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Part A — EBIC method setup

The EBIC method is based on the current of electrons excited by an electron beam, similar to the
photovoltaic effect. One of the main features of this method is the ability to visualize the electric
field in a working solar cell. A photovoltaic cell efficiency will depend on the electric field (profile
and intensity) and electronic transport properties for a given semiconductor. The former stems from
the densities and the nature (p or n) of the dopants (intrinsic or extrinsic electrically active defects),
and the latter reflects the mobility—lifetime product. The EBIC signal is the collected current at the
electrodes from the sample, which can be a full solar cell, as in our case here. This current will be
highest from volumes within which electron-hole pairs are generated by the electron beam, from
where charge separation and charge collection are most efficient. In most cases, these volumes will
be within the space charge region (SCR) as the electric field in that region removes charges rapidly,
leading to charge depletion and hence, lower recombination. The electric field profile extracted
from the EBIC signal can provide information on the nature of the doping and, by using a suitable
model, we can estimate the doping density. From the decay of the EBIC signal the minority carrier
diffusion length can be estimated, as we did for halide perovskites in earlier work. In a further use

of EBIC in the study of halide perovskites the role of grain boundaries in carrier recombination was



studied'? and effects of alkali cations in/on halide perovskites were deduced?®. A schematic of our

set-up is given in Figure S1.
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Fig. S1 — Scheme of the EBIC setup with background illumination. The blue panel represents the

electron microscopy chamber. The external light source was coupled to a 600 xm diameter optical
fiber via dedicated vacuum connectors. The end-point of the optical fiber is fixed to the optically
transparent side of the solar device. The generation rates, G, were calculated based on HaP
thickness and the light intensity at the end of the fiber, which was measured with a silicon

photodiode.

Samples are cleaved in an inert atmosphere and measured right away, with minimal exposure of
the exposed cell cross-section to the atmosphere until the sample is in the high vacuum of the SEM

chamber.

The collected EBIC was between 20-50 nA in the dark. The EBIC signal with background
illumination was measured using a beam blanker (BB) with a frequency of 60kHz and a lock-in
amplifier to improve the signal-to-noise ratio. As an outcome, the collected current was lower; 1-
5 nA under illumination. We used the BB only for the illuminated samples since the quality of the

SE image with the BB is poor compared to that without BB.



We can evaluate E in the cell’s cross-section by the built-in potential: the regularly measured
voltage for a cross-section sample is 1 V for MAPI and 500 mV for Br-based perovskite cells.

Therefore, the E should be in the range of 2-3x10* V/cm.

The generation rate, G, represents the e-h carrier generation rate, in units of [photons/ (cm?® sec)].

G was calculated by applying the light source intensity (P) in W/cm? equation 1.
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Where 1 is the thickness of the films, hv is the photon energy in Joule/photon, and P is the
measured light score power in mW/cm?. The HaP thickness was measured for each cross-section

by SE imaging (~300 nm). The net absorbed light was multiplied by a factor of ~0.8 to account

for reflection losses and the limitation of the quantum efficiency.

Part B- EBIC analysis

The formula for fitting the EBIC data to extract Lqis the following:

Xg—X
)
J— n
y=yY,+Ae (S2)
70 4
[ ]
. = EBIC profle
60 - m mono-exponential fitting line
[ ]
| ]
L]
50 4 Model ExpDecl
> Equation y = Al*exp(-x/t1) + yO
D n Plot G
c = ¥0 18.11004 + 0.23618
Q AL 5.80308E6 + 2.5842E6
‘c 40 il 93.74136 + 3.42591
= n Reduced Chi-Sar 3.29164
(@] R-Square (COD) 0.963
E [] Adj. R-Square 0.96246
W 30 -
[ ]
W
1
2000

10 T
1500

distanse [nm]

T
1000

Fig. §2 — An example of the fit the above relation (red curve) to the EBIC signal to get Lq. The

black dots are the EBIC profile line as a function of spatial coordinate. The red line is the fit to a
monoexponential decay. The “y” in the formula represents the EBIC intensity as a function of

spatial coordinate (x,-x) in the formula.
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Fig 83 —Schematic of the EBIC signals for a p-n (p-doped HaP) or p-i-n (intrinsic HaP) junction
cases, with long (black solid line) or short (dashed purple line) Ls. This drawing was taken from

Kedem et al.*
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Fig. S4 - SE image, (top) and corresponding EBIC image (bottom) of cross-sections of PV devices
made with iodide-based perovskites made at (a) Oxford (b) Bar-llan University. The selective

contacts are FTO/d-TiO, and mp-TiO2/HaP (written on the bottom of the EBIC Image) /hole

transport layer/Au. The halide perovskite is colored purple in the SE images.
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Fig. S5 - EBIC line scans of the cross section of FTO/d-TiO./ mp-TiO2/MAFAPDI; /hole transport
layer/Au made at Bar-llan Univ. The EBIC signal of the same region decreased by a factor of two
for an electron-beam voltage of 2 kV due to beam damage. Still, the position of the EBIC signal did
not change from scan to scan, i.e., the HaP shows a uniform field regardless of the beam damage.

Part C - Sample preparation - BIU (WIS, EPFL, and Oxford procedure can be found in ref
&7)

The TiO, Layer: Fluorine doped tin oxide (FTO, KINTEC Company) coated glass substrates (TEC

15, 72 mm x 72 mm) were cleaned in a sonication bath with soap (Decon 90), deionized water,

rinsed in dry ethanol, and washed again with deionized water. The substrate was then treated with
an Ar plasma for 4 min. The TiO, blocking layer was deposited by spray pyrolysis (custom-made).®
The substrate was placed on a hotplate heated to 450 °C. The TiO- precursor solution was prepared
by mixing 7.5 mL of titanium-tetra-isopropoxide (TTiP, Sigma-Aldrich) and 5 mL of acetylacetone
(Sigma-Aldrich) in 240 mL of ethanol (Carlo Erba Reagents), and its pH was 6.8. The precursor
solution was sprayed at a rate of 0.4 ml/sec to thickness of 30 nm. The 100-150 nm thick
mesoporous TiO; scaffold was spin-coated on the TiO- blocking layer from diluted nanoparticle
paste (18NR-T Dyesol) diluted with absolute ethanol at a weight ratio of 1:10 and sintered at 550
°Cfor1.5h.

The Absorber layer, Csp.0sMAg.16FA0.7sPb(lo.84Bro.s)s: This was prepared using Csl 99.9% and Pbl,
99% (Sigma Aldrich), MABr, and FAI (Greatcell Solar) and PbBr; (TCI). 1.5 M of Csl was




dissolved in DMSO (N,N-dimethylformamide, dimethyl sulfoxide), 1.5 M solution of PbBr,, and
Pbl,, was dissolved using 4:1 ratio of DMF : DMSO at 180° C for 15 min. Equimolar powders of
MABr and FAI were dissolved in PbBr, and Pbl, solutions, respectively, to form 1.5 M of
MAPDBr;and FAPbIs. The final solution was prepared using 79% of FAPDbIs, 16% MAPbBr3, and
5% Csl. 200uL of the final solution Cso.0sMAo.16FA0.79Pb(l0.52Bro.16)3 Was spin-coated at 5000 RPM
for 30 seconds with 300uL chlorobenzene anti-solvent drip after 20 sec. The resulting films were
annealed at 100 °C for 1 hour.

A 36 mM solution of spiro-OMeTAD ( 1-Material Inc.) was dissolved in chlorobenzene with
additives, tris(2- (1Hpyrazol-1-yl) -4-tert-butylpyridine) cobalt (1I1), tri [bis (trifluoromethane)
sulfonimide] (FK209, Sigma Aldrich), bis (trifluoromethane)sulfonimide lithium salt (LiTFSI) that
were dissolved in acetonitrile, and 1% of 4-tertbutylpyridine (tBP). 150uL of spiro solution was
spin-coated on the perovskite film. 80 nm thick gold contacts were deposited by thermal
evaporation at a rate of 0.05 nm/sec.

Part D- Rose model (cf. refs. 9, 10)

The numerical solution for the set of equations (Rose model) describes a slightly p-type
semiconductor and a steady-state illumination, and a known rate of generation and capture (or
recombination) was found by a Matlab code attached below

function OUT = Ge rate 01 (Gpass, NrVar)

syms X y Z;

2202000000000 0800080000009000000800008000000000800008000000500005059

990900000000

A = NrVar; %1*107(11); 5 N r
B = 107 (-8); % C e

C = 107(-6); % Ch

D = 5*107(-10); 5%C bi

G

Gpass;

P10 = 107(11l); % initially trapped minority carrier
concentration
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eql = x-y+z+P1l0; %x=n; y=p; z=n
eg2a = (A*B*x);
eg2b = (B*x)+ (C*y);
eq2 = eqgla/eq2b;
eq3 = (Cry*z)+(D*x*y);
EgqNs = [eqgl==A, eqg2==z, eq3==G] ;
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Fig. §6 — A) EBIC line scans of the cross-section and B) the extracted diffusion length of FTO/ d-
TiO; and mp-TiO:/MAFACsPbBrs; /PTAA/Au, made by the WIS group, under various background
illumination intensities. The signal intensities were normalized because the signal amplification
was changed between scans. The position of the maximum EBIC signal intensity was at the

TiOx/HaP interface. The EBIC signal decays faster as background illumination intensity increases.
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Fig. S7 - Diffusion lengths, Lp, of both charge carrier types, as a function of the photogeneration

rate, G, as derived numerically, using the single effective trap state, Rose model®¥ for
MAPDbBr3(Cl) films.
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