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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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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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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.

23817



V V

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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Structural and microstructural characterization

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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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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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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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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Electrical and transport properties

Z
Z

.

23823



Z

C′

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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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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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 σ
ion

 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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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 N
ion

 . Error 

bars for D include fitting and instrumental uncertainties (5%), 

whereas those for μ and N
ion

 were obtained by standard error 

propagation.
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