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Deciphering the interplay between tin vacancies
and free carriers in the ion transport of tin-based
perovskites†
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Mixed ionic-electronic conduction is a prevalent phenomenon in metal halide perovskites, having a

critical impact in multiple optoelectronic applications. In Sn-based halide perovskites, their higher hole

density ([p]) owing to the facile formation of Sn vacancies (VSn
2�) induces substantial electronic transport

differences versus their Pb-based analogues. However, the influence of [p] and VSn
2� on their ionic

transport properties remains elusive. Herein, the link between electronic and ionic transport is unravelled

in a compendium of Sn-based perovskite compositions. Specifically, ionic and electronic conductivities

are found to concomitantly rise with higher Sn content. Using a combination of electrical charac-

terization techniques, a rise in [p] and VSn
2� is demonstrated to increase mobile ion density, enhancing

lateral ion migration and ionic conductivity. First-principles simulations reveal that [p] and VSn
2� jointly

lower the energy barrier for iodide migration from 0.38 eV to 0.12 eV. Chemical mapping techniques

support these observations by identifying the bias-induced migration of iodide and formamidinium ions

in compositions with higher [p] and VSn
2�. These fundamental insights on the ionic-electronic coupling

will enable next-generation of Sn-based perovskite technologies with improved performance and

stability.

Broader context
Halide perovskites based on tin-lead mixtures offer unique infrared absorption properties that enable efficient all-perovskite tandem solar cells, an emerging
photovoltaic technology combining affordability and high energy output. However, the low stability of these materials continues to hinder their progress
towards practical applications. A key phenomenon that limits solar cell lifetime is the migration of constituent ions within the perovskite layer. Hence,
understanding the fundamental mechanisms governing ion transport in halide perovskites is paramount to design more stable perovskite photovoltaics. While
ion migration in lead-based perovskite has received extensive attention, the study of this process in tin-based analogues remains at its early stages. In this work,
we employ a comprehensive set of characterization techniques and first-principles simulations to unveil the mixed ionic-electronic transport mechanism in a
wide compositional range of tin-based perovskites. We demonstrate that ionic transport in these materials is governed by the combined effect of tin vacancies
and electronic hole carriers in the perovskite. These crucial insights will not only inspire novel design rules for stable tin-based perovskite solar cells, but also
for related optoelectronic applications beyond photovoltaics.

Introduction

Metal halide perovskites, represented by the ABX3 formula
(A = methylammonium (MA+), formamidinium (FA+), and/or Cs+;
B = Pb2+ and/or Sn2+; X = I�, Br� and/or Cl�), are promising
semiconductors for a myriad of optoelectronic applications.
The combination of their remarkable optical properties and
their low formation energies result in high performance opto-
electronic devices compatible with low-cost fabrication
methods.1 However, the relatively soft crystal lattice allows
halide ions to easily propagate under operational conditions,

a Materials Science and Engineering Program (MSE), Physical Sciences and

Engineering Division (PSE), King Abdullah University of Science and Technology

(KAUST), Thuwal 23955-6900, Saudi Arabia. E-mail: derya.baran@kaust.edu.sa
b Advanced Materials and Healthcare Technologies, School of Pharmacy, University

of Nottingham, NG7 2RD, UK
c Marmara University, Physics Department, 34722 Kadikoy, Istanbul, Turkey
d Electronic Engineering Department, The Chinese University of Hong Kong,

Sha Tin N.T., Hong Kong SAR, China

† Electronic supplementary information (ESI) available. See DOI: https://doi.org/

10.1039/d5ee00632e

Received 3rd February 2025,
Accepted 10th April 2025

DOI: 10.1039/d5ee00632e

rsc.li/ees

Energy &
Environmental
Science

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

02
5.

 D
ow

nl
oa

de
d 

on
 2

0/
12

/2
5 

08
:1

3:
50

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue

https://orcid.org/0000-0003-3804-3180
https://orcid.org/0000-0002-3268-6268
https://orcid.org/0000-0002-0202-6031
https://orcid.org/0000-0001-6165-6079
https://orcid.org/0000-0003-1619-9061
http://crossmark.crossref.org/dialog/?doi=10.1039/d5ee00632e&domain=pdf&date_stamp=2025-04-18
https://doi.org/10.1039/d5ee00632e
https://doi.org/10.1039/d5ee00632e
https://rsc.li/ees
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ee00632e
https://pubs.rsc.org/en/journals/journal/EE
https://pubs.rsc.org/en/journals/journal/EE?issueid=EE018010


4788 |  Energy Environ. Sci., 2025, 18, 4787–4799 This journal is © The Royal Society of Chemistry 2025

such as high temperature, illumination, or electrical bias.2,3

The migration of halide ions as vacancies or interstitials
strongly influences the charge transport properties of perov-
skites, as evidenced by their high ionic conductivity (sion) and
mobile ion density (nion) relative to their electronic conductivity
(selec) and charge carrier concentration, respectively.4–6 The
mixed ionic-electronic conduction results in several unusual
phenomena observed in perovskite devices, including hyster-
esis in current–voltage (IV) curves, transient responses to
external stimuli, formation of charge extraction barriers at
interfaces with contacts, and detrimental chemical reactions
between mobile ions and contacts.7–12

A critical aspect determining the mixed conduction proper-
ties of halide perovskites is their composition.5,9,13 Particularly,
the partial or complete substitution of Pb2+ by Sn2+ at the
perovskite B-site induces a dramatic increase in the hole carrier
concentration [p].14–20 Interestingly, the ion transport proper-
ties of Sn-based perovskites exhibit marked differences com-
pared to their Pb counterparts. For instance, the phenomenon
of halide segregation, where mixed iodide/bromide (I�/Br�)
compositions separate into individual I�-rich and Br�-rich
domains under illumination, is not observed in Sn-based
perovskites compared to Pb analogues.21–23 Moreover, solar
cells and field effect transistors fabricated from mixed Sn–Pb
perovskites present suppressed hysteresis regardless of the
voltage scan rate.24,25 While these reports suggest that ion
transport is reduced by the incorporation of Sn2+, several other
studies have highlighted the substantial role of mobile ions in
the degradation and performance of Sn-based perovskite solar
cells. Specifically, short-circuit current density ( Jsc) losses in
mixed Sn–Pb perovskite solar cells have been attributed to a
screening of the built-in potential caused by a high mobile ion
density (nion B 1017 cm�3).8 Furthermore, mobile ion-induced
hysteresis has been correlated to lower efficiency and reduced
stability.26,27 Photo-induced iodide vacancies (VI

+) and iodide
interstitials (Ii

�) are suggested to initiate the oxidation of I� to
molecular iodine (I2), which in turn can detrimentally promote
further Sn oxidation.28–31 Importantly, the majority of these
reports investigate ion migration through indirect and/or qua-
litative methods (i.e., time-dependent photoluminescence map-
ping or hysteresis analysis in IV curves), while focusing on a
limited number of Sn-based perovskite compositions. There-
fore, a systematic quantification of ion transport properties
considering the distinct defect chemistry of Sn-based perov-
skites in a comprehensive compositional space is yet lacking.

The defect chemistry of Sn-based perovskites is significantly
influenced by Sn vacancies (VSn

2�), which result from the facile
oxidation of Sn2+ to Sn4+ and are therefore prevalent.17 More-
over, VSn

2� are known to act as acceptor defects that increase
[p].18,32 Considering the mixed ionic-electronic character of
halide perovskites, we anticipate that formation of VSn

2� and
the consequent increase in [p] may impact the ion transport
properties. Revealing this link could unfold overlooked trans-
port phenomena in Sn-based perovskites.

In this work, we quantify the ionic-electronic transport
properties for a broad selection of Sn-based perovskite

compositions (ASnxPb1�xI3, where A = MA+, FA+, and Cs0.15FA0.85

and x = 0, 0.25, 0.5, 0.75 and 1). Our findings show that regardless
of the A-site composition, the sion and selec concomitantly
increase as the Sn fraction rises. By tuning [p] and VSn

2� in
mixed Sn–Pb perovskites with the additive SnF2, we discover
that the increase in the sion and mobile ion density (nion)
correlates with the formation of VSn

2� and the consequent rise
in [p]. Utilizing multiple chemical mapping techniques, we
identify that lateral bias-induced migration of I� and FA+ is
promoted in samples with higher VSn

2� and [p]. First-principles
calculations reveal that the simultaneous presence of hole
charge carriers and VSn

2� reduce the activation energy barrier
of I� migration from 0.38 eV to 0.12 eV. These results
reveal that ion transport in Sn-based perovskites is strongly
influenced by the joint effect of VSn

2� and hole carriers, which
is a critical aspect of the mixed ionic-electronic transport
mechanism in this class of materials. The joint effect of VSn

2�

and hole carriers on ion transport presented herein describe a
central aspect of the mixed ionic-electronic transport in these
materials, enabling the design of robust Sn-based perovskite
optoelectronics.

Results and discussion
Ionic and electronic conductivities of Sn-based perovskites

To understand how the Sn content influences the ionic trans-
port properties of ASnxPb1�xI3 perovskites (where A = MA, FA or
Cs0.15FA0.85; we test this last composition due to its relevancy
to solar cells and transistors),24,25 we perform galvanostatic
polarization measurements on devices with coplanar contacts
under N2 atmosphere and dark conditions (device architecture:
Au/Cr/ASnxPb1�xI3/Cr/Au; channel width: 150 mm). A schema-
tic of the device is shown in Fig. 1a (inset), and fabrication
details are provided in the Experimental section. Galvanostatic
polarization has been widely exploited to quantify the sion and
selec of several Pb perovskites.4,5,33–35 The measurement con-
sists of tracking voltage changes through time while applying a
constant electrical current (Fig. 1a). Initially, mobile ions and
electrons begin to flow, both contributing to the total conduc-
tivity of the system (stot = sion + selec). This defines a starting
voltage V (t E 0), which is used to estimate stot. Since ions
cannot be extracted through the ion-blocking contacts, these
will progressively accumulate at the interface with the electro-
des. The depletion of mobile ions will cause a decrease in sion

(and thus a drop in stot), resulting in a voltage surge, a
consequence of Ohm’s law. At t = a, all mobile ions are
depleted, and the voltage signal stabilizes at a constant value
V (t = a), indicating that the flowing current is now constituted
only of electronic carriers. From V (t = a), selec is calculated and
therefore, sion can be inferred. Further details on the measure-
ment assumptions, the effect of electrode metals (Fig. S1–S3,
ESI†), and the duration of the galvanostatic polarization
measurement (Fig. S4, ESI†) are provided in Note S1 (ESI†).

Fig. 1b shows the galvanostatic polarization curves of FAS-
nxPb1�xI3 (x = 0, 0.25, 0.5, 0.75, and 1). We found that all
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samples exhibited mixed conduction behavior regardless of
the Sn content. This observation was further confirmed for
different A-site compositions such as MASnyPb1�yI3 (y = 0, 0.25,
0.5, and 0.75; Fig. S5a, ESI†) and Cs0.15FA0.85SnzPb1�zI3 (z = 0,
0.5, and 1; Fig. S6a, ESI†), indicating that mixed conduction
prevails irrespectively of the A-cation selection in Sn-based
perovskites. From the curves in Fig. 1b, we extracted sion and
selec of FA-based perovskites as shown in Fig. 1c (sion and selec,
trends for MA- and Cs0.15FA0.85-based perovskites presented in
Fig. S5b and S6b, ESI†). In agreement with previous reports, we
detect an increase in selec with higher Sn content (x, y, z 4 0.5)
for all the A-site compositions studied. In FASnxPb1�xI3, selec

increases approximately four orders of magnitude, spanning
from 2.07 � 10�8 S cm�1 in FAPbI3 to 3.73 � 10�4 S cm�1 in
FASnI3 (a full list of values is provided in Table S1, ESI†).
We mainly attribute the observed trend in selec to the higher
density of VSn

2� at larger Sn fractions and thus an increase in
the [p].14,16,17 Additional factors that may play a minor role on
the observed selec trend (i.e., bandgap narrowing) are discussed
in Note S2 (ESI†).

Intriguingly, in the FA-series (Fig. 1c), sion increases up to
2 orders of magnitude (from 1.64 � 10�7 S cm�1 to 2.07 �
10�5 S cm�1) when transitioning from the Sn-lean (x r 0.5) to
the Sn-rich compositions (x Z 0.75). We notice a similar trend
for the MA- and Cs0.15FA0.85-compositions (Fig. S5 and S6,
respectively, ESI†). Specifically, we observe that (i) sion is higher
than selec for Sn-lean compositions, and that (ii) selec domi-
nates the stot relative to sion for Sn-rich compositions. By consi-
dering the significant [p] found in Sn-rich samples and that

holes are more mobile than ions,36,37 it is reasonable to expect
that selec exceeds sion in these compositions. However, the
higher selec compared to sion does not infer that ion migration
is reduced. Instead, it is apparent in Fig. 1c that selec and sion

are coupled as both rise when the Sn content increases. Based
on the magnitude of sion, these results indicate that significant
ion migration is happening in Sn-based perovskites, implying
substantial ionic-electronic conduction in these materials.

Mixed ionic-electronic transport in Sn-based perovskites

To understand why sion is enhanced at higher Sn : Pb ratios, we
initially consider how the Sn content regulates the grain size
and crystallinity. Earlier reports on Pb perovskites show that
higher lattice strain and smaller grain size (i.e., larger density of
grain boundaries) correlate to a reduced activation energy for I�

migration.38–41 Notably, both of these parameters are heavily
influenced by the addition of Sn, as faster crystallization rates
are usually observed.42,43 For the majority of the A-site compo-
sitions, top-view scanning electron microscopy (SEM) images
reveal larger grain sizes at higher Sn fractions (Fig. S7 and S8,
ESI†). However, in pure Sn-based compositions (FASnI3,
MASnI3, and Cs0.15FA0.85SnI3) we identify the formation of
pinholes, which further increase the grain boundaries density
and hence, the possible ion migration pathways.40 X-Ray dif-
fraction (XRD) patterns from several compositions (FAS-
nxPb1�xI3 being the exception) present a higher intensity of
the characteristic perovskite diffraction peak at B141 as the Sn
content increases, suggesting enhanced crystallinity (Fig. S9,
ESI†). Furthermore, we record a shift to larger 2y values with

Fig. 1 (a) Schematic of a typical polarization curve from a mixed ionic-electronic conductor. The inset shows the device architecture used in these
experiments. The calculation of sion is derived from sion = stot � selec (b) galvanostatic polarization curves of FASnxPb1�xI3 (x = 0.0, 0.25, 0.50, 0.75 and 1),
the electrical current used for the measurement varied according to the stot of each composition. (c) selec and sion as a function of Sn fraction for
FASnxPb1�xI3 samples.
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added Sn in the lattice, suggesting a lattice contraction due to
the smaller radius of Sn2+ compared to Pb2+ (Fig. S10a–c,
ESI†).44 We further investigate XRD peak broadening by mea-
suring their full width at half maximum (FWHM). Our results
indicated that the FWHM follows an overall decreasing trend
as the Sn content increases (Fig. S10d–f, ESI†). Lower FWHM
values have been interpreted as evidence of reduced micro-
strain.45,46 Taken together, the alterations in morphology and
crystallinity resulting from the substitution of Sn do not reveal
any clear trends behind the observed high sion.

Given the non-obvious relationship between sion and micro-
structure in our samples, we sought to adjust [p] and VSn

2�

density (since these variables also correlates with increasing
Sn content) without significantly altering the morphology
and crystallinity. For this, we fixed the composition to FAS-
n0.5Pb0.5I3 while varying the concentration of SnF2 (0, 2.5, 5,
and 10 mol% respect to the SnI2 concentration). This additive
has played a pivotal role in the development of state-of-the-art
Sn-based perovskite devices.47,48 SnF2 lessens [p] by capturing
Sn4+ impurities and reducing the formation of VSn

2�, in Note S3
(ESI†) we explain in more detail the working mechanism of
SnF2.49–51 Consistent with previous reports, we find that
changes in average grain size, crystallinity and FWHM upon
addition of SnF2 are much smaller compared to those observed
with variations of Sn content (Fig. S11 and S12, ESI†).50,52

Fig. 2a shows the galvanostatic polarization curves of the
SnF2 containing samples. As the SnF2 concentration increases,
we observe a reduction in selec and sion (Fig. 2b). After 5 mol%
SnF2, selec and sion present no significant changes. Since selec =
q[p]mh (where q is the elementary charge and mh represents the
hole mobility), a lower selec due to [p] compensation by SnF2 is
consistent. We do not anticipate that variations in mh influence
selec, as mh is known to remain relatively constant across
different SnF2 concentrations.50 Therefore, the reduction of
sion appears to be coupled to the depletion of [p] and VSn

2�,
as these are the variables that are expected to change the most
upon SnF2 addition.

Analogous to selec, the sion from a particular ionic species is
derived from its charge (z), the mobile ion mobility (mion), and
nion (sion = zmionnion).53 If a relationship exists between [p] (and
consequently VSn

2�) and sion upon SnF2 addition, then a
coupling between [p] and nion is plausible. It is also possible
that [p] influences mion; a more in-depth discussion is provided
in Note S4 and Fig. S13 (ESI†). To test if [p] and nion are linked,
we quantify both parameters as a function of SnF2 concen-
tration by performing Mott–Schottky (MS) analysis. This
measurement records the depletion layer capacitance (Cdepl)
of semiconductor junctions as a function of an applied bias,
where each potential is superimposed by an AC bias signal. The
AC frequency determines what type of species (i.e., ionic or
electronic) creates the charge density profile that causes the
fluctuations of the depletion layer width. At high frequencies
(104–106 Hz), MS analysis can estimate carrier concentra-
tions exceeding 1016 cm�3 for perovskite films with a thickness
E300 nm.54,55 According to values derived from Hall measure-
ments in MA0.6FA0.4Sn0.5Pb0.5I3 composition (E1017 cm�3),
high-frequency MS represents a suitable option to determine
carrier concentration in Sn-rich compositions,56 although we
note, that the contribution of mobile ions to the high-frequency
results (e.g. due to the much slower voltage sweep during the
measurement) cannot be ruled out yet. More recently, it was
demonstrated that the extraction of the nion can be performed
at low frequencies (B1 Hz).57 Assuming that one species is
dominant (e.g. I� or VI

+), the low-frequency capacitance relates
to the formation of a depletion layer due to the displacement of
the dominant species (a more detailed explanation on the
capacitance–voltage behavior in perovskites is found in
Note S5, ESI†).

We extract nion and [p] from the FASn0.5Pb0.5I3 samples
using the previously selected SnF2 concentrations (details on
sample preparation are provided in the Experimental section).
In Fig. 3a, we show the low-frequency capacitance–voltage (C–V)
data, where we set the AC signal to 4 Hz. From the linear
dependency between C�2 and the voltage applied (Vapp), nion is

Fig. 2 (a) Galvanostatic polarization curves from FASn0.5Pb0.5I3 samples with different SnF2 concentrations: 0, 2.5, 5, and 10 mol% (b) selec and sion as a
function of SnF2 concentration.
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estimated from eqn (1):57

d Cdepl
�2� �

dVapp
¼ � 2

nionqee0
(1)

where e0 is the vacuum permittivity and e is the perovskite
relative permittivity. Our results indicate that as the SnF2

concentration increases from 0 to 10 mol%, the nion gradually
reduces from 6.2 � 1017 to 2.4 � 1017 cm�3. To corroborate the
obtained C–V values of nion, we conduct bias assisted charge
extraction (BACE) measurements. BACE records the temporal
evolution of charge density upon switching from open-circuit
voltage (Voc) to 0 V.8 Fig. 3b illustrates the charge density
progression, which reveals two distinct features. The initial
increase at E10�6 s corresponds to a combination of the
injected or doping-induced electronic carriers and the electrode
charge. The subsequent rise at E10�1 s is associated with the
contribution of the mobile ions. The BACE-derived values
exhibit nion decreasing from 5.8 � 1017 to 2.6 � 1017 cm�3 as
the SnF2 concentration increases. Although, a complete satura-
tion of the transient was not observed, meaning that nion could

be underestimated. The magnitudes of the nion from the BACE
measurements are thus in excellent agreement with the low-
frequency C–V experiments and in line with previously reported
values.8

Fig. 3c displays the high-frequency C–V measurements of the
same compositions (acquired at 10 kHz). MS analysis shows
that [p] drops from 5.85 � 1016 to 1.6 � 1016 cm�3 when the
SnF2 concentration increases from 0 to 10 mol%. In Fig. 3d,
we converge all the transport measurements performed (nion,
sion, [p], and selec) as a function of the SnF2 concentration. Our
findings indicate that the reduction of sion and selec upon SnF2

addition is caused by the corresponding decrease of nion and
[p], respectively. This strongly suggests the formation of VSn

2�,
and the resulting increase in [p], modulate the ionic transport
in Sn-based perovskites.

Atomistic insights on mixed ionic-electronic transport

In Sn-based perovskites, the modulation of [p] and nion by
tuning SnF2 concentration is inherently linked to a change of
VSn

2� density. Hence, it is important to consider how both the

Fig. 3 (a) Low-frequency MS analysis; the AC frequency used is 4 Hz with an amplitude of 10 mV. (b) BACE measurements; the light purple, light blue,
and light green-colored regions indicate the contribution from the electrode charge, the electronic charges that were injected at Voc, and the mobile
ions, respectively. These measurements were carried out with samples encapsulated with a UV-curated epoxy and dark conditions. (c) High-frequency
MS analysis; the AC frequency used is 10 kHz with an amplitude of 10 mV. The samples fabricated for all of these measurements have the following
architecture: ITO/PEDOT:PSS (30 nm)/FASn0.5Pb0.5I3 (300 nm)/C60 (25 nm)/BCP (7 nm)/Cu (100 nm), where the selected SnF2 concentrations are: 0, 2.5,
5, and 10 mol%. The capacitance–voltage measurements are carried under a N2 environment and dark conditions. (c) nion, p, sion, and selec as a function
of SnF2 concentration in a FASn0.5Pb0.5I3 perovskite. For this figure, sion, and selec were derived from the galvanostatic polarization measurements, nion

values were selected from the low-frequency MS analysis, and p was obtained from the high-frequency MS analysis.
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absence of Sn2+ in the lattice and the consequent increase in
electronic charge carriers influence the possible ion migration
pathways at the atomic scale. To this end, we perform density
functional theory (DFT) simulations on FAPb0.5Sn0.5I3 to study
the influence of VSn

2�, holes (h+), and their combined effect on
the energy barrier of I� migration (computational details are
provided in the Experimental section). We calculate the I�

migration energy barriers in the presence of the following
defects in the lattice: (i) VI

+ (i.e., the pristine case), (ii) VI
+ and

VSn
2�, (iii) VI

+ and h+, and (iv) VI
+, VSn

2�, and 2h+ (Fig. 4a). DFT
calculations predict an energy barrier of 0.38 eV for the pristine
case (Fig. 4b). This value is closely aligned with previously
reported energy barriers in Pb perovskites,58 suggesting that
Sn2+ ions do not significantly alter the I� migration dynamics.
In contrast, the introduction of VSn

2� increases the barrier up
to 0.69 eV. This is in agreement with previous reports and has
been attributed to a substantial rearrangement of the lattice
structure caused by the VSn

2�.25 Nonetheless, the energy barrier
is reduced to 0.33 eV when we consider the effect of h+ in the
calculations. The barrier drops even further to 0.12 eV when 2h+

and VSn
2� are involved. Given the p-type character of Sn-based

perovskites, we propose that excess of h+ will likely remain
localized near the VSn

2� vicinity.59 The positive charge of h+

could facilitate the migration of the negatively charged I� due
to attractive electrostatic interactions, shortening the migration
pathway (Fig. 4c).

Furthermore, to elucidate the effect of spatial inhomogene-
ity (regular features in real polycrystalline films) it is important
to consider how other defects beyond VSn

2� influence the
energy barrier for I� migration (Fig. S15, ESI†). We find that
I� and Sn2+ interstitial defects (Iint and Snint, respectively) raise

the energy barrier above 1 eV, with a highest energy barrier
achieved with Iint. Alternatively, I� on Sn2+ sites (ISn) and Sn2+

on I� sites (SnI) defects present energy barriers below 1 eV,
where SnI defects show particularly low energy barriers of
0.36 eV. These results suggest that regions where I� poor
conditions exist (i.e. regions where Ii is less likely to form but
more likely to develop SnI defects) could similarly facilitate
I� migration. Additionally, we also evaluate the effect of the
surface (i.e., crystal termination such as that potentially found
on grain boundary or pinhole) on the formation of several
defects by calculating the difference between the defect for-
mation energy in the bulk and on the surface (DDH = DHbulk �
DHsurf) (Fig. S16, ESI†). The DDH of VI and VSn, the defects
associated with I� mobility in our calculations, are notably the
lowest; suggesting that formation of such defects is potentially
favorable in the bulk and surface. While we acknowledge that
sample heterogeneity has a significant impact on the ion
transport dynamics, the results presented herein emphasize
the role of VSn and h+ in the I� migration in Sn-based per-
ovskites, which is in good agreement with the experimental
observations.

Visualizing ion migration

To visualize the effect of mobile ions in the FASn0.5Pb0.5I3

samples with different SnF2 concentrations, we perform hyper-
spectral PL imaging upon biasing lateral devices (Fig. 5a).
We track the intensity changes of the PL peak (990 nm) as a
function of time while applying a constant bias of 30 V.
To discard any light-soaking effect from the excitation source,
we initially track the PL without any bias (Fig. S17a, ESI†).
While the excitation light does not produce substantial changes

Fig. 4 (a) Theoretical model of the iodide migration pathway in a FAPb0.5Sn0.5I3 lattice under four scenarios: (i) VI
+ (i.e. the pristine case), (ii) VI

+ and VSn
2�,

(iii) VI
+ and h+, and (iv) VI

+, VSn
2�, and 2h+. (b) The energy barriers for iodide migration of each proposed scenario. (c) Relative energy landscapes of the

system during iodide migration, the x-axis represents the iodide migration step during its transition towards an adjacent VI
+.
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in PL in most of the samples, a more detailed comment on this
is given in Note S6 (ESI†). In the first minute of biasing, the
channel from the 0 mol% SnF2 sample presents a 2% increase
in the PL intensity. After 5 minutes, the emission reduces at the
centre of the channel and a more intense signal appears near
the positive electrode. During the following 10 minutes, the PL
signal from the channel decreases 6% of the initial state, while
the emission from the anode side increases 1%. PL quenching
originates from the propagation of mobile ions towards the
contacts, leaving behind an area with high defect density that
enhances non-radiative recombination, as demonstrated by
earlier reports.24,60 Furthermore, the increase in PL intensity
observed near the anode is consistent with the accumulation of
mobile anionic species (i.e., I�) and the passivation of ionic
vacancies in this region. The 5 mol% SnF2 sample similarly
reveals a slight increase of 4% in the emission upon biasing.
After 3 min, the PL intensity remains almost unchanged for the
duration of the measurement. The 2.5 and 10 mol% SnF2

samples present a similar behaviour as the 5 mol%, sustaining
a relatively constant PL emission during the biasing (Fig. S17b,
ESI†). These opposing responses to the bias could be related to
the higher nion found in the samples without SnF2 (Fig. 3c).
In this case, a higher density of defects is created since there
are more mobile ions susceptible to the applied electric field,
causing a faster reduction of the PL emission in the channel.

To confirm if ionic species are being mobilized by the
applied electric field and their possible composition, we per-
form elemental mapping using energy-dispersive X-ray spectro-
scopy (EDS) and time-of-flight-secondary ion mass spectroscopy

(ToF-SIMS). For both techniques, we track the changes of
different species of interest before and after biasing the
0 mol% and 5 mol% SnF2 samples at 30 V bias for 1 hour.
After biasing, we notice an evident morphology change near the
cathode region that is only present in the 0 mol% SnF2 sample.
The EDS mapping reveals a significant absence of iodine in the
degraded region (Fig. 5b). Interestingly, we also observe a
decrease of Sn in the damaged region (Fig. S18a, ESI†). The
absence of I and Sn are consistent with the I� migration-
induced formation of I2 and the subsequent degradation of
the Sn–Pb perovskite (a more in-depth discussion is provided in
Note S7, ESI†). In comparison, the 5 mol% film do not show
significant variations in the I, Sn, and Pb content along the
channel (Fig. S18b, ESI†). Furthermore, we employ ToF-SIMS
depth profiling (3D chemical mapping) to elucidate variations
in the distribution of the perovskite constituent secondary ions
within the channel and under the electrodes. The process takes
place via a non-interlaced depth profiling method employing
alternating imaging and sputtering cycles (employing a 30 keV
Bi3

+ primary ion beam and a 20 keV Ar2000
+ sputtering ion

beam). The secondary ion images presented in Fig. 5c and d
represent an x–z cross-section of the channel between the
electrodes as well as the edges of the positive and negative
electrodes. An illustration of a complete x–y, x–z and y–z series
of ion images are shown for reference in Fig. S19 (ESI†). ToF-
SIMS mapping from the 0 mol% samples show a higher
concentration of PbI+ near the anode vicinity after biasing
(Fig. 5c). Other iodide-based fragments, such as Pb2I3

+, and
SnI+, display a similar behaviour (Fig. S20, ESI†), compatible

Fig. 5 (a) Hyperspectral PL maps from the Au/Cr/FASn0.5Pb0.5I3 (channel length is 300 mm)/Cr/Au lateral devices upon 30 V bias, the SnF2

concentrations are: 0 mol% and 5 mol%. We tracked the PL emission from mainly two areas: the channel and the anode, these are indicated by the
pink and orange squares on the 0 min frames for each sample. Each frame was recorded every 1 minute. For clarity, we only displayed 5 frames per
sample. The rest of the data set can be found in Fig. S10b (ESI†). (b) SEM images (top panel) and I EDS elemental maps (bottom panel) from the 0 mol%
sample after 30 V bias for 1 hour. The white square highlights the damaged region after biasing. ToF-SIMS x–z depth profile maps of: (c) PbI+ and
(d) CH5N+ fragments from the 0 and 5 mol% SnF2 samples before and after bias.
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with mobile iodide migration. Interestingly, we further detect a
higher concentration of CH5N+ fragments near the cathode
area, consistent with an accumulation of FA+ ions (Fig. 5d).
In contrast, the accumulation of these species near the electro-
des is not visible after biasing the 5 mol% samples (Fig. S21,
ESI†). The vertical extensions of the PbI+ and CH5N+ secondary
ions at the outer edges of the channel represent material
beneath the Au and Cr electrode regions which are revealed
during depth profiling (this is illustrated using the Au3

+ and Cr+

secondary ions for an example system in Fig. S22, ESI†).
Additionally, we examine the potential for F� migration after
the application of bias. The depth profile maps show an
accumulation of F� at the top and bottom surfaces, as shown
in previous research.61 However, we do not observe a prefer-
ential accumulation of F� at either of the contacts, suggesting
that F� migration is an unlikely process (Fig. S23, ESI†). Based
on these results, we identify that the migration of I� and FA+ in
mixed Sn–Pb perovskites correlates well with a higher concen-
tration of VSn

2� and h+.

Implications of the mixed ionic-electronic conduction in the
bias stability of Sn–Pb perovskite solar cells

Finally, we investigate the implications of these findings on the
stability of Sn-based perovskites solar cells under continuous
forward biasing. We monitor the power conversion efficiency
(PCE) from IV curves of SnPb perovskite solar cells (ITO/
PEDOT:PSS/Cs0.25FA0.75Sn0.5Pb0.5I3/C60/BCP/Cu) upon forward
biasing at 1 V under dark (Fig. 6). We test the bias stability of
the device with perovskite compositions containing 0 mol%
and 5 mol% SnF2 (the photovoltaic parameters of both devices
are summarized in Fig. S24, ESI†). The aim of these experi-
ments is to induce device failure by leveraging mechanisms
primarily linked to ion migration, as other factors such as
temperature or light result in more intricate degradation path-
ways. Importantly, several reports have shown that aging
devices under forward biasing exhibits similar degradation
dynamics compared to illumination and outdoor testing.62–64

Effects such as charge collection losses, defect growth, degra-
dation of crystalline structure and electrochemical reactions at
the interfaces can be reproduced with forward bias tests.

Consequently, results from bias-induced degradation could
provide a preliminary understanding on the stability of photo-
voltaic devices when subjected to real-world conditions, includ-
ing variations in temperature and light exposure.

From the analysis of all the photovoltaic parameters,
we notice that the current density ( Jsc) experiences the most
significant losses in both 0 mol% and 5 mol% SnF2 samples.
The PCE from the device containing 0 mol% SnF2 decays
exponentially, reaching 33% of its initial efficiency after
60 min (Fig. 6a). The 5 mol% sample shows a rapid PCE
decrease during the first 5 minutes of biasing, after which the
PCE remains relatively stable at 44% of the original PCE for the
rest of the biasing period (Fig. 6b). These fast performance
losses are associated with an accumulation of ions at the
interfaces with the contacts, inducing a severe screening of
the built-in potential.8,65 Notably, we detect a significant dif-
ference in the PCE after resting the devices for 1 hour under
dark conditions. While the device with 0 mol% SnF2 presents a
permanent loss of performance after the resting period, the
5 mol% SnF2 sample almost recovers to their initial efficiency
(Fig. 6c). The irreversible degradation in the 0 mol% SnF2 device
agrees with the more severe ion migration and the I and Sn loss
recorded in our EDS experiments (Fig. 5b). The increase of nion and
the concentration of VSn

2� in the samples without SnF2 could favor
detrimental chemical reactions with the transport layers or within
the perovskite, resulting in a permanent degradation at the inter-
faces or the perovskite bulk (a more detailed discussion on the
possible degradation mechanism under bias stress is provided in
Note S8, ESI†). Therefore, these results demonstrate that efficiency
losses attributed to bias stress in SnPb perovskites are consider-
able and are correlated to the mixed ion-electronic properties of
these materials.

Conclusions

In summary, we investigate the mixed ionic-electronic trans-
port properties of Sn-based perovskites and find that the selec

and sion undergo a simultaneous increase at higher Sn frac-
tions. Our experimental results indicate that this behaviour is
due to an enhancement in [p] and VSn

2�, which is followed by a

Fig. 6 IV curves from ITO/PEDOT:PSS/Cs0.25FA0.75Sn0.5Pb0.5I3/C60/BCP/Cu solar cells with (a) 0 mol% and (b) 5 mol% SnF2 recorded during 1 V bias
stressing for 60 min. After resting the devices for 60 min under dark, another IV is acquired. (c) Normalized PCE as a function of time from the 0 mol% and
5 mol% SnF2 devices. The initial efficiencies are 10.1 and 15.5 for the devices with 0 and 5 mol%, respectively.
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rise in nion and prominent lateral ion migration. This implies
that the strong p-doping in Sn-based perovskites not only
modulates the selec but also the sion. First-principles simula-
tions reveal that the combined effect of h+ and VSn

2� facilitate
I� migration. The excess of positively charged h+ near the
vicinity of a VSn

2� promotes the movement of the negatively
charged I� through attractive electrostatic interactions, thereby
reducing the migration barrier for I�migration. We verify these
insights through elemental mapping, where we identify that I�

and FA+ migration exacerbates at a higher concentration of
VSn

2� and h+. Overall, these results highlight the combined
effect of vacancies and electronic carriers on the ion transport
in Sn-based perovskites. Considering the tendency of these
materials for self p-doping, we demonstrate that the relation
between VSn

2�, h+, and mobile ions has major implications for
the bias stability of Sn-based perovskite solar cells. Hence, the
detailed picture of the mixed ionic-electronic transport in Sn-
based perovskites provided herein is of great relevance towards
high performing and stable Sn-based perovskite technologies.

Experimental section
Materials

CsI (dry beads 99.999%), PbI2 (dry beads, 99.999%), SnI2

(99.99%), SnF2, bathocuproine (BCP), DMSO, DMF, and chloro-
benzene (all anhydrous) were obtained from Sigma Aldrich.
MAI, FAI, and MACl were provided by Greatcell. Cr (99.95%), Au
(99.99%), and Cu (99.9%) pellets were purchased from Kurt
J. Lesker. C60 was supplied by nanoC. PEDOT:PSS AI 4083 was
obtained from Heraeus.

Perovskite solution preparation

All the perovskite solutions were prepared by weighting the
respective precursor salts (CsI, MAI, MACl, FAI PbI2, SnI2, and
SnF2, with their ratios corresponding to the stoichiometry of the
desired composition) in a single glass vial. MACl was added for the
FAPbI3 composition to stabilize the a-phase while only leaving
traces of MA, the concentration of MACl used was 32 mg ml�1.66

For the galvanostatic polarization measurements from the MA, FA,
and CsFA series, the concentration of SnF2 was set to 10 mol%
with respect to the concentration of SnI2 of each composition. The
precursors were dissolved in a mixture of DMF:DMSO and stirred
for 1 hour before using the solution. The DMF : DMSO ratio varied
depending on the composition, for pure Pb compositions a 4 : 1
ratio was used, for the rest of the compositions a 3 : 1 ratio was
selected. The concentration of all the solutions used to prepare the
samples for the galvanostatic polarization, hyperspectral PL, and
capacitance voltage measurements was set to 1.2 M. For the
fabrication of the perovskite solar cell, a 1.6 M solution was
prepared. All solutions were stirred for 1 h. Solution preparation
was carried inside a N2 glovebox with trace levels of O2 (o0.1 ppm).

Film characterization

SEM images were taken with a Zeiss Auriga microscope operated at
5 keV. X-Ray diffraction patterns were acquired with a Bruker D8

advanced diffractometer employing Cu-Ka radiation. SEM-EDS
based experiment were performed in Thermo Scientifict (FEI)
DualBeam SEM-FIB Helios G5 operated at 10 keV, and equipped
with UltraDry EDS Detector with 129 eV energy resolution. Addi-
tionally, some SEM images were taken with a Zeiss Auriga micro-
scope (5 keV). X-Ray diffraction (XRD) patterns were acquired with
a Bruker D8 advanced diffractometer employing Cu-Ka radiation.

ToF-SIMS elemental analysis

Analysis was conducted using a HybridSIMS instrument (ION-
TOF, GmbH). Dual-beam dynamic SIMS was conducted using a
20 keV Ar2000 gas cluster ion beam (GCIB) with a target current
of 1 nA as a sputter beam and 30 keV Bi3+ analysis beam with
a pulsed target current of B0.03 pA. Non-interlaced depth
profiling was employed, whereby the sputter and analysis ion
beams operate at alternating intervals with 5 frames of sputter-
ing per 5 analysis frame and a 0.5 s pause between the
sputtering and analysis. A region of 350 mm � 350 mm was
sputtered, and a 200 mm � 200 mm region was analyzed with
pixel density 256 � 256. The data was collected in positive
polarity for 393 seconds. The biased samples were subjected to
an electric field of 27 V for 1 hour inside a N2 glovebox.

Sample preparation for galvanostatic polarization and
hyperspectral PL measurements

Glass substrates (Xinyan Technology, 2.5 � 2.5 cm2) were
sequentially sonicated in a Hellmanex aqueous solution, deion-
ized water, acetone, and isopropanol for 10 min each. Sub-
strates were dried with N2 and treated with UV ozone for
15 min. A two-step spin-coating procedure of 1000 rpm for
10 s and 4000 rpm for 40 s was used for the deposition of the
perovskite films. Chlorobenzene (100 ml) is used as antisolvent
in all compositions, the timing at which CB is added varied
according to the composition. After the antisolvent quenching,
most compositions were annealed at 100 1C for 10 min except
for the MAPbI3, and FAPbI3 sample, which were annealed at
100 and 150 1C for 30 and 10 min, respectively. The perovskite
deposition was followed by the sequential thermal evaporation
of Cr (10 nm) and Au (60 nm), this was carried under high
vacuum by an Angstrom Engineering system. All processing
was performed inside a N2 glovebox with O2 levels below
0.1 ppm and continuous purging.

Sample preparation for the capacitance–voltage measurements
and solar cell fabrication

Pre-patterned ITO/glass substrates (Xinyan Technology, 10/15 O sq�1,
CN) were sequentially sonicated in a Hellmanex aqueous
solution, deionized water, acetone, and isopropanol for 10 min
each. Substrates were dried with N2 and treated with UV ozone
for 15 min. A solution of PEDOT : PSS and isopropanol (1 : 1)
was coated on the clean ITO at 4000 rpm for 50 s, then annealed
at 150 1C for 10 min. Then, samples were transferred immedi-
ately to a N2 glovebox with O2 levels below 0.1 ppm. A two-step
spin-coating procedure of 1000 rpm for 10 s and 4000 rpm for
40 s was used for the deposition of the perovskite films. CB was
added at the 15th s of the second step. Samples with the
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compositions FASn0.5Pb0.5I3 and Cs0.25FA0.75Sn0.5Pb0.5I3 are
annealed at 100 1C and 120 1C for 10 min, respectively.
Subsequently, C60 (30 nm) and BCP (7 nm) were thermally
evaporated at a rate of 0.1 A s�1 under high vacuum by using an
Angstrom Engineering system. Finally, 100 nm of Cu stripes
were thermally evaporated to result in devices with an area of
0.1 cm2.

Galvanostatic polarization measurements

Samples were transfer from inside the glovebox to a Nextron
chamber with a 2 probe configuration, with ultra-pure N2

(99.999%) being continuously injected to the chamber. The
temperature of the sample was actively fixed to 40 1C with a
Peltier module controlled by the software provided by the
company. Before the measurement started, a waiting time of
10 min was given to stabilize the temperature of the sample.
The electrical measurements were performed with a Keithley
4200 semiconductor parameter analyzer. The injected current
was selected to produce low voltages of B100 mV. At such
voltages, we reduce the risk of any irreversible reaction (in the
perovskite bulk or the perovskite/contacts interface) that could
be induced by the constant flow of current. The stot is calcu-

lated from the following equation: stot ¼
I

Vt�0
� L
dw

, where I is

the applied current, Vt=0 is the voltage measured at the initial
point in time (t), L is the channel length (150 mm), d is the
thickness of the perovskite (B300 nm), and w is the width of
the electrode (3 mm). The selec is estimated from the following

equation: selec ¼
I

Vt�a
� L
dw

, where Vt=a is the voltage after some

time a, which was characterized by the stabilization of the
voltage. The stabilization time varied according to the composi-
tion, but it was typically observed in the range of 102 seconds.
The sion was deduced from the equation: sion = selec � stot.

Capacitance–voltage measurements

The capacitance–voltage measurements were performed with a
Fluxim Paios characterization suite inside a N2 glovebox. The
AC frequency for the low frequency measurements was set to
4 Hz with an amplitude of 20 mV. The measurement was
executed in a voltage range from �0.2 to 0.3 V with scan speed
of 0.7 V s�1. The nion was extracted from the linear region of this

range by the following formula:
d Cdepl

�2� �

dVapp
¼ � 2

nionqee0
.57 The

value of e = 37 was extracted from the geometrical capacitance
obtained from capacitance vs. frequency plots (Fig. S14, ESI†).
The relative permittivity is deduced from the geometrical
capacitance (the capacitance at 10 kHz) with the following

relation: Cgeo ¼
ee0
d

.54 For the high frequency measurements,

an AC signal of 10 kHz with an amplitude of 10 mV was selected.
The chosen voltage range was from �0.2 to 0.8 with a scan rate
of 0.7 V s�1. The p was estimated from the Mott Schottky analysis

given by:
1

C2
¼ 2 Vbi � Vð Þ

qee0p
, where Vbi is the built-in voltage.

All measurements are taken under N2 and dark conditions.

BACE measurements

In dark BACE, the device was initially held at a voltage close to
the open-circuit voltage in the dark, where the injected charge
equals the short-circuit current. After a pre-set delay time,
a bias of 0 V was applied to extract the injected and capacitive
charge in the device. The delay times for the fresh devices were
chosen to be typically five times longer than the extraction
time of charges observed under the collection bias (typically
B5–10 s) to allow ionic charges to distribute throughout
the active layer. The extracted charge was obtained by integrat-
ing the current transient and the charge carrier density by
dividing the total charge by the elementary charge and the cell
volume. The measurements were performed using the ion
characterization system from FastChar UG.

Hyperspectral PL measurements

Hyperspectral PL imaging was carried out with a IMA hyper-
spectral microscopy system (photon etc). A bias of 30 V was
applied to samples in the dark during every time step, after
which bias was stopped and PL was acquiered by exciting the
sample with a continuous-wave 405 nm laser. PL images where
then normalized to t = 0 min to visualize changes in PL induced
by ion migration. Samples were encapsulated with a glass slide
and a polyurethane sealant.

Solar cell characterization

A Xe arc lamp solar simulator (ABET Sun 2000, class A)
calibrated to �5% of AM1.5G between 350–1100 nm was used
to obtain current–voltage curves. To record the J–V response, a
Keithley 2400-series source-measure unit was used with a scan
speed of 0.15 V s�1. For the stability measurements, a J–V was
recorded for specific times while devices were under 1 V for-
wards bias. For the entire duration of the measurement, devices
were kept under a N2 glovebox (o0.1 ppm).

DFT calculations

First-principles calculations were employed using density func-
tional theory (DFT) based on plane-wave basis set and the
projected augmented wave method, as implemented in
the VASP package.67,68 SCAN+rvv10 type meta-GGA with vdW
functional was used to describe the exchange–correlation
functionals.69,70 All starting geometries are generated based
on the experimental lattice parameters of FAPbI3. A cut-off
energy of 400 eV for the plane-wave basis sets and 4 � 4 � 4
for gamma-centered k-mesh are used for the self-consistent
field calculations and geometry optimizations. In geometry
optimizations, the ionic positions and cell dimensions were
allowed to relax, using a conjugate gradient algorithm, until all
residual forces are smaller than 0.02 eV Å�1.

Migration barriers were determined from the energy profiles
of iodine migration along the reaction path from one site
towards the nearest iodine-vacancy defect. The initial and final
structures were relaxed first, followed by a linear interpolation
scheme to generate intermediate structures along the migration
pathway. The energy profiles were calculated using the nudged
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elastic band and constrained energy minimization methods.
16 grid points were considered for energy profile calculations.
The energy barriers associated with the iodide migrations were
determined from the energy difference between the minimum
energy and the saddle point.
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