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ABSTRACT: Considering the many possibilities for all three 

ions in the hybrid halide perovskite structure, hundreds of 

distinct compositions have already been reported. Such com-

positional changes can alter the carrier diffusion length - a key 

parameter for solar cell performance. Given the large compo-

sitional and processing parameter space, a rapid and simple 

technique for directly measuring diffusion length is needed. 

Here we use a laser grating technique to screen the diffusion 

length in perovskite materials. First, we control the processing 

conditions and the resulting grain size to increase the diffusion 

length in pure CH3NH3PbI3. Next, we partially replace iodide 

with bromide and show that surprisingly, the diffusion length 

increases after aging for 1 month in air. Finally, we use a 4 nm 

Al2O3 layer to passivate the surface of CH3NH3PbBr3, leading 

to a remarkable increase in diffusion length from 201 nm to 

532 nm. The correlation that we have established between 

material processing and diffusion length offers guidance in 

how to improve materials for devices. 

Hybrid halide perovskites are an emerging class of semicon-

ductors that has drawn great interest recently because of its 

simple solution processing, tunable band gap, high solar cell 

efficiency and low lasing threshold.
1-5

 They have the same 

ABX3 configuration as the classic oxide perovskites but have 

metal halide rather than metal oxide corner-sharing octahedra. 

Typically, organic cation A is methylammonium (MA) or 

formamidinium (FA), B is lead (Pb) or tin (Sn), and X is chlo-

ride (Cl), bromide (Br) or iodide (I); already combining just 

these ions in pure or 50/50 mixes, nearly 50 distinct varieties 

emerge. Such compositional variations strongly affect material 

properties. For example, the addition of only a few percent of 

PbCl2 to MAPbI3 (so-called MAPbI3-xClx) increases the film’s 

diffusion length from ~100 nm to ~1 µm and raises optimized 

photovoltaic efficiency from 4.2% to 12.2%.
6
 Even within a 

single material composition, solvent engineering used to in-

crease the grain size of the film has already been shown to 

have dramatic effects on device performance.
3,7

 While there 

are many ways to screen materials and processing conditions, 

the diffusion length of the photo-generated carrier has been 

one of the properties most strongly correlated with optoelec-

tronic device performance.
6,8

 Despite this importance, the most 

common methods for measuring this diffusion length are not 

compatible with simple, rapid screening that would be ideal 

for testing the large number of possible new materials and 

processing conditions. For example, photoluminescence life-

time measurements can be combined with mobility measure-

ments to yield indirectly the carrier diffusion length, but these 

measurements are impractically slow to be used for routine 

testing. Clearly a simple, rapid and direct method for measur-

ing diffusion length would be useful in screening both new 

hybrid halide perovskite materials and processing conditions 

that lead to better material quality. 

      Here we apply such a method, called the steady-state photo 

carrier grating (SSPG) technique, to hybrid perovskite materi-

als and use it to investigate the influence of material composi-

tion, material processing conditions, aging and surface pas-

sivation on the diffusion length. Originally developed in the 

1980s as a way to measure diffusion length in amorphous 

silicon thin films, SSPG relies on a change in conductivity in 

the presence of an optical grating created by two interfering 

laser beams.
9,10

 First, we use SSPG to show that varying the 

solvent and processing conditions can lead to at least a factor 

of two variation in the diffusion length of methyl ammonium 

lead iodide (MAPbI3). Next we demonstrate how the diffusion 

length varies with halide substitution, and for each composi-

tion, how it changes with aging. Finally, we show that a thin 

(4 nm) passivating aluminum oxide layer can increase the 

diffusion length of methyl ammonium lead bromide (MAP-

bBr3) by nearly a factor of three, while the process of adding 

the same coating dramatically degrades MAPbI3. 

      Figure 1a shows a schematic of our SSPG measurement 

setup, where we measure a small change in sample conductivi-

ty (at a given voltage) in the presence of an optical grating. 

The optical grating is created by overlapping two interfering 

laser beams on the sample. The measurement is conducted 

under illumination of I1 and I2, where the intensity of beam I1 

is much stronger than the chopped beam I2. In this way, I1 

serves as a background illumination ensuring an almost con-

stant carrier generation rate over the sample surface, while I2 

acts as a probe beam providing a small perturbation (~5%). 

The change in conductivity is directly measured on the sample 



 

using a lock-in amplifier for two configurations: (1) when the 

two beams have orthogonal polarization states and therefore 

do not interfere (Figure 1b), and (2) when the polarization 

states are aligned, creating a periodic optical grating (Figure 

1c). The grating period can be controlled by changing the 

angle between the two beams (grating period decreases as 

angle increases). The down-transport mirrors, up-transport 

mirrors, and the rotating stages enable continuous overlap 

between I1 and I2 with varying angle. 

 

 

Figure 1. (a) Schematic of the set-up: I1 is the strong beam, I2 is 

the weak beam, θ is the angle between I1 and I2, M1, M2, M3, M4 

are mirrors, BS is a beam splitter, λ/2 is a half-wave plate, C is a 

chopper, U-T are up-transport mirrors, D-T are down-transport 

mirrors. The axis has two rotating stages (black and gray) and 

each can rotate independently: (1) the sample along with M4 

underneath (gray arrow) and (2) the up-transport mirrors connect-

ed with the arm (black arrow). Sample: a perovskite film deposit-

ed on a glass substrate with two co-planar gold electrodes. (b) 

Lateral conductivity pattern without grating: when I1 and I2 are 

orthogonally polarized. (c) Lateral conductivity with grating: 

when I1 and I2 are in parallel polarization. The conductivity σ1 and 

σ2 are not to scale for better visualization (perturbation by σ2 

should be very small relative to σ1 in order to maintain the steady-

state condition). 

      Solving the one dimensional steady-state diffusion equa-

tion leads to a relation between the photoconductivity ratio 

and grating period: 
11-13
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where ∧ is the grating period, β is the photoconductivity ratio 

of lock-in amplifier signals under the parallel and perpendicu-

lar polarization configurations (Figure 1c, and 1b), LD is the 

diffusion length of the photogenerated carrier and Z is a fitting 

parameter related to non-ideal grating formation (e.g. due to 

surface scattering or poor photoconductivity). LD describes 

ambipolar transport of the Coulomb-coupled electron and 

hole, but it will be dominated by the photogenerated carrier 

with the smaller diffusion length. The value of β will be close 

to unity when the diffusion length is much longer than the 

grating period. This case takes place when carrier diffusion 

significantly smears out the grating, so that the signal is the 

same if I1 and I2 create a grating (Fig. 1c) or not (Fig. 1b). 

Increasing the grating period beyond the diffusion length 

drastically decreases the sample conductivity, consequently 

decreasing β. The value of Z falls between 0 and 1 (0 < Z < 1; 

1 is for a perfect grating) and depends on factors such as pho-

to-sensitivity of the sample and grating contrast ratio.
10

 The 

diffusion length (LD) can be directly extracted from a linear fit 

of equation 1, with error bars coming from the fitting proce-

dure (see SI for details).  

      This technique measures the change in photoconductivity 

laterally across the sample, which is associated with the diffu-

sion of photo-generated carriers.
6,8,14

 This measurement geom-

etry is distinct as compared to other methods that measure 

carrier diffusion through the thickness of the film. Although in 

a standard solar cell, current is extracted in the direction per-

pendicular to the substrate through the thickness of the film, 

diffusion in the lateral direction is still strongly correlated to 

device efficiency for materials whose transport is not strongly 

anisotropic. For example, a study of halide perovskite thin 

film devices with grain sizes 100 times larger than the film 

thickness has shown that grain boundary recombination still 

plays a role in decreasing solar cell performance, indicating 

the influence of lateral diffusion.
15

 This indicates that the 

diffusion length measured by SSPG in the lateral geometry is a 

relevant parameter for solar cell performance. In this work, to 

confirm that the SSPG technique applied to hybrid perovskites 

yields a diffusion length similar to that measured by more 

conventional techniques, we used electron beam induced cur-

rent (EBIC) to measure the diffusion length of MAPbI3 and 

MAPbBr3 films of the same quality, processing conditions, 

and lateral sample geometry used for SSPG measurements. 

The EBIC values agree well with those obtained using SSPG 

(Fig. S8). A full description of the technique including theoret-

ical derivation and error analysis for a wide range of thin-film 

semiconductors, and studies on the effect of laser intensity, 

electric field, and chopping frequency are the focus of a forth-

coming manuscript. 

      We begin by studying the dependence of diffusion length 

on sample preparation method using MAPbI3. Samples were 

prepared by depositing thin-film hybrid perovskites on glass 

substrates by spin casting from different solvents (details in 

the supporting information). On top of the film, two gold 

electrodes were deposited (1 mm spacing) for electrical con-

tacts. Figure 2a shows a transform of the change in conductivi-

ty ratio (β) as a function of the grating size (∧) for MAPbI3 

and the corresponding diffusion lengths for each of the three 

processing conditions. The film processed with dimethyl-

sulfoxide (DMSO) solvent yielded the longest diffusion length 

(up to 490 nm) followed by the dimethylformamide (DMF, up 

to 396 nm) and γ-butyrolactone (GBL, up to 288 nm) films. 

The SEM images show morphological differences consistent 

with the measured diffusion lengths: films cast from DMSO 

formed large, smooth plates, while films from DMF were 

continuous but had a higher roughness, and those cast from 

GBL had the highest porosity (Figures 2b-d). A variety of 

different processing treatments including solution filtration 

before spin coating and toluene anti-solvent dripping also were 

tested and showed distinct differences in diffusion length 
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(more detail in Figure S1a). The diffusion length values we 

measure are similar to what has been reported using other 

techniques including intensity modulated photocur-

rent/photovoltage spectroscopy (IMPS/IMVS), photolumines-

cence quenching and photoluminescence lifetime combined 

with mobility, where values of 100-1000 nm are typical, de-

pending on preparation conditions.
6,8,14

  

 

 

 

Figure 2. Variation of lateral carrier diffusion length in MAPbI3. 

(a) Experimental data of a transform of the photoconductivity 

ratio (β) as a function of grating size (∧). The lines are the linear 

fitting of each corresponding experimental dataset. Corresponding 

scanning electron microscope images of samples prepared with 

different solvents: (b) DMSO, (c) DMF, (d) GBL. 

       

      To gain more insight into the origins of the observed mor-

phology that is created by the solvent, we analyze x-ray dif-

fraction patterns of six MAPbI3 films processed from DMSO, 

DMF, and GBL, each with two different preparation condi-

tions (Figure S1b). All films show a perovskite structure with 

a tetragonal phase/P4mm (a = b = 8.86 Å, c = 12.67 Å) typical 

of literature reports for MAPbI3.
7,16

 We observed a direct 

correlation between diffusion length and the broadening of the 

XRD peak (Figure S1c-e), which could arise from effects such 

as smaller crystallite size or micro strain within the film.
17

 

Assuming that the broadening arises entirely from the size of 

the crystallites, the full width half maximum of the peak corre-

sponding to the (220) crystal orientation was used to estimate 

the crystallite size in the six MAPbI3 films with different sam-

ple preparation conditions (SI for details). The diffusion length 

increased by more than a factor of two (from 216 nm to 490 

nm) with an increase in estimated crystallite size from 78 nm 

to 152 nm. 

      In addition to looking at solvent and preparation effects on 

diffusion length in the pure iodide, we have also examined 

how the diffusion length varies with halide composition. Here 

samples based on neat and mixed MAPbI3 and MAPbBr3 

(hereafter denoted as MAPb(I1-xBrx)3) are studied. The mixed 

MAPb(I1-xBrx)3 is of interest because its bandgap can be tuned 

throughout the region of interest for multi-junction solar cells 

and visible light-emitting diodes or lasers
2,4,18-22

, although 

there are currently some problems with spontaneous phase 

separation under solar illumination.
23

 We soaked the samples 

under laser illumination before the SSPG measurement in 

order to stabilize the properties (see methods). Spin coating 

from the mixed halide solutions was used to prepare these 

alloy samples (see methods). The bandgap gradually becomes 

larger by adding MAPbBr3 into the neat MAPbI3, as can be 

seen from the gradual blue-shifted absorption with a clear 

onset following a linear relation: EG = 0.69 [Br] + 1.55; where 

EG is the optical bandgap (eV) and [Br] is the MAPbBr3 frac-

tion relative to MAPbI3; from 0 to 1 (Figure S2a-b). At the 

same time, there is also a transition from the tetragonal phase 

to the cubic phase, as shown by the evolution of the tetragonal 

phase (110) peak into the cubic phase (100) peak, by adding 

MAPbBr3 into the neat MAPbI3 based on x-ray diffraction 

analysis
2
 (Fig. S2c-d). There is only one single phase observed 

across the transition from tetragonal to cubic phase implying a 

successful incorporation of iodide-bromide ions into the per-

ovskite structures.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Diffusion length and aging effects in MAPb(I1-xBrx)3. 

(a) Experimental data of a transform of the photoconductivity 

ratio (β) as a function of grating size (∧) before aging. The lines 

are the linear fitting of data from each corresponding composition 

(the fitting lines and diffusion length for mixed samples are not 

displayed for clarity). (b) Diffusion length as a function of (initial) 

bandgap and bromide fraction: fresh samples (filled circle), and 

aged samples (open circle); inset: photograph of aged samples 

arranged with their corresponding bandgap. 

 

      The plot in figure 3a shows that the MAPbI3 film has a 

diffusion length (475 nm) about two times longer than that of 

the MAPbBr3 film (201 nm), as indicated by its steeper slope. 

All alloy compositions initially exhibit diffusion lengths below 

those of both pure MAPbBr3 and MAPbI3 (Figure 3b), con-

sistent with an earlier proposal of trap-state formation in the 

mixed halide perovskites.
23

 Interestingly, after aging the films 

for 1 month (stored in air at room temperature in the dark) all 

mixed halide films show a substantial increase in diffusion 

length from initial values of 151-183 nm to final values of 

238-392 nm (Figure 3b and Figure S3). The diffusion length in 



 

aged alloy films increases proportionally with the Br fraction 

up to 0.66 (at 1.97 eV band gap) before dropping to values 

very close to those seen in the pure bromide film. The pure 

bromide film showed no change in diffusion length with ag-

ing, while the pure iodide film showed a large decrease in 

diffusion length after one month. This result is consistent with 

the XRD, which showed partial decomposition to lead iodide 

only for the pure iodide perovskite; the pure bromide and 

mixed halide perovskite films showed no crystalline secondary 

phases (Figure S2c). The only change in the alloy perovskite 

films with aging was a slight blue shift in the absorption onset 

(Figure S2a-b), consistent with a previous report.
20 

      The origin of increased diffusion length with aging for 

mixed halide perovskite films is still unclear, but reactive 

oxygen species have been reported to play a role in deactivat-

ing defect states in the mixed halide perovskites.
 24,25

 This 

strong difference in stability with variation in composition 

underlines the importance of having a simple and rapid tech-

nique for directly measuring the diffusion length of the perov-

skite itself, isolating its aging characteristics from those of the 

interfacial and contact layers used in complete devices. 

 

Figure 4. Surface passivation effect on the lateral diffusion 

length. (a) Experimental data of a transform of the photoconduc-

tivity ratio (β) as a function of grating size (∧) before and after 

passivation with 4-nm thin aluminum oxide film deposited by 

atomic layer deposition (ALD); the lines are the linear fitting of 

each corresponding data. Scanning electron microscope images of 

MAPbBr3 before (b) and after (c) ALD; the bright-small dots are 

from sputtered chromium particles. 

 

      Although the experiment creates an optical grating 

throughout the entire perovskite film thickness, a transfer-

matrix calculation
26,27

 shows that the highest photocarrier 

generation rate occurs at the surface of the film (Figure S5). 

This suggests that the SSPG technique could be sensitive to 

surface recombination and surface passivation effects.
28

 Figure 

4 shows the transform of the photoconductivity ratio as a 

function of grating size of MAPbI3 and MAPbBr3 films before 

and after coating with a 4-nm thin amorphous aluminum oxide 

(Al2O3) layer deposited by atomic layer deposition (ALD). 

The deposition takes place at 100°C using trimethylaluminum 

(TMA) and water (H2O) as the Al2O3 precursors and the whole 

process takes 30 minutes (50 cycles). There is a dramatic 

increase in diffusion length for the MAPbBr3 film from 201 

nm to 532 nm, while the diffusion length of the MAPbI3 film 

decreases from 475 nm to 213 nm. From XRD it is clear that 

MAPbI3 decomposes substantially, as indicated by the appear-

ance of PbI2 precursor peaks (Figure S6) after the ALD depo-

sition. In fact, we observed that the MAPbI3 had started to 

decompose even after 10 cycles of ALD (<1 nm). This can 

explain both the lower diffusion length and poor signal to 

noise ratio in the measurement. In contrast, the cubic phase of 

MAPbBr3 is still preserved without any trace of precursor 

peaks observed (Figure S6). 

      To elucidate if surface passivation is the main reason for 

the diffusion length improvement, we conducted a vacuum 

annealing experiment by placing a MAPbBr3 film in the ALD 

chamber in which all parameters were set to be the same 

(100°C, 30 minutes, 10
-3

 mbar), only without feeding in the 

precursors. We observed the diffusion length also increased 

after the vacuum annealing, but only by about 20% from its 

initial value, which cannot account for the nearly three-fold 

increase seen after ALD (Figure S7). Previously a thin ALD 

alumina layer has been shown to be an effective passivation 

scheme for a variety of semiconductor surfaces (Si
29

, CIGS
30

, 

ZnO
31

) either through a field effect (fixed interfacial charges) 

or reduced interfacial trap state density, both of which reduce 

the surface recombination velocity. However, the exact role of 

the ALD passivation on hybrid perovskites is still under inves-

tigation. As ALD has been used in the past as an encapsulation 

layer to improve the stability of metal nanowire transparent 

electrodes
32

, we expect it could also serve a similar role here. 

      To summarize, we have performed a simple and rapid 

technique to screen quantitatively the diffusion length in hy-

brid perovskite thin films. This laser grating technique directly 

measures the diffusion length, which eliminates the need to 

measure lifetime and mobility separately. We demonstrate that 

the diffusion length in MAPbI3 films can be improved from 

216 nm to 490 nm by changing the deposition conditions. We 

also show that the diffusion length in mixed MAPb(I1-xBrx)3 

films has a complex aging behavior that varies dramatically 

with composition: pure iodide films degrade, pure bromide 

films do not change and the alloy films improve with aging. 

Finally, we demonstrate an improvement in the diffusion 

length of MAPbBr3 films from 201 nm to 532 nm after deposi-

tion of a 4-nm thin Al2O3 layer by ALD. This remarkable 

improvement in diffusion length justifies further investigations 

on interfacial modification with other oxides such as nickel 

oxide (NiOx), molybdenum oxide (MoOx), and titanium oxide 

(TiOx) for broadening its applicability not only for solar cells 

but also for photo-electrochemical water splitting. 

 

Sample preparation, atomic layer deposition, laser grating 

setup, x-ray diffraction, transfer matrix modelling, error analy-

sis, electron beam induced current measurements, and data 

analysis. This material is available free of charge via the Inter-

net at http://pubs.acs.org.  
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Experimental protocol and Characterization 

Sample preparation:  

Perovskite films were deposited on insulating glass substrates (1.5 × 1.5 cm). Prior to the 

deposition, the substrates were cleaned by the following protocol: 15 minutes in acetone 

(ultra-sonication), 15 min in isopropanol (ultra-sonication), 1-2 hours under hydrochloric acid 

bath (18 % in deionized water); between each step the substrates were rinsed with isopropanol 

and dried with nitrogen (N2) flow; the substrates were then cleaned using an oxygen plasma 

(50 W, 2 mins) to make the surface hydrophilic. The perovskite film was formed by spin-

coating (10,000 rpm, for 60 seconds) a perovskite solution (1-2M in DMSO, 1M DMF, or 1M 

GBL) on the glass substrate followed by thermal annealing at 100°C for 30 minutes; all 

deposition processes were conducted in a N2 glovebox. The perovskite solutions were 

prepared following the previous report.
1
 It was synthesized by mixing equimolar 

concentrations of methylammonium halides (CH3NH3X; X = I, Br) and lead halide (PbX2; X 

= I, Br) precursors. The mixture was ultra-sonicated to help dissolving any precursor flakes 

followed by 2-3 hours stirring in the N2 glove box. The CH3NH3X was synthesized by mixing 

methylamine (Sigma-Aldrich, 33 wt. % in ethanol) and hydrobromic (or hydroiodic) acid 

(Sigma-Aldrich, 48-57% in H2O) in an ice bath for 2 hours. The solvents were evaporated by 

heating the solution at 150°C while stirring until a white or occasionally yellowish powder 

was formed. The powder was then recrystallized from a boiling ethanol to form white 

powders (CH3NH3I) or flakes (CH3NH3Br). The PbI2 and PbBr2 were used as purchased 

(Sigma-Aldrich, 99%). For mixed CH3NH3Pb(I1-xBrx)3 solution, 1M CH3NH3PbI3 solution 

and 1M CH3NH3PbBr3 solutions were mixed by varying the volume ratio (for example 1:3 of 

I:Br means 1mL of 1M CH3NH3PbI3 mixed with 3mL of 1M CH3NH3PbBr3). Two co-planar 

gold electrodes were deposited on the thin film perovskites using a thermal evaporator (base 

pressure 10
-5

 mbar). The thickness of the electrodes was ~100-170 nm with 1 mm spacing in 

between. For the optimized condition: the optimized films with DMSO or GBL were from 1M 

filtered solution of MAPbI3 (0.22 micron, PTFE), and the solution was stirred overnight at 

60°-70°C before the deposition. Optimized films with DMF were from 2M solution of 

MAPbI3, hydrochloric iodic was added into the solution (< 8% v/v), toluene drop casting 

during the spin-coating (at 10
th

-15
th

 second out of 60 seconds spinning). Otherwise, non-

optimized films are from 1M solution of MAPbI3 with 60 seconds spinning with no pre-heat 

treatment of solution involved. 

 

Atomic layer deposition (ALD):  

Al2O3 was deposited on the thin film of hybrid perovskites in an Oxford Instrument OpAL
TM

 

reactor. The 4-nm Al2O3 layer, with thickness monitored by an in situ spectroscopic 

ellipsometry, were deposited on the substrate by 50 cycles at 100°C. Each ALD cycle consists 



of an Al(CH3)3 dosing of 0.02 s, followed by a purge of 3.5 s, then a water vapor exposure of 

0.02 s, followed by a purge of 3.5 s.  

 

Laser grating setup:  

A diode-pumped solid-state laser (532 nm, LasNova Series 50 green) was used as an 

excitation source. The power output, coherence length, and polarization ratio of the laser was 

4.1 mW, > 5cm, and 500:1, respectively. The beam was split into two-coherent beams at a 

BK7 glass window. The intensity ratio I1/I2 between the two beams was 15, and adjusted by a 

neutral density filter. A DC voltage of 10 V was applied via the two electrodes on the sample, 

corresponding to an electric field strength of about 100 V/cm. This field strength was low 

enough to be in the diffusion regime. The polarization of beam I1 was changed by a half-wave 

plate. The beam I2 was chopped at 110 Hz. Two rotatable mirrors were used to direct the two 

beams onto the sample aiming for continuous overlap while changing the angle between the 

two-interfering beams. For hybrid perovskite measurements, to be in the linear regime, we 

typically varied the angle from 3° to 15°, and this corresponds to optical grating periods from 

~5 microns down to ~0.8 microns; the lower boundary for the measured diffusion length is 

about 0.1 times the grating period. The sample was pre-soaked under ~100 mW/cm
2
 laser 

illumination for 1-2 minutes before the measurement to minimize the light-induced phase 

separation effect to ensure consistent measurements. 

 

X-ray diffraction (XRD):  

The crystal structure of the samples was analyzed based on their x-ray diffraction spectra 

(using a Bruker D2-phaser instrument, Bragg-Brentano geometry) under the θ-2θ 

configuration. The average crystallite size was determined using the Scherrer equation
2
: 

 

< R > =  
kλ

Bcos θ
                                               (2) 

 

Where <R> is the average crystallite size in the crystal direction along the normal of the 

diffraction plane, k is a constant that depends on the crystallite shape, but normally is 

approximately 0.94 (k = 0.94 for a cubic crystallite shape), λ is the x-ray wavelength (here, λ = 

0.154 nm for Cu-Kα), B is the 2θ full width half maximum (FWHM) peak (in radian) after 

correction by the FWHM contributed by the instrumental broadening, θ is the Bragg angle. 

The FWHM correction was done by taking the XRD spectra of a certified Corundum standard 

and subtracting the XRD FWHM peak of the perovskite at 28.8° (220) with the Corundum 

FWHM peak at 25.6°. A systematic error due to a different sample thickness (Z-height error 

correction) is minimized by scanning XRD spectra of a sample also containing CeO2, and 

then adjusting the peak position according to the pure CeO2 standard. The error range of <R> 

for each sample was estimated by calculating the <R> on 3-4 samples with the same 

preparation condition. All measurements were performed under the same instrumental setting: 

using 0.6 mm divergence slit to control illuminated area, 1 mm beam knife to limit unwanted 

scattering and optimize the low angle spectra, nickel filter to reduce 20-30% contribution 

from Cu-Kβ. The scan interval (Δ2θ) was 0.01° with multiple scans repeated to improve 

signal to noise ratio. 

 

Scanning electron microscope (SEM):  

The SEM images of the samples were taken after the diffusion length measurement with a 2-

nm sputtered chromium deposited on the samples. A through lens detector (TLD) for 

secondary electrons (SEM, FEI Verios 460) was used to scan the top-view morphology across 

the sample. The images were recorded using an accelerating voltage of 10 kV. 

 



Electron beam induced current (EBIC):  

The samples for the EBIC measurement were prepared by depositing hybrid perovskite films 

on metal electrodes. Gold (Au) and titanium (Ti) fingers with 2 micron spacing between them 

were fabricated using two steps of photolithography. The procedure of thin film deposition 

was the same as that used to prepare the films for the optical grating measurement (see sample 

preparation protocol). The contacts were wire-bonded to a printed circuit board, allowing the 

current of the perovskite films to be measured inside the SEM. The EBIC measurement was 

performed in the same SEM as used for imaging, equipped with a current amplifier (FEMTO, 

DLPCA-200, gain set to ~10
11 

- 10
9
 V/A), and the electron beam was set at 10 kV, 50 pA, 1 

ms integration time. To simulate the electron trajectory for the given electron beam 

parameters entering our structure, we used a Monte Carlo simulation of the electron’s 

trajectory (CASINO) in the solid with 10
6
 simulated electrons.

7
 To extract the photocurrent 

decay curves, the periodic noise from the EBIC maps was removed by filtering the image in 

Fourier space, and the current decay profiles over a uniform region of the image were 

averaged. For the MAPbI3 EBIC images, this region was typically the whole frame, while for 

the MAPbBr3 EBIC images, smaller areas were used because of non-uniformity in the 

morphology of the film and charging effects. 

 

Transfer matrix modelling  
The 1 dimensional profile of electric field distribution, charge generation, absorption, and 

reflectance in our sample configuration was modelled using the transfer matrix formalism.
3,4

 

The electric field profile was calculated for the wavelengths at 532 nm (at laser excitation 

wavelength) which is just slightly shorter than the absorption edge wavelength of MAPbBr3. 

The n-k values were acquired using diffraction-limited reflection and transmission 

spectroscopy to determine the local complex refractive index of MAPbBr3 from 400-1100 

nm.
5
 The n-k values for ALD Al2O3 were acquired using spectroscopic ellipsometry 

measurement and interpolated with a cubic spline function. The thickness for the Al2O3 was 

set to be 4 nm, while varying the thickness of  MAPbBr3: 250 nm, 500 nm, 1 microns, and 2 

microns.  

 

Error analysis  
All error bars shown in this report are derived from the linear fitting of the data to the Balberg 

equation
6
: 

 

Balberg equation: [(
1

1−𝛽
)

1/2

] =
(2𝜋𝐿𝐷)2

(2𝑍)1/2 [(
1

∧2)] +
1

(2𝑍)1/2        (S1) 

 

Linear fitting: [𝑌] = 𝑎[𝑋] + 𝑐             (S2) 

 

a is the slope, and c is the intercept. By combining (S1) and (S2), we can calculate the 

diffusion length as: 

 

𝐿𝐷 =
1

2𝜋
(

𝑎

𝑐
)

1/2

                         (S3) 

 

The error bar of LD is calculated by summing the error propagation of the slope (a) and the 

intercept (c): 

 

𝛿𝐿𝐷 =
1

4𝜋
(

𝑎

𝑐
)

1/2
√(

𝛿𝑎

𝑎
)

2

+ (
𝛿𝑐

𝑐
)

2

                                                 (S4) 



 

The δa and δc are errors based on confidence intervals on a and c. The standard error values 

of a and c from the regression analysis are used to construct δa and δc. Here we take 90% 

critical values from the t-distribution with 20 to 30 degrees of freedom. This gives 90% 

confidence intervals that are 1.31 to 1.33 times larger than the standard error values.  

 

 

EBIC analysis  
To validate our SSPG measurements, we compared the diffusion lengths determined using the 

SSPG technique to diffusion lengths measured using EBIC, which is a well-established 

technique that also measures lateral diffusion length. EBIC measurements, however, measure 

only local diffusion length (nm to µm scale), while the SSPG measurements average over the 

entire film (mm scale).  

 

According to our EBIC measurements, the diffusion lengths obtained from the current decay 

profiles in MAPbI3 are 555 nm (figure S8e), 512 nm, 537 nm, 454 nm, 518 nm, and 371 nm, 

as compared to the 490 ± 24 nm measured by the SSPG technique. This range of extracted 

diffusion length values likely originates from a local difference in crystallinity and film 

morphology. For the MAPbBr3 film, EBIC-measured diffusion lengths included 215 nm 

(Figure 8f-h), 164 nm, 219 nm, 128 nm, 172 nm, 186 nm, and 318 nm, as compared to 201 ± 

2 nm measured using SSPG. The average values (491 nm and 200 nm for MAPbI3 and 

MAPbBr3, respectively) are remarkably similar to the SSPG results (490 nm and 201 nm for 

MAPbI3 and MAPbBr3, respectively). For EBIC, the standard deviation is much larger (62 nm 

and 56 nm for MAPbI3, and MAPbBr3, respectively), as expected, because of the more local 

nature of the EBIC measurement. Since EBIC is a well-established technique, these 

measurements confirm that SSPG provides an accurate measurement of the film’s lateral 

diffusion length averaged over a large scale. 

 

In our EBIC measurements, we needed a relatively high voltage (10 kV) and current (50 pA) 

to measure a clear EBIC signal. This voltage ensures that the electron beam penetration depth 

is sufficient for the back electrodes can collect the signal (Fig. S8b). We are aware that others 

have advocated using a lower voltage (1-3 kV) to prevent film damage over time for hybrid 

perovskites,
8
 but we did not see visible damage to our films with repeated scans. The 

instability reported in the literature could arise from the film’s being damaged by preparing 

the cross section or from the use of transporting layers (e.g. Spiro-OMeTAD) in the device. In 

our case, to give a structure comparable to that used for the SSPG measurements, we did not 

use any transporting layer, relying on the barrier between the metal contact and the perovskite 

to produce a Schottky contact at which to measure the photocurrent’s decay.  
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Figure S1. Diffusion length and crystallite size correlation in MAPbI3: (a) Experimental data 

of a transform of the conductivity ratio (β) as a function of grating size (∧): The lines are the 

linear fitting of each corresponding experimental data. (b) XRD spectra scanned from 7-70° 

and all showing the same crystal phase (tetragonal phase/P4mm (a = b = 8.86 Å, c = 12.67 Å) 

with small fraction of precursor traces (PbI2 and MAI). (c) XRD at (220) crystal orientation 

showing different XRD peak width. (d) Measured diffusion length as a function of estimated 

crystallite size (determined from the XRD peak width). (e) Optical images (top view, with the 

scale bar of 50 μm) of samples prepared with different solvent and treatments: #1 refers to 

non-optimized samples, and #2 refers to the optimized ones. 
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Figure S2. Bandgap and lattice constant correlation in MAPbI3-xBrx: (a) Absorption spectra as 

a function of wavelength showing a gradual blue-shift for increasing Br fraction before (thin 

lines) and after (thick lines) 1 month aging in air. (b) Linear correlation of bandgap as a 

function of Br fraction (bandgap increases with increasing Br fraction) showing the optical 

stability of MAPbI3-xBrx after aging for 1 month in air. (c) XRD spectra showing gradual 

transition from (110) tetragonal to (100) cubic with increasing Br fraction. (d) Linear 

correlation of lattice constant (derived from the XRD peak) as a function of bandgap showing 

a linear reduction of lattice constant as the bandgap increases (as Br fraction increases). 
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Figure S3. Experimental data of MAPb(I1-xBrx)3 after 1 month aging (in air): Experimental 

data of a transform of the conductivity ratio (β) as a function of grating size (∧), the lines are 

linear fittings of each corresponding experimental data. Diffusion length values and errors are 

tabulated in Table S1. The optical images of these samples are in Figure S4. 

 

 
Figure S4. Optical images of MAPb(I1-xBrx)3 after 1 month aging (in air). 

 

Table S1. Diffusion length values and errors extracted from figure S3a.   

 

Br 

fraction 

Bandgap 

(eV) 

Fresh Aged (1 month) 

LD (nm) Error LD 

(nm) 

LD (nm) Error LD 

(nm) 

0 1.58 475 16 209 18 

0.25 1.67 183 14 238 17 

0.30 1.79 174 15 392 12 

0.50 1.85 178 18 369 18 

0.66 1.96 158 18 308 18 

0.75 2.10 151 13 258 19 
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Figure S5. Electric field profile in MAPbBr3 samples: The laser propagates from the left to 

the right side (air-Al2O3 ALD-MAPbBr3-FusedSiO2 interfaces). The thickness of MAPbBr3 

films vary from (a) 250 nm, (b) 500 nm, (c) 1000 nm, (d) 2000 nm. 

 

 

 
Figure S6. X-ray diffraction after ALD passivation. 
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Figure S7. Diffusion length of MAPbBr3 under different annealing. 
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Figure S8. Electron beam induced current (EBIC) on MAPbI3 and MAPbBr3 films: (a) 

Measurement geometry. (b) Simulated electron trajectories and scattering events of the 

corresponding geometry in figure S8a (blue: secondary electron path; red: back-scattered 

electron path). (c) SEM image showing MAPbI3 films on top of Au (bottom side; below the 

blue dashed-line) and Ti (beyond the top of the frame) contacts. (d) Corresponding EBIC 

image of figure S8c: darker areas indicate lower current; the scale bar for figure S8c-d is 400 

nm. (e) Averaged current response profile from the EBIC extracted from figure S8d (framed 

with white line) showing an exponential decay tail toward the Ti side (gray area) of the 

depletion region (the green line is the fitting curve from which the diffusion length is 

obtained; LD = 555 nm). (f) SEM image showing MAPbBr3 films on top of Au (bottom side; 

below the bottom blue dashed-line) and Ti (top side; above the top blue dashed-line) contacts. 

(g) Corresponding EBIC image of figure S8f: darker areas indicated lower current; the scale 

bar for figure S8f-g is 2 micron. (h) Averaged current response profile from the EBIC 

extracted from figure S8g (framed with white line) showing an exponential decay tail toward 

the Au side (orange area) of the depletion region (the green line is the fitting curve from 

which the diffusion length is obtained; LD = 215 nm). 

 


