99.9%), dimethylforma-
mide (DMF; 99.9%), toluene (99.8%), anisole (99.8%) and
chlorobenzene (CB; 99.8%) were purchased from Sigma
Aldrich, and PEABr (99.9%) was purchased from Greatcell Solar
Materials. The PEDOT:PSS (Clevios™" Al 4083) was purchased
from Heraeus Epurio, and LiF was purchased from Kurt J
Lesker Company. All materials were used as received.

This journal is © The Royal Society of Chemistry 2025

Formulation of perovskite precursor solution and fabrication

We prepared a 0.3 M CsPbBr; precursor solution by dissolving
the mixture of stoichiometric quantities of the CsBr/PbBr, in
DMSO. An appropriate molar excess ratio of the 0.6 M PEABr
was added to the 0.3 M CsPbBr; precursor solution. We
prepared a 0.3 M FA,Cs; ,PbBr; (0 < x < 0.15) precursor
solution by dissolving the mixture of stoichiometric quantities
of the FABr/CsBr/PbBr, in DMF/DMSO. Also, an appropriate
molar excess ratio of the 0.6 M PEABr was added to the 0.3 M
FA,Cs; ,PbBr; (0 < x < 0.15) precursor solution. All precursor
preparation was carried out in an N, glove box with an oxygen
content of <10 ppm (parts per million). All ITO and glass
substrates were sonicated with deionized water, acetone, and
ethanol for 15 minutes. Before the perovskite deposition, all
substrates were treated with ultraviolet ozone for 20 minutes.
Based on the characterization study, all precursor solutions
were spin-coated on a clean ITO or glass substrate at 5000 rpm
for 60 s, respectively. Toluene was dropped onto the spinning
ITO or glass substrate of CsPbBr; and FA,Cs; ,PbBr; (0 < x <
0.15) films between 16 and 23 seconds. We annealed the
CsPbBr; films at 70 °C for 10 minutes, while the FA,Cs;_,PbBr;
(0 < x < 0.15) films were annealed at 70 °C, 90 °C, and 110 °C,
respectively.

Thin film characterization

To examine the morphological evolution of perovskite thin films,
we employed field-emission scanning electron microscopy (FE-
SEM) with a Verios G4 UC SEM (Thermo Scientific, Hillsboro,
OR). The Bruker Dimension FastScan series was used for the
AFM measurements. The measurements were carried out using
a PerkinElmer LAMBDA 1050+ UV-vis-NIR spectrophotometer.

J. Mater. Chem. C


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5tc01143d

Open Access Article. Published on 11 August 2025. Downloaded on 8/16/2025 3:34:10 AM.

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

(cc)

Paper

The photoluminescence (PL) and time-resolved PL spectra on
glass/perovskite films were obtained using an FLS1000 photo-
luminescence spectrometer (Edinburgh Instrument, FLS1000).
The PL excitation wavelength was 430 nm, and TRPL was
enabled by a time-correlated single photon counting (TCSPC)
diode. The decay curves were then fitted using OriginPro 2025
software to determine the lifetime constants. The XRD measure-
ments were performed using a 240 mm radius Panalytical
Empyrean™ theta-theta X-ray diffractometer equipped with a
copper (Cu) line source [Kal-2 = 1.540598/1.544426 A] X-ray
tube. X-ray diffraction patterns were collected at 40 kv and
40 mA. Data were collected with a step size of 0.0501° from
10 to 50° 2-theta. The phase ID was performed using Jade®™
software (version 8.9) from Materials Data Inc. (MDI) and the
International Centre for Diffraction Data (ICDD) PDF5™
database.

A physical electronics VersaProbe III instrument equipped
with a monochromatic Al ko X-ray source (hv = 1486.6 eV) and a
concentric hemispherical analyzer were used to perform XPS
measurements. The samples were mounted in an argon glove-
box with <1 ppm O, and transferred to the XPS system in a
special inert sample transfer vessel to minimize air/moisture
exposure. Charge neutralization was not utilized, and Oxygen
was not observed on any surface. The binding energy axis was
calibrated using sputter-cleaned Au foils (Au 4f;, = 83.96 eV) and
Cu (Cu 2p3/, = 932.62 eV, Cu 3p3, = 75.1 eV). A typical sampling
depth of 3-6 nm (95% of the signal originated from this depth or
shallower) was achieved when the measurement was done at a
takeoff angle of 45° from the sample surface plane. Accounting
for the X-ray cross section and inelastic mean free path of the
electrons, quantification was made using instrumental relative
sensitivity factors. The sample’s analysed spot was ~200 pm in
diameter. Minor elements show significantly higher standard
deviations on homogeneous samples, and major elements (>5
atom%) yield standard deviations of < 3%.

Perovskite LED fabrication and characterization

Pre-patterned ITO substrates (1.1 x 25 x 25 mm, 12-20 Q sq ",
Colorado Concept Coating LLC) were sequentially sonicated
with deionized water, acetone, and ethanol for 15 minutes. The
substrates were then dried in the oven at 120 °C for 20 minutes.
After cooling down, they were treated with ultraviolet ozone for
20 minutes before use. PEDOT:PSS (Clevios™ Al 4083) was
spin-coated on the ITO substrates at 3000 rpm for 40 s,
respectively, and then annealed at 120 °C for 10 minutes. The
coated substrates were transferred to the glovebox (0, < 0.1
ppm and H,O < 0.1 ppm) for perovskite layer deposition. All
precursor solutions were spin-coated on the PEDOT:PSS layer at
5000 rpm for 60 s, respectively. Toluene was dropped on the
spinning substrate of FA,Cs; ,PbBr; (0 < x < 0.15) films
between 16 and 23 s, after which the films were annealed at
70 °C for 10 minutes. LiF and Al layers were thermally evaporated
on top of the perovskite films, with thicknesses of 2 and 100 nm,
respectively. The device area was 0.15 cm®. The performance of
PeLEDs was measured in an N, glovebox using an ENLITECH
LQ-50X-EL high speed/high sensitivity electroluminescence

J. Mater. Chem. C

View Article Online

Journal of Materials Chemistry C

efficiency test system setup with a Keithley 2450 sourcemeter
unit. The current density-voltage (J-V) curve was obtained by
scanning the voltage from 0 to 9 V (forward scan) with a step
of 0.1 V.
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