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The supplementary information contains further figures complementing the discussion in the main
text. Additional experimental data is shown, such as X-ray diffractograms, line traces, a 5 keV map
of the large grain sample, SEM crosscuts, and luminescence lifetime measurements. We also devoted
a chapter to the effect of the non-radiative decay rate on the simulated line traces. Moreover, we
present further derivations of the calculations and analytics used in a simplified one-dimensional
problem. In particular, we consider that a set of dipoles is placed within an infinite parallel plate
radiating to the far field. Additionally, their emission is weighted by the excitation profile provided
by the incident electrons characterized by the energy deposited while penetrating the perovskite via
Monte Carlo simulations.
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S1. X-RAY DIFFRACTOGRAM

Figure S1 shows the X-ray diffractogram for the perovskite films on silicon, before annealing (blue) and after annealing
for 30 minutes at 200 °C (orange). The orthorhombic CsPbBrs phase is indicated with green squares, and the
CsPbyBrs phase with red circles. The appearance of the CsPbyBrs phase could explain the optically inactive grains,
which are visible in Figure 1 in the main text [1], [2], [3].

| .
—— Before annealing
—— After annealing (200°C, 30 min, in air)
B CsPbBrs
[ J CSszBr5
| [ |
m e u n

Intensity (a.u.)

10 15 20 25 30 35 40 45 50
20 (°)

FIG. S1. X-ray diffractogram (XRD) for the perovskite films on silicon, before (blue) and after annealing (orange). The
orthorhombic CsPbBrs phase is indicated with green squares, and the CsPb2Brs phase with red circles.



S2. 2 keV AND 5 keV AFM/CL LINE TRACES FOR THE SMALL-GRAIN SAMPLES

The atomic force microscopy (AFM) and cathodoluminescence (CL) line traces for both 5 keV and 2 keV incident
electrons are shown in Figure S2. The simulations belonging to the traces are shown in Figure 2 in the main text.
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FIG. S2. AFM and CL line traces for (a,b) 5 keV and (c,d) 2 keV incident electrons, indicated with a dashed black line. The
scalebar in the AFM maps applies to both the AFM and CL map.



S3. PEROVSKITE THICKNESS MEASUREMENTS

The silicon substrate depth was calculated by subtracting the average perovskite grain thickness from the average
relative grain height measured with AFM. The grain thickness was obtained from cross-sectional SEM measurements
on cleaved samples, shown in Figure S3(d,e). The AFM average peak height was determined numerically by locating
points where the derivative of the surface profile equaled zero. To exclude grains growing on top of other grains,
a maximum height threshold of 130 nm (for the 5 keV map) and 160 nm (for the 2 keV map) was applied. These
substantially higher grains are particularly evident in Figure S3(b). For the 2 and 5 keV small-grain simulations, the
two AFM maps were analyzed separately, while the same set of crosscut measurements were used. Figures S3(a,b)
show AFM maps with the identified peaks, along with cross sections for the small- and large-grain simulations in

(d,e).
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FIG. S3. AFM maps for (a) 2 keV small-grain, (b) 5 keV small-grain, and (c) 2 keV large-grain samples. Red dots indicate
numerically calculated grain peak positions, where the derivative of the surface profile equaled zero. SEM crosscuts for (d)
small-grain and (e) large-grain samples. Note the difference in x- and y-scales between (a,b) and (c)



S4. 5 keV MEASUREMENT ON LARGE-GRAIN FILM

A 5 keV CL map of the same film as the 2 keV map in Figure 3(a) is shown in Figure S4. Compared with the 2 keV
map, the rings are less clearly visible, which is due to the larger excitation volume of the 5 keV electrons, as described
in the main text.
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FIG. S4. Experimental CL map (5 keV, A=525 nm, 6 nm bandwidth) for a CsPbBr3 film with grain sizes ranging from roughly
1 to 4 pm.



S5. THE EFFECT OF THE NON-RADIATIVE DECAY RATE

The spontaneous emission rate of an optical emitter is governed by the local optical density of states (LDOS), that
reflects the density of optical modes to which the emitter can couple. Following the pioneering work of Drexhage [4]
several experiments have demonstrated how the variation of the LDOS near an interface [5] or across a thin film [6], [7]
results in a depth-dependent radiative rate of embedded emitters. The modification of the LDOS is often expressed
in terms of the Purcell factor Fj,(r), which quantifies the enhancement or suppression of the radiative decay rate
relative to that in a homogeneous reference medium. In the case of a non-unity internal quantum efficiency (IQE),
variations in the LDOS lead to corresponding changes in the Purcell factor, thereby modulating the luminescence
intensity. Under steady-state excitation in the linear pump regime (i.e. not in saturation), which is common for CL
and PL experiments, the position dependent intensity is given by

Fr(r) Fp(r) I‘r’o
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with 7oy the outcoupling efficiency, I',(r) the radiative decay rate, I',,,(r) the non-radiative decay rate, F,(r) the
Purcell factor, and I'; ¢ the radiative decay rate of the dipole in a homogeneous reference medium. In the limit of
T,(r) > Iy, (r) (IQE = 1), this equation reduces to

I(r) ~ nout (r) T, (r) = Nout (T) (2)

so the collected CL or PL does not depend on the Purcell factor. In the limit of I',.(r) < T',,-(r) (IQE < 1), equation
1 can be written as

Fr (I‘) Fho
106) % (1) 5 5 = ot () By (1) s (3)
If we assume that the non-radiative decay rate is constant throughout the film, we can write
I(r) o< Nous(r) Fy(r), (4)

which indicates that the CL or PL intensity is directly proportional to the Purcell factor in the non-radiative regime.
To investigate how the simulated CL line traces would behave in this regime, we multiplied every dipole’s far field
intensity with its Purcell factor, and compared the resulting line traces with the ones simulated in the purely radiative
regime (IQE = 1). The obtained 5 keV and 2 keV line traces for the small grain samples, together with the Purcell
factors, are shown in Figures S5 and S6 respectively. It can be seen that the effect of the Purcell factor multiplication
is negligible, indicating that variations in outcoupling efficiency are the dominant contribution to the line trace.
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FIG. S5. (a) Experimental CL line trace (5 keV, A = 525 nm, 6 nm bandwidth) (green) together with the simulated line traces
with IQE = 1 (blue dashed line) and with IQE < 1 (dashed orange line). (b,c,d) Simulated Purcell factors as a function of
position for the same geometry as in Figure 3 (b) in the main text. (e) AFM line trace that was used as an input in the
simulations.
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FIG. S6. (a) Experimental CL line trace (2 keV, A = 525 nm, 6 nm bandwidth) (green) together with the simulated line traces
with IQE = 1 (blue dashed line) and with IQE < 1 (dashed orange line). (b,c,d) Simulated Purcell factors as a function of
position for the same geometry as in Figure 3 (b) in the main text. (e) AFM line trace that was used as an input in the
simulations.



S6. LUMINESCENCE LIFETIMES

Primarily, we performed lifetime measurements to assess the degree of degradation induced by electron-beam irra-
diation. We find that the photoluminescence (PL) lifetime of regions exposed to the electron beam is of the same
order of magnitude as that of non-irradiated areas, indicating no significant beam-induced degradation. In addition,
time-resolved cathodoluminescence (TR-CL) measurements were carried out to compare luminescence lifetimes under
optical and electron excitation. Whereas the dominant PL lifetime is on the order of 1-2 ns, the CL lifetime is limited
by the temporal resolution of the detector (= 50 ps).
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FIG. S7. (a) Time-resolved CL data (blue dots) of perovskite film with a calculated Gaussian IRF (green line) of 30 ps
corresponding to the electron pulse duration of 30 ps. Bi-exponential fit (red line) with 7;= (0.03 £ 0.01) ns and with 7 =
(0.25 £ 0.04) ns with A; = (0.82 £ 0.03). (b) Time-resolved PL data (blue dot) of perovskite film before electron irradiation.
Bi-exponential fit (red line) with 7 = (1.6 + 0.2) ns and with 7» = (4.5 &+ 0.6) ns with A; = (0.93 &+ 0.03). (c¢) Time-resolved
PL data (blue dots) of perovskite film after electron irradiation. Bi-exponential fit (red line) with 7 = (2.2 £ 0.1) ns and
with 72 = (6.6 £ 0.2) ns with A; = (0.86 + 0.05), confirming that the electron irradiation of the sample did not result in a
shortening of the dominating lifetime component (7).
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The decay curves were fitted using the bi-exponential model

t

¢
I(t)=Aje 7 + Age ™2 (5)

weighted by amplitudes A;, yielding two characteristic lifetimes. In both laser- and electron-excited measurements,
the shorter lifetime component is dominant. From the bi-exponential fits to the CL decay curves, we extract an
effective CL lifetime of 34 ps. Since the temporal resolution of the detector is specified to be larger than 50 ps, we
conservatively use 50 ps as an upper bound for the effective CL lifetime. Combining this value with the previously
reported diffusion coefficient for the large-grain CsPbBr3 (D = 0.39 cm? s=! [8]), we estimate an upper limit for the
carrier diffusion length of &~ 27 nm. This indicates that charge carriers generated by the incoming electron beam are
predominantly confined within the electron-cascade region, and that long-range diffusion can be neglected.
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S7. CATHODOLUMINESCENCE OF DIPOLE EMITTERS INSIDE A THIN PLANAR FILM

To compute the energy density of radiation emitted by a set of dipoles inside a thin film, we follow a similar procedure
as outlined in the supplementary material of Ref. [9]. First, we assume a dipole placed at a fixed position inside the
film, accounting for the multiple internal reflections and transmission. In a second step, we derive the associated
far-field and compute the fractional light emitted in the upper half-plane.

A. Near-field of a dipole inside a slab

Let us assume a slab with permittivity e; and thickness d, defined from z = 0 to z = d, and placed on a substrate
with permittivity es, as illustrated in Fig. S8. The space above the film is defined by €1, which in general can be
different from vacuum (e # 1). The electric field created by an excited dipole p hosted inside the thin slab of €; is
given by [10, 11]

eikz |!‘71‘0 ‘

Edip:é<k%+v><v>p : (6)

|r — ro|

with k = w/c, ko = ky/€2, rog = (R, 20) is the position of the emitting dipole inside the thin slab, and Ro = (o, yo)-
Using Weyl’s identity

ika|r—r 2 :
oikalr—ro] :/ d*Q @eiQ.(R—Ro)eikhlz—zUl? (7)
|I‘*I‘0| (271')2 kgz

in which Q = (Q4,Q,) and ks, = \/k3 — Q? (with Im {ks.} > 0), we then rewrite the electric field produced by a
dipole inside a homogeneous medium as

Ediv — i / d’Q [kgp — (p- kb )ki| @ (R-Ro)gikaz 220l 8)
271'62 kzz 2 2 2 ’
with "+" sign for z > zp and '—' when z < z, and k¥ = Q + k2. Note that the unit vector ki = ki /ky in

combination with e, = (—Q,& + Q,7)/Q and eiz = (£k2.Q — Q%2)/(Qkz) form a complete set of orthonormal
vectors, and therefore, we can write

i 1]{}2 d2Q iQ-(R— i zZ—2z
B — o= [ (e Plea + (ef, plef, | AR thalz (9)

The field above the thin film (z > d) is the result of the electric field produced by the dipole at the position z = 2
that undergoes multiple reflections inside the thin slab (i.e., like Fabry-Pérot). Thus, the resulting electric field yields

e
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FIG. S8. Illustration of a dipole p emitting inside a film. A dipole radiating to the far field is placed at z = zp inside a
film of thickness d and permittivity e2 supported by a substrate of permittivity e3 and covered by cladding at the upper space
defined by €;. The emitted waves up- and downwards originated by the dipole suffer multiple reflections before they escape to
the far field, which is described by the corresponding reflection and transmission coefficients.
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!/ ikQZ (d—zo)
n tne

ep,l (8;2 : p)

B e eikQZ(d+Z0)
+ (ep72 ’ p) S

. 1 _ g7yl o2ikazd 1 _ 7/l e2ikazd
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where we have that the light waves have reflected multiple times inside the thin film and have already transmitted
to medium 1 (i.e., right above the film). We use the well-known Fresnel coefficients [11, 12] for planar interfaces that

describe how light scatters when going from medium 1 to medium 2, which are defined as

kzl - sz kal
Ts,12 k21 + kzg, s,12 k21 + k227 ( )
exk,1 — €1k 2. /e1eak
o2 = M, tpaa = 721’ (12)
eak,1 + €1k e2kz1 + €1k
and in particular, we used
ko, — k ko, — k 2k
’I’; _ 2z lz’ ’I"g _ 2z 32’ té _ 2z ’ (13)
ko, + ki ko, + ks, ko, + ki
oo €1ko, — €2k1, M — €3ka. — eaks3. t = _2Veake: (14)
er1ko, + e2k1,’ P esko, + €2k’ P e1ko, + ek

B. Calculation of the fractional energy radiated into the far-field

Let us define as Iy, the angle-integrated Poynting vector S in the upper half plane (i.e., > 0) in the far-field per
unit of frequency as

2 1 /2 2 ,

r = — dQ{7 - S)time = —— infde de |£(7, . 15

cnln) = o [ a0 S = g [ swoan [ dgle(r o) (15)

In particular, the radiated energy is given by the resulting Poynting vector S = (¢/47)(EFF +c.c.) x (HFF +c.c.), with

the magnetic field obtained from Faraday’s law HYY = —(i/k)V x EFF, and the electric field defined in the far-field

as BEFF = f(#, 29)e'*" /r. Note that we assume a temporal dependence e™? in the magnetic and electric fields, which
yields a factor of 1/2 when performing the time average (i.e., 7* fOT dt sin? (wt) = 1/2).

To obtain the expression of f(#, zg), we note that in the far-field, we take the limit of kr — oo, such that the integral

in Q gives rise to the following type
ikr

2Q .
lim Q elkr ¢

kr—oo (271')2

8(Q) = =g(Q) (16)

b
r

with Qo = (R/r)k, whose solution is found by using the stationary phase approximation (see the equation above
Eq. 8.53 in Ref. [11]). Thereby, the amplitude of the electric far-field in Eq. (10) reads

N ( N ) t;eikzz(d—ZO) ( B Tgt;eikQZ(d+Z°)
e e, p)————+(e o p)———————
— 2z — z
9 p,1 D,2 1 — gyl ple2ika-d p,2 1 — ¢! pleika-d
. . ,R+kd)k'kz p'p p'p
f(’l“7 ZO) =¢e i(Qo-Ro-+k. k )
2z

¢ . _
p)l— 8 | eik2:(d—20) 11 qika (d+20)
€s (es p) 1 — !yl ei2k2:d [e Ts ©

s'Ss

(17)

where, we note that k = (Qo,k.) = k7, Qo = k(R/r) = k(Zcosp + §sing)sinb, and k, = k(z/r) = kcos#.
Moreover, in the calculation of |f(7, z)|?, we obtain

2
tl
_____r + . iko. (d— - . 1 ik (dot
k2K 1- rﬁ,r{!em’“?zd [(ep*Q p)el 2=(d7%0) (ep,z p)rpel = ZO)}
80200 =15 (18)
2z )
/
+ (es . p) ts eik2(d7zo) + ,r;/ eikQ(d+z0):|

1— r;rg’eiz’”d
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To compute the angular integrals in Eq. (15), we project the emission direction of the dipole so that

. . -Q

es - 2p, =0, e;t,2 cZPr = ks Dz, (19)
. -Q . Qzk2

€5 - TPy = Qypam eiQ'l‘pw:i ka2zpm7 (20)
. ; L . Qyko

e - ipy = lepy, e o py == ka;py~ (21)

and solve for the polar angle dip integral, following the results

[ (@)= [ ()

27 QzQy _ 27 _ 27 B
/0 dp % —/0 dsoczz—/o dpQy =0, (23)
27
dp = 2. (24)
0

After solving the above integrals, we note that the dipole emission direction can be treated independently after
integrating over the azimuthal angle. Then, we write Eq. (15) for the rate of emitted photons as

— /2 : 2 2 2
Do) = [ sin0ds [(1paF + 1, 2)Gy(0) + Io- PG 6)]. (25)

We assume all dipoles to have the same strength [p,|* = |py|> = |p.|? = [p(20)|?, thereby,

w/2
Tow(w, 2) = [p[? /0 sin6do [2G)(6) + G (6)] (26)

where the integral can be limited to the numerical aperture (NA) of the objective if needed (here not used, see more
information about it in Ref. [10]). We define the G| and G| functions as

2

k 2 tl
220 ' [eikzz(dfzo) _ r//eikh(dﬂo)}
T | k.k? ka 1 — 7l re2ika:d "
B - (27)
z ; | | 2
+ T;emkzzd |:elk22(d—zo) + Té’elk2z(d+zo):|
2 2
L e S, |
= e -y 1 z(d—z ) 1 ik z(d-‘rz )
CL0)= 500k o k| |T= et [e e (ds0) L pgiba (4o } -

which play a similar role to Green’s functions. Remember that Qo = ksin 6 and &3, = k7 — Qf with k; = (w/c),/&.

C. Cathodoluminescence intensity

The measured Cathodoluminescence intensity (CL) is given by the integration of I'cy,(w, zg) over all dipole positions.
However, as discussed in the main text, we weight the dipole distribution by the excitation density calculated using
Monte Carlo simulations. Thereby, we assume that |[E®**(zg)| o< P(z0), where P(2¢) is the average probability of the
energy deposited by the electron as a function of z.
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FIG. S9. Cathodoluminescence from a thin film. (a) Normalized far-field intensity of an excited dipole placed at zo inside
a perovskite film with refractive index 2.67 at 525 nm wavelength [13]. Results are normalized to the maximum intensity for
different thickness d (see different colors) and computed using Eq. (25). The film is deposited on top of silicon (Si) with a
refractive index of 4.18 [14], and surrounded by air (i.e., ¢ = 1). (b) Averaged energy density deposited using Monte Carlo
simulations in one dimension (see inset for a two-dimensional representation) by a 2-keV electron (blue solid curve) and 5-keV
electron (red curve), computed using Eq. (30). Dashed lines are Gaussian fittings according to Eq. (31). (c) Resulting CL
emission computed from the product of the dipole far-field emission intensity in (a) for a 335-nm thick perovskite film and the
corresponding excitation profile in (b) of 2 (blue curve) and 5 keV (red) electrons. Dashed curves show the same for a lossy
perovskite using € = (2.67 + 0.1562i) [13].

In Fig. S9a, we show the calculated radiated emission intensity of a dipole into the far-field placed at position zg
inside the sketched layered structure, in arbitrary units given by Eq. (25). Different colored lines indicate the emission
profile for different film thicknesses (see labels). Panel Fig. S9b describes the laterally average excitation density of
the electron cascade as a function of depth as described in Sec. S7 C 1 below, for 2 and 5 kV acceleration voltages (blue
and red curves, respectively). Figure S9c shows the resulting CL intensity I'cr,(w) obtained from the multiplication of
the dipole emission intensity (panel Fig. S9a) with the excitation profile (panel Fig. S9b). Additionally, we compute
the normalized values of T'¢p,(w) in Fig. S10a as

FCL (w) = /dZ() FCL (w, Z())P(Zo), (29)

for two different acceleration voltages and as a function of the film thickness, with damping (solid curves) and without
(dashed curves). Interestingly, we observe that for the lower acceleration voltages (2 keV electrons, blue curve), the
intensity varies more than at higher acceleration voltages (5 keV electrons, red curve). To quantify the contrast of
the fringes, we define in Fig. S10b their visibility, respectively, showing that CL images from 2-keV electrons have a
twofold resolution compared to the 5-keV ones. Note that introducing loss to the perovskite optical constant shifts
the curves due to changes in the interference condition.

1. Fitting of energy density deposition from Monte Carlo simulations

In order to extract an effective one-dimensional energy density deposition from the three-dimensional Monte Carlo
simulations Fyic, we average all the probabilities through the depth of the film such that

Ei ; EMC(-'Eh Yj, Z)
Pyc(z) = J , (30)
Zi,j szAyl

where Az;Ay; is the surface element. We process the data by fitting the resulting Pyic(2) for 2 and 5 keV acceleration
voltages to

3
2.2
Pasing(2) = Y _ aze”7007/e, (31)
=1

where the gaussian coefficients are in table S1.
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FIG. S10. Normalized cathodoluminescence in a perovskite film. (a) We show the normalized angle-integrated CL
spectra for different perovskite film thicknesses at 2 keV (blue curve) and 5 keV (red) electrons, accounting for their electron
cascade density and obtained from Eq. (29). Dashed curves simulate a lossy perovskite using e = (2.67 + 0.1562i)%. (b)
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TABLE S1. Gaussian fit coefficients for 2 kV and 5 kV acceleration voltages.

Voltage a1 by c1 as bo Co as bs c3
2kV 1.168 x 10~ % 13.02 1.368]0.01325 14.49 35.61| —3.514 x 10° —69.2 16.18
5kV 0.01616 36.2 56.97/0.05166 74.24 112.7|—1.202 x 10'° —132.8 25.34

D. Centroid of the dominant emission

In order to quantify at which effective depth the maximum of the emission is occurring for a given film thickness, we
can compute the centroid of the emitted CL by computing

[ z0dzo Ter(w, 20) P(z0)
fdzo FCL(W,ZO)P(zO) ,

which we show in Fig. S11 for different electron kinetic energies as a function of the perovskite thickness. We can see
that the 2 keV electrons (blue curve) excite CL more effectively at a depth of 20-30 nm, depending on the thickness,
while higher-energy electrons with 5 keV kinetic energy (red curve) most effectively excite CL at 90-95 nm depth.
The values are calculated using 525 nm wavelength (~ 2.36 €V), and while the damping does not play a major role
for 2 keV electrons (dashed curves), in the case of the 5 keV electrons, the centroid drops to values around ~ 80 nm.

(32)

Penetration depth centroid =

=100 \ :

m
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FIG. S11. Centroid of the normalized cathodoluminescence from perovskite. We show the centroid of the normalized
integrated CL spectra for different perovskite thicknesses for 2 keV (blue curve) and 5 keV (red) electrons at 525 nm light
wavelength. Solid lines do not include damping where € = 2.672, while dashed ones model the perovskite with the corresponding
attenuation coefficient in which € = (2.67 + 0.1562i)°.
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