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Section S1: Device Fabrication and Characterization

The solar cell fabrication closely follows the recipes established in Reference ['], with the notable

exception of the MAPbBTr; perovskite layer preparation, which we detail below.

The precursor forthe MAPbBr; layerisfabricated fromtwo solutions dissolved together in dimethyl
sulfoxide (DMSO). First, a solution of 5.5 M methylamine hydro bromide (MABr, TCI) is made by
dissolvingthe powder in DMSO (Sigma-Aldrich). To ensure a complete dissolution, the precursoris
stirred and heated on a hot plate to 50-60°C. The second precursor is a 1.8 M lead(ll) acetate
trihydrate (PbOAc) solution (Sigma-Aldrich). To prepare this solution, the PbOAc powder is dissolved
in DMSO and stirred and heated to 50-60°C overnight. Both precursor solutions are stirred and
heated up to 65°C until a clear dense solutionisformed. This final MAPbBr; precursor solution has a
molarity of 3.05 M. For the spin coating step, 200 pL are used per sample, with a spin coating speed
of 7500 rpm. To vary the grain size in the perovskite film, we vary the spin coating times: 5s, 10s, 20
sand 60 s. The samplesare annealedfor1 h on the hot plate at 70 °C. During thisannealing step, the
samples quickly show a yellow-orange color, characteristic for MAPbBr;. All of the above steps are

carried inside a glovebox in a nitrogen atmosphere, with an O, level below 1 ppm.

For properinvestigation both of the perovskite layerand of the full device, cells are either prepared
until the perovskite layer (optical microscopy and EBSDimaging) oras the whole device (all electrical

measurements and SEM cross-section imaging).

Optical microscopy images are taken using a Imager.A2m Zeiss microscope with an AxioCam ICc 5
camera inthe dark field mode, with magnification objectives of x20, x50 or x100. Many images of the
various samples are collected and the evaluation of each grain size is done through software
evaluation using the program Imagel. Specifically, to characterize the polydispersity in grain size, we

take OM pictures at multiple spots and of multiplefilms spin coated for the same duration. For each
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of these images we measure the average grain size. Performed over multiple images, we obtain
statistics on the grain size distribution for about 60 to 80 grains per spin coating condition. We note
that the word “grain size” used in the main text and in the present Sl systematically refer to grain

diameter.

The SEM images are taken with a FEI Verios 460 scanning electron microscope in the secondary
electron mode. The sample is cleaved in the center to obtain the cross-section image. The
acceleration voltage usedis of 10 kV and the working distance of 4 mm. EBSD images of MAPbBr; on
NiO,are collected by usinga direct electron detector based on the Timepix sensor from Amsterdam
ScientificInstruments (ASI). The best parameters for the scans are found to be 10 keV for the voltage,
100 pA for the current, 50 ms for the exposure time, and between 10 and 12 mm for the working
distances. The step size ischosen depending on the cluster size shown by the specific sample. EBSD
data are collected using EDAX OIM software, and a Python script is used for image processing. The

resulting Kikuchi patterns are indexed using cubic symmetry, using 1-3° as the degree of tolerance.

Characterizing the MAPDbBr; layer after different spinning durations, we notice, on top of the grain
size evolution, an evolution in the thickness of the perovskite layer. Samples prepared after 5 or 10
seconds spinning duration have a thickness of 310+ 10 nm, while the samples prepared after 20 or
60 seconds spinning duration have a thickness of 215 * 10 nm. This thickness difference is

incorporated into the different equations presented in Section 2 below.

The solar cell performance of the devices fabricated using the polycrystalline MAPbBr; perovskite
layer of variable grain size isinvestigated below. The IV characteristics from the best cells are shown
in Figure Sla, where itis already apparent that the FF and Jsc are the values most affected by grain
size. Fora fairer comparison, the average values taken over multiple pixels from multiple devices are

shown in Table 1.
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The Voc does not change as a function of grain size, which is an indication that the amount of non-
radiative recombinationis similar in all devices. More details on this topic are provided in Section 4

below.

The overall PCE of the devices is constant through the series of varying grain size films: from 1% to
1.3%. The devices show reasonable efficiency for the simplistic solar cell architecture considered
here whichisinline with other works using similar HTL and ETL®. As mentioned in the main text, we
choose the extraction layers NiO,, Cso and BCP mainly because they are not themselves affected by
ion migration, contrary to other commonly used extraction layers such as Li-TFSI doped Spiro-O-
meTAD>*. We note that the low efficiency does not affect the TID measurement. The devices are
measured inthe dark where the measurement mainly requires a low dark current to avoid electrical

charge flowing through the device affecting the depletion layer width.

Two parameters are affected by grain size, Jsc and FF, in an opposing manner, where the increase of
oneisconcomitantto the decrease of the other — thereby maintaining a constant PCE. The relatively
low fill factor values are partly due to a low shunt resistance. As mentioned earlier, this can be

modulated by further device engineering and is therefore not the focus of the present study.

The EQE curves of the devices in Figure S1b match well with the corresponding IV curves of Figure
Sla, withslightly lowerJsc values showing as lower EQE values. The highest EQE point reaches almost
60 %, for the sample spin coated for 60 seconds (i.e. with smallest grain size). The overall shape of
the EQE feature follows that of typical MAPbBr; absorption, with the characteristic excitonic peak at

525 nm, and the relevant bandgap at 540 nm.
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Figure S1: (a) Light IV curves of the best pixel for each of the solar cell device made with a
photoactive layer of polycrystalline MAPbBr;, spin coated for 5, 10, 20 or 60 s, and (b) the

corresponding EQE curves.

Table 1 : Average IV solar cell charasteristics of the devices made with a polycrystalline MAPbBr; film

prepared with a spin coating process of 5, 10, 20 or 60's.

5s 10s 20s 60 s
Jsc (mA/cm?) 4.1+0.2 3.20 £ 0.06 3.6+0.2 43+0.3
Voc (V) 0.88 £ 0.03 0.84 +0.02 0.87 £ 0.02 0.82 + 0.024
FF (%) 27.4+£2.7 47 £ 1.5 39.2+1.7 36+2.2
PCE (%) 1.0+0.1 1.3+£0.06 1.2+0.1 1.3+0.14
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Section S2: Capacitance Measurements

For TID measurements the sample is loaded into a Janis VPF-100 liquid nitrogen cryostat inside a
nitrogen-filled glovebox. Impedance spectroscopy, capacitance-voltage, transient ion-drift and deep
level transient spectroscopy measurements are performed at a pressure below 2 x 10- 6 mbar, in the
dark, usinga commerecially available DLTS system from Semetrol. To ensure thermal equilibrium, the
temperature of the sample is held constant for at least 30 minutes before impedance spectroscopy
and capacitance-voltage measurements. Capacitance transient measurements were performed from
210 K to 330 K in steps of 3 Kwith a temperature accuracy of 0.2 K. The sample is held at 210K for 30

minutes before starting the transiention-driftand deep level transient spectroscopy measurements.
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Figure S2: Mott-Schottky plots of the devices with MAPbBr; perovskite films of (a) 1.7 um grain size;

(b) 1.9 um grainsize; (c) 4.8 um grain size; (d) 11.3 um grainsize.

TID is a technique which makes use of avoltage bias to redistribute ions within a device. The voltage
applied should thus be close to the built-in voltage of the cell. We determine this value by Mott-
Schottky analysis® as shown in Figure S2. We obtain values of 1.09 V, 0.98 V, 1.02 V and 1.24V for
typical devices with grain size 1.7 um, 1.9 um, 4.8 um and 11.3 um, respectively. In the subsequent
TID measurements, we thus apply voltage biases of 1V (see Figure 2 of the main text) and 1.1V (see

Figure S3). We further measure the devices with alowerapplied voltage of 0.75V in orderto test the
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measurementresponse and to checkifion migrationisalready visible for smaller built-in fields. We
note that our Mott-Schottky measurement is taken in reverse mode, and that the doping density

values are found to be above the minimal threshold for correct Mott-Schottky evaluation®.

The steady-state capacitance (determined either by Thermal Admittance Spectroscopy (TAS) or by
TID, takingthe values atlongertimes) is found to be stable with temperature (see Fig. S3below). We
attribute this effect to the choice of contact layers, NiO, and Cq,. Indeed, if we chose other contact
layers, the geometric capacitance would become temperature dependent, presumably because of

the formation of a dipole layer at that interface’.
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Figure S3: Steady-state capacitance values obtained by thermal admittance spectroscopy
measurements at 10 kHz - in green — and from TID measurements, taking the capacitance value at
longertimes-inblue - for the cells with small and large grain size (represented by circle and diamond

respectively).

As discussedin the main text, the extraction layers are chosen specifically because they exhibit no
direct ion migration, even though they may reduce the overall PCE of the devices. lon migration

through the extraction layers into the contact layers may still happen on long timescales®.

In Figure S4 (a) - (h) we show the TID traces taken at different filling voltages of 0.75V and 1.1V, for
the samples from the smallest (Figure S4 a, e) to the largest grain size (Figure S4 d, h). The first

observationis the presence of asimilartrendinall cases, that is that the capacitance decreases with
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time. This pattern is conserved for the samples with small and large grain size, and for all filling

voltages. The ion migration process at play must therefore remain bromide migration.

One parameter is, however, affected by the voltage pulse: the height of the transient, with higher
voltages leadingto a more pronounced transient. Thisindicates a difference in the density of mobile
ions measured after applying the different filling voltages: more bromide mobile ions have been
displaced when applying a voltage pulse of 1V or 1.1V, rather than a lower voltage pulse of 0.75 V.
Some but not all of the mobile bromide ions in our devices have thus already been displaced by a
voltage pulse of 0.75 V. Thistrend is consistent with a built-in voltage of about 1V, meaning that the

device is still partially depleted at 0.75 V.
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Figure S4: TID traces measured after applying filling voltage of 0.75V for 2 seconds to the devices
with MAPDbBr; perovskite films of (a) 1.7 um grain size; (b) 1.9 um grain size; (c) 4.8 um grain size; (d)
11.3 um grain size; TID traces measured after applying a filling voltage of 1.1V for 2 seconds to the
devices with MAPbBTr; perovskite films of (e) 1.7 um grain size; (f) 1.9 um grain size; (g) 4.8 um grain

size; (h) 11.3 um grain size.
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To quantify bromide migration, we use a global fit algorithm. The fit function is the following:

—t

Drit Texp (ki%«)

C(t,T) = Co(T)+ AC(T) exp

where C(t,T) is the capacitance as a function of time and temperature, C(T) is the steady-state
value of the capacitance at a certain temperature T, AC(T) is the height of the transient at
temperature T, ps;; is a fitted parameter and E, is the activation energy of the process. This fit
function can be furtherextended with any number of additional exponential terms if needed, each

with their own AC 4y, Prir (n) and Ea(n). The fitting procedure goes as follows: Co, (T) is extracted

fromthe measurements directly from the steady-state capacitance before we allow the algorithm to

find the best value for AC(T) at each temperature and the best global values for ps;; and E;. We
thus directly obtain the value of the activation energy E, and further convert ps;; and AC(T) into

diffusion coefficient and density of mobile ions.

The conversion of pr; and AC(T) to diffusion coefficient and density of mobile ions is described

below. For diffusion coefficient determination, we first calculate the temperature-independent

diffusion prefactor D using the following equation’:

kBgEO

D,=—52""9
° 7 q% Nypric

where kg isthe Boltzmann constant, € is the perovskite permittivity, €q is the vacuum permittivity, g

is the elementary charge, Ny is the doping density and py;; the value obtained through the fitting

algorithm. Now, D can be used to calculate the diffusion coefficient D(T) at a given temperature:

_Ea
D(T) = DO exp (kB_T>

where E, is the activation energy extracted from the fit. In Figure 3b we present the diffusion

coefficients calculated at room temperature, D (298 K).
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The ion concentration N;,, can be determined from the fitted AC(T) parameter by the equation’:

AC(T)
Nion(T) = 2 Ny NCD)

where AC(T) is the value obtained at each temperature through the fitting algorithm. In Figure 3c,

we present the maximal value for the density of mobile ions, Nj,;,, (max).

To apply these conversions from pg;; and AC(T) to D(T) and N;o, (T), we need values for the
perovskite permittivity € and for the doping density N, of the devices. These are determined through
Mott-Schottky analysis, as shownin Figure S2. For typical devices made with small (large) grain size,

the perovskite permittivity is of 14.6 (13), while the doping density reaches 1.13x10™ (4.2x10" cm™).

To write the previous set of equations, several assumptions are necessary. We first assume that the
electric field is mostly determined by the doping density, and that the ions only pose a small
perturbation, i.e.thatthe depletion width is mostly governed by the electronic charge carriers, and
only slightly affected by the migration of ions. We further make three assumptions: first, that the
electric field after application of the voltage pulse varies linearly within the perovskite bulk **'*;

second, thatthe total ion density is conserved; and third, that the diffusionis negligible against drift.

While fitting the capacitance transients, we find that a biexponential fit works well to describe the
data, which supports the hypothesis of two specific ionic contributions, rather than a broad
distribution of a single peak®’. Within each of these migration pathways, however, we cannot

completely exclude some distribution in the activation energy and/or diffusion coefficient.

Looking at the resultsin Figure 3 of the main text, we note that we would expect a reduced diffusion
coefficientwhen the activation energy increases if nothing else changes, contrary to our observation.

If we expand the full equation for the diffusion coefficient D;,,,, we find:

vad?  (AS AH
Dion =—=¢— exp (E) exp (—m)
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with v, the attemptfrequency fortheionicjump, d theionicjump distance, AS and AH the changes

in Gibbs free entropy and enthalpy of activation for a single ion migration step®.

The combination of an increased activation energy with a constant diffusion coefficient suggests a
compensatingterm when the average grain size is increased: this could be either an increase in the
attempt frequency v,, anincrease in the ionic jump distance d, or an increase in the entropy term
AS. Regarding the first hypothesis, the presence of uncoordinated atoms in the grain boundary
region suggests weaker bonding of the perovskite lattice at these grain boundaries, which is
generally related to lowerattempt-to-escape frequencies. This would lead indeed to an increase of
v, with grain size. If we consider the ionic jump distance d, and follow our previous statement that
the defectformation energyisindependent with grain size, then d should remain constant with grain
size.Onthe otherhand, at grain boundaries, the higher degrees of freedom suggest that AS should
increase with the amount of grain boundaries, i.e. the trend would consist of a decrease of AS with
grain size. Together, these suggest that the compensating term is an increase of the attempt to

escape frequency v,.
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Section S3: Model of lon Migration Pathways

The scheme of migration pathways presented in Figure 4 of the main text can be further used to
estimate key parameters in the bromide migration process at play. Indeed, from the activation
energies of peak Ain Figure 3 of the main text, we can recoverthe two underlying activation energies

needed forthe migration from bulk to grain boundaries, and from grain boundaries to the electrode.

To do so, we use a geometric model as shown in Figure S5. Any given bromide ion will travel a
distance L1 inside the bulk, then L2 through the grain boundary, here represented as the edge of the
rectangle. If the ion starts in position (x,y), where x is the distance between the ion and the

electrode in the vertical plane, and y is the distance between ion and grain boundary in the

L1
L1+L2

horizontal plane, the fraction f of bulk travelling distance to total travelling distance, i.e. f =

is equal to the following expression:

f; dx o 4y

x v2—vl 1_U_1+X 1_(1]1)2

flvi,v2, L, H] = g, 7 v2Z x v2
Jo dxfxx/vzz—mz dy

v2—vl
With distances as defined in Figure S5 and Xx,,4, the minimal value between X5, = > and

_ H(@w2-v1)

Xmax Vv2Zz—v12’

The expression for f thus takes into account all possible starting values for (x,y).
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Figure S5: (a) Geometricscheme showing bromide ions within a perovskite grain for a grain of height
H and length L, on top of an electrode. The inside of the rectangle represents the bulk of the
perovskite lattice, while the edges of the rectangle represent grain boundaries. (b) Mean free path
fromthe graininterior to the electrode of opposite polarity of an ion located at position (x,y), with
L=L1+ L2, L1 being the distance from grain interior to grain boundary, and L2 from grain

boundary to electrode.

The effective activation energy of peak A, E4(.fs) (A) can be written as
Ea(eff) (A) = f Ea(l) + (1 - f) Ea(z)

where E, (1) and E,(2) are the bromide migration activation energies from bulk to grain boundary
and from grain boundary to electrode, respectively, where the conversion relation from v1 to E, (1),
and from v2to E,(2) are vl = Exp[—E,(1)] and v2 = Exp[— E,(2)]. We note that this
simplification assumes that the diffusion coefficient for both pathways is identical and only the

activation energy is different, as also indicated by our measurement (Figure 3d of the main text).

We can now estimate E,(1) and E,(2), by solving the previous equation for various sets of
(Ea(l), E, (2)) and try to find the best fit to the activation energies of peak A. The results are shown

in Figure 4c of the main text. We note that the x-axis for activation energies of peak A (as shown in

Figure 3c of the maintext) is transformed from grain size to a new metric of grain size over thickness
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of the perovskite layer, allowing to plot all experimental values on the same axis as the fitted values.
The simple model we used predicts achange in the activation energy foraspect ratios between0and
2, while our experimental data shows an onset starting around 7,8. The failure to account for the
delayedonsetof the activation energy change is likely due to the simplicity of our model, which does
not account for the distribution of grain sizes in each sample, a possibly rough grain boundary, and
for the contribution of aslower diffusion paths to the capacitance decay. Nevertheless, if we shift the
x-axis of the model by 7.8, we can reproduce the trend of the activation energy increase as a function
of grain aspect-ratio. The plot in Figure 4c of the main text was obtained with fitted values of the
activation energies of 0.50 eV for bulk diffusion and 0.18 eV for grain-boundary diffusion. While not
attemptingaprecise description of the experimental data our model shows the effect that a varying

grain size has on the geometry of the ion’s path, rationalizing the experimental trend.

We further note that TID cannot unveil the microscopic pathways of ion diffusion in the perovskite
layer, but remains an interesting tool that can be further complimented by theoretical modelling

using DFT and MD simulations.
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Section S4: Trap states

The vacancies necessary for ion migration to occur are part of the wider range of traps and charged

point defects that hybrid halide perovskites exhibit*®.

We can study thistrap behaviorusingadeeplevel transient spectroscopy (DLTS) measurement. DLTS
issimilarthanTID, only the duration of the voltage pulse is shorter, such that traps have enough time
to be filled, butions do not have sufficient time to diffuse . This technique has been extensively used

in the past to measure trap state energy and density**.

Here we applyafilling pulseof 1V for a duration of 20 msto the cells with smallest and largest grain
size. The resulting transients are fitted with a global fit procedure, analogous to the one presented

for TID.

The fitting function has the same form as in equation 1 of the main text,

—t

Dric Texp (kETTT)

C(t,T) = Co(T)+ AC(T) exp

with Erthe trap depth (replacing the activation energy E ). The only differenceliesin the conversion

of the factor py;; to the attempt frequency A relevant for traps, where

1

An= —
0 prie T3

with A, the temperature-independent attempt frequency and the temperature-dependent attempt

frequency A(T) = A,T>

The resulting trap depths, trap densities and trap attempt-to-escape frequencies of the MAPbBr;

cells with smallest and largest grain size are presented in Table 2 below.
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Table 2 : Average trap depth, density of traps and attempt frequency of the devices made with a
polycrystalline MAPbBTr; film prepared with a spin coating process of 5 or 60 seconds (respectively

with largest and smallest grain size).

5s (largest grains) 60s (smallest grains)
Ecrap (€V) 0.192 +0.020 0.300 +0.002
Niraps (€M) (1.55 +0.64) x 10*° (7.25 £0.18) x 10*
A(300 K) (s™) (4.58 £0.11) x 10° (7.86 £0.74) x 10°

The cells made with MAPDbBr; perovskite of smallest grain size have a trap depth of 300 meV, deeper
than the 192 meV trap depth for the cells of largest grain size. This on its own could suggest an
increase in the recombination rate for cells with smallest grain size. The density of traps is also
highest for the cells with smallest grains, i.e. the cells with most grain boundaries. The factor of
increaseisa little over4, close to the 3.8 difference in density of grain boundaries when going from
cellswith 1.7 um grains to cells with 11.3 um grains - this strongly suggests that the traps are located

at the grain boundaries of the perovskite film.

Both trap density and trap depth thus suggestan increased recombination of electrons and holes for
the cells with smallest grain size. On the other hand, the attempt frequency at room temperature
A(300 K) is higherforthe devices with smallest grainsize, resultingin the following picture: the dense
number of deep traps in cells with small grain size can counteract the higher attempt to e scape
frequency, therebymaintaining a constant level of non-radiative recombination in cells with small
and large grainsize. Thisis one possibility to explain the constant V oc of the devices with respect to
grain size (see Section S1). Another possibility is that the constant V¢ is a consequence of an
interfacial energeticbarrier between the perovskite and one of the transport layers, rather than by
the recombination rate — the constant V¢ with regard to grain size would thus be linked to the

materials’ energetic offset.
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Here we further confirm the observation of traps (and not ions) by the fact that the observed trend
(energy decrease forcells with smallest grain size)is opposite to the one observed for ions with TID.
From this analysis, italso follows thatthe density of mobileionsis notdirectly related to the density

of traps in the perovskite layer.
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