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Abstract

In this study, we investigate the impact of formamidinium bromide (FABr) over-stoichiometry in
the precursor solution on the optoelectronic properties and morphology of the resulting films of
formamidinium lead bromide. Optical characterization, including steady-state absorption, pho-
toluminescence (PL), and femtosecond transient absorption spectroscopy, reveals a systematic
blueshift in emission energy with increasing FABr content, attributed to compositional variations
induced by FABr excess. The excess of FABr also induces the reduction of defects associated with
radiative recombination. Indeed, the stoichiometric film exhibits a PL band due to donor—acceptor
pair (DAP) recombination as identified by the typical blueshift for increasing excitation intensity,
whereas FABr-enriched samples show no evidence of DAP emission. Additionally, morphological
characterization shows a reduction in grain size with increasing FABr excess, indicating a trade-
off between improved electronic quality and enhanced structural disorder. The film synthesized
with a 5% excess of FABr provides the optimal balance, yielding the highest power conversion effi-
ciency (6.26%), average visible transmittance (61.6%), and light utilization efficiency (3.85%).
These results demonstrate that fine-tuning the precursor stoichiometry represents a simple yet
effective strategy to enhance the optoelectronic quality and performance of semitransparent per-
ovskite solar cells.

1. Introduction

Hybrid metal halide perovskites (MHPs) have revolutionized photovoltaic technology over the last
decade, because of their exceptional optoelectronic properties. Indeed, MHPs show high absorption coef-
ficients in the visible range (~10° cm™'), band gap tunability, long carrier diffusion length (>1 pm),
long carrier lifetime (~ 1 us), and unusually high defect tolerance [1-6]. These properties counterbal-
ance the moderate carrier mobility (~10 cm? V~! s71), which is lower with respect to traditional semi-
conductors (e.g. 1000 cm? V! s7! for Si) [7]. MHPs are usually employed in photovoltaic applica-
tions as thin films of a few hundred nanometers in the form of a polycrystalline structure composed of
micrometer-sized grains. These features collectively make halide perovskites highly attractive for a variety
of optoelectronic applications, including photovoltaics, LEDs and photodetectors. Furthermore, the films

© 2026 The Author(s). Published by IOP Publishing Ltd
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are obtained by means of low-cost fabrication methods such as spin coating, blade coating, screen print-
ing, or inkjet printing [8—11]. Consequently, extensive research effort has been dedicated to optimizing
their compositional engineering, morphology control, and device integration.

Among the family of perovskite absorbers, wide-bandgap compositions such as formamidinium
lead bromide (FAPbBrs;) have gained particular interest for applications in semitransparent solar cells.
Moreover, the large bandgap (~2.3 eV) of FAPbBrs is particularly well suited to harvesting the high-
energy portion of the solar spectrum, making this material an ideal candidate for a top-cell absorber
in tandem photovoltaic devices [12, 13]. Nonetheless, a significant challenge in photovoltaic applica-
tions of wide-bandgap perovskites is the limited increase in open-circuit voltage compared to their opti-
cal bandgap [14]. This voltage deficit primarily originates from unfavorable alignment of energy lev-
els between the absorber and the adjacent charge transport layers, as well as significant non-radiative
recombination within the active material [15]. In particular, non-radiative recombination is associated
with grain boundaries, halide vacancies, interstitial defects, and other point defects [16, 17].

To mitigate those losses, different strategies have been explored, ranging from advanced interface
engineering to the use of multifunctional additives [18-23]. For instance, recent studies have demon-
strated that incorporating graphene-doped TiO: as an electron transport layer or using imidazole-based
additives can significantly enhance charge extraction, passivate defects at grain boundaries, and improve
device stability [24]. Furthermore, the introduction of specialized buffer layers, such as cubic silicon car-
bide, has been proposed to optimize energy level alignment and to reduce interfacial recombination in
lead-free and bromine-rich systems [25]. While these treatments are highly effective, precursor engineer-
ing through stoichiometric control remains a fundamental yet versatile route to directly tune the crystal-
lization kinetics and the defectivity of the material.

Within this framework, precursor engineering via controlled over-stoichiometry has emerged as
an effective strategy to improve the optoelectronic quality of metal-halide perovskites. For instance,
MAPDL films fabricated with an excess of methylammonium iodide show the formation of defect-
passivating surface layers, which lead to suppression of non-radiative recombination and enhancement
of the charge carriers’ mobility [26]. Similarly, the introduction of excess formamidinium bromide in
FAPbBrs nanocrystals refill bromine and formamidinium vacancies, resulting in a substantial increase in
photoluminescence quantum yield and more balanced charge transport due to a reduced density of insu-
lating organic ligands [27]. Despite these promising results, the role of precursor over-stoichiometry in
governing the polycrystalline morphology, defect landscape, and electronic properties of FAPbBr; thin
films specifically tailored for photovoltaic applications remains insufficiently explored.

In this paper, we investigate how different levels of FABr excess (+5% and +10%) in the synthesis of
the active material affect the crystallization and the optical properties of the FAPbBrs thin films. By com-
bining morphological characterization, steady-state and temperature-dependent photoluminescence (PL),
optical absorption, and transient absorption, we provide deeper insights into the role of the formami-
dine bromide (FABr) stoichiometry employed in semitransparent photovoltaic applications.

2. Experimental methods

2.1. Sample preparation, synthesis of the materials and device fabrication
FAPDBr; thin films were deposited onto ITO conductive substrates (Kintec company, 1.1 mm thick, 10
Q/sq~! of sheet resistance). The substrates were first cut into squares of 2.5 x 2.5 cm and then washed
using a sequential cleaning procedure, first in a soap (5% in volume) and water solution, then in deion-
ized water, and finally in isopropanol using ultrasonic baths of 10 min to remove organic compounds
and dust. Before depositing the perovskite, the cleaned substrates were soaked under a UV-light treat-
ment for 30 min to improve the surface wettability to obtain a good perovskite film deposition. 1.3 M
FABr (Dyesol) and 1.3 M PbBr, (TCI) were dissolved in a vial of DMSO and left stirring all night.
FAPDBr; deposition was performed under N, atmosphere. The substrates were first heated to 60 °C,
and then, 80 pl of the perovskite solution was dropped on the surface and spin-coated at 4000 rpm for
20 s. The solvent quenching method was employed to enhance the perovskite crystallization, and 200 ul
of ethyl acetate was dropped 10 s after the initiation of the spin. The substrates were then annealed
at 80 °C for 10 min. This procedure was followed to fabricate the stoichiometric sample of FAPbBr;
(Control), while for the samples synthesized with an excess of FABr%, concentrations of 1.365 M FABr
(a 5% excess) and 1.43 M FABr (a 10% excess) were used for the growth of the FABr 5% and FABr 10%
samples, respectively.

The solar cells were fabricated using perovskite films prepared as previously described. The remain-
ing layers of the photovoltaic devices—namely, the electron transport layer, the hole transport layer, and
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the top electrode—were deposited following the procedures reported in [28]. As the aim of this study is
to isolate the effect of FABr over-stoichiometry on the perovskite absorber rather than maximize pho-
tovoltaic performance through device engineering, we did not perform a dedicated optimization of the
device stack. The device performance should therefore be interpreted in a comparative framework within
a fixed architecture, which was not specifically re-engineered for this work.

2.2. Steady-state optical spectroscopy
The absorbance spectra of thin films were acquired with a Shimadzu UV-VIS spectrometer (model UV-
2700) in combination with the Shimadzu multipurpose large-sample compartment (MPC-2600 A) in
the 220-850 nm range. These units were used for transmittance and diffuse and specular reflectance
measurements.

The average visible transmittance (AVT) of the semitransparent devices was determined following the
procedure outlined in ISO 9050:2003. See details in section S.1 of Supporting Information (SI).

2.3. Scanning electron microscopy (SEM) and x-ray diffraction (XRD)
A Field emission scanning electron microscope (FESEM—ZEISS SIGMA 300) was used for the morpho-
logical characterization of the samples, using an acceleration voltage of 10 kV and a working distance of
13 mm. The samples were mounted on aluminum stubs using conductive carbon tape and the images
were all acquired with the same magnification (25kX), to compare their grain-size distributions, which
were analyzed using Gwyddion software [29].

XRD patterns were acquired using a Rigaku SmartLabSE diffractometer equipped with a Cu Ko radi-
ation source, in the 26 range of 5°-60°.

2.4. Photoluminescence

PL was performed at 12 K in a closed-cycle He cryostat. A PID controller was used to regulate the tem-
perature between 12 K and RT for temperature-dependent measurements. The samples were excited
using a continuous-wave laser at 405 nm (Matchbox 2 series). The laser beam was focused on the
sample with a spot size of 100 pum, and the PL was collected by a telescope into a monochromator
(HORIBA Jobin Yvon—iHR320) with a focal length of 320 mm, and a spectral range of 350 nm—

1100 nm with a 1200 gr mm ™! grating. Suitable filters were used to eliminate the laser light scattered
by the sample.

2.5. Femtosecond transient absorption spectroscopy (FTAS)

FTAS was carried out using an amplified femtosecond laser source delivering 35 fs pulses at a 1 kHz rep-
etition rate with an average power of 4 W, centered at 800 nm. Tunable pump pulses were produced

via an optical parametric amplifier. A white-light supercontinuum probe covering the 360-780 nm

range was obtained by focusing approximately 3 4] of the 800 nm beam into a rotating CaF- crystal.
Both the pump and probe beams were focused onto the sample, with spot diameters of about 200 pum
and 150 pm, respectively. The time delay between pump and probe pulses was adjusted by varying the
probe optical path length, yielding an overall instrument response of roughly 50 fs. Further experimental
details are available elsewhere [30, 31].

3. Results and discussion

Figure 1(a) depicts the absorbance of the different samples (Control, FABr +5%, and FABr +10%),
which shows a blueshift of the optical onset from 2.273 eV to 2.280 eV, and then to 2.296 eV with the
increase of the FABr excess. The onset of the signal was set at the intercept (orange, green, and blue
stars, respectively, for Control, FABr +5%, and FABr +10%) between the absorption peak and the low-
energy tail related to the background scattering. The steady-state absorption spectrum of the Control
sample exhibits a distinct excitonic feature, which becomes less pronounced as the FABr excess increases.
Figure 1(b) reports the corresponding absorption coefficient. The absorption coefficient for each film
was estimated according to equation (1):

n (LT
o () = (100 R(A)) N
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Figure 1. (a) Steady-state absorbance spectra of the control, FABr 4+-5% and FABr +10% samples (see text for details); (b)
absorption coefficient of the control, FABr +5%, and FABr +10% films (orange, green and blue scatter, respectively). The data
were fitted using the Elliott model (black line), which is further decomposed into contributions from the continuum states (red
line) and the three excitonic states (blue line). See text for the details.

Table 1. Absorption curves fitting parameters evaluated with the Elliott model as electronic
bandgap (E;=), exciton binding energy (Ey), Gaussian broadening of the excitonic (ox) and
continuum (o) contributions, and the coefficient b.

Material Eg (eV) Ep, (meV) ox (meV) o (meV) b(eVv™!)
Control 2.368 40+£5 34 26 0.69
FABr +5% 2.385 40+£5 33 25 0.79
FABr +10% 2.406 40+£5 39 33 0.91

where T is the transmittivity, R the reflectivity, and ¢ the thickness of the films measured using a Bruker
Dektat XT profilometer, yielding an average value of 250 nm for all samples (see figure S6). The sub-
bandgap intensity was set to zero to remove the scattering contribution to the spectra. Fach steady-state
absorption spectrum was decomposed into two components: an excitonic transition and a continuum
electronic transition, both convolved with Gaussian broadening functions. Details of the fitting proce-
dure following an Elliot-based excitonic absorption model are reported in section S.2 of SI and in our
previous works [32, 33].

From this analysis, several key optical parameters were extracted: the bandgap (E,), the Gaussian
broadening of excitonic (oy) and continuum (o) contributions, as well as the coefficient b that takes
into account the non-parabolicity of the bands. In the fitting procedure, the exciton binding energy was
kept fixed within 40 + 5 meV, as variations within this range produced essentially identical results. All
other parameters were left free to vary. The resulting values are summarized in table 1.

The analysis of the absorption spectra reveals a clear evolution of the optical properties with increas-
ing FABr incorporation. The bandgap increased from 2.368 eV in the Control sample to 2.406 eV in the
FABr +10% film, indicating a blueshift of about 40 meV. This shift suggests that FABr incorporation
modified the electronic structure, likely through compositional or structural changes within the per-
ovskite lattice. Since the fitting procedure yielded comparable results within the range of 40 £ 5 meV
and the exciton binding energy can be considered approximately constant in all samples, we assume that
the dielectric screening and effective masses are not strongly affected by the excess of FABr. More pro-
nounced changes were instead observed in the broadening parameters: while the Control and FABr +5%
films exhibit similar excitonic and continuum broadening, both contributions significantly increased
in the FABr 4+10% sample. The increase of the coefficient b from 0.69 to 0.91 eV~! is consistent with
the changes of the electronic structure induced by the FABr excess. The slight difference between the
blueshift extracted from the absorption onset and that obtained from Elliott fitting (23 meV and
38 meV, respectively) can be explained by the different approaches used: while the onset is sensitive to

4
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Figure 2. (a) PL spectra, normalized at the maximum intensity, acquired at 12 K for the Control, FABr +5% and FABr +10%
thin films and with an excitation laser at 405 nm at an irradiance of 100 mW cm~2; (b) PL main peak intensity as a function of
the excitation laser irradiance for all samples.

Table 2. Power-law exponent (1) obtained by fitting the PL
intensity of the main emission peak as a function of the
excitation irradiance for Control, FABr +5%, and FABr
+10%.

Control FABr +5% FABr +10%

n 0.70 £ 0.18 1.00 £ 0.09 1.14 £ 0.02

spectral broadening and disorder-induced band tailing, the Elliott analysis provides a more intrinsic esti-
mate of the bandgap by explicitly accounting for the exciton.

Further investigation of the optical properties was performed using temperature- and power-
dependent steady-state PL at an irradiance of 100 mW cm™2. Figure 2(a) shows the PL spectra obtained
at 12 K for the three types of samples. The low temperature minimizes the thermal broadening of the
PL line shape, thereby providing clearer insights into the defectivity of the samples. All spectra exhibit
a main emission peak, likely due to excitonic recombination, that undergoes a progressive blueshift
with increasing FABr excess, consistent with the trend observed in the absorption spectra. Notably,
the Control sample shows an additional broad emission band at lower energy, indicative of significant
defect-related sub-bandgap states.

Power-dependent PL was performed to identify the recombination mechanisms responsible for the
low-energy emission at 12 K, distinguishing among defect-mediated, excitonic, and free-carrier recombi-
nation. The dependence of the PL intensity (Ip.) on the excitation power (I) follows a power-law behav-
ior, which in logarithmic form can be expressed as:

log, (IrL) = log,, (A) + nlogy, (I) (2)

where A is a proportionality constant and n is the power-law exponent that provides an indication of
the recombination mechanism involved [34, 35]. Specifically, values of n < 1 indicate defect-mediated
recombination, such as free-to-bound or donor-acceptor pair (DAP) recombination, # close to 1 indi-
cates a purely excitonic recombination, while n & 2, suggests a dominant free carrier recombination.
Intermediate values between 1 and 2 indicate the coexistence of excitonic and free-carrier recombina-
tion within the sample. Figure 2(b) reports the PL intensity of the main emission peak as a function of
the excitation irradiance for all samples, together with the best-fit curves obtained using equation (2).
The corresponding values of n are summarized in table 2.

The numbers reported in table 2 reveal changes of the dominant recombination mechanism upon
FABr incorporation. The Control sample is primarily governed by defect-assisted recombination (n < 1),
while the FABr +5% and FABr +10% films exhibit power-law exponents (n ~ 1) consistent with pre-
dominant excitonic emission. The reduction of defect-assisted recombination in FABr +5% and FABr
+10% films is consistent with FABr-induced passivation of bromine vacancies and in agreement with
what is observed in absorption. This confirms that both FABr-enriched films maintain a predominantly
excitonic character of their optical properties, suggesting that the variations observed in their absorp-
tion spectra principally arise from broadening due to compositional disorder and thermal factors. FTAS
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Figure 3. (a) PL spectra acquired at 12 K and normalized to their absolute maximum to facilitate comparison among different
excitations; (b) band energy maximum of the low-energy PL peak of the control sample obtained as a function of selected irradi-
ances of excitation.

and temperature-dependent PL measurements, reported in sections S.3 and S.4 of SI, corroborate this
interpretation [36, 37].

To further clarify the role of defect states in the PL recombination of the Control sample, figure 3(a)
displays the PL spectra recorded at 12 K and at selected excitations (0.001, 0.01, 0.1, 1, 10, 100, 1000,
and 5000 mW cm~2). Two distinct emission peaks are observed. The high-energy peak, centered at
2.20 eV, is attributed to excitonic recombination and exhibits no noticeable shift with excitation power.
In contrast, the low-energy emission shows a clear blueshift as the excitation irradiance increases.

Figure 3(b) reports the evolution of the low-energy peak position (center of mass) as a function of exci-
tation irradiance. This behavior is characteristic of DAP recombination, involving electrons and holes
bound to donors and acceptors. Hence, DAP recombination can be associated with the presence of com-
plementary defect states, such as halide vacancies acting as donor-like centers and A-site vacancies acting
as acceptor-like centers [38]. The energy of the emitted photons is expressed by the following equation:

e 1

4T €06, TpA

Eppap = (Eg — Epo _EAO) + (3)

where Eg is the bandgap, Epy and Epg are the binding energies of electrons and holes to their respective
donor and acceptor centers, and the last term accounts for the Coulomb interaction between the ionized
centers after recombination [39-41].

While the first three terms are independent of excitation power, the Coulombic term is power depen-
dent. As the laser intensity increases, a larger number of donors and acceptors become occupied, leading
to a reduction of their average mutual distance rps. Consequently, the emission maximum of the DAP
band exhibits a blueshift with increasing excitation power. This behavior is a fingerprint of DAP recom-
bination and clearly different from excitation-induced thermal effects or other emission processes. The
absence of a DAP band in the FABr +5% and FABr +10% samples indicates that FABr incorporation
effectively reduces or passivates donors and acceptors.

These results indicate that the addition of FABr during film synthesis mitigates the defectivity of the
films while promoting compositional disorder. Since these two effects compete in determining the overall
film quality, SEM was used to evaluate how FABr excess influences the morphology of the perovskite
layers.

Figures 4(a)—(c) show the top-view SEM images of Control, FABr +5% and FABr +10%, respec-
tively. These images were analyzed using Gwyddion [29] to quantify the grain size distribution in the
studied samples, as reported in figures 4(d)—(f). Given the almost hexagonal shape of the grains, their
size was estimated by measuring the longest distance between two opposite edges. The analysis of the
SEM images reveals that the introduction of FABr excess results in a marked reduction in grain size.
While the Control and FABr +10% samples exhibit relatively narrow grain size distributions centered
around ~850 nm and ~250 nm, respectively, the FABr +5% sample shows a much broader distribu-
tion, spanning from approximately 50 nm up to 1200 nm. This indicates that the morphology at 5%
FABr excess is not drastically altered compared to the Control but rather consists of a heterogeneous
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Figure 4. SEM images obtained for (a) control, (b) FABr +5% and (c) FABr 4+10%. Analysis of the grain sizes of (d) control, (e)
FABr +5% and (f) FABr +10%.

microstructure where large grains are still present. Overall, the excess of FA reduces the grain size distri-
bution compared to the Control sample. While the SEM images highlight pronounced changes in grain
size and morphology upon FABr addition, XRD measurements were employed to probe whether these
variations are reflected in the average crystal structure of the films. The XRD patterns of Control, FABr
+5% and FABr +10%, reported in figure S3 of SI, exhibit the same set of crystalline reflections that
demonstrate that all the samples show an a-FAPbBr; perovskite phase. No additional reflection or sig-
nificant shift in the peak positions are observed with the excess of FABr, indicating that the bulk crystal
structure and the average lattice parameter of FAPbBrs are preserved [28, 42]. Furthermore, the mor-
phological changes revealed by the SEM analysis are in good agreement with the trends observed in the
temperature-dependent PL (see section S.4 of SI). In particular, the broader FWHM of the PL emission
in the FABr +10% sample correlates well with the reduced grain size and larger disorder visible in the
SEM images. In addition, the PL peak energy of FABr +10% is consistently blue shifted relative to the
Control at all temperatures, indicating that FABr excess alters the perovskite chemical composition in a
way that significantly affects its optical properties.

Summarizing, the combined structural and spectroscopic results provide important insight into the
origin of the observed optical trends. XRD analysis shows that all samples retain the same crystalline
phase, with no evidence of secondary phases or measurable shifts in peak positions, indicating that both
the crystal structure and the average lattice parameter remain essentially unchanged with increasing FABr
content. This is consistent with the results of optical and ultrafast spectroscopies, which indicate that
the fundamental electronic structure of the material is preserved. In particular, FTAS and temperature-
dependent PL measurements confirm the dominant excitonic character across all compositions, while
no additional recombination channels, typically associated with secondary phases, are observed. These
observations suggest that lattice strain and secondary phases can be excluded as the primary origin of
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Figure 5. (a) -V curves of the champion device measured in the reverse scan direction (see section S6 of the SI for further infor-
mations), (b) EQE (solid line) and integrated current density (dashed line) (c) 90-s maximum power point tracking (MPPT) and
(d) transmittance obtained for control, FABr +5%, and FABr +10%.

the observed blueshift of the bandgap. Instead, the shift is more plausibly attributed to compositional
variations induced by FABr excess.

To verify whether the spectroscopic findings are consistent with the performance of the photovoltaic
devices, semitransparent solar cells based on the Control, FABr +5%, and FABr +10% films were fabri-
cated. Figures 5(a)—(d) present the current—voltage (J-V) curves, the external quantum efficiency (EQE)
spectra, 90-s maximum power point tracking (MPPT), and the transmittance for the three devices. See
details in section S.6 of SI. The champion devices were also measured in both forward and reverse scan
directions for all compositions, as reported in figure S4 in SI.

The measured short-circuit current density (Jsc), open-circuit voltage (Voc), fill factor (FF), and
power conversion efficiency (PCE) for all solar cells, together with their AVT and light utilization effi-
ciency (LUE), are summarized in table 3. While PCE is the standard metric for evaluating photovoltaic
performance, AVT and LUE are particularly important for semitransparent devices. AVT quantifies the
average fraction of visible light transmitted through the device, whereas LUE, defined as the product of
AVT and PCE, serves as a key figure of merit for semitransparent solar cells by capturing the trade-off
between optical transparency and photovoltaic efficiency.

The Control and FABr +5% devices exhibit only limited hysteresis, whereas the FABr +10% sam-
ple shows a more pronounced scan-direction dependence. For the Control device, the PCE decreases
from 5.77% in the reverse scan to 5.26% in the forward scan, mainly due to a reduction in FF (from
61.52% to 56.8%), while V¢ and Jsc remain nearly unchanged (from 1.51 to 1.50 V and from 6.20 to
6.15 mA cm ™2, respectively). The FABr +5% device delivers the best overall performance, with a PCE of
6.26% in the reverse scan and 5.60% in the forward scan, accompanied by a decrease in FF from 64.14%
to 58.97%, while Ve (1.54-1.53 V) and Jsc (6.33-6.18 mA cm™2) remain almost constant. In con-
trast, the FABr +10% device exhibits the least favorable performance, with a reverse-scan PCE of 4.98%
increasing to 5.29% in the forward scan, indicating significant scan-direction dependence. This behavior
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Table 3. Jsc, Voc, FE, PCE, AVT, and LUE measured for the solar cells fabricated using active layers synthesized with
the same stoichiometry of control, FABr +5%, and FABr +10%. Jsc, Voc, FF and PCE are measured in forward (FW)
and reverse (RV) scan directions.

Material Scan Jsc (mA cm™2) Voc (V) FF (%) PCE (%) AVT (%) LUE (%)

Control RV 6.20 1.51 61.52 5.77 60.2 3.47
FwW 6.15 1.50 56.8 5.26

FABr +5% RV 6.33 1.54 64.14 6.26 61.6 3.85
FW 6.18 1.53 58.97 5.6

FABr +10% RV 5.85 1.52 53.76 4.98 58.4 3.09
FW 5.50 1.53 62.94 5.29

is associated with a large variation in FF (53.76% vs 62.94%) and a reduced photocurrent density com-
pared to the other compositions. Figure 5(b) reports the EQE, confirming the measured current densities
of the champion devices, while figure 5(c) shows stable MPPT over 90 s for all samples.

Statistical analysis supports these observations (figure S5 and table S1 in SI). In particular, the FABr
+5% devices exhibit the highest average V¢ (1.56 V), with peak values exceeding 1.6 V, indicating a
more effective suppression of non-radiative recombination. The control devices show a slightly lower
average Voc (1.54 V), consistent with less efficient defect passivation, while the FABr +10% samples do
not show further improvement, instead exhibiting an average decrease of approximately 5%. This trend
suggests that, beyond the optimal FABr excess, the beneficial reduction of defect-assisted recombination
is progressively counterbalanced by increased structural and morphological disorder in the absorber.
Notably, the same behavior is observed in both scan directions, confirming that the superior perfor-
mance of the FABr +5% composition reflects a more robust and intrinsic device response rather than
a measurement-dependent effect.

These results indicate that the FABr +5% sample achieves the optimal combination of PCE (6.26%),
AVT (61.6%), and LUE (3.85%), reflecting a favorable balance between two competing effects induced
by FABr excess: effective defect passivation, increase of compositional disorder, and grain size reduction.
This finding underscores the critical influence of precursor stoichiometry on film formation and its deci-
sive impact on the photovoltaic performance of the resulting devices.

4. Conclusions

In this study, we explored the impact of different levels of FABr over-stoichiometry introduced during
the fabrication of wide-bandgap FAPbBrs perovskite films on the resulting morphology, optoelectronic
properties, and device performance. We have demonstrated that even small compositional variations sig-
nificantly influence both the structural and optical behavior of the resulting films.

Spectroscopic analyses revealed a consistent blueshift in the emission and absorption energy upon
FABr addition, assigned to compositional variations induced by FABr excess, together with the reduction
of defect-assisted recombination. In lead halide perovskites, bromine vacancies act as electron traps that
locally distort the band structure, introducing sub-bandgap states and reducing the effective bandgap.
The incorporation of FABr compensates for these vacancies, reducing the trap-state density and pro-
moting a more uniform and defect-free lattice. As a result, non-radiative recombination is reduced—
as shown by the absence of low-energy PL features and by the blueshift of the optical transition. The
presence of DAP emission exclusively in the stoichiometric film further supports this interpretation. Its
absence in FABr-enriched samples indicates effective defect passivation and the consequent suppression
of sub-bandgap transitions.

Electron microscopy revealed a progressive reduction of grain size with increasing FABr content,
associated with modified crystallization kinetics under excess precursor conditions. The FABr 5% com-
position provided the best compromise between low defect density and controlled morphological disor-
der, resulting in the most favorable film quality. This is reflected in device performance, with FABr 5%
delivering the highest PCE (6.26%), AVT (61.6%), and LUE (3.85%).

In conclusion, we have shown that careful precursor engineering, specifically the introduction of con-
trolled amounts of precursor over-stoichiometry, can substantially influence crystallization, defect den-
sity, and thus the optical and electronic quality of perovskite films of FAPbBr;. Future work should
focus on decoupling these competing effects, for instance, by combining stoichiometric tuning with
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advanced crystallization control or interface engineering strategies. This approach could enable further
improvements in both efficiency and operational stability, paving the way toward the integration of
wide-bandgap perovskites in high-performance semitransparent and tandem photovoltaic devices.
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