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interest in both academic and industrial 
landscapes for a wide range of applica-
tions, including image sensing,[8] optical 
communication,[9] environmental moni-
toring, and biomedical applications.[10,11] 
New emerging applications require self-

powered, cost-effective, highly sensitive, 
and flexible devices.[12–14] These conditions 
can be fully satisfied using PDs based on 
perovskite active layers, which combine 
high ambipolar charge carrier mobility[6,15] 
with long carrier diffusion length,[16,17] 
effective light absorption,[18] high defect 
tolerance[19,20] and low-cost solution pro-
cessability,[21] making them suitable candi-
dates for high-performance PDs.

The route to obtain highly sensitive 
sensors requires minimizing dark cur-
rent (Jd) values, which limits the noise 
(in) in devices and maximizes light con-
version. To date, few methods exist to 
reduce the dark current in PDs. They 
are based on the use of charge-blocking 

layers to minimize charge injection.[22,23] Other strategies are 
related to inclusion of additives[24,25] or controlling film crys-
tallization[26,27] to minimize backward charge injection at the  
electrodes. However, there is a deficit of efforts focused on 
understanding the role of perovskite composition and its  
correlation to device Jd.

Tuning halide composition in perovskites is a powerful approach demon-
strated to enhance the performance of perovskite photovoltaic devices where 
such compositional modifications drive improvements in open-circuit voltage 
(Voc) and a reduction in nonradiative voltage losses. Similarly, photodetectors 
(PDs) operate as light to current conversion devices hence it is relevant to 
investigate whether performance enhancements can be achieved by similar 
strategies. Herein, perovskite PDs are fabricated with an inverted photo-
diode configuration based on a MAPb(I1-xBrx)3 perovskite (MA = methyl-
ammonium) active layer over the x = 0–0.25 composition range. Interestingly, 
it has been found that increasing the Br content up to 0.15 (15%) leads to 
a significant reduction in dark current (Jd), with values as low as 1.3 × 10−9 
A cm-2 being achieved alongside a specific detectivity of 8.7 × 1012 Jones. 
Significantly, it has been observed an exponential relationship between the Jd 
of devices and their Voc over the 0–15% Br range. The superior performances 
of the 15% Br-containing devices are attributed to the reduction of trap states, 
a better charge extraction of photogenerated carriers, and an improvement in 
photoactive layer morphology and crystallinity.

ReseaRch aRticle

1. Introduction

Organo-metal halide perovskites have gained attention for 
their remarkable optoelectronic properties, which made them 
an ideal material for solar cells,[1–3] light-emitting diodes,[4] 
and photodetectors[5–7] (PDs). PDs are attracting increasing 
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In recent years, compositional engineering has played a 
fundamental role in developing perovskite solar cells, ena-
bling higher device efficiencies, an adjustment of film defect 
densities, and longer stabilities.[28–30] Some of the highest 
performing perovskite solar cells are based on mixed-cation, 
mixed-halide materials with power conversion efficiencies cur-
rently > 25  %.[27,31,32] Incorporating increasing quantities of 
Br into MAPb(I1−xBrx)3 allows effective tuning of the optical 
bandgap,[33–37] which is critical to improve the efficiency of both 
single and multi-junction solar cells.[38,39] Moreover, altering 
halide composition can also have positive effects on film crystal-
lization, morphology, and stability.[36,40] It has been shown that 
the main loss mechanism in perovskites solar cells is related to 
the presence of traps, leading to significant nonradiative recom-
bination losses.[41] The incorporation of small amounts of Br 
reduces the density of traps with a corresponding positive effect 
on the electronic quality of the photoactive layer.[37,42]

In this work, we study the effect of Br doping into methylam-
monium lead iodide (MAPbI3) over the composition range of 
0–25% Br and report the performance of PDs fabricated with 
these active layers.

We find that our bandgap engineering increases device open-
circuit voltage (Voc) resulting in PDs with significantly reduced 
Jd values, attributed to improved charge collection efficiency 
and reduced recombination driven by the Br incorporation.

Furthermore, we obtain an exponential relationship between 
device Jd and their Voc over the 0–15% Br composition range. 
We identify the 15% Br, i.e., MAPb(I0.85Br0.15)3 composition as 
that which creates devices with the lowest Jd values, greatest 
responsivity, and highest specific detectivity (D*). The result is 
PDs with Jd of 1.3 × 10−9 A cm−2 at −0.5 V and D* approaching 
1013 Jones over the 350–730  nm spectral region. Moreover, a 
wide linear dynamic range, fast frequency response, and tran-
sient times are also observed at this specific composition. Thus, 
halide doping of wide-bandgap perovskites is shown to be a 
powerful method in the continued development of high-perfor-
mance PDs.

2. Results and Discussion

A schematic illustration showing the device structure employed 
is depicted in Figure 1a. This architecture and composition 
were employed for both photovoltaic (PV) and PD devices. Here 
an inverted architecture employing indium tin oxide (ITO) as 
a transparent conductive layer and [2-(3,6-dimethoxy-9H-car-
bazol-9-yl)ethyl]phosphonic acid (MeO-2PACz) as the hole 
transport layer (HTL), on top of which the perovskite is depos-
ited. The device is then completed with [6,6]-Phenyl-C61-butyric 
acid methyl ester (PCBM) as the electron transport layer (ETL), 
bathocuproine (BCP) as the hole blocking layer, and Cu as the 
top contact. The composition of the perovskite layer investi-
gated is MAPb(I1−xBrx)3, over the composition range x = 0–0.25, 
henceforth 0–25%. The optical bandgaps for the different 
perovskite compositions are extracted from the UV-Vis absorp-
tion spectra in Figure  1b and the corresponding Tauc plot 
(Figure S1, Supporting Information). As anticipated, a progres-
sive increase in bandgap is seen with increased Br content.[33–37] 
Dark current, Jd is a fundamental parameter that heavily 

impacts device performance, specifically sensitivity. Figure  1c 
shows current density–voltage (J–V) characteristics recorded in 
the dark and under one sun equivalent illumination. The dark 
current values were recorded at −0.5 V as lower negative biases 
can have a negative impact owing to ionic motion.[43]

In the PV community, it is now widely acknowledged that 
the small addition of Br onto the MAPb(I1−xBrx)3 system is ben-
eficial for enhancing Voc.[34,37,44] We confirm this behavior in our 
devices (Figure  1d), where we observe a linear increase in Voc 
over the 0–15% Br composition range, with 15% Br producing 
the highest Voc values.

Figure  1c and Figure S2, Supporting Information show the 
J–V curves in light and dark conditions for the best PDs over the 
full 0–25% composition range (Figure S3, Supporting Informa-
tion shows both forward and reverse scans, depicting low hys-
teresis for all devices). The Jd of the reference device (0% Br) is 
2.6 × 10−8A cm−2, the addition of 15% Br reduces Jd by an order 
of magnitude to 1.3 × 10−9A cm−2 whilst the 25% devices result 
in a Jd of 3.0 × 10−7 A cm−2 (Figure S4, Supporting Information 
depicts the statistical distribution of PD devices) – this is a sig-
nificant change and highlights the importance of probing more 
than the intrinsic electronic properties of the active layer (i.e., 
the bandgap) but also, importantly, the behavior of complete 
devices. Moreover, both the 0% and 15% show a low variation of 
the Jd as a function of the applied negative bias, but in the 25% 
case the dark current varies by almost two orders of magnitude 
in the voltage region 0 −0.5 V. Interestingly the reduction of Jd 
in devices operating under reverse bias can be correlated to the 
increase in the Voc. Our data shows that there is an exponen-
tial relationship between the Jd and the Voc, valid up to 15% 
bromide content. For further bromide addition, the Voc and Jd 
correlation is lost (Figure 1d). This observation is interesting as 
current literature mainly focuses on the importance of blocking 
layers and the role of energetics to significantly decrease the Jd 
values in perovskite PDs.[22,23] In order to better understand the 
role of Br addition on perovskite PD performance we investi-
gate the 0, 15, and 25% Br compositions.

In addition to Jd, we evaluate photon-to-electron conversion 
efficiency by measuring the responsivity  (R) of the devices 
according to Equation 1.

λ
=

EQE
R

q

hc
 (1)

where EQE is the external quantum efficiency, λ is the wave-
length of incident light, q is the elementary charge, h is Planck’s 
constant, and c is the speed of light.

The R of the three PDs under applied reverse bias is dis-
played in Figure 2a, with the peak responsivities calculated to 
be 0.44 A W−1 (700 nm), 0.43 A W−1 (680 nm), and 0.42 A W−1 
(680 nm) for 0, 15 and 25% Br respectively. These values are is 
in line with other R-values reported for perovskite PDs.[45] As 
expected, the addition of Br results in a blue shift of the respon-
sivity edge position, due to the shift in bandgap. Moreover, the 
R measured at both 0 V and −0.5 V bias do not show any sig-
nificant differences (Figure S5, Supporting Information), in 
line with the reported shallow level trap densities for perovskite 
photoactive layers.[46]

Jd values and R are usually used to calculate the specific 
detectivity of PDs, which provides insights into the sensitivity 
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of devices (Equation  2). However, it is important to avoid an 
overestimation of D* as Jd only considers the shot noise of the 
device (Figure S6, Supporting Information).[46] Therefore, here 
D* is calculated through the noise current (in, Equation  3), 
which also takes into account the contribution of thermal noise 
present in all electrical circuits.

( )
=

∆
*D

A f R

in

 (2)

( ) = +





2
42

shunt

i qi
kT

R
n d  (3)

where A is the photodetector area and Δf is the measurement 
system bandwidth. With Rshunt derived from the respective J–V 
characteristics. The calculated detectivity is shown in Figure 2b. 
The highest D* is obtained for the device with a 15% Br addi-
tion, D* = 8.7 × 1012 Jones, while for 0% and 25% Br devices D* 
values of 6.0 ×  1011 Jones and 1.2 ×  1012 Jones respectively are 
measured. These values are among the highest reported in the 
literature for D* calculated with this approach and are prom-
ising for applications requiring light detection in the UV–Vis 
spectral region[45] (Table S1, Supporting Information). We also 
measured the noise current spectrum of the devices and the 
instrument as depicted in Figure S7, Supporting Information. 
We obtained similar invalues as calculated from Equation  (3) 

Adv. Optical Mater. 2022, 2201816

Figure 1. a) Schematic illustration of complete photodetector device structure investigated, b) UV-vis spectra of MAPb(I1−xBrx)3 over the composition 
range x = 0–25, c) J–V characteristics for 0, 15, and 25% Br inclusion under light (dashed lines) and in dark conditions (solid lines) d) semi-log plot 
showing an exponential Jd–Voc behavior over the 0–15% Br composition range (Voc extracted at 100 mW cm−2 illumination).

Figure 2. a) Responsivity (R) and b) Specific detectivity (D*) values for 0, 15, and 25 % Br MAPb(I1−xBrx)3 based photodetectors at −0.5 V.
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which justify the high D* for 15% Br-based PD (Figure S8a,b, 
Supporting Information).

In addition to high D*, a linear responsivity over a broad 
light intensity range is desirable, particularly for applications 
requiring a high contrast at low light intensities. This property 
can be extrapolated from linear dynamic range (LDR) measure-
ments, with LDR being related to the photocurrent difference 
under illumination (Jl) and in dark conditions (Jd) at −0.5  V 
(Figure 3a). LDR is calculated as:

=






LDR 20 log
J

J
l

d

 (4)

In all three cases, a wide linear response is observed as a 
function of light intensity, with an extended range down to 2.1 
× 10−5 mW cm−2 for the 15% Br devices, while the linearity is 
obtained only down to 2.1 × 10−4 mW cm−2 and 2.1 × 10−3 mW 
cm−2 for 0 and 25% Br devices respectively. From this trend, 
LDR values are calculated as 116, 133, and 88  dB for 0, 15, 
and 25% Br content respectively, at an applied bias of −0.5  V. 
Another important characteristic for video applications is the 
response speed, evaluated through the cutoff frequency, which 
is defined as the photoresponse drop of 1/ 2 of the maximum 
photocurrent intensity (imax), known as −3 dB limit and calcu-
lated as:

= −






Damping 20 log max

freq

i

i
 (5)

with ifreq being the photocurrent intensity for a specific fre-
quency of light. For video applications, a cutoff frequency 
of 10  kHz is considered sufficient.[47] As can be seen from 
Figure  3b, the lowest cut-off value is 780  Hz for a 25%  

bromide content, while they are 60 kHz and 70 kHz for 0% and 
15%, respectively. We speculate that the higher performances of 
the devices containing a 15% Br can be related to an improve-
ment in charge extraction properties and reduced charge carrier 
recombination. To confirm this hypothesis, a further evaluation 
of the response speed is carried out by measuring the current 
transients at −0.5  V under white light illumination at 2  kHz. 
As shown in Figure 3c and Table 1, rise and fall transient times 
(defined as the time needed for the signal to rise from 10% to 
90% of the maximum signal and fall from 90% to 10%, respec-
tively) for the 15% Br samples are faster when compared to 
the 0% reference with the values for the 25% Br devices being 
slower than 15% Br. The superior performance of the 15% Br 
device is attributed to better charge extraction and reduced 
charge recombination.[42,48,49]

Steady-state photoluminescence (PL) measurements are 
shown in Figure S9, Supporting Information using an exci-
tation of 635  nm and demonstrate a noticeable shift from 
775 nm (0% Br) to 725 nm (25% Br), which is consistent with 
previous reports and indicative of a widening of the bandgap 
of the absorber material.[50,51] Time-resolved PL (TRPL) decay 
kinetics on thin films were analyzed to gain further insight into 
the recombination mechanisms. An excitation wavelength of 
635 nm and a probing wavelength corresponding to the emis-
sion maxima were used. The PL decays shown in Figure 3d were 

fitted with the biexponential function, = + +τ τ
− −

0 1
1

2
2y y A e A e

x x

,  
where τ1 represents the surface component (fast decay) and 
τ2 represents bulk component (slow decay)[52,53] (Table S2,  
Supporting Information). The average lifetimes (τave) were cal-
culated as per previous reports[54,55] where τave for 0, 15, and 
25% Br were determined to be 80.28, 299.31, and 246.45  ns, 
respectively. Prolonged τave in the perovskite films represents  

Adv. Optical Mater. 2022, 2201816

Figure 3. a) Linear dynamic range, b) Cutoff frequency, c) transient photocurrent measurements at −0.5 V, d) TRPL results, e) Voc−light intensity, and 
f) Impedance spectra for 0, 15, and 25% Br MAPb(I1−xBrx)3 based photodetectors.
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suppressed nonradiative recombination pathways, consistent 
with the improved efficiency in the 15% Br devices.[56]

To further elucidate the reasons behind the observed trend 
in Jd and the Voc, we analyzed the Voc–light intensity trends 
(Figure  3e). Voc losses in perovskite solar cells are mostly 
caused by non-radiative recombination induced by the pres-
ence of interfaces or trap states within the energy gap.[57] It is  
possible to extrapolate the ideality factor nid to evaluate the 
dominant recombination mechanism in the device, and calcu-
lated as:

( )( )( )= Φ/ / lnocn q k T dV did b  (6)

Values of nid closer to 1 indicate the presence of a good 
quality active layer with the major recombination events occur-
ring at the interfaces, in contrast for nid is closer to 2 this indi-
cates that the recombination is attributed to the presence of 
sub-bandgap trap states.[58] The calculated ideality factors are 
1.81kT/q, 1.59kT/q and 2.59kT/q for 0, 15 and 25% Br content, 
respectively. The lower value obtained for the 15% case indi-
cates a lower contribution of trap states to voltage losses and a 
higher quality perovskite thin film compared to the reference 
films. Instead, the higher nid value of the 25% film indicates 
multiple trapping phenomena occurring in the bulk, which 
contributes significantly to charge recombination events thus 
reduced device performance.

To understand further the implication of charge recombina-
tion on device performance, we carried out impedance spec-
troscopy measurements.[59,60] Figure 3f shows the Nyquist plots 
extracted at 1 sun illumination and Voc conditions. We used the 
equivalent circuit depicted in Figure S10, Supporting Informa-
tion, consisting of series resistance (Rs), transport resistance 
(Rt), recombination resistance (Rrec), chemical capacitance (Cμ) 
and geometrical capacitance (Cg).[61] We calculated for charge 
carrier lifetime (τ) and extraction time (tex) according to Equa-
tions 7 and 8, respectively.

µτ = ×recR C  (7)

µ= ×ext R Ct  (8)

Generally, PDs with low charge recombination depict τ 
longer than tex, i.e., charge carriers can be effectively collected 
at the electrodes before recombining.[62,63]In line with their 
being reduced traps in the 15% Br PDs, we calculate τ and tex 
of 4.3 µs and 1.9 µs respectively. The reference devices show 
identical lifetime and extraction time values (0.7 µs) and the 
presence of a high concentration of trap states in the 25% Br 
devices leads to a shorter lifetime (0.6 µs) than extraction time 

(0.8 µs). Recent works highlighted the importance of the ener-
getic barrier between the perovskite and the hole and electron 
transporting layers on the thermal charge generation which 
influences Jd.[23] Increasing the amount of Bromide enlarges 
the Eg, which increased the energetic barrier between the con-
duction band of perovskite and the HOMO level of MeO-2PACz 
(HTL). However, the lower Jd in 15% Br content of almost two 
orders of magnitude compared to MAPI-based PD, we believe 
is due to reduced trap-assisted recombination in addition to 
the higher energetic barrier. As depicted by our optoelectronic 
measurements, we observed a significant reduction of trap-
assisted recombination, which we believe plays a major role 
into the reduction of Jd. Given that the reduction of traps via 
tuning the perovskite composition (15% Br) has an effect on the 
entire active layer, it is challenging to discriminate whether trap-
assisted charge injection or trap-mediated thermal charge gen-
eration is the main mechanism underpinning Jd. Differently, 
when the Br content exceeds 25%, the higher concentration  
of trap states hindered low Jd values.

The microstructure of the films was studied using scanning 
electron microscopy. All films show the anticipated polycrystal-
line morphology, with an increase in grain size observed for 
the 15 and 25% Br-containing films compared to the 0% ref-
erence (Figure 4a–c). Such enhancements of grain size can 
help reducing nonradiative recombination losses coming from 
recombination events occurring at the grain boundaries.[64] 
X-ray diffraction measurements (Figure S11, Supporting Infor-
mation) show the expected diffraction patterns consistent with 
MAPbI3,[37,65] from which crystallite size is determined (Table S3,  
Supporting Information). Similarly, these data show an 
increase in crystallite size with increased Br content. Despite 
the 25% Br films exhibiting the highest degree of crystal-
linity the poor device performance observed is attributed to 
the higher concentration of trap states introduced by the high 
Br content.[41] This conclusion highlights the requirement to  
balance microstructural improvements with compositional 
optimization, where strategies may involve cation doping and/
or additive engineering such that trap states associate with 
defects may be passivated thus presenting a viable pathway to 
further decrease PD Jd values and further extend the range in 
over which the exponential Jd–Voc relationship is valid.

3. Conclusion

In conclusion, we have demonstrated a facile strategy to reduce 
the Jd in perovskite PDs. Through tuning the bandgap of the 
perovskite active layer by compositional engineering, specifically  

Adv. Optical Mater. 2022, 2201816

Table 1. Rise and fall times, cutoff frequency, and linear dynamic range 
values for photodetectors based on MAPb(I1−xBrx)3 with 0, 15, and 25% 
Br content, all measured at −0.5 V bias.

Br content [%] Rise time [µs] Fall time [µs] Cutoff frequency [kHz] LDR [dB]

0 1.08 1.48 60 116

15 0.58 0.17 70 133

25 0.67 0.61 0.78 88
Figure 4. a–c) Surface scanning electron microscopy images MAPb(I1−xBrx)3  
perovskite thin films
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Br doping in the MAPb(I1−xBrx)3 system we produce an opti-
mized device with a D* of 8.7 × 1012 Jones in the 350–850 nm  
range and a Jd of 1.3 × 10−9A cm−2 at −0.5 V applied bias at a com-
position of 15% Br. Over the 0–15% Br range, a steady improve-
ment in all PD parameters is seen, specifically improvements 
in R-values and faster photoresponse than pristine MAPbI3 
films. Moreover, the reduced Jd values can be correlated with 
the Voc enhancements. Optoelectronic and morphological anal-
yses reveal that improvements in device performance are due to 
a reduction of nonradiative recombination losses in the perov-
skite active layer, which are related to a reduction of trap states, 
a better charge extraction of photogenerated carriers, and an 
improved morphology of the perovskite thin film. Our results 
highlight how compositional engineering of the active layer can 
be an alternative approach to conventional transport layer opti-
mization to improve photodetector performances.

4. Experimental Section
Materials Preparation: Perovskite solution. MAPbI3 and MAPbBr3 

perovskite precursor solutions were prepared by mixing respectively 
MAI (Greatcell Solar Materials, >99.99%) with PbI2 (Alfa Aesar, ultra dry, 
99.999%) and MABr (Greatcell Solar Materials, >99.99%) with PbBr2 
(Alfa Aesar, ultra dry, 99.999%) in a 1:1 molar ratio in anhydrous N,N-
dimethylformamide (DMF)/dimethyl sulfoxide (DMSO) (9:1 volume 
ratio) to give a concentration of 1.5  mol L−1. Different quantities of 
MAPbI3 and MAPbBr3 perovskite precursor solutions were then mixed 
to get the desired MAPb(I1−xBrx)3 perovskite composition with x ranging 
from 0 to 0.25.

Photodetector Fabrication: ITO was ultrasonically cleaned in deionized 
water, acetone, and isopropanol for 15 min in each solvent. The ITO was 
then dried with nitrogen and treated by oxygen plasma for 3 min. MeO-
2PACz (TCI, >98.0%, 1 mM in ethanol) was then spin-coated on the ITO 
at 3000 rpm (acceleration of 1500 rpm s−1) for 30 s. The deposition was 
followed by a 10  min drying step at 100 °C. MAPb(I1−xBrx)3 was spin-
coated on the HTL at 4000  rpm (acceleration of 4000  rpm s−1) for 20 
s, and after 7 s, 0.5  mL of diethyl ether was rapidly dropped on top of 
the spinning substrate. The substrate was then immediately annealed 
at 65 °C for 2 min before further annealing at 100 °C for 60 min. After 
annealing, all films were glassy black and allowed to cool for 10  min 
before deposition of the ETL. PCBM (Lumtec, >99.5%, 30  mg mL−1 in 
chlorobenzene) was then spin-coated on top of the perovskite layer at 
4000 rpm (acceleration of 4000 rpm s−1) for 20 s. BCP (Lumtec, >99.5%, 
0.5 mg mL−1 in methanol) was then spin-coated on top of the PCBM layer 
at 5000  rpm (acceleration of 4000  rpm s−1) for 20 s. Immediately after 
BCP was deposited, the substrates were transferred to another glovebox 
and subject to thermal evaporation. Finally, 100 nm of Cu was thermally 
evaporated as a top contact at a base pressure of 5 × 10−6 mbar.

Characterizations—J–V Measurements: J–V characteristics were 
measured using a Keithley 4200 Source-Measure unit (scan rate 
25  mV s−1). An Oriel Instruments Solar Simulator with a Xenon lamp 
and calibrated to a silicon reference cell was used to provide AM1.5G 
irradiance. For the determination of the LDR, a neutral white light LED 
driven by a function generator (ThorLabs DC2200) was used. The LED 
light was attenuated using a selection of neutral density filters placed 
between the lamp and PPD. The photocurrent (Jph) was calculated as 
the difference in response between the illuminated current density (Jlight) 
and dark current density (Jd) at each light intensity. All the devices were 
tested in nitrogen atmosphere.

Responsivity: Responsivity was measured using an integrated system 
from Quantum Design PV300. All the devices were tested in ambient air.

Dynamic Measurements: Dynamic measurements were performed 
using a digital oscilloscope (Tektronix TDS3032B). The PPDs were 
illuminated with a neutral white light LED driven by a function generator 

(ThorLabs DC2200). For determination of the rise and fall time a 1 kHz 
square wave pulse was applied to the LED using the function generator. 
For determination of the cutoff frequency sinusoidal functions with 
varying frequencies between 100 Hz and 100 kHz were used to drive the 
LED. All the devices were tested in nitrogen atmosphere.

Spectroscopy Measurements: Absorption spectra were obtained by 
using a Cary 60 UV-vis Agilent Spectrophotometer. The steady-state PL 
was carried out using a Horiba FL 1039 and the TRPL measurements 
were conducted using a Horiba Delta Flex system (detector: PPD-900, 
Horiba Scientific). A 635  nm laser diode with <200  ps pulse duration 
(NanoLED N-02B, Horiba Scientific) was used to achieve the excitation 
with a repetition rate of 1 MHz and a fluence of 0.64 nJ cm−2 pulse−1. To 
record the impedance signal, a STAT-I-400 potentiostat of Metrohm LTD 
was used. The signal was measured starting from 1 MHz down to 0.1 Hz 
over 50 frequency points, using a potential amplitude of 20 mV, under 
100 mW cm−2 at Voc.

Electron Microscopy: Scanning electron microscopy (SEM) was used 
to study the morphology of the perovskite layer. SEM images were 
acquired via an in-lens electron detector using a LEO Gemini 1525 field 
emission SEM operated at 3 kV.

X-Ray Diffraction: X-ray diffraction (XRD) characterization was employed 
to investigate the crystal structure of the active material and identify the 
eventual crystalline phases present in the samples. XRD patterns were 
obtained using a Bruker D2 Phaser equipped with a Cu-Kα source.
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