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Supplementary Notes

Supplementary Note 1: There are several important assumptions that are considered for the galvanostatic
polarization measurements performed in this work. Herein, we provide a brief discussion on these:

1.

The accumulation of ions at the interfaces with contacts can influence the energy barriers for carrier
extraction/injection. Errors in the estimation of the ionic and electronic conductivities may arise
depending on how the energy barriers are influenced by the ions. However, since we are measuring
devices with symmetrical contacts under relatively low bias (where ohmic behavior is observed)
and dark conditions (where no recombination occurs), we expect this phenomenon to have minor
implications on the calculations of ionic and electronic conductivities.

Another important assumption is that electrodes are unreactive with the perovskite. In the majority
of galvanostatic polarization studies on metal halide perovskites, Au is the common choice as the
electrode.’® To test this assumption, we conducted repeated galvanostatic polarization
measurements on samples with silver (Ag/FASnsPbgsls/Ag) and gold (Au/FASNgsPbgsls/Au)
electrodes (Figure S1). For both electrode configurations, we note significant alterations in the total
conductivity with each measurement cycle. Interestingly, during the 1st measurement cycle of the
Au sample, we recorded an increase in voltage during the initial 100 s, followed by a continuous
voltage decrease. In the subsequent cycles, we only recorded a drop in voltage, signaling an
increase in the total conductivity during the measurement. In contrast, repeated measurements on
Cr/Au contacts (Au/Cr/FASng sPbg 5l3/Cr/Au) reveal a significantly more stable behavior.
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Figure S1. a) Galvanostatic polarization curves of Ag/FASngsPbosls/Ag and  b)
AU/FASNg sPbgsl3/Au. A rest period of 90 minutes was implemented between each measurement
to allow the mobile ions to return to their initial state.
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Figure S2. a) Multiple galvanostatic polarization curves from Au/Cr/FASNng sPbg sl3/Cr/Au sample .

b) Extracted Zelec and Zion from each measurement cycle (right panel). A rest period of 90 minutes
was implemented between each measurement to allow the mobile ions to return to their initial state.

To investigate more about the instability and the voltage transients of Au/FASngsPbgsls/Au
samples, we analyzed the samples after performing the three measurement cycles with SEM
imaging (Figure S3). The micrographs revealed a substantial accumulation of white particles at the
positive electrode and extending into the channel. Similar formation of such particles has been
documented in perovskite field effect transistors following continuous biasing cycles, where the
authors suggested that these white particles consist of gold.* In contrast, we detected a
considerable reduction of these particles in the Au/Cr samples, suggesting that Cr slows down the
Au migration.* Considering the known reactivity of Ag and Au with the perovskite and their low
diffusion barriers it is plausible that the changes in conductivity in these systems are strongly
influenced by interfacial reactions and metal diffusion.”'® Hence, we concluded that the
Au/Cr/Perovskite/Cr/Au is a more stable and reliable architecture to perform the galvanostatic
polarization measurements.
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Figure S3. SEM images of the region near the positive electrode of a) Au/FASnq sPbg sl5/Au and d)
Au/Cr/FASNg 5Pbg 515/Cr/Au samples after three galvanostatic polarization measurement cycles, b)
near the middle of the channel, and c) an unbiased sample as reference.
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The formation of more mobile ionic species caused by the measurement conditions is another
possibility where overestimation of ionic conductivity could be observed. As shown in Pb
perovskites, holes can oxidize iodide species resulting in the generation of iodide interstitials that
may contribute to higher ionic conductivity."- 12 In the case of Sn-based perovskites, oxidation of
iodide has been suggested to be energetically less unfavorable due to shallower valence band
energy levels.'® In Figure S1, we performed a galvanostatic polarization measurement for 5000 s.
We observe that voltage changes from 1000 s to 5000 s are minimal compared to the changes
occurred during the initial 1000 s. This is better represented by the normalized derivative of the
voltage relative to time, this quantity indicates how large are the voltage changes with time. From
this value, we can clearly observe that 99.9% of the voltage changes happened during the first
1000 s of measurement. The remaining 0.01% could be explained in terms of: i) slower-moving
ionic species ii) creation of new mobile ions during measurement conditions and iii) electrochemical
reactions at the perovskite/electrode interface that modify charge extraction barriers. To minimize



perovskite or perovskite/interface damage, we measured under low voltages (in the =10-! V region)
and under relatively short periods of time (<1000 s).
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Figure S4. a) Galvanostatic polarization curve of Au/Cr/FASnqsPbgsl3/Cr/Au sample taken during
5000 s and b) the normalized derivative of the voltage relative to time.

Supplementary Note 2: The reduced bandgap of the Sn-containing perovskites may contribute to the
enhancement in [P]. However, we do not consider the bandgap narrowing as the dominant factor behind
the higher elec, as ASNg sPby sl3 samples possess a narrower bandgap (1.2-1.3 eV) but orders of magnitude
lower elec than only Sn compositions (1.3-1.4 eV).1

Supplementary Note 3: Past research has demonstrated that SnF, regulates the concentration of VZSn,
and hence the hole carrier concentration, via two mechanisms. The first is by capturing the Sn** impurities
that might be already in the precursor materials (i.e. as Snls) or that could arise during film fabrication.'® F-
ions coordinate preferentially with Sn**, inducing a ligand exchange reaction as follows:

Snl, + 25nF,-»5nF, + 25nl,

The formation of SnF, prevents the incorporation of Sn** in the perovskite lattice, resulting in a reduction of
Vn

2 -
The alternative mechanism on how SnF, controls the Vien is related to an increase in the chemical potential
of the Sn?* ions. DFT calculations have demonstrated that growing a MASnl; perovskite under Sn-rich

conditions, results in an increase in the formation energy of V%S'n compared to stoichiometric growth
conditions, which leads to a reduction in the p-doping.'® The Sn-rich conditions can be experimentally
achieved with any of the Sn2* halides, including CI-, Br, or I,'> which explains why other Sn2* halides
similarly reduce the hole density.'” Given the broad relevance of SnF, in the state-of-the-art Sn-based

2 -
perovskite photovoltaics, we decided to focus on this additive to tune the Visn and [P].



Supplementary Note 4: The chemical diffusion coefficient (Da) can provide an approximate estimation of
Hion, The D’ is determined by the contribution of the ionic and electronic diffusion coefficients (Dion and

D elec, respectively):3

Fy Oelec Oion
D=——D X +——D

ion“*ion
Oelec + Oion Oelec + Oion

X

elec™elec

where Xion and Xetec are the ionic differential trapping factor and electronic differential trapping factor,
respectively. Dion and Detec are proportional to the ionic and charge carrier mobility, respectively:'8

kT
ion — :uionT

kT

Delec = 'uelecT

k

where “B is the Boltzman constant, T is the temperature, and 4 is the particle charge.

We estimated D’ from the galvanostatic polarization curves found in Figure 2a. Using the following relation:
-t

V=V(t=a)-(1—e /T) , . _ .

,'8 where V(t=a) is the steady-state voltage that is reached at t = a (as shown in

Figure 1a), t is the time, and 7 is the time constant; T is extracted from the slope of the linear relationship

between In (V(t =a) - V) and t (Figure S8). Then, D° can be inferred from:

2
DY = d_
it

where d is the sample thickness.

We noticed that increasing the SnF, concentration from 0 to 10 mol% reduced the D° from 5.56 x 103 cm?

s to 1.82 x 10" cm? s (Figure S13). Considering that #» remains relatively constant with the addition of

D

SnF,, then the reduction of D’ may be indication of a lower “ion and consequently a lower ion. However,

the complex dependence of D’ on both electronic and ionic components impedes to quantify the individual

role of the Hion on the D°. A more specific analysis on the role of D® and Hion on mixed ion-electronic transport
lies outside the scope of this work and will be shown in future work.

Supplementary Note 5: Since different ionic-electronic transport phenomena occurs at different
timescales, the capacitance of perovskite devices strongly depends on the frequency of the voltage signal.
Empirically, the capacitance vs frequency plot typically suggests two frequency regions of interest: i) Mid
to high-frequencies (10'-105 Hz): This region is characterized by a plateau in the capacitance, indicating
that capacitance variations are minimal with respect to frequency. The geometrical capacitance and fast
electronic processes such as trap-assisted recombination, carrier generation, and transport have shown to
dominate the capacitance response in this region. ii) Low-frequency (10-'-10"): The distinctive feature in
this region is a significant increase in the capacitance. While several theories have been proposed to
explain this behavior, extensive drift-diffusion simulations combined with experimental data have
demonstrated that mobile ion density governs the capacitance at lower frequencies.'®22 Therefore, the
capacitance as a function of voltage can provide information related to ionic or electronic processes
depending on the frequency of the voltage signal.



Nevertheless, it remains difficult to completely disentangle the effect of traps and ions. Hence, we cannot

2 -
fully rule out the effect of localized phonon vibrations, particularly those around the V'sn . Because of this,
we have performed other two different measurement techniques to cross-check the trend we observe in

the ™ion when changing the concentration of SnF,. One of this is simply the capacitance as a function of
frequency (Figure S14), where we noticed in the lower frequency regions an increase in capacitance with

higher SnF, concentrations, suggesting a higher ion. Another technique utilized was bias assisted charge
extraction (BACE), where instead of measuring capacitance changes, it tracks a transient ionic current

caused by an external electric field (Figure 3d). Considering the consistent ™ion trend we detected across
all these measurements and the results from the galvanostatic polarization technique, we are confident

about the robust correlation between SnF, concentration and Mion shown in our results.

Supplementary Note 6: During the measurement shown in Figure S17, we noticed that the PL intensity of
the 0, 2.5, and 5 mol% samples did not change significantly for the duration of the measurement. However,
the PL emission of the 10 mol% sample increased up to 6% after 10 min. We attribute this change to a
light-induced charge trapping effect. This phenomenon commonly occurs in perovskites where
photogenerated carriers can effectively fill trap states, leading to an increase in the PL emission.?® Notably,
this only occurs for samples with the highest content of SnF,, which suggest a possible increase in the
defect density. It has been previously reported that at high concentrations (>5 mol%) of SnF; in
Csg.15FAg.85SNg 5Pbg 513, results in an increase in defect density.?

Supplementary Note 7: We propose that the absence of | and Sn in the EDS elemental mappings (Figures
+
5c¢ an S18a) can be explained by the excess of h* and Vi expected at the cathode. As demonstrated by

past reports, h* and Vi favor the oxidation of I and Sn*2 into |, and Snl,, respectively.2527 Considering
the volatility of these products and that the measurements were carried under high vacuum, we suspect
that the sublimation of both species took place inside the SEM chamber; hence, reducing the amount of |
and Sn in the region near the electrode.

Supplementary Note 8: The permanent efficiency losses observed in the 0 mol% SnF, devices are most
likely associated with an interfacial degradation. We hypothesize that the perovskite/PEDOT:PSS interface
is where most changes would take place during forward bias, as a high accumulation of I is expected at

this interface. Under such ! rich conditions, we propose several phenomena that could explain the
observed permanent performance loss:

¢ lodide oxidation induced by excess hole carriers: In Pb perovskites, electrochemical hole injection

has been shown to initiate the oxidation !~ into /2 and 3. While this remains to be observed in Sn-
based perovskites, it could be a possibility considering the compositional inhomogeneity of the

film.". 12 Our group has recently observed that Sn?* oxidation through * 3 is a rapid reaction that
promotes further degradation pathways.?® This suggest that a potentially degraded interface could
be generated after biasing.

e Perovskite amorphization at the interface: Changes in the perovskite crystallinity triggered by an

excess of I can lead to the formation of deep trap defects, enhancing non-radiative
recombination.2?



¢ Changes in the conductivity of PEDOT:PSS caused by the diffusion of iodides: Disruption of the
structural homogeneity of PEDOT:PSS by iodides might result in the formation of trap states or
impaired hole collection efficiency.30

Finally, we highlight that it is not within the scope of this work to explain in full detail the process of bias-
induced degradation, but to show the mechanism behind the mixed-ionic electronic transport in Sn-based
perovskites. However, we do establish that significant bias-induced efficiency losses in SnPb perovskites
are linked to the ion transport properties of these materials. Further work on the bias-induced degradation
is currently under development and will be reported in due course.
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Fig. S5 Galvanostatic polarization curves from MASn,Pb,l; (y=0, 0.25, 0.5, 0.75 and 1) samples.
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Fig. S6 a) Galvanostatic polarization curves from the compositions Csg 15FAg s5Sn,Pb+..l3 (z=0.0, 0.50, and
1.0) b) Oelec and Zion from the Csg1sFAs5SN,Pbyls samples as a function of Sn fraction. For this

composition, we notice that substitution of 50% Sn leads to a decrease in Zetec and %ion. This phenomenon
could be explained due to an Pbl, excess found in XRD measurements from the z=0 sample, such excess
is not detected for the z=0.5 composition. The Pbl, excess appears even if we used stoichiometric



conditions for sample preparation, possibly implying that i) annealing conditions need to be optimized, or ii)
crystalline phase instabilities. Interestingly, the Pbl, excess could potentially act as a n-type dopant

increasing the elec, while the Zion could be enhanced due to a more defective film. Notably, we observe a
similar situation for the FAPbIl; sample without MACI. In these compositions where structural phase
instability is present, substitution of smaller Sn2* ion relaxes the lattice structure, enhancing phase stability
(under inert conditions) and possibly decreasing defect density.

Sn fraction Telec (S cm-) Oion (S cm-1)
0 1.20E-08 8.58E-08 0.88
0.25 3.69E-08 7.17E-08 0.66
0.5 1.63E-06 1.51E-07 0.08
0.75 4.50E-04 1.51E-06 0.01
1 NA NA NA
0 2.07E-08 1.64E-07 0.89
0.25 1.31E-08 7.87E-08 0.86
0.5 1.59E-08 7.96E-08 0.83
0.75 9.12E-06 8.28E-07 0.08
1 3.73E-04 3.50E-05 0.09
0 3.19E-07 4.75E-07 0.60
0.5 1.87E-08 5.51E-08 0.75
1 4.64E-03 9.11E-05 0.02

Table S1. Summary of the Petec, %ion and tion from all the compositions measured. The ion transport number

Oion
t. . . . .. tion = o '
(“ion) represents the ratio of ionic to total conductivity tot
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Fig. S7 SEM images from the FASn,Pb1,l3, MASNn,Pb.,l3, and Csg.15FAq85SN,Pb..I3 compositions.
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Fig. S8 Average grain size with respect to the Sn fraction from the compositions a) FASn,Pb,,l;, b)
MASN,Pb.,l3, and c) Cs 15FAgs5Sn,Pb+.,l5. The grain sizes were derived from the SEM images of Figure
S3. Notably, the larger grain sizes observed in FAPbI; are a result of the MACI inclusion during the
preparation of the precursor solution. Without this additive, we could not obtain a pure a-phase FAPbDI;.
According to several reports, the majority of MACI is evaporated during the annealing step.3' Hence, we
expect that CI- or MA* ions do not have a substantial contribution in the ionic conductivity measurements.
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Fig. S9 XRD patterns of a) FASn,Pb1.l3, b) MASNn,Pb4.,l3, and ¢) Cs 15sFAq 855N, Pb+.l3.
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Fig. $10 XRD patterns of the characteristic perovskite peak from a) MASn,Pb..l3, b) FASn,Pb.l3, and c)
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Fig. S11 a) SEM images from the FASn, 5Pbg 513 samples with different concentrations of SnF;; the average
grain size as a function of the SnF, concentration is also presented. b) XRD patterns from the FASng sPbg 513
samples with different concentrations of SnF,. The characteristic perovskite peak and FWHM do not vary
significantly with the addition of SnF,.
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Fig. S12. Differences between varying SnF, concentration and Sn-content on the a) (100) 26 shift, b)
normalized FWHM, and c) normalized average grain size. The composition of the A-cation where Sn
fraction is varied is FA. The composition for the samples where SnF, content is modified is FASng sPbg sls.
When comparing differences in FWHM and 20 shift from the (100) reflection between samples where we
changed Sn fraction and SnF, concentration, we observed that SnF, concentration has minimal effect on
these variables compared to Sn fraction. In terms of grain size, we noticed that varying Sn content can lead
to grain size changes of up to 300%. In contrast, SnF, only enlarges the grain up to 40%. While we
acknowledge that the effect of SnF, on grain size influence ion migration pathways, we have noticed that
morphology changes alone cannot explain the large variations recorded in conductivity. In our previous
research, we have observed that regardless of the significant morphology differences across multiple Sn-
based perovskites, we have found that A-site composition and Sn content correlate stronger with the most
significant changes in conductivity.3 33 Additionally, the conductivity reported herein are within the values
range of films with similar composition (MAPb,5Sngsl3) but completely different morphology.34 Therefore,



we consider that besides morphology, other key aspects discussed in this work are necessary to have a
complete understanding on the ionic-electronic transport properties of these materials.
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Fig. S13 a) Semi-log plots of voltage versus time. b) Chemical diffusion coefficient (Da) as a function of
SnF, concentration of the FASng 5Pbg 513 samples. While the relatively constant Hr with the addition of SnF,

suggests that the reduction in the D° might be indicative of a lower Dion and consequently a lower Hion, the
complex interplay between the electronic and ionic components makes it challenging to quantify the

individual contribution of Hion to D
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Fig. S14 Capacitance as a function of frequency from FASn sPbgsl3 (0, 2.5, 5, and 10 mol% SnF,) samples.
The € was inferred from the capacitance at 10 kHz of the 10 mol% samples. We note that 0 mol% sample
capacitance differs significantly from the rest of the samples. As shown by others, this difference can be
explained due to the high ionic density, which could lead to a miscalculation of €.19 Magnetospectroscopy
measurements have revealed that € do not differ significantly between compositions with high Sn content
(>0.6) and low Sn content (0.2), in samples without SnF,.3%
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Fig. S15 a) Theoretical model of the iodide migration pathway in a FAPbgsSngsl; lattice under four

scenarios: i) Iint, i) Isn , i) 5"1, and iv) Stine, b) The energy barriers for iodide migration of each proposed
scenario and c) relative energy landscapes of the system during iodide migration.
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Fig. S16 a) theoretical model of the defect formation energy on a FAPb,5Sngsl3 lattice, the six defects
considered are: i) Iint, ii) Isn , i) Sn,7 iv) VI, V) VSn, Vi) STnt, b) Formation energy difference
(AAH = AH - AHsurf) as a function each defect.



a)

0% SnF; PTE - onsnr 1 0% snF, C Fon e,
Qmin -0 ¥ & rmin - 0V Bmin-0V 2 i 3
. ¥ :
[
+ - ]
i
£
100 pm 2
—
2.5% SnF, 12.6% SnF, L E 2.5% SnF, > 5% SnF,|
0 min -0 4 1 min -0V L3 min- 0 Vi ~Omin -0V} K
i 5
2
a
I
|
2
E]
[
2
[
3
5
2
0% SnF, 10% SnF; 10% SnF 10% S
0 Y 1 min - 0 2 min - 0 ] § - 46 min - 5
&
% =
z
[
]
z
g
S
0% SnFs 0% SnF, 0% SnFy, 0% SnF, 0% SnF, 0% SnF, 0% SnF, 0% SnF, 0% SnF, 0% & 0% SnF, .11
O min - 30 W/ 1 min - 30V 2min-30V 3min - 30V 4 min - 30 W 5 min - 30 V 6min - 30 V 7 min - 30V & min - 30 V/ 9 min - 30 ¥ 10 min - 30 V| 100
o |
) : L =
é % 1 T
3 1.07 o
+ -+ -+ -l + o [ IET | -+ - |+ -+ -+ -+ 3 =
v 3 106 =
; $% e
100 pm o A 4 3 104
— - ; o
— — 102 o
2.5% SnF; 25% SnF; 2.5% SnF 2.6% SnF, 2.5% SnFy 2.5% SnF, 2.5% SnF 2.6% SnF 2.5% SnF; 2.5% SnF, 2.5% SnF; ol
0 min-30 V' 1 min - 30 V 2 min -30 V 3 min - 30 v 4 min -30 V. 5 min - 30 v/ 6 min -30 V 7 min - 30 V 8 min - 30V 9 min - 30 V. 10 rin - 30 V. 100 N
i S o 0.986 g
3 £ W il
- B . i 4 = z g : =
+ + = + & + ¥ + £ !ﬁ‘, + i + -1+ »i;,, -1+ - 0968 O
- ¥ ¢ =z
¢ i 0.951
0.833
5% Sn, 5% SnF, 5% Snfs 5% Snf, 5% S, 5% SnF, 5% SnF, 5% SnF, 5% SnF, 5% SnF, 5% SnF,
0 min -30 V. 1 min - 30V 2 min - 30 V| 3 min- 30 V 4 min - 30 V. 5 min - 30 V/ € min - 30V, 7 min - 30 V 8 min - 30V 9 min - 30 v/, 10 min - 30 V/
+ - ||+ -k -+ - {1+ -+ - ||+ -+ - |+ -+ i+ § 4
i 5 i i i I
1 1 1 1 o) 1
1 1 1 1 i
1 1 1 1 !
i i i i i
' | i | i ' 1 ' ' i |
10% SnF; 10% SnF 10% SnF 10% SnF 10% SnF; 10% SnF 10% SnF 10% SnF, 10% SnF; 10% SnF,
0 min =30 2 min =30 V. 3 min - 30 V. 4 min =30 V. 5 min - 30 W 6 min - 30 V. T min - 30 V. 8 min - 30 V| 9 min - 30 V 10 min - 30 V|
- a . 1o - = =
i ¥ 1 3
5 ot ) L
+ -+ - ||+ y -+ Bl s S | s AR | & + -1+ -+ ]
' ¥l by S
£ & & LEr # Y Y
e A St Yl ¢ 4] 344

Fig. S17 Hyperspectral PL mapping performed on lateral samples (channel length is 300 pm) of
FASNqs5Pbgsls (0, 2.5, 5, and 10 mol% SnF,) upon a) 0V and b) 30 V bias. For 0 V images, each composition
is represented with its own color bar scale, while 30 V images are represented with a common color bar
scale. PL images are normalized vs the image at t = 0 min for each composition. Straight, vertical lines in
some images correspond to measurement noise due to unchanging PL intensity versus the t = 0 min image.



Fig. S18 SEM-EDS elemental mapping showing the distribution of a) Sn and Pb for the 0 mol% sample and
b) I, Sn, and Pb for the 5 mol% sample after being biased at 30 V for 1 hr.
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Fig. S19 Schematic of a complete x -y, x - z and y - z series of ion images from one of the analysed
samples.
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Fig. S20 ToF-SIMS depth profiles of the different chemical species (Pb1+, Pbyl 3 Snl* and CHN ™ ) from
the 0 mol% SnF, samples before and after bias. The samples were stressed at 27 V for 1 hour. The channel
length of the sample is 150 um, we used the same lateral configuration as the samples prepared for
galvanostatic polarization measurement.
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Fig. S21 ToF-SIMS depth profiles of the different chemical species (PbI Pbyl's sni* gng CHsN ) from
the 5 mol% SnF, samples before and after bias. The samples were stressed under the same conditions as
0 mol% SnF, samples.
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Fig. S22 Depth profile image showcasing the channel (represented by the perovskite constituent ion
indicated by the yellow color) and the Auz* and Cr* secondary ions (showed in blue and red color,
respectively) for an example system.
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Fig. S23 ToF-SIMS depth profile maps of F- ions before and after biasing at 30 V from the 0 and 5 mol%
SnF, samples. We observe that the excess of tin fluorides (SnF, or SnF;,) accumulates at the bottom and

top interfaces but no preferential accumulation of ¥~ ions occur after biasing the sample. Considering these

results, the relatively small number of F~ ions compared to I, the strong electronegativity of F ~ ions, the
relative stability of the stannous fluorides compared to stannous iodides (Snl, or Snl,), and the symmetric

PL response during biasing, we find unlikely that ¥ migration is a dominant process. Furthermore, we
acknowledge the possibility of F- ions passivating defects located at the bottom-top surfaces and grain
boundaries. Since defect passivation has a significant influence on ion migration,® it is plausible that

passivation from SnF; have a role in decreasing %ion and Mion. However, based on our simulation we also

2 -
observe that V'sn and h * (both variables being heavily influenced by SnF,) 53738 gre critical to reduce the

energy barriers for I migration. While we do not discard a competing mechanism, herein we highlight the
importance of point defects and carriers on the ion transport in Sn-based perovskites.
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Fig. S24 Box plots of the photovoltaic parameters relative to the SnF, concentration (0 and 5 mol%), device
architecture is |TO/PEDOT:PSS/CSo_stA()jsSno,5Pb0.5|3/Ceo/BCP/CU.
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