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ABSTRACT
Preparing MAPbBr3 films with thicknesses beyond a few micrometers remains 
challenging because solution-based deposition—particularly when multiple 
coating steps are required—can induce solvent-related film cracking and 
defects, while thermal exposure can accelerate degradation and compromise 
phase integrity. Here, we demonstrate that room-temperature powder aerosol 
deposition (PAD) enables the fabrication of dense, mechanically consolidated 
methylammonium lead bromide (MAPbBr3) films with thicknesses ranging from 
several micrometers up to several tens of micrometers. The high-velocity particle 
impact inherent to PAD does not compromise phase purity or crystal structure; 
instead, the deposited particles fracture into nanocrystallites (~ 90 nm) exhibiting 
low microstrain. Optical characterization confirms that the bandgap (~ 2.3 eV) 
remains unchanged relative to the precursor powder, demonstrating that the 
electronic structure remains largely preserved during the aerosol deposition 
process. Temperature-dependent impedance spectroscopy (293–383 K) reveals 
thermally activated ionic transport with activation energies of 0.55–0.59 eV, 
consistent with bromide vacancy formation and migration. Analysis of the 
dielectric loss tangent within the Trukhan framework gives an ionic diffusion 
coefficient of 3.1 × 10−8 cm2 s−1, an ionic mobility of 1.2 × 10−6 cm2  V−1  s−1 , and a 
mobile ion concentration of 2.6 × 1016 cm−3 at 293 K. This study establishes the 
first systematic investigation of ionic transport in PAD halide perovskite films, 
providing insight into bulk ion migration and the associated electrode interfacial 
polarization.
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Introduction

Halide perovskites have emerged as a highly 
promising class of semiconducting materials due to 
their outstanding optoelectronic properties, including 
strong optical absorption, long charge-carrier diffusion 
lengths, and defect tolerance [1–3]. Among halide 
perovskites, MAPbBr3 (MA = CH3NH3

+) has attracted 
considerable attention owing to its relatively wide 
bandgap (~ 2.3 eV), making it particularly suitable 
for green light-emitting diodes [4], photodetectors 
[5], and solar cells [6, 7]. Furthermore, bromide-
based perovskites exhibit enhanced structural and 
phase stability compared to iodide perovskites. 
This is attributed to the stronger Pb–Br bonding, 
making MAPbBr3 a promising candidate for stable 
optoelectronic devices [8].

Despite the favorable intrinsic optoelectronic 
properties of halide perovskites, their effective 
utilization in devices critically depends on precise 
control over thin-film formation [9, 10]. Over the past 
years, a wide range of deposition techniques have been 
investigated for the fabrication of perovskite layers, 
most of which rely on solution-based processing 
routes such as spin coating [11], blade coating [12], 
slot-die coating [13] or inkjet printing [14]. In these 
approaches, perovskite film formation typically occurs 
from precursor solutions, often relying on harmful 
and environmentally problematic solvents such as 
dimethylformamide (DMF) or dimethylsulfoxide 
(DMSO) [15].

One solvent-free processing route is opened by the 
powder aerosol deposition (PAD) technique, which 
enables the deposition of dense, solid layers from dry, 
aerosolized powders onto a wide range of substrates 
at room temperature. In the PAD process, powder par-
ticles are dispersed in a carrier gas and accelerated by 
a pressure difference through a nozzle toward a sub-
strate, where their high kinetic energy leads to impact-
driven consolidation and the formation of dense films 
[16]. For halide perovskite applications, PAD enables 
the separation of material synthesis and film forma-
tion while offering a scalable route to fabricate layers 
with thicknesses from less than 1 µm [17] up to sev-
eral hundred µm [18, 19]. In 2016, Panzer et al. [20] 
successfully used PAD to deposit CH3NH3PbI3 films, 
proving the viability of the technique for the process-
ing of lead halide perovskites. Subsequently, Biberger 
et al. [21] reported the first fully functional solar cells 
incorporating aerosol-deposited perovskite absorber 

layers. PAD has also been used to fabricate all-inor-
ganic cesium lead halide perovskites such as CsPbBr3, 
further highlighting the broader research interest in 
PAD-based processing of halide perovskites [22, 23].

However, PAD remains strongly material-
dependent. For example, different halide perovskites 
can exhibit distinct powder characteristics after 
ball milling, such as particle size, morphology and 
agglomeration state, which could influence aerosol 
transport, particle fracture behavior and the resulting 
film quality. Therefore, the PAD process parameters 
optimized for one perovskite composition cannot be 
directly transferred to another. Consequently, the 
deposition of MAPbBr3 has proven to be challenging, 
and aerosol-deposited MAPbBr3 films have not been 
demonstrated so far. Here, we identify the reasons 
for this and demonstrate the fabrication of films 
with thicknesses from approximately 2 to 50 µm by 
adjusting the number of scans.

The resulting MAPbBr3 films were further 
characterized in terms of their structural, optical, 
and electrical properties. SEM and XRD were used 
to assess the phase purity and microstructure of 
both the starting powders and the aerosol-deposited 
films. The optical properties of MAPbBr3 powders 
and aerosol-deposited films were examined by 
steady-state and time-resolved photoluminescence 
spectroscopy. The electrical response of the aerosol-
deposited MAPbBr3 films was analyzed using 
temperature-dependent impedance spectroscopy 
to elucidate thermally activated ionic transport 
processes. The distinct relaxation features observed 
in the impedance spectra enabled us to quantitatively 
extract ionic transport parameters, including the 
activation energy, diffusion coefficient, ionic mobility 
and mobile ion concentration. This study presents 
the first systematic investigation of ionic transport in 
mechanically consolidated hybrid halide perovskite 
films prepared by PAD. The extracted activation 
energies are consistent with reported values for 
bromide vacancy migration, indicating that halide 
defects play a dominant role in ionic transport within 
these nanocrystalline films.
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Experimental section

Powder synthesis

To synthesize MAPbBr3 powders,  1.344  g 
methylammonium bromide (MABr, Greatcell Solar 
Materials) and 4.404 g lead bromide (PbBr2, Sigma-
Aldrich) were weighed under ambient conditions into 
zirconia milling jars containing 25 zirconia milling 
balls (10  mm diameter). 8  ml of cyclohexane was 
added as a milling agent. The mixture was processed 
in a Fritsch “Pulverisette 5/4 “ planetary mill operated 
at 400 rpm. The total milling time was 50 min, with 
5 min milling intervals followed by 20 min cooling 
breaks to prevent excessive heating of the milling jar. 
After milling, the cyclohexane was left to evaporate 
under ambient conditions for approximately 20 min. 
The dried powder was subsequently sieved through 
a 63 µm mesh.

Film deposition

Substrates and geometry

ITO-coated glass substrates with SnO2 coating were 
used as substrates for depositing the MAPbBr3 films 
for subsequent structural characterization. The 
substrates were cleaned in an ultrasonic bath using a 
detergent solution (Hellmanex), deionized water, and 
isopropanol, followed by UV–ozone treatment. SnO2 
nanoparticles (Alfa Aesar 15wt% in H2O) were spin-
coated onto the cleaned substrates at 3000 rpm for 30 s, 
and the substrates were annealed at 160 °C for 30 min 
and subsequently treated with UV–ozone again before 
deposition.

For electrical characterization, alumina substrates 
(96% purity) patterned with screen-printed carbon 
interdigitated electrodes (C-IDEs) were used. The 
IDEs were fabricated by screen printing DuPont 7102 
carbon paste, followed by a thermal treatment step 
at 250 °C for 10 h to ensure sufficient consolidation 
and electrical conductivity of the carbon electrode 
structure. The electrode design comprises 29 fingers, 
each 4 mm in length, 110 µm in width, and separated 
by a 100 µm gap. A schematic of the IDE geometry is 
shown in SI Fig. S22.

Powder aerosol deposition method

The films were fabricated using a custom-made PAD 
apparatus. The setup in our laboratory and its fun-
damentals can be found in our previous publications 
[19, 21]. The MAPbBr3 films were produced via PAD, 
as schematically illustrated in Fig. 1. In the PAD pro-
cess, micrometer-sized MAPbBr3 powder particles are 
dispersed in nitrogen within an aerosol generation 
chamber, forming an aerosol that is transported into a 
deposition chamber operated under reduced pressure. 
Driven by the pressure difference between the aero-
sol generation chamber and the low-pressure deposi-
tion chamber, the aerosolized powder is accelerated 
toward the deposition chamber through a converging 
slit nozzle. The resulting high particle velocities prior 
to impact on the substrate lead to room-temperature 
impact consolidation (RTIC) [18].

To enable deposition under low aerosol mass 
flow conditions and promote the breakup of weak 
agglomerates, thereby achieving uniform MAPbBr3 
thin films, a combination of an ejector–separator 
unit and an inertial separator with a collecting 
tube, following the design reported by Biberger 
et al. [21], was employed. A detailed description of 
the ejector–separator unit and an inertial separator 
is provided in Sect.  "From powder to film". The 
deposition parameters used in this study are listed in 
Table 1.

Characterization methods

X‑ray diffraction

X-ray diffraction (XRD) measurements of powder 
samples and selected films were taken at beamline 
P02.1 of PETRA III at the German Electron Synchro-
tron (DESY), Hamburg, Germany [24]. The meas-
urement was taken in a Debye–Scherrer-like setup. 
A wavelength of 0.20738 Å was used, which corre-
sponds to a photon energy of approximately 60 keV. 
A Varex XRD 4343CT detector (150 × 150 µm2 pixel 
size, 2880 × 2880 pixel area) was placed 2 m behind 
the sample holder. The powder and film samples were 
mounted on Kapton foil using Kapton tape and fixed 
in a high-throughput sample holder. During the beam-
time, a Si NIST 640 g standard reference material was 
used to calibrate line position and shape. Both powder 
standard and the film and powder samples were ana-
lyzed under identical instrumental conditions as the 

23814



J Mater Sci (2026) 61:23812–23834	

film samples. The 2D diffraction patterns were then 
integrated at the beamline using a pyFAI script and 
reduced to 1D diffractograms.

The software TOPAS Academic 64 V7.24 (Cuhelo 
Software, Brisbane, Australia) was used for pro-
file analysis. A full-profile analysis was performed 
to analyze phase purity. The microstructure was 
analyzed using a structure-independent Pawley fit 
[25], as this allowed for better agreement between 
the reflection shapes and intensities. A Thomp-
son–Cox–Hastings pseudo-Voigt function [26] was 
utilized as the  instrumental resolution function, 
whose parameters were determined based on the 
measurement of the NIST SRM 640  g standard. 
Reflection broadening was analyzed for the micro-
structure. This was done using the double Voigt 
approach according to Balzar [27], in which a Voigt-
like shape is assumed for both size broadening and 
strain broadening. XRD patterns of the as-deposited 
and annealed MAPbBr3 thin films were additionally 

acquired using a Bruker D8 Discover diffractometer 
equipped with Cu-Kα1 radiation (λ = 1.5418 Å, a Ge 
(1 1 1) monochromator and a Lynxeye 1D detector 
(Si strip detector, 9 mm × 75 µm strip size), operat-
ing in Bragg–Brentano geometry. The measurements 
were taken with a step size of 0.020° over a 2θ range 
from 10° to 50°, using a counting time of 0.5 s per 
step, under ambient conditions. The X-ray source 
was operated at 40 kV and 40 mA.

The profile analysis of the measurements with 
the laboratory diffractometer was similar to those 
recorded at DESY. The only addition was the axial 
convolutions, which correct the asymmetrical line 
shapes due to the Bragg–Brentano setup with the 1D 
detector and the associated axial divergence.

Figure 1   Schematic illustra-
tion of PAD setup with an 
ejector–separator unit and an 
inertial separator with a col-
lecting tube.
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Film thickness and surface roughness

The film thickness and surface roughness Ra of the 
aerosol-deposited films were measured using a 
profilometer (Dektak 150, Veeco).

Scanning electron microscopy

The powder and film morphology was characterized 
by scanning electron microscopy (SEM) using a Zeiss 
Leo Gemini 1530 instrument equipped with an In-lens 
detector and SE2 detector. An acceleration voltage 
of 3 keV for SE imaging was applied. All samples 
were coated with a conductive platinum layer with a 
thickness of approximately 2.6 nm.

Quasi‑steady‑state photoluminescence

For photoluminescence (PL) measurements, powder 
samples were placed in custom-made sample holders 
consisting of a glass slide with a cylindrical cavity, 
which was sealed with cover glasses (Th. Geyer) 
using parafilm. Film samples were measured as is 
under a N2 atmosphere. Repeating the measurements 
under vacuum or in air yielded identical results. The 
samples were probed using an N2 laser of type MNL 
100 and manufacturer LTB, which emits 2.5 ns pulses 
of wavelength 337.1 nm. The laser was operated at a 
frequency of 20 Hz. The beam profile at the sample 
position had a circular top-hat shape with an effective 
area of 0.0255 cm2. Neutral density filters were used 

to attenuate the laser beam to the desired fluence. In 
the optical detection path, a 355 nm long-pass filter 
(Thorlabs) was used to remove scattered excitation 
light. The photoluminescence was focused into a 
spectrograph (Andor Shamrock SR303i) and recorded 
with a Si CCD camera (Andor iDus DU420A OE). All 
spectra were corrected for detection efficiency of the 
setup.

Time‑resolved photoluminescence

Time-resolved PL measurements were taken using 
the same samples as for the quasi-steady-state 
measurements in a home-built setup consisting of 
a temperature-controlled continuous flow helium 
cryostat (Oxford Instruments OptistatCF-X), a 
frequency-tripled Nd:YAG laser (Innolas SpitLight 
600) with a wavelength of 355 nm, frequency of 100 Hz 
and pulse energy of 62.5 µJ as excitation source, and 
a spectrograph coupled to a gated intensified charge-
coupled device (iCCD) camera (Andor iStar 334) for 
detection. The illumination spot at the sample position 
had a Gaussian shape with an area of 0.01 cm2. Neutral 
density filters were used to attenuate the laser beam, 
resulting in a fluence of around 12  µJ/cm2 at the 
sample position. The film samples were measured 
under helium atmosphere. Exponentially increasing 
delay and gating times were used to obtain the time-
resolved spectra, with the delay times being kept 
about ten times longer than the gate times. To extract 
the intensity at each point in time, the background-
subtracted PL spectra were integrated over the range 
of the emission peak, and the result was divided by 
the respective gate width.

Absorbance

To characterize the absorption of the powder and 
the thin-film samples under comparable conditions, 
diffuse reflectance spectra were recorded using 
a UV–Vis–NIR Spectrometer Cary 5000 (Varian) 
equipped with a DRA2500 integrating sphere. The 
samples were placed in powder cells, and the reflected 
intensity was measured using the built-in PMT 
detector. The recorded reflection data was divided 
by a reference measurement of a powder cell holder 
with Spectralon™ insert to calculate the reflectance 
spectrum R(λ) of the sample. Assuming the measured 
reflectance of the thick samples is optically equivalent 

Table 1   Experimental parameters for powder aerosol deposition 
of MAPbBr3

Deposition Parameters

Nozzle orifice 10 mm × 0.5 mm
Carrier gas N2

Gas flow rate (aerosol generation chamber) 0.13 L min−1

Gas flow rate (Venturi) 8 L min−1

Deposition chamber pressure ≈ 7 mbar
Aerosol generation chamber pressure ≈ 90–95 mbar
Nozzle–substrate distance 2–3 mm
Substrate scan speed 1 mm s−1

Substrate scan distance 15–20 mm
Number of scans 2–30
Vibrating table 480 min−1

Powder mass 0.8 g
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to the reflectance of an infinitely thick sample, the 
Kubelka–Munk function F(�) can be applied [28]: 
F(�) = A(�)∕S(�) = (1 − R(�))2∕(2R(�)) . Here, A(�) is the 
absorbance spectrum and S(�) the scattering, which we 
approximated as constant.

Impedance spectroscopy

Prior to electrical characterization, the aerosol-
deposited MAPbBr3 films were subjected to a post-
deposition annealing process. As illustrated in Fig. S14, 
the samples were heated to 110 °C and maintained at 
this temperature for 2 h. After annealing, the samples 
were cooled down to room temperature (20  °C). 
Subsequently, a series of temperature-dependent 
impedance spectroscopy measurements were taken, 
with the temperature increased in steps of 10 °C from 
20 to 110 °C. These measurements were taken with an 
Alpha-A high-performance frequency analyzer from 
the manufacturer Novocontrol Technologies. The 
frequency was swept from 1 MHz to 0.1 Hz with an 
effective voltage amplitude of 30 mV. No DC voltage 
was applied. The measurement was taken in darkness 
to exclude photoinduced effects. All impedance 
spectra at different temperatures were fitted using the 
RelaxIS software.

Results and discussion

In the following sections, we elaborate on the 
fabrication of MAPbBr3 films by powder aerosol 
deposition (PAD) and discuss their microstructural, 
optical, and electrical properties.

From powder to film

For PAD, both the size of primary particles and the 
degree of agglomeration of powder are crucial, 
because they strongly influence particle acceleration 
and impact behavior. In general, only particles within 
an intermediate size range possess sufficient inertia 
to reach the substrate and contribute to film growth. 
Particles that are too small typically exhibit insufficient 
adhesion, whereas excessively large particles may 
cause damage to the substrate [28].

Figure  2 shows the SEM images of the milled 
MAPbBr3 powder in different magnifications. At 
low magnification (Fig. 2a), the powder consists of 
agglomerates with sizes of several tens of microme-
ters. Higher magnification (Fig. 2b) reveals that these 
larger agglomerates are composed of faceted primary 
particles with D50 = 1.07 µm and D90 = 1.24 µm, where 
D

50
 denotes the median particle diameter at which 50% 

of the particles are smaller. This particle size is within 
the range generally considered suitable for PAD [29]. 
However, it is noticeably larger than the mean particle 
size of approximately 700 nm reported by Leupold for 
MAPbI3 powder after the same milling time of 60 min 
[29].

Figure  2   SEM images of the milled MAPbBr3 powder in different magnifications: a an overview image showing the size of the 
agglomerates and b a detailed view showing the faceted morphology of the primary particles.
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Besides the primary particle size, the agglomera-
tion state—particularly the size and compactness 
of agglomerates—strongly affects the deposition 
behavior and, consequently, the quality of the depos-
ited films. When deposition is carried out without 
an ejector–separator unit and an inertial separator 
equipped with a collecting tube (see SI Fig. S1), the 
resulting MAPbBr3 film exhibits poor adhesion to 
the SnO2-coated ITO glass substrate, as shown in the 
cross-sectional SEM image in Fig. 3a. In addition, the 
MAPbBr3 films are highly inhomogeneous with weak 
interparticle bonding.

This behavior can be attributed to the presence of 
large agglomerates in the aerosol. Upon impact with 
the substrate, a substantial fraction of the kinetic 
energy of these agglomerates is dissipated through 
agglomerate breakup rather than contributing to 
the deformation and fracture of primary particles. 
Consequently, insufficient energy remains to induce 
effective room-temperature impact consolidation 
(RTIC). This loss of impact energy hampers 
particle bonding and typically results in porous 
microstructures and poorly adherent films, consistent 
with previous reports [19, 21].

To mitigate these issues, we employed an ejector 
unit combined with an inertial separator, as origi-
nally introduced by Biberger et al. [21]. In this setup, 
the aerosol leaving the flask is accelerated by a high-
velocity gas stream in the ejector. At the point where 
the acceleration flow intersects with the aerosol flow, 
strong shear forces arise, as shown in Fig. 1. These 
shear forces can break up weak agglomerates before 
they reach the separator. In addition, the ejector also 

allows independent control of the aerosol flow rate 
V ̇flask and the acceleration flow V ̇acc. After the ejector, 
the aerosol passes through an inertial separator, where 
the gas flow is deflected by 90°. Small powder parti-
cles and weak agglomerates can follow the gas stream 
toward the slit nozzle, whereas large agglomerates are 
not deflected due to their higher inertia and collected 
in a collecting tube.

However, the PAD process parameters optimized 
for MAPbI3 by Leupold et  al. [29] cannot be 
directly applied to MAPbBr3, as the more compact 
agglomerates of MAPbBr3 require more effective 
aerodynamic deagglomeration. To address this, the 
gas flow rate in the aerosol generation chamber was 
reduced from 0.25 to 0.13 L min−1, and the powder 
mass was decreased from 1 to 0.8 g. Therefore, the 
particle flux in the aerosol stream was reduced, 
thereby enhancing deagglomeration and inertial 
separation and enabling the formation of uniform, 
dense, and well-adherent MAPbBr3 films, as shown 
in Fig. 3b.

In addition, under these optimized deposition 
parameters, the film thickness can be controlled 
by adjusting the number of scans, ranging from 
approximately 2 to 50  µm, as shown in Table  2. 
This thickness range is broader than those reported 
in previous PAD studies on halide perovskites. For 
instance, Leupold et al. reported MAPbI3 films of 
20–40 µm using N2 as the carrier gas, whereas thinner 
films of only a few micrometers required He [29]. 
Similarly, These et al. obtained CsPbBr3 films with 
thicknesses of 20–35 µm using N2 [23].

Figure 3   SEM images of the aerosol-deposited MAPbBr3 films on SnO2-coated ITO glass substrates a without ejector–separator unit 
and inertial separator b with ejector–separator unit and inertial separator.
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Such perovskite films with thicknesses exceeding 
50 µm are essential for applications requiring large 
absorber volumes, particularly in radiation detec-
tors [30, 31], where the weak interaction of X-rays 
with the absorber necessitates sufficiently thick lay-
ers for efficient detection [32]. However, conventional 
solution-based methods, such as spin or blade coat-
ing, often struggle to achieve the required thickness 

(> 10 μm) due to evaporation-induced surface crystal-
lization and crack formation [33]. In this regard, PAD 
offers a promising solvent-free alternative. Its ability 
to produce dense MAPbBr3 films with tunable thick-
nesses, ranging from a few to several tens of µm, high-
lights its significant potential for radiation detection 
applications.

Structural and microstructural characterization

A remarkable feature of our aerosol-deposited 
MAPbBr3 films is the pronounced grain size reduction 
that occurs during deposition. The originally micron-
sized MAPbBr3 powder particles are transformed into 
sub-micrometer fragments upon high-velocity impact. 
This significant reduction in size is a clear indication of 
particle fracture and plastic deformation, representing 
a key signature of the RTIC mechanism that governs 
PAD [19].

Figure 4 shows the cross-sectional and top-view 
SEM images of the aerosol-deposited MAPbBr3 films 

Table 2   Film thickness of MAPbBr3 deposited with different 
scan numbers on two substrates: SnO2-coated ITO and C-IDEs 
patterned Al2O3 substrates

Substrate Number of scans Film thickness/µm

SnO2/ITO 2 2.6 ± 0.9
20 28.5 ± 5.6
30 43.2 ± 7.9

C-IDE/Al2O3 2 2.9 ± 1.3
20 30.9 ± 4.7
30 44.8 ± 6.9

Figure 4   SEM images of the aerosol-deposited MAPbBr3 films on SnO2-coated ITO glass substrates in different magnifications: a and 
b: fractured cross section, c and d: top view.
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in different magnifications. The cross section (Fig. 4a) 
exhibits a uniform thickness of approximately 2.5 µm 
with an interface to the underlying SnO2-coated ITO 
glass substrate. The film is compact and continuous 
across the entire cross section. No visible delamination 
or large voids are observed, confirming the mechanical 
integrity of the MAPbBr3/SnO2 interface. As shown at 
high magnification in Fig. 4b, the MAPbBr3 film con-
sists of sub-micrometer grains, much smaller than 
the primary particles in the milled powder (Fig. 2b), 
consistent with the impact induced fragmentation 
described above. The top view (Fig. 4c and Fig. 4d) 
shows a rough but continuous surface morphology 
composed of closely packed fragments. Such surface 
features are typical for RTIC and arise from particle 
fragmentation and rearrangement upon impact rather 
than surface damage. No macroscopic cracks or pin-
holes are apparent, indicating homogeneous surface 
coverage over large areas.

Figure 5a, b shows the X-ray diffraction (XRD) pat-
terns of MAPbBr3 powder and MAPbBr3 film depos-
ited on an ITO-coated glass substrate, respectively. 
The XRD pattern of the MAPbBr3 powder indicates 
a cubic crystal structure with space group Pm3 ̅m and 
a lattice parameter of a = 5.933 Å, which is in agree-
ment with the reported literature value (a = 5.933 Å) 
[34]. After deposition, the Pm3 ̅m crystal structure 
is retained, with a lattice parameter of a = 5.934 Å. 
No secondary crystalline phases such as MABr or 
PbBr2 are detectable, indicating that the PAD process 
does not induce phase decomposition. The aerosol-
deposited MAPbBr3 film exhibits a relatively low 

microstrain value of 0.003% and a crystallite size of 
(89.8 ± 19.1) nm, indicating nanoscale crystallites. In 
contrast, the crystallite size of the powder is in the 
micrometer range (i.e., beyond the resolution limit of 
line-broadening analysis).

Optical properties (Absorption, PL, TRPL)

To complement the structural characterization, we 
compared the optical properties of a ball-milled 
MAPbBr3 powder used for powder aerosol deposi-
tion with those of the resulting films. The films exhibit 
homogeneous optical characteristics across each sam-
ple and show good reproducibility when fabricated 
under identical conditions (see SI Fig. S4). Figure 6a 
presents the absorbance spectra—derived from reflec-
tance measurements—of the powder and a representa-
tive film with a thickness of approximately 5 µm. Both 
samples display nearly identical absorption edges 
at 2.29 eV as extracted from Tauc plots (see also SI 
Fig. S5). These values are consistent with previously 
reported values for MAPbBr3 [35]. We note that the 
Tauc-derived values should be regarded as empirical 
descriptors of the absorption onset, as the electronic 
bandgap is likely underestimated due to non-negligi-
ble excitonic contribution to absorption in this mate-
rial. We attribute the slight differences between film 
and powder spectra to substrate-related scattering/
reflection.

In contrast to the absorbance spectra, the photo-
luminescence (PL) spectra of the powder and film 
(Fig. 6b) reveal pronounced differences. The main 

Figure 5   Rietveld refinement results of X-ray diffraction patterns for a the as-processed powder and b the aerosol-deposited MAPbBr3 
film.
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emission peak of the film (at 2.32 eV) is blueshifted 
relative to the main peak of the powder (at 2.25 eV) 
by approximately 70 meV. Both spectra display struc-
tured emissions, though with distinct characteristics. 
The film shows a pronounced low-energy shoulder 
(at 2.26 eV), while the powder displays a weaker high-
energy shoulder (at 2.31 eV). These shoulders are more 
clearly visible in semilogarithmic representation and 
the derivative plot, which are provided in Fig. S6. 
Notably, the high-energy features of the PL extend 
to energies above the Tauc-derived absorption onset 
(dotted line), consistent with observations reported 
previously for aerosol-deposited CsPbBr3 films [23].

To further examine these spectral features, emission 
spectra were collected at varying excitation fluences, 
with exemplary measurements for the film shown in 
Fig. 6c, d (see SI Fig. S7 for all fluences and Fig. S9 for 
powder measurements). Although the overall spectral 

shape remains consistent across fluences, the high-
energy feature becomes markedly more pronounced 
at lower excitation intensities. To parameterize this 
systematic change in line shape, we fitted the spec-
tra using two components, a lower-energy peak and 
a higher-energy peak. Details of the deconvolution 
procedure and the corresponding fitting parameters 
for different fluences are provided in SI Sect. S2. The 
lower-energy peak is located at approximately 2.25 eV 
for the powder and 2.26 eV for the film, and its posi-
tion remains essentially independent of excitation 
fluence (Fig. 6c, d, Fig. S10). The higher-energy peak 
appears at roughly 2.31 eV for the powder and 2.32 eV 
for the film, and in both cases exhibits a slight redshift 
with increasing fluence. As noted above, the relative 
contribution of the lower-energy component increases 
with excitation fluence for both sample types (Fig. 6c, 
d, Fig. S10).

Figure 6   a Absorbance spectra derived from reflectance meas-
urements and b PL spectra of a MAPbBr3 powder and film, both 
recorded under a fluence of 11 µJ/cm2. The right side shows the 

deconvoluted PL spectra of the film under c high and d low flu-
ence. The horizontal dotted black lines indicate the Tauc-derived 
absorption onset at 2.29 eV.
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Similar multi-component emission behavior 
has previously been reported for MAPbBr3, and 
several mechanisms have been proposed, including 
self-absorption processes [36, 37], simultaneous 
recombination of bound excitons and free carriers [38, 
39], radiative recombination via defects (e.g., surface 
states) [40, 41], and phenomena such as Rashba-like 
spin splitting [42].

In our samples, the higher-energy emission 
peak lies 20–30 meV above the onset of absorption, 
suggesting that the measured absorption edge 
corresponds to an excitonic transition rather than 
the intrinsic bulk bandgap. We therefore attribute 
the higher-energy emission near 2.32 eV to radiative 
recombination of free carriers occurring close to the 
bulk bandgap energy, whereas the lower-energy peak 
is likely associated with either self-absorption effects, 
emission from defects, or radiative recombination of 
bound excitons.

The increasing relative contribution of the lower-
energy peak at higher charge-carrier densities 
points against a defect-based interpretation, since 
defect emission would be expected to saturate as the 
available states become filled. At the same time, several 
observations are difficult to reconcile with a purely 
excitonic origin. Specifically, the relative intensities of 
the two peaks differ significantly between the powder 
and the film, and the position of the lower-energy peak 
varies with film thickness (see SI Fig. S12).

These effects are characteristic for self-absorption 
processes, indicating that self-absorption contributes 
significantly to the observed spectral features. 
Nevertheless, the increase of the lower-energy 
contribution with excitation fluence is not readily 
explained by a simple self-absorption-only picture. 
We therefore conclude that self-absorption is an 
important factor in determining the observed PL line 
shape, while a complete quantitative description of the 
dual-emission behavior remains beyond the scope of 
the present work.

To assess the defect properties of the aerosol-depos-
ited films, time-resolved photoluminescence (TRPL) 
measurements were taken. The PL decay of a repre-
sentative film (Fig. 7) is well described by a simple rate 
equation model (red curve), which assumes that radia-
tive recombination is dominated by free carriers and 
that the carrier dynamics are influenced by a single 
effective shallow trap state. A comparable modeling 
approach has been employed by Yuan et al. [43] for a 
triple-cation perovskite film. Additional details on the 

recombination model and the corresponding fitting 
parameters are provided in SI Sect. S3. From the fit, 
we obtain a trap density of N

T
= 1.6 × 10

18 cm−3, which 
is higher than values typically reported for solution-
processed thin films [44–46].

This elevated defect density is l ikely a 
consequence of the deposition process. In metal 
halide perovskites, grain surfaces and grain 
boundaries are often dominant sources of non-
radiative recombination [40]. In the present case, the 
small crystallites in the film exhibit a high surface-
to-volume ratio and may additionally contain defect-
rich grain surfaces generated by the fracturing of 
larger powder particles during deposition.

PL-based measurements are inherently weighted 
toward the optically excited near-surface region 
of the film. The extracted N

T
 should therefore be 

regarded as an effective trap density of the TRPL-
probed region rather than as a purely bulk quantity. 
In particular, the topmost region of the film may 
contain a higher defect density than deeper layers, 
since, unlike the lower part of the film, it does not 
undergo further compression and restructuring 
during subsequent particle deposition. We note 
that the surface sensitivity of PL is especially 
relevant when additional external interface-specific 
recombination pathways are present [47, 48]. In 
our case, however, we do not expect a significant 
contribution from such distinct interface-induced 
channels at the free film surface in helium, and the 

Figure  7   PL decay of a thin film measured under a fluence of 
12 µJ/cm2. The red line indicates a fit to the data according to a 
rate equation model detailed in SI Sect. S3.
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measured decay is already well captured by a model 
containing only band-to-band recombination and a 
single effective trap state.

Overall, the optical properties of the aerosol-
deposited films closely resemble those of the 
precursor powder, with similar absorption onsets 
and structured emission spectra. However, some 
notable differences are observed. Most prominently, 
the relative intensities of the two emission peaks 
vary substantially: While the lower-energy peak 
dominates the emission of the powder, the higher-
energy peak is more intense in the film. This contrast 
may be attributed to reduced self-absorption in the 
film geometry relative to the powder. In addition, 
TRPL measurements indicate a high trap density 
in the film compared to typical solution-processed 
films, consistent with the influence of the deposition 
process. One potential strategy to reduce the defect 
density would be to employ post-deposition 
treatments such as hot pressing, which has been 
shown to improve the quality of aerosol-deposited 
MAPbI3 films [49].

Electrical and transport properties

To further characterize the films, temperature-
dependent impedance spectroscopy was employed 
to investigate their electrical transport properties. 
Although initial structural characterization was 
performed on SnO2-coated ITO glass substrates, 
neither SnO2 nor commonly used oxide electrodes 
such as ITO can be considered as ideal ion-blocking 
contacts. Previous studies have demonstrated that 
interfacial instabilities, including oxygen vacancy-
mediated halide migration at the perovskite/SnO2 
interface [50, 51] and electric field-driven atomic 
intermixing at the perovskite/ITO interface [52], can 
complicate the interpretation of impedance spectra. To 
mitigate these effects, symmetric carbon interdigitated 
electrodes on insulating Al2O3 substrates were 
employed. Carbon is relatively inert toward halide 
perovskite materials, thereby providing a closer 
approximation to ion-blocking conditions and 
reducing interfacial reactions during measurements.

To facilitate comparison, we used identical aerosol 
deposition parameters to fabricate MAPbBr3 films on 
both substrates. Although substrate properties such 
as surface roughness and hardness may influence 
film formation during PAD, cross-sectional SEM 
images (Figs. S2 and S3) confirm that the films on both 

substrates exhibit comparable thicknesses, similar 
nanocrystalline microstructures, and continuous 
interfaces without delamination. These observations 
support the comparability of the structural and 
electrical analyses performed on the two substrate 
configurations.

It is well established that MAPbBr3 films undergo 
thermal decomposition when annealed at tempera-
tures exceeding approximately 180 °C [53]. To avoid 
unintended in  situ annealing and the associated 
grain growth during temperature-dependent imped-
ance measurements, the films were pre-annealed at 
the maximum measurement temperature (110 °C) for 
2 h under a nitrogen atmosphere. The full measure-
ment protocol is depicted in Fig. S14. SEM analy-
sis (Fig. S15) shows that this treatment induces an 
observable increase in grain size. Furthermore, XRD 
analysis (Fig.  S16) shows that there is no indica-
tion of phase degradation. Temperature-dependent 
impedance measurements were taken to investigate 
the charge transport, relaxation dynamics, and the 
underlying conduction mechanisms in the annealed 
PAD-MAPbBr3 films. Figure 8 shows the tempera-
ture-dependent impedance spectra of the annealed 
PAD-MAPbBr3 films measured from 293 to 383 K.

The frequency dependence of the real part of the 
impedance (Z′) measured at various temperatures is 
shown in Fig. 8a. In the high-frequency region, the Z′ 
curves measured at different temperatures start from 
nearly the same value of 1.5 × 104 Ω. As the frequency 
decreases, the curves gradually separate. Since the 
measurements were taken under dark conditions, the 
contribution from photogenerated electronic carriers 
can be neglected. Moreover, the direct contact between 
MAPbBr3 and carbon forms a Schottky interface [54]. 
Such an interfacial barrier effectively suppresses 
intrinsic electronic transport. The low-frequency 
impedance results, as discussed in SI Sect. S5 and 
shown in Fig. S17a, further indicate that the ionic 
contribution exceeds the electronic contribution by 
more than one order of magnitude. As a result, the 
measured response is considered to be predominantly 
governed by ionic transport. In the low-frequency 
region, Z′ reaches a plateau that exhibits a strong 
temperature dependence, with lower values observed 
at higher temperatures. This behavior is consistent 
with thermally activated ionic transport.

Figure 8b presents the frequency dependence of 
the imaginary part of the impedance (− Z′′). As the 
frequency decreases, − Z′′ increases and reaches a 
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local maximum, which is associated with the space 
charge relaxation in the bulk. At lower frequencies, 
− Z′′ reaches a minimum before showing an upward 
trend, marking the onset of electrode polarization. 
With increasing temperature, the peak frequency shifts 
toward higher values, indicating accelerated relaxa-
tion dynamics.

Figure 8c shows the impedance magnitude ∣Z∣ as a 
function of frequency. In the high-frequency region, 
the spectra converge, while they diverge significantly 
in the low-frequency region, where the magnitude 
decreases with rising temperature, consistent with 
the thermally activated nature of the system. Fig-
ure 8d shows the phase angle as a function of fre-
quency. In the high-frequency region, the phase angle 
is around − 60°, indicating a mixed resistive–capaci-
tive response. As the frequency decreases, the phase 
angle approaches values closer to 0°, suggesting a 
stronger resistive contribution. In the low-frequency 

region, the phase angle becomes more negative again, 
reflecting the increasing influence of electrode polari-
zation caused by ionic accumulation at the electrode 
interfaces.

Figure 9a shows the Nyquist plots measured over 
the temperature range from 293 to 383 K. At all tem-
peratures, the impedance spectra consist of a semi-
circular arc in the high- and mid-frequency regions, 
followed by a low-frequency tail associated with ion 
blocking. The radius of the semicircle decreases sig-
nificantly with increasing temperature, indicating a 
reduction in the overall resistance and reflecting ther-
mally activated ionic transport. The presence of only 
one arc suggests overlapping contributions from grain 
interior and grain boundary processes. However, as 
shown in Fig. 9b, the real capacitance exhibits a fre-
quency-independent plateau of C′≈ 2.7 × 10–11 F, which 
indicates that the measured response is mainly associ-
ated with the grain interior contribution for films [55]. 

Figure 8   Temperature-dependent impedance spectroscopy of annealed MAPbBr3 film measured in the dark. a Real part of the imped-
ance Z′, b imaginary part of the impedance Z′′, c impedance magnitude |Z|, and d phase angle as a function of frequency.
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According to the classical brick layer model, the grain 
interior and grain boundary contributions can only 
be experimentally resolved when their associated RC 
time constants differ sufficiently, typically by at least 
one order of magnitude [56, 57]. Since grain bound-
ary capacitance scales with the ratio of grain interior 
to grain boundary thickness (as shown in Eq. 1) [55], 
larger grain sizes therefore tend to allow for a clearer 
separation of the two contributions. In our case, how-
ever, due to the small grain size (~ 90 nm) and the 
resulting overlap of their characteristic time constants, 
the individual contribution of grain interior and grain 
boundary cannot be distinguished in the impedance 
spectra. Furthermore, the real part of the capacitance 
continuously increases with decreasing frequency 
which is characteristic of electrode polarization at low 
frequencies [55].

To quantitatively describe the impedance response, 
the experimental data were fitted using an equivalent 

(1)C
gb

=
l
gi

l
gb

⋅ C
gi

circuit model based on the Voigt model. As shown in 
Fig. 9c, the model consists of two Voigt elements in 
series combined with a constant phase element (CPE) 
accounting for electrode polarization effects in the 
low-frequency region. The first RǁC element is used to 
describe fast responses associated with parasitic resis-
tive and capacitive contributions in the high-frequency 
measurement setup. As previously mentioned, due to 
the small grain size, the second RǁC element is used 
to describe the combined charge transport contribu-
tions from both the grain interior and grain boundary 
within the MAPbBr3 film. A more detailed discussion 
of the physical assignment of the individual elements 
in this equivalent circuit is provided in SI Sect. S5. As 
SI Fig. S20 and Fig. S21 show, the equivalent circuit 
model reproduces the experimental impedance spec-
tra well, indicating that the chosen model adequately 
describes the electrical response of the system.

According to Eqs.  S10, S11, the in-plane 
conductivity �

bulk
 was determined to be 5.09 × 10–9 S 

cm−1 at 293  K. The conductivity increases with 
increasing temperature, reaching 1.15 × 10–6 S cm−1 at 
383 K. (Detailed calculation is provided in SI Sect. S5.) 

Figure 9   Temperature-dependent impedance spectroscopy of an 
annealed MAPbBr3 film measured in the dark. a Nyquist plots of 
the complex impedance. The inset shows a magnified view of the 
low-impedance region. b Frequency dependence of the real (C′) 

and imaginary (C″) capacitance of MAPbBr3 at 323 K. c Equiva-
lent circuit model used to fit the impedance spectra, consisting of 
two Voigt elements and a constant phase element (CPE).
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As discussed above and shown in SI Sect.  S5, the 
ionic contribution exceeds the electronic contribution 
by more than one order of magnitude. Therefore, 
the in-plane conductivity �

bulk
 is considered to be 

predominantly governed by ionic transport, i.e., 
�
bulk

≈ �
ion

.
While the equivalent circuit analysis provides access 

to conductivity, further insight into the dissipative 
nature of ionic transport can be obtained by analyzing 
the dielectric response. For instance, the loss tangent 
tan� can quantify the dissipative component of the die-
lectric response. To describe the frequency-dependent 
electrical behavior, including relaxation phenomena, the 
dielectric response was expressed in terms of the com-
plex permittivity, as given by Eq. 2. Under consideration 
of the empty capacitance of the substrate as well as the 
fact that the film thickness does not necessarily corre-
spond to the effective electric field penetration depth 
in the IDE geometry, the real part ( �′ ) and the imagi-
nary part ( �′′ ) of the complex permitivity are calculated 
according to Eqs. 3a, 3b. F

geo
 denotes the geometrical 

factor, and C
corr

�(�) is the corrected capacitance. The 
detailed derivation of these expressions is provided 
in SI Sect. S5. The loss tangent, tan� , was determined 
according to Eq. 4.

(2)�(�) = ��(�) − j���(�)

As shown in Fig. 10a, clear relaxation peaks are 
observed in the loss tangent. This behavior arises 
from the frequency-dependent response of mobile 
ionic species. At high frequency (𝜔 ≫ 𝜏−1) , ionic spe-
cies are unable to follow the rapid field oscillations 
and are confined to localized oscillatory motion, rep-
resenting the intrinsic bulk response. As the frequency 
decreases, mobile ions progressively drift over longer 
distances, leading to enhanced dissipation associated 
with ionic transport. At very low frequency ( 𝜔 ≪ 𝜏−1) , 
the ions accumulate at the electrode interfaces, cre-
ating space charge polarization. Importantly, the 
relaxation peak coincides with the onset of the low-
frequency tail in the Nyquist plot, indicating a crosso-
ver from the bulk-dominated response to the electrode 
polarization.

With increasing temperature, the peak inten-
sity tan� increases and the peak frequency f

p
 shifts 

toward higher frequencies, reflecting a thermally acti-
vated decrease in the relaxation time �  . This behavior 

(3a)��(�) = 1 +
C
�
corr

(�)

�
0
F
geo

(3b)���(�) =
C

��

corr
(�)

�
0
F
geo

(4)tan � =
���

��

Figure  10   a Temperature-dependent dielectric loss tangent of 
an annealed MAPbBr3 film measured in the dark at temperatures 
ranging from 293 to 383 K. b Arrhenius plots of the relaxation 
peak frequency fp and the ionic conductivity σion as a function of 

the inverse temperature. The error bars represent the combined 
uncertainty associated with the fitting procedure and an estimated 
instrumental error of approximately 5%.
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is consistent with ionic relaxation. As temperature 
increases, the ionic mobility increases, thus enabling 
faster ionic redistribution under the alternating elec-
tric field. Since � is inversely proportional to  f

p
 accord-

ing to Eq. 5a, the kinetics of this relaxation process 
can be quantitatively evaluated from the temperature 
dependence of f

p
 . Consequently, Arrhenius analyses 

were performed using Eqs. 5b, 5c to determine the 
activation energies E

a
 for both ionic conductivity and 

the dielectric relaxation process.

Figure  10b shows the Arrhenius plots of 
the relaxation peak frequency f

p
 and the ionic 

conductivity �
ion

 as a function of inverse temperature. 
Both exhibit linear behavior, with activation energies 
of approximately 0.55 eV for relaxation and 0.59 eV 
for ionic conductivity, respectively. The similarity of 
these activation energies suggests that the relaxation 
process and the ionic conductivity are governed by the 
same thermally activated ionic transport mechanism. 
Although the low-frequency response originates 
from electrode polarization, the kinetics of charge 
accumulation at the electrode interface are most 
likely dominated by bulk ionic transport rather than 
by interfacial reaction processes.

For comparison, the activation energies obtained 
for MAPbBr3 in this work are slightly higher than 
the 0.4–0.5 eV reported by Leupold et al. for aerosol-
deposited MAPbI3 films [29]. This observation is 
consistent with the superior intrinsic stability of 
MAPbBr3 compared to MAPbI3. For a system at 
thermodynamic equilibrium, ionic conductivity is 
given by the product of mobile ion concentration 
and ionic mobility. Since both the ion concentration 
and mobility show Arrhenius-related temperature 
dependence, the activation energy extracted from 
conductivity measurements includes contributions 
from both mobile ion formation and ion migration 
[58, 59]. In halide perovskites, halide interstitials ( X′

i

 ) 
or halide vacancies ( V ∙

X
 ) are typically considered to 

be the most readily formed and most mobile ionic 
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species on the timescale of experiments [60–62]. The 
activation energy obtained in this work is consistent 
with reported bromine vacancy formation energy 
in MAPbBr3 in the range of 0.4 eV–0.6 eV, which is 
generally higher than the iodine vacancy formation 
energy reported for MAPbI3 [63]. This suggests that 
halide vacancy formation has a significant contribution 
to the overall activation energy in this system.

Nevertheless, in mixed ionic–electronic conductors 
such as halide perovskites, the redistribution of mobile 
ions is accompanied by a rapid electronic response [62, 
64]. Therefore, although the observed relaxation is 
likely dominated by ionic dynamics, the contribution 
of ionic–electronic coupling cannot be completely 
neglected.

In addition to the activation energy, a quantitative 
description of ionic transport requires knowledge of 
both the diffusion coefficient and the mobility of the 
mobile species, as these parameters govern charge 
transport under an applied electric field. Previous 
studies have demonstrated that using the Trukhan 
model, the ionic diffusion coefficient can be extracted 
from the analysis of relaxation processes in impedance 
spectroscopy measurements [65–68].

The Trukhan model describes the dielectric 
response of conducting dielectrics, in which the 
impedance is primarily governed by ionic electrodif-
fusion and interfacial polarization [69]. The model is 
based on a linearized Nernst–Planck approach and 
assumes linear response, a homogeneous conduct-
ing medium and blocking interfaces. In the present 
MAPbBr3–carbon system, the small AC perturba-
tion amplitude (0.03  V) ensures operation within 
the linear regime, while the carbon electrode acts as 
an effectively ion-blocking contact, promoting ionic 
accumulation at the perovskite/carbon interface. Due 
to the small crystallite size (~ 90 nm), ion transport 
occurs through a highly interconnected network of 
grain interior and grain boundary. Consequently, the 
impedance response represents a macroscopic col-
lective response of the film and is analyzed within 
an effective medium approximation. Therefore, the 
Trukhan model can be employed to estimate the dif-
fusion coefficient from the relaxation process observed 
in the tan δ spectrum [68–71]. The diffusion coefficient 
of the dominant mobile ionic species can be estimated 
using Eq. 6. Here, L is the finger distance and �tan�

max
 is 

the angular frequency corresponding to the maximum 
of the loss tangent, and tan(�)

max,� represents the loss 
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tangent at this frequency. A detailed derivation is pro-
vided in SI Sect. S6.

Figure 11a shows the temperature dependence of 
the diffusion coefficient extracted from the loss tan-
gent spectra. The diffusion coefficient D increases 
with increasing temperature, from 3.1 × 10−8 cm2 s−1 at 
293 K to 6.8 × 10−7 cm2 s−1 at 383 K. The extracted dif-
fusion coefficients are consistent with literature values 
reported for bromide vacancy migration in MAPbBr3 
(10−8—10−10 cm2 s−1) [72–77]. The corresponding ionic 
mobility � was calculated using the Nernst–Einstein 
relation:

(6)D =
�tan�
max

⋅ L
2

32

(

tan
3�
)

max,�

where k
B
 is the Boltzmann constant, T is the tem-

perature, and q is the charge of a monovalent cation. 
The ionic mobility increases with temperature from 
1.2 × 10−6 cm2 V−1 s−1 at 293 K to 2.3 × 10−5 cm2 V−1 s−1 
at 383 K, as shown in Fig. 11b. This mobility value 
is of the same order of magnitude as reported ionic 
mobilities and is significantly lower than the electronic 
mobility [73]. With the ion mobility � and knowledge 
of the ionic conductivity �

ion
 , we can directly calculate 

the ion concentration N
ion

:

(7)� =
qD

k
B
T

(8)N
ion

=
�
ion

q ⋅ �

Figure 11   Temperature-dependent behavior of a diffusion coef-
ficient D and b the carrier mobility µ derived from applying the 
Nernst–Einstein relation and c the ion concentration Nion . Error 

bars for D include fitting and instrumental uncertainties (5%), 
whereas those for μ and Nion were obtained by standard error 
propagation.
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The calculated ion concentration N
ion

 at 293 K is 
2.6 × 1016 cm−3 (Fig. 11c), which is higher but still close 
to previously reported values for polycrystalline 
MAPbBr3 thin films [78]. As the temperature increases, 
the ion concentration rises to 3.1 × 1017 cm−3 at 383 K. 
This increase can be attributed to the thermally acti-
vated formation of mobile ionic defects, as discussed 
above.

The ion concentration extracted from impedance 
spectroscopy at 293  K is nearly two orders of 
magnitude lower than the trap density derived from 
TRPL measurements ( N

T
 = 1.6 × 1018 cm−3). However, 

a direct comparison between these two quantities is 
not straightforward, since they likely probe different 
subsets of defects, are sensitive to different regions of 
the film, and were obtained from differently processed 
samples. In particular, the ion concentration N

ion
 

extracted from impedance spectroscopy was obtained 
from annealed films, for which thermal treatment 
may reduce certain defect populations. In contrast, 
TRPL measurements were taken on as-deposited 
films and are weighted toward the near-surface 
region, where the impact-driven PAD process may 
leave loosely compacted particles or defect-rich grain 
surfaces. Consequently, it is difficult to distinguish 
to what extent the observed discrepancy originates 
from annealing effects, different probing depths, or 
the different defect types involved. Nevertheless, 
the results indicate that aerosol-deposited MAPbBr3 
films still exhibit comparatively high defect densities 
despite their dense and void-free morphology. This 
highlights the importance of effective post-treatment 
strategies to further reduce defect densities and 
improve the optoelectronic performance of aerosol-
deposited films.

Conclusions

In this work, we demonstrate the successful fabrica-
tion of pure MAPbBr3 thin films at room temperature 
by powder aerosol deposition and provide a compre-
hensive analysis of their structural, optical, and elec-
trical properties. The use of an ejector–separator unit 
and inertial separator proved essential for suppressing 
agglomerate-induced defects and enables the forma-
tion of dense, homogeneous films with good substrate 
adhesion. Structural analysis confirms that the phase 
purity and crystal structure is fully preserved dur-
ing deposition, while impact-driven fragmentation 

leads to nanoscale crystallites (~ 90  nm) with low 
microstrain.

Optical characterization reveals that the bandgap 
of the aerosol-deposited films remains essentially 
unchanged compared to the precursor powder, 
indicating that the aerosol deposition process does 
not significantly alter the electronic structure. The 
structured photoluminescence emission is primarily 
attributed to self-absorption effects rather than 
additional defect-related recombination channels. 
Time-resolved measurements further indicate that 
the resulting films exhibit a relatively high density of 
traps, likely as a direct result of the deposition process.

Electrical characterization using temperature-
dependent impedance spectroscopy revealed 
thermally activated ionic transport with activation 
energies of approximately 0.55–0.59  eV, which 
is consistent with the reported formation energy 
of bromide vacancies. Analyzing the dielectric 
loss tangent within the Trukhan framework 
quantitatively determined the ionic diffusion 
coefficient, mobility, and mobile ion concentration. 
The extracted diffusion coefficients (3.1 × 10−8 
cm2 s−1), ionic mobility (1.2 × 10−6 cm2 V−1 s−1), and 
ion concentrations (2.6 × 1016  cm−3) at 293  K are 
in good agreement with values reported in the 
literature for MAPbBr3.

Overall, this study further establishes PAD as 
a solvent-free, scalable route for the fabrication of 
hybrid perovskite films while preserving intrinsic 
structural and optical properties.
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