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Perovskite solar cells (PSCs) have recently reached a certified 
power conversion efficiency (PCE) of 25.2% (refs. 1–10). This 
has been enabled in substantial part by combinatorial optimi-

zation of the constituents of the perovskite (ABX3) active layer11–16. 
State-of-art PSCs incorporate a remarkable six or more components 
when the A site contains a mixture of Cs, MA (CH3NH3

+) and FA 
(HC(NH2)2

+) with a mixture of Br and I on the X site17–21.
The simultaneous presence of Cs and FA is needed to maintain an 

average tolerance factor that favours a stable perovskite structure19. 
The MA component is, in principle, not required for stability; yet 
the best-performing perovskite devices contain at least 5% MA22–24. 
Earlier studies attributed the role of cation mixing to the suppression 
of carrier recombination centres20, whereas recent studies correlate 
it with the homogeneous distribution of halogens25,26. How precisely 
mixed cations and halides contribute to the crystallization dynamics, 
and, ultimately, to the performance of perovskite materials, remains 
a matter of ongoing investigation. Incomplete understanding works 
against continued improvements in perovskite composition in view 
of the huge combinatorial chemical space available.

Here, we use transient photoluminescence microscopy (TPLM) 
to image the diffusion of charge carriers in perovskite single crystals 
and thin films, all as a function of composition. In single crystals, we 
find—strikingly—that carrier diffusivity is independent of compo-
sition. In contrast, composition plays a major role in thin films—the 
architecture relevant to solar cell applications. We also observe that 
diffusivity in films decreases with decreasing MA content, and that 
the presence of Br and Cs induces inhomogeneous crystallization in 
MA-free CsFA films.

Using energy dispersive X-ray (EDX) and X-ray photoemission 
spectroscopy (XPS), we report that this inhomogeneous crystalliza-
tion forms grains with a graded composition. Kelvin probe force 
microscopy (KPFM) shows that the cores trap charge carriers within 
a high-potential-barrier shell, and vertical photoluminescence (PL) 
quenching and transient photocurrent reveal that this corresponds 
to curtailed electron diffusion in these films. Incorporation of MA 
leads to a uniform grain core-to-edge composition, achieved by 
balancing competing crystallization pathways, allowing carriers to 
move more readily from grain to grain.

Transient PL microscopy for carrier diffusion imaging
To study the spatiotemporal carrier dynamics in perovskites of dif-
ferent compositions, we employed TPLM27. The layout of this exper-
iment is shown in Fig. 1a. A pulsed laser source is focused onto the 
sample surface using a microscope objective lens to a spot size of 
~1 µm. Epifluorescence from the distribution of carriers excited by 
the laser is collected by the objective lens and sent to a telescopic 
relay lens which projects an image of the sample fluorescence onto 
an image plane. An avalanche photodiode is raster scanned across 
the image plane to detect the change of the fluorescence intensity in 
both space and time.

To establish the applicability of TPLM for perovskites, we first 
visualized carrier dynamics in single crystals of MAPbI3, the most 
studied perovskite composition to date28,29. Supplementary Video 1 
shows the experimental result from TPLM, normalized to a peak 
value for each frame in time; Fig. 1b shows selected frames of the 
video. The size of the spot increases with time due to the diffusion of 
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carriers and the spot exhibits isotropic growth. The isotropy of dif-
fusion perpendicular to the detection plane (sample depth) was con-
firmed in PL quenching experiments (Supplementary Method 2.1).

Because of the isotropic nature of carrier diffusion in perovskites, 
we track carrier diffusion in one dimension without loss of informa-
tion; this enables higher-resolution data better suited to quantitative 
analysis. Figure 1c shows raw data from a one-dimensional scan 
across the laser spot. Since it is difficult to visualize diffusion due to 
the decaying fluorescence signal, the same data, normalized in time, 
are shown in Fig. 1d. Here, it is clear that the width of the spot is 
increasing with time, attributable to carrier diffusion from the exci-
tation spot (note that bimolecular recombination alone also con-
tributes to the broadening—see Supplementary Method 1.5). Slices 
through the intensity profile at different time intervals show that the 
full width at half maximum (FWHM) of the spot has changed from 
1.2 µm to 4.1 µm within the first 30 ns of excitation (Fig. 1e).

To extract the diffusion constant of carriers, the data were mod-
elled using the following partial differential equation:

∂N
∂t

¼ D∇2N � AN � BN2 � CN3 ð1Þ

where N = N(x, y, z, t) is the spatial distribution of carrier den-
sity in time, D is the spatial diffusion constant, A is the trap-
ping rate constant, B is the radiative decay constant and C is the 
Auger recombination rate constant. Importantly, we observe that 
the measured PL intensity scales quadratically with the incident 
laser power, indicating that the PL signal arises from recombi-
nation of free electrons and holes generated by the laser pulse  

(and not bound excitons or photogenerated minority carriers 
that have encountered majority carriers—see Supplementary  
Method 1.1 and Supplementary Fig. 1). Consequently, we make 
the simplifying assumption that the electron and hole density are 
locally equivalent and that the diffusivity D is the isotropic ambi-
polar diffusivity. Photon recycling30 is neglected as simulations 
show the effect to be small for the analysis carried out at or near 
the main PL peak (Supplementary Method 1.8).

Solutions to equation (1) were obtained using the explicit 
finite difference method (EFDM) with boundary conditions that 
include surface recombination31 (see Supplementary Methods 
1.2 and 1.3). The output of the model was shown to be rigorous 
(see Supplementary Method 1.7) and fed into a multivariate fit of 
the experimental data. We note that the generation rate of laser 
pulse (0.59 ns FWHM) does not affect the fitting parameters, and 
hence was not included in the multivariate fit of the diffusion data: 
this reduces the number of parameters required by the model 
(Supplementary Method 1.6). From the extracted values of the dif-
fusion and decay parameters, we calculate the diffusion length of 
carriers, LD, according to the following equation:

LD ¼
ffiffiffiffiffiffiffiffi
2Dτ

p
ð2Þ

where τ is the carrier lifetime at low excitation fluence. In this case, 
the intensity-independent lifetime is given by τ = A−1.

We used this model to fit all single crystal and thin film data 
(see Supplementary Table 1). The results of this method for MAPbI3 
single crystals are shown in Fig. 1f and Fig. 1g for the raw and  
normalized model output, respectively. The carrier diffusivity and 
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Fig. 1 | TPLM. a, Schematic of the experimental set-up. b, Experimental two-dimensional TPLM images on an MAPbI3 single crystal at 0, 2.0, 3.6 and 7.2 ns 
after excitation. c,d, Experimental one-dimensional diffusion images for uncorrected (c) and normalized data (d) at each time point. e, Slices from the one-
dimensional data (dotted lines) and model fits (solid lines) at 0, 10 and 30 ± 5 ns that show broadening of carrier distribution in time. f,g, Corresponding 
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diffusion length for MAPbI3 single crystals were determined to be 
0.55 ± 0.02 cm2 s−1 and 0.76 ± 0.04 μm, respectively, at an excitation 
density of 2.4 × 1018 carriers per cm3, a result that agrees well with 
literature-reported values28,29,32–35.

Carrier diffusion in perovskites as a function of composition
TPLM was used to study carrier dynamics in perovskite single crystals 
of different compositions. We grew single crystals of MA, CsMAFA 
and CsFA—the compositions most widely used in PSCs (see Methods 
for details). X-ray diffraction (XRD) of the ground crystals showed 
pure phase without observable secondary contamination for each 
of these crystals (Supplementary Fig. 9). MA, CsMAFA and CsFA 
single crystals showed PL peaks at 1.60, 1.62 and 1.64 eV, respectively 
(Supplementary Fig. 9). The normalized TPLM data and model 
results for the CsMAFA and CsFA single crystals are shown in Fig. 2a  
and Fig. 2b, respectively. Strikingly, there was no significant differ-
ence in the temporal evolution of spatial profiles for the three crystal 
compositions studied (Fig. 2c). As shown in Fig. 2d, the extracted 
diffusivity values and calculated diffusion lengths for the single crys-
tals also show no appreciable difference despite the widely observed 
superior PV performance of mixed perovskite compositions (such as 
CsMAFA)20,22. This puzzling result prompted us to look at carrier dif-
fusion in thin films—the sample architecture in which CsMAFA has 
shown better performance than the other compositions.

We prepared perovskite films of various compositions by solvent 
engineering36, a method widely used in the fabrication of high-
performance PSCs. XRD of these films revealed a pure perovskite 

phase (Supplementary Fig. 10). Surface scanning electron micros-
copy (SEM) and atomic force microscopy images indicate identi-
cal grain sizes and roughness in CsMAFA and CsFA films, while 
MAPbI3 films exhibited a smaller grain size (Supplementary  
Fig. 10). PSCs based on mixed perovskite films exhibited 20% PCE 
(Supplementary Fig. 11).

We note that MA and CsMAFA single crystals were synthesized 
from solute stoichiometries chosen to correspond to the stoichi-
ometries within the final thin films. The CsFA solution for crystal 
growth had ~5% more iodine than the corresponding CsFA solu-
tion for thin films; this is due to the solubility limit of precursors 
in gamma-butyrolactone (GBL) solvent used for crystal growth. 
Using GBL also led to a slight increase of Cs and Br content in 
CsFA and CsMAFA crystals, as seen in elemental analysis and PL 
studies (Supplementary Table 3 and Supplementary Figs. 9 and 10). 
Nevertheless, the principle of choosing control samples remained 
as follows: all CsFA samples had no MA, and were used as  
counter-control samples to MA-containing samples, such as MA 
and CsMAFA.

Figure 3a and Fig. 3b show a comparison of TPLM data for 
CsMAFA single crystal and thin film samples, respectively. The 
carrier distributions of the single crystal and thin film with model 
fits at 30 ns are shown in Fig. 3c. The FWHM of the single crys-
tal increased (+2.95 μm) by nearly four times that of the film 
(+0.75 μm) in that time, compared with the respective FWHM at 
time zero, indicating that diffusion of carriers is heavily modified in 
the thin film environment, in agreement with previous findings37.
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A comparison of diffusivities and diffusion lengths for each film 
composition is shown in Fig. 3d. Here, we observed a significant 
composition dependence of these values. The MA film showed 
the highest diffusivity, while CsFA had a 10× lower diffusivity. 
Incorporation of MA (such as CsMAFA film) improves the diffusiv-
ity by an order of magnitude, yet it is still lower than that of the MA 
film. Nevertheless, CsMAFA exhibits the longest carrier diffusion 
length, principally due to its longer carrier lifetime, clarifying the 
need to include MA to achieve high-performance perovskite com-
positions22. This result also highlights the importance of consider-
ing not only how quickly carriers move in a material, but also how 
long they remain available for collection, when designing better 
solar materials. The trends in the diffusivities of the thin films were 
further confirmed by PL quenching experiments (Supplementary 
Method 2.1 and Supplementary Table 2). The magnitude of the dif-
fusivities agrees well with literature values (Supplementary Table 4).

The emergence of variability in the diffusion of carriers in 
films may originate from a difference in the in-grain transport or 
between-grain transfer of the various perovskite compositions. The 
laser spot size is larger than the grain size, and does not resolve in-
grain diffusion in the films38; we instead use single crystal studies 
to reveal in-grain transport and rule out a dominant role for dif-
ferences in in-grain transport in light of the invariance observed in 
single crystals. Comparison of transport in perovskite single crys-
tals versus thin films of the same composition (Fig. 3c) showed that 
the FWHM of the single crystal increased more than that of the film 
in the same time after excitation, indicating that transport among 
grains is the limiting factor for carrier movement in the thin films.

Carrier dynamics in mixed perovskites
The limited carrier transport across grain boundaries in mixed 
perovskite films can occur because of a high trap density, or due to 
an energetic barrier38–40 at the grain boundaries (Fig. 4a). Higher PL 
intensities from mixed perovskites compared with MA-only films 
exclude the presence of a high trap density on the surface of grains.

To address the potential energetic barrier on the surface of 
grains, we performed KPFM, transient photocurrent and PL 
quenching studies. The average contact potential difference (CPD) 
values for CsMAFA and CsFA are 16.5 and −57 mV, respectively. 
To compare the two samples at different positions, we subtract the 
CPD at each point from the average CPD (Fig. 4d,e). The resultant 
KPFM images show increased potential variation among grains in 
CsFA compared with CsMAFA, despite having the same surface 
roughness (Fig. 4a–c). Depth-profile ultraviolet photoelectron spec-
troscopy (UPS) shows that the valence band maximum upshifts on 
the surface of CsFA film. The increasing Br content on the surface 
of the grain increases the bandgap; therefore, the conduction band 
minimum upshifts as well, creating an energy barrier for electrons 
(Supplementary Fig. 13)41,42. The picture of the potential energy bar-
rier is further supported by photocurrent decay: it is fastest in MA 
solar cells, slows in CsMAFA and is slowest in CsFA (Fig. 4f).

To further explore the origins of the energetic barrier on the 
surface of films and between grains, we acquired elemental com-
position information on the films. Angle-dependent XPS shows a 
higher content of Br on the surface of CsFA grains than in CsMAFA 
films (Fig. 5b). The surface carrier dynamics obtained using tran-
sient reflection spectra31 indicate the same dynamics for the front 
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and back of the CsMAFA film and for the front of the CsFA film 
(Supplementary Fig. 14); however, the CsFA back surface shows 
longer dynamics, probably due to a different surface composition. 
The aforementioned angle-dependent XPS and depth-profile UPS 
analyses support the change of composition from the surface of 
CsFA film into its bulk. An EDX linescan across grain (reference) 
and grain boundaries (region of interest) confirms the presence of 
a Br-rich region at the grain boundaries as compared with grain 
core (Fig. 5c). The high Br content of this grain ‘shell’ produces a 
perovskite with a higher bandgap than the grain core, supporting 
the picture of an energetic barrier in CsFA films.

Inhomogeneous crystallization of mixed perovskites
We account for the observed inhomogeneous grains through the 
competing crystallization processes in a mixed perovskite solution. 
A given mixed perovskite solution (left side of equation (3)) would 
be in equilibrium with a given mixed perovskite phase (first term on 
the right side of the equation) plus any additional excess pure halide 
perovskite (remaining terms on the right side of the equation):

APb BryI1�y
� �

3¼ aAPb BrxI1�xð Þ3þbAPbBr3 þ cAPbI3 ð3Þ

where, if x > y, Br is the limiting halide thus inhibiting all Br 
perovskite, so b = 0. Likewise, if x < y, I is the limiting halide thus 
inhibiting all I perovskite, so c = 0. The abovementioned equilib-
rium can be used to calculate the maximum yield, a, of a given 
mixed perovskite aAPb(BrxI1 − x)3 for a mixed solution APb(BryI1 − y)3.

The stoichiometry of this reaction implies that its theoretical 
yield (the maximum possible a coefficient) is controlled by the con-
tent of the limiting halogen (see Supplementary Fig. 15 for more 
details). Figure 5d shows the results of analytical solutions of esti-
mated theoretical yield (a) for all possible APb(BrxI1 − x)3 (where x 
varies from 0 to 1) in several given compositions (y). While a single 
halide perovskite solution only forms a single composition (demon-
strated as a dot for y = 0 in Fig. 5d), mixed perovskites allow for a dis-
tribution of varied compositions. This distribution gets wider with 
a higher degree of mixing (y → 0.5); the wider the distribution, the 
higher the probability of forming a gradient during crystallization.

The distribution of halogens in solution does not directly deter-
mine the distribution in a crystal. Crystallization in a solution 
occurs when the distribution shown in Fig. 5d exceeds the solubil-
ity. Under the assumption that solubility of all perovskite phases is 
equal, the distribution of halogens in a mixed perovskite crystal can 
be determined by a statistical model of combinations with repeti-
tion (Supplementary Fig. 16). This model finds that this distribution 
will depend on the size of the crystal. The distribution linewidth 
becomes narrower as the size of the crystal is increased, such that a 
single crystal should exhibit a perfectly narrow distribution centred 
at the solution ratio APb(BryI1 − y)3, thus explaining our results on 
single crystals.

The situation varies if the assumption of equal solubility  
of perovskite phases is not met. We measured the solubility of 
mixed perovskites (Supplementary Fig. 17 shows the powder  
XRD of perovskites used for solubility tests) in 4:1 mixture of  
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N,N-dimethylformamide (DMF)/dimethylsulfoxide, a commonly 
used solvent system for fabrication of perovskite films of device 
grade. I-only CsMAFA exhibited a solubility of 4 M, while the corre-
sponding Br-only CsMAFA exhibited a solubility of 1.8 M, less than 
half of the I-only composition above (Fig. 5e). Such a difference in 
solubility results in inhomogeneous crystallization of compositions, 
the shaded region in Fig. 5e for CsMAFA.

We also measured the solubility of the corresponding CsFA 
perovskites. I-only CsFA exhibited a solubility of 2.5 M, while its cor-
responding Br perovskite exhibited 5× less solubility (0.5 M). Such a 
decrease in solubility when moving from I to Br, along with the sig-
nificantly low solubility of CsFA compared with CsMAFA, results 
in a wider compositional gradient (shaded region in Fig. 5e)— 
and therefore limited carrier diffusion—in CsFA thin films.

The picture of inhomogeneous crystallization suggests that if 
supersaturation is reached quickly, one can isolate Br-rich perovskites. 
We added antisolvent (chloroform) into perovskite solutions to 
induce rapid crystallization. The CsMAFA solution directly formed 
black perovskite (Fig. 5f). However, the CsFA solution formed black 
perovskite only following the formation of a red precipitate. The red 
precipitate was isolated and identified by XRD and XPS to be Cs- and 
Br-rich perovskite (Supplementary Fig. 18). Such a wide distribution 
in the Cs and Br content of CsFA perovskite explains the presence of 
an energy barrier between grains and, thus, the lower PCE of corre-
sponding devices compared with MA and CsMAFA PSCs43.

Outlook
Transient PL microscopy revealed the emergence of composition-
dependent transport in perovskite thin films. Using EDX and XPS, 
we found that the grains form with a gradient composition in CsFA 
perovskite thin films, exhibiting Br-rich perovskite regions on the 
surface of grains. This creates a barrier to electron egress, as seen 
by KPFM, PL quenching and transient photocurrent (Jsc) studies. 
Crystallization dynamics demonstrate that mixed perovskites and 
the difference in solubility of Br- and I-containing compounds 
cause this inhomogeneous crystallization. This study implies that 
flattening the solubility of the most and least soluble components 
is key in developing next-generation compositions. Avoiding Br in 
MA-free RbCsFA perovskite shows homogeneous crystallization 
(Supplementary Fig. 18), thus explaining the high PCE obtained for 
RbCsFA PSCs44, but also decreases the bandgap. Next-generation, 
tandem-cell-compatible perovskites will contain some Br to have 
a wide bandgap; it will, therefore, be important to develop solvent 
systems and additives that enhance the solubility of Br-containing 
components of perovskites.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, extended data, supplementary informa-
tion, acknowledgements, peer review information; details of author 
contributions and competing interests; and statements of data and 
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Methods
Chemicals. Lead (ii) iodide ultra dry 99.999% (metals basis) and lead (ii) bromide 
99.998% (metals basis) were purchased from Alfa Aesar. Caesium iodide 99.999% 
(trace metals basis), GBL ≥99%, dimethylsulfoxide anhydrous ≥99.9%, DMF 
anhydrous 99.8%, chlorobenzene anhydrous 99.8% and chloroform anhydrous 
≥99% were purchased from Sigma Aldrich. Formamidinium iodide (FAI) and 
methylammonium bromide (MABr) were purchased from Greatcell Solar. All 
chemicals were used as received.

Preparation of single crystals. MAPbI3, Cs0.05MA0.15FA0.8PbI2.55Br0.45 (CsMAFA) 
and Cs0.1FA0.9PbI2.7Br0.3 (CsFA) crystals were synthesized from 1 M MAI/PbI2  
(1:1 molar ratio) solution in GBL, 1 M CsI/MABr/FAI:PbI2/PbBr2 
(0.05:0.15:0.8:0.85:0.15 molar ratio) solution in GBL and 0.9 M CsI/FAI/PbI2/PbBr2  
(0.1:0.9:0.85:0.15 molar ratio) solution in GBL, respectively, using inverse 
temperature crystallization reported elsewhere45–47. Typical dimensions of these 
crystals were ~3 mm wide × ~2 mm thick.

Preparation of perovskite thin films. The corresponding thin films were spin-
coated from 1.4 M solution in a mixed solvent of DMF and dimethylsulfoxide 
(volume ratio 4:1). The perovskite films were deposited in a glovebox with 
two-step spin-coating procedures: the first step was 1,000 r.p.m. for 10 s with an 
acceleration of 200 r.p.m. s–1; the second step was 5,000 r.p.m. for 60 s with a ramp-
up of 1,000 r.p.m. s–1. Then, 200 µl of chlorobenzene was dropped on the spinning 
substrate at 30 s before the end of the second step. The substrate was then annealed 
at 100 °C for 30 min.

Solubility. To test solubility, we first prepared perovskite powders. Mixtures 
were dissolved in a dimethylsulfoxide/DMF solvent mixture until formation of 
a transparent solution. Then, a 10× larger volume of chloroform was used to 
precipitate perovskites. The resultant powders were dried under vacuum for 24 h. 
The yields were 86%, 77%, 57% and 63% for CsFA-I, CsMAFA-I, CsFA-Br and 
CsMAFA-Br, respectively.

Fabrication of PSCs. Patterned indium tin oxide- (TFD Devices) coated glass 
was cleaned using acetone and then isopropanol. The SnO2 electron transport 
layers were spin-coated on indium tin oxide substrates from the colloidal SnO2 
nanocrystal solutions at a spin speed of 3,000 r.p.m. for 20 s, and then annealed 
on a hotplate at 150 °C for 30 min in air. The perovskite films were deposited 
following the aforementioned procedure. We then spin-coated the hole-transport 
layer at 4,000 r.p.m. for 20 s (2,000 r.p.m. ramp) from a chlorobenzene solution 
containing 65 mg ml–1 Spiro-OMeTAD, 20 µl ml–1 t-butylpyridine and 70 µl ml–1 
bis(trifluoromethane)sulfonimide lithium salt (170 mg ml–1 in acetonitrile). A 
120 nm gold was evaporated with an Angstrom Engineering electron-beam 
deposition system.

Characterization of solar cells. The current–voltage (J–V) characteristics 
of solar cells were measured with a Keithley 2400 sourcemeter in a nitrogen 
atmosphere (50 mV s−1 scanning rate, 10 mV step and 200 ms delay time). The light 
(100 mW cm−2) was generated by a solar simulator (Newport, Class A). To measure 
stabilized power output, the current density was traced at maximum power 
point voltage (VMPP), determined from the J–V curve. An aperture shade mask 
(0.049 cm2) placed in front of the solar cell determined the active area. External 
quantum efficiency (EQE) measurements were performed using a Newport-
calibrated ORIEL QuantX 300. Transient photocurrent decays were measured on 
a home-made system. A continuous light source from an Xe lamp was coupled 
through a fibre to collimate on the active area of the solar cell.

Other characterization. SEM micrographs were obtained using the Hitachi 
S-5200 microscope (1 kV for SEM images and 5 kV for EDX). XRD analysis 
was performed using a Rigaku MiniFlex 600 diffractometer (NaI scintillation 
counter and Cu Kα radiation with wavelength λ = 1.5406 Å). XPS analysis 
was carried out using Thermo Fisher Scientific Thetaprobe XPS. Optical 
absorption and PL measurements were carried out in a Lambda 950 UV/
Visible spectrophotometer and a Horiba Fluorolog time-correlated single-
photon-counting system, respectively. The transient reflection spectroscopy 
characterization method has been performed according to previous works 
(ref. 48) and reproduced here for completeness. Femtosecond laser pulses of 
1,030 nm generated by a Yb:KGW laser at a 5 kHz repetition rate (Pharos (Light 
Conversion)) were passed through an optical parametric amplifier (Orpheus 
(Light Conversion)) selected for 480 nm light. The latter served as the pump 
pulse, whereas the probe pulse was generated by focusing the initial 1,030 nm 
pulse into a sapphire crystal, which resulted in a white-light continuum (Helios 
(Ultrafast)). With a temporal resolution of the system of ∼350 fs, each time step 
meant delaying the probe pulse with respect to the pump, with time steps that 
increased exponentially. Every other pump pulse was blocked with a chopper 
to determine the change in optical density. After going through a grating 
spectrograph, the pulses were measured by means of a charge-coupled device 
(Helios (Ultrafast)). Multiple scans were taken for each sample at each power, 
and the average of these scans was used.

KPFM. KPFM measurements were performed using an Asylum Research Cypher 
system in an amplitude modulation lift mode in air to obtain topographical 
and CPD images. The CPD value was subtracted by the average CPD value of 
the image. The lift height was 20 nm. All measurements were performed using 
conductive Ti/Ir-coated atomic force microscopy probes (ASYELEC, Electrolever 
from Asylum Research) with nominal mechanical resonance frequency and a 
spring constant of 70 kHz and 2.0 N m−1, respectively. The perovskite films studied 
were fabricated in an ITO/SnO2/perovskite architecture (where ITO is indium tin 
oxide), and the samples were ground during the measurement.

Ultraviolet photoelectron spectroscopy (UPS) was carried out using an 
ESCALAB 250Xi system (Thermo Fisher Scientific). Photoelectrons were excited 
by an ultraviolet discharge lamp with a photon energy of He I line (21.22 eV). 
Subsequent to each UPS, a short session of ion etching was run in which a beam 
of low-energy unreactive argon ions (2 keV) scanned 5 × 5 mm2 of the surface 
for gentle removal of the layers. An argon cluster was used to prevent in-depth 
damage of the material. When we repeated the mentioned cycle several times, we 
observed a change in valence band maximum and work function of each sample as 
a function of depth.

TPLM. Carrier diffusion imaging was performed using a home-built microscope 
set-up. Carrier densities were generated using a pulsed laser source (PicoQuant, 
405 nm, 125 kHz, 1.5 μJ per pulse, 590 ps FWHM pulse duration) which was sent 
to the microscope and focused onto the surface of the crystals and films using 
an objective lens (Nikon, 40×, 0.6 numerical aperture). During experiments, all 
samples were mounted inside an evacuated microscope cryostat to protect from 
degradation due to air and water. Epifluorescence from the excited carrier densities 
was collected by the same objective and further magnified by a ×4 telescopic relay 
lens (Nikon) attached to the output of the microscope. The image plane of this 
lens system thus contained a projected image of the excitation spot at a full ×160 
magnification.

A fluorescence map of the sample surface was then recorded by raster scanning 
the image plane with an avalanche photodiode (PicoQuant, τ-SPAD, 150 μm  
sensor diameter) in one dimension for all TPLM data, excluding Supplmentary 
Video 1 and selected frames in Fig. 1b which were scanned in two dimensions.  
The photodiode was mounted on stepper-motor stages (Thorlabs) and attached  
to the timing electronics (PicoQuant PicoHarp 300) so that time-correlated  
single-photon counting measurements could be carried out at each x and/or  
y position of the image. The time-correlated single-photon counting measurements 
thus provided a time-resolved fluorescence decay at each position point on the 
fluorescence map.

Modelling the TPLM experiments. All experimental data were modelled according 
to equation (1). Equation (1) was solved using the EFDM. Initial conditions,  
N(x, y, z, 0), were determined from the data at t = 0 ns (see Supplementary  
Method 1.4). The PL profile at t = 0 was fit by a convolution of a Lorentzian 
line shape with the avalanche photodiode sensor spatial response profile (a step 
function with 150 μm width). The initial carrier density (N0) was calculated using 
the reported laser pulse fluence and absorption coefficient, α = 2.66 × 105 cm−1.  
The EFDM solution of equation (1) yields the carrier density N(x, y, z, t) as 
a function of space and time. PL intensity was calculated from the model by 
squaring N(x, y, z, t) with each point in z modified by the probably of escape due 
to reabsorption (see Supplementary Methods 1.3 and 1.4). The final simulated 
TPLM signal was recovered by summing over z and convolving with the avalanche 
photodiode spatial response profile. An all-at-once, multivariate fit of the 
experimental diffusion images was carried out using this simulated model output 
to determine parameters D, A, B and C.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The authors declare that the main data supporting the findings of this study are 
available within the article and its Supplementary information. Extra data are 
available from the authors upon request.
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