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Hybrid halide perovskites have made breakthroughs in a range of optoelectronic devices due to their
favorable properties. Perovskites show mixed ionic electronic conductivity, which leads to current—voltage
transients at timescales of milliseconds to hours and is responsible for hysteresis in the devices. Under the
device-operating conditions, ions present in the bulk of the perovskites migrate towards the electrodes
due to electrostatic effects, react with the interfacial layers and, thus, deteriorate the device performance
and stability. Most experimental techniques used for probing ion migration in perovskites are indirect or
destructive. In this work, we use Rutherford back scattering (RBS), which is a non-destructive technique,
to investigate the elemental composition profile and interface diffusion between various layers to
disentangle the extrinsic and intrinsic ion migration in inorganic halide perovskites (IHPs, e.g., CsPbl,Br).
The experimental results suggest that I~ ions are the most mobile and diffuse into adjacent layers in the
CsPbl,Br-based inverted perovskite solar cells, followed by Cs* ions. We also show that oxygen leads to
intrinsic and extrinsic ion migration and that ion migration takes place in aged devices even in the absence
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Introduction

Hybrid halide perovskites have gained considerable attention
globally due to their excellent optoelectronic properties, ie.,
long carrier lifetimes, high defect tolerance and radiative
efficiencies,' large ambipolar free carrier mobilities,” tunable
bandgaps between 1.25 eV and ~3 eV,>” high absorption
coefficients and low-cost processing.® These properties have
enabled breakthroughs in a range of optoelectronic devices
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such as light-emitting diodes (LEDs),” lasing devices,®
photodetectors,’ resistive memory devices,'® and solar cells."*
A certified power conversion efficiency (PCE) of 25.5% has been
reported for perovskite solar cells (PSCs),"” which is already
comparable to the market-dominating silicon solar cells. In
spite of their in-device performance, concerns remain, however,
regarding the operational stability of perovskites under the
device-operating conditions, especially in perovskite materials
that use a volatile organic component. Perovskites have been
shown to be chemically reactive with adjacent charge-transport
layers as well as with oxygen, moisture, light, applied bias and
heat.”

The compositional engineering of perovskite materials and
the use of encapsulation techniques have greatly reduced
degradation that is caused by extrinsic (or environmental)
factors."* ¢ still, the intrinsic instability of perovskites that
arises from their ionic nature remains a challenge. On the one
hand, ion migration influences the various electronic processes
in devices, such as the in-operando formation of p-i-n
structures,'”'® phase segregation in mixed-halide perovskites,®
hysteresis in the current-voltage curves (for PSCs)** and current-
voltage-luminance curves (in LEDs), and an unstable device
output with the time span ranging from a few seconds to several
hours,”"**> among others. On the other hand, ion migration
leads to irreversible changes in the devices, for example, due to

© 2022 The Author(s). Published by the Royal Society of Chemistry
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diffusion between the perovskite layer and interfacial charge
extraction/injection layers,>>** which is a key reason for degra-
dation in the devices.>® In the archetypical MAPbI; perovskite,
the phenomenon of ion migration arises mainly because of the
presence of volatile organic ions, i.e., methylammonium (MA"),
and halides, i.e., iodine (I7),>>*® when exposed to ambient air,
humidity, or heat.>” Replacing MA* with FA" exhibits superior
thermal and structural stability and results in a lower ion
migration and current-voltage hysteresis in FAPbI; devices.”®
The volatile MA" can also be replaced with an inorganic counter-
part, such as cesium (Cs"), which shows improved operational
stability,>** reduced ion migration and also higher structural
stability.>*> One must, however, note that if the amount of Cs"
is more than 15%, the a-CsPbI; phase is disordered and changes
to the 3-CsPbl; phase, which leads to degradation of the CsPbl;
perovskite.>®?” In such a case, J-V hysteresis is still witnessed in
these inorganic perovskites, suggesting that ion migration is still
a detrimental process.**"°

Amongst the various plausible explanations on the origin of
the hysteresis,*>*! ion migration is considered to be the most
likely one.>***™** Theoretical studies, i.e., density-functional
theory (DFT), have suggested that the small activation energy
of the elements leads to the migration of vacancies and inter-
stitials in the PSCs.*>** Furthermore, some indirect techniques,
i.e., Kelvin probe force microscopy (KPFM),* photothermal-
induced resonance (PTR)*® and impedance spectroscopy
(1S)*”*® have also been utilized to study ion migration in con-
ventional PSCs. Most of the aforementioned techniques are
indirect and investigate ion migration without any elemental
sensitivity. The direct elemental investigation of ion migration
could validate the existing understanding of this process.
Recently, time-of-flight secondary ion mass spectrometry (ToF-
SIMS), which is a direct elemental technique, has been used.*’
ToF-SIMS is a destructive technique, in which secondary ions are
sputtered by primary ions, that does not investigate the sample
in its real state in the multilayer architecture.”’ These various
techniques have been employed to understand the phenomena
of ion migration in hybrid organic-inorganic perovskites, such
as in MAPbI; and triple-cation perovskites.>® For IHPs, it is
generally anticipated that they are inherently more stable
than their hybrid counterparts; however, photoinduced halide
segregation has also been reported in Cs-based perovskites.>*
Therefore, we emphasize that, contrary to a common perception
that IHPs are inherently more stable than their organic counter-
parts, these perovskite materials also show signs of instability
and ion migration.

In this work, we use Rutherford backscattering spectroscopy
(RBS),>>* which is a powerful, direct, and to some extent
non-destructive technique, to investigate the stoichiometry,>
elemental composition,** interfacial diffusion,>® and the intrinsic
and extrinsic ion migration across the various layers of inorganic
PSCs. The simplex codes SIMNRA and XRUMP are used to analyze
the experimental data. To decouple the effect of various interfacial
layers, we analyzed a perovskite thin film deposited on glass
(glass/CsPbI,Br); a perovskite thin film deposited on a nickel
oxide hole-transport layer and ITO (glass/ITO/NiO,/CsPbL,Br);
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and an inverted solar-cell stack with an architecture of glass/
ITO/NiO,/CsPbL,Br/Ceo/Cu. To understand the phenomena of
degradation and diffusion without any external stress, which
leads to ion migration, the samples were prepared and sealed in
a glove box under a nitrogen environment. The samples were
stored at room temperature for a year and opened just before the
RBS analysis. The devices were measured immediately after the
fabrication (which led to initial biasing of the cells immediately
after fabrication). The RBS measurements were performed with-
out applying any potential and external stimulus.

Results

The deconvoluted RBS spectrum along with fitting of a single
layer of CsPbI,Br on the glass substrate is shown in Fig. 1.
The solid black diamonds represent the RBS experimental data,
the red line shows the envelope of fitting, and the colored lines
represent deconvolution of the spectra originating from the
different elements present in the CsPbI,Br perovskite and glass
substrate. A complementary analysis to identify the elements
was carried out using particle induced X-ray emission (PIXE;
see Fig. S4a, ESIt).

The deconvoluted peaks that correspond to each element
are shown in Fig. 1. The first right-hand edge at 1700 keV
corresponds to Pb; the central highest peak at 1600 keV
indicates the presence of Cs" and I~, which are not differenti-
able due to the non-uniform concentrations of the elements
with depth, which is observed in depth profile (Table S1, ESIt);
and edge at around 1525 keV corresponds to Br . The broad
edges at 200-1200 keV represent the substrate elements Ca, Si
and O, respectively.

The compositional results for the IHP are given in the depth-
profile analysis (Table S1, ESIt), where the single IHP layer is
split into multiple layers. The first two layers in the table belong
to the IHP, which shows notable changes in the concentration
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Fig. 1 RBS spectrum with fitting for the IHP (CsPbl,Br) deposited on glass,
excited from the IHP side. The RBS spectrum is deconvoluted for various
elements present in the film architecture, e.g., Pb, Cs, I, Br, Si, Ca, and O.
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of 17,7 and minor changes in the Cs* and Br concentrations.”
The latter indicates a slight change in the uniformity of the IHP
concentration along the film thickness (which we refer to as the
depth in this work). The detection of oxygen in the third layer
indicates its diffusion from the glass substrate to the IHP layer.
Layer 4 indicates the interface and interfacial diffusion between
the IHP and glass, and the fifth layer belongs to the glass
substrate.

The precise overlap of the SIMNRA program-fitting envelope
with the experimental results shows that the fitting nicely repro-
duces the experimental results shown in Fig. 1. The spectrum of
Pb*" is symmetric, whereas the rest of the elements, ie., I, Br_,
and Cs', show asymmetric spectra. This asymmetric shape of I~
Br, and Cs' indicates that these ions have a non-uniform
concentration across the film thickness, as observed in the
depth-profile analysis (Table S1, ESIt). This change in concen-
tration with depth is significant for I", affirming the previous
observation by deQuilettes et al.’® of light-induced halide migra-
tion by I" in the neat film. The change in concentration with
depth is modest for Br~ and Cs* and is negligible for Pb*",
affirming that Pb*" is the least mobile ion.>® Beyond asymmetry,
the elemental spectra also show a tail that extends to the lower
channel side, indicating the diffusion of IHP towards the sub-
strate due to mobile ions, ie., I", Br~ and Cs', which were also
quantitatively analyzed as an interface (layers 4 and 5, as shown in
the depth profile of Table S1, ESIt).

To validate the RBS experimental results of the IHP deposited
on glass (Fig. 1), the SIMNRA program was used to simulate an
ideal device considering the respective kinematic factors and
cross-section of the IHP. Simulations were performed with a
uniform (ideal) composition of the IHP throughout the depth
along with an interface with glass as shown in the depth profile
(Table S1, ESIY), considering the real experimental parameters
to compensate the instrumental contribution. The simulated
envelope of the THP deposited on glass is shown in Fig. 2(a), and
symmetric edges of Cs*, Pb®*, I and Br~ are observed in the
simulated envelope. The various elemental peaks that corre-
spond to the simulated envelope are symmetric (Fig. 2(a)), while
they are asymmetric in the experimental spectrum and its
spectral fit results (Fig. 1).

Fig. 2(b) compares the simulated elemental spectra (dotted
lines) with the experimental spectrum and the fitted elemental
spectra (solid lines) of the IHP. A significant deviation in the
simulated envelope from that of the experimental spectra is due
to the non-uniform composition of I", Br™ and Cs" along the
depth (Table S1, ESIt), which affects the experimental results.
The asymmetry in the case of I, Br and Cs' (Fig. 2(b)),
together with their extended tails, and the symmetry of their
elemental peaks in Fig. 2(a) indicate the non-uniform stoichio-
metry of IHP across the depth.

As a complementary analysis, X-ray diffraction (XRD) and
diffuse reflectance spectroscopic (DRS) measurements of the
samples were recorded to examine the changes that arise after
aging and re-crystallization (the aged samples were annealed
again at 150 °C to check the recovery of the perovskite black
phase) as shown in Fig. S2 (ESIt). The bandgap of the aged IHP
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Fig. 2 (a) Simulated envelope of RBS in comparison with the experimental

data for IHP (CsPbl,Br) deposited on glass. (b) Comparison of the ele-
mental (I, Br, Cs, and Pb) spectra of the simulated envelope (dotted lines)
and the experimental fitting envelope (solid lines).

film coated on glass is 2.79 eV, which upon re-crystallization
changes to 1.90 eV, thereby confirming the recovery of the cubic
phase after heating at 150 °C. The XRD of the freshly prepared
samples showed the pure cubic phase, whereas the aged
perovskite samples showed mixed. i.e., both yellow (orthorhom-
bic) and black (cubic), phases with the yellow phase being
dominant. Some additional peaks were also observed along
with the yellow and black phases, such as CsI (cubic) and
CsPb,Br; (tetragonal). These peaks were not observed in freshly
prepared samples, which confirms the occurrence of non-
reversible degradation into IHP upon aging.

We extended our experiments to more complex multilayer
architectures, e.g., half and full solar cell stacks, in order to
evaluate the influence of the various interfaces in the devices
and their correlation with the ion migration. We start by
introducing a hole-transport layer, e.g., NiO, between the ITO-
coated glass substrate and the perovskite (glass/ITO/NiO,/
CsPbI,Br). The RBS spectrum with the fitting results of this
multilayer sample along with deconvolution of the spectra is

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 RBS spectrum with the fitting of multilayer samples, i.e., glass/ITO/
NiO,/CsPbl,Br, excited from the IHP side, along with deconvolution of the
elemental spectra.
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shown in Fig. 3. The conformational analysis for identification
of the elements was carried out using Particle induced X-ray
emission (PIXE; see Fig. S4b, ESIY).

The indistinct shape of the peaks in the experimental
spectra indicates non-uniformity in the multilayer sample with
depth. The peaks corresponding to each element are diffused
and cannot be distinguished separately in the spectrum.
The experimental trend is well reproduced after splitting the
samples into multilayers, and the compositional information of
the sample is shown in the depth profile of Table S2 (ESIt). This
suggests that the concentration of elements is non-uniform
along the depth of the perovskite film (layers 1, and 2), which is
substantially greater for I” and is smaller for Br~ and Cs'. The
next few layers (layers 3 and 4) illustrate the interface between
IHP and HTL in which variations in the concentration of O and
I" are more pronounced than Br~ and Cs'. the subsequent few
layers show the composition of the HTL. The interface layer in
which the variation in concentration of O is observed and the
last layer refer to the composition of glass elements.

We further recorded the RBS spectra of a complete device
(glass/ITO/NiO,/CsPbI,Br/Cez/Cu) that now includes both elec-
tron- and hole-transport layers as well as the top metal contact.
The RBS spectrum of the complete device with fitting and
deconvolution of the spectra for each element is shown in
Fig. 4, while the ratios of various elements in the different
layers are summarized in the depth profile of Table S3 (ESIT).
As a complementary analysis for identification of the elements,
particle induced X-ray emission (PIXE) was also carried out (see
Fig. S4c, ESIT).

The first few layers in the depth profile of Table S3 (ESIY)
correspond to the composition of the Cu contact, the electron-
transport layer (ETL), and the interface between Cu and ETL,
respectively. The IHP layer is split into further layers (layers 4-6)
in the depth-profile analysis to reproduce the experimental data
nicely. We note that the concentration of I, Br~ and Cs" vary

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 RBS spectrum of the complete device excited from the Cu contact
side, with simulation and deconvolution of the elemental spectra for glass/
ITO/NiO,/CsPbl,Br/Cgo/Cu.
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with the depth. The subsequent layers belong to the HTL and
ITO (layers 7-9) in which the variation in the concentration of O
is visible. As O is present in ITO/NiO and also seems to have
diffused into the IHP, it gives rise to an interface that is
mentioned in multiple layers in Table S3 (ESI¥).

Discussions

A few observations can be drawn from RBS spectra of the
various parts of the device stack and their subsequent confor-
mal analysis. The elemental spectra of Sn, In, Pb, Cu and Ni are
symmetric, whereas those of 1", Br~ and Cs' are asymmetric
due to the non-uniform concentration with the depth (Fig. 1, 3
and 4). The variation in concentration is prominent for I,
while it is modest for Cs* and Br~. This asymmetric spectrum of
I, Cs" and Br™ is due to mobile ions that have migrated from
their original positions®® and have redistributed in the IHP.
Slight changes in the spectra of Pb>" (Fig. 3 and 4) with its
symmetric shape suggest negligible migration of the Pb>* ions,
which confirms previous findings that Pb>" is the least mobile
ion as it has a large activation energy’®”” and only moves when
complete degradation has occurred.’® The minor diffusion of I”
ions can be witnessed from the simulated spectra that show a
homogenous distribution (Fig. 2(a)) of ions across the entire
film depth, which is symmetric as well.

Another notable observation is the different distribution
profiles of ", Br~ and Cs" ions when deposited over different
substrates. When deposited on glass, the elemental spectrum
of I~ shows a dual peak in the spectrum while the Cs* ion
shows a sharp spectrum (Fig. 1). This dual nature of I shows
that the stoichiometry of I ions changes in the IHP. Its low
activation energy (0.58 eV) and high diffusion coefficient of
107"? cm® s " suggest that I acts as the majority ionic carriers
that contribute to the mixed ionic-electronic conductivity of
perovskites.*® The greater activation energy (0.83 eV)*® of Cs"

Mater. Adv., 2022, 3, 7846-7853 | 7849
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compared with I makes it less mobile than I, as suggested by
first-principles calculations.®

When deposited on NiO (the HTL) or in the complete device,
the RBS spectrum of 1™ is higher towards the lower channel
side, suggesting a higher I concentration near the HTL side
(Fig. 3 and 4). An opposite trend is observed for Cs*, which
shows a higher concentration towards the higher channel side,
e.g., towards the surface of the perovskite film (the ETL side).
This trend is similar to that observed in hybrid organic-
inorganic perovskites, i.e., the accumulation of I" towards the
HTL and MA*, FA* towards the ETL, which was also observed in
MA™- and FA'-based planar p-i-n device architectures after
illumination.®®® Similar trends were shown in freshly prepared
samples without any bias and as well as under the application of
an external bias.**®® In triple-cation [(FAo-oMA¢ 16CSo.05)0.97
Pb(Iy 84Bro.16)2.07] PSCs, a remarkable shift was also reported
for Cs" toward the HTL after 25 h of illumination, using TOF-
SIMS.*® In the same study the FA" and MA" cations have also
shown to be redistributed throughout the device.>® Similarly, the
migration of I” towards the HTL was also observed by Vu et al.**
in the Cs-based inorganic perovskite (CsPbls) upon illumination
without an external potential, while iodide vacancies V;'
migrated towards the ETL side with different mobilities. In our
work, the ion migration in the absence of an external stimulus is
probably due to Schottky disorder, which is a dominant type of
defect in IHPs that is associated with the formation of a
stoichiometric amount of anion and cation vacancies.®>®® Quan-
tum mechanical calculations also suggest that the origin of this
phenomenon is the prevalence of ionic over electronic disorder
in stoichiometric materials. Herein, Schottky defect formation
provides a mechanism for self-regulating the concentration of
charge carriers through the ionic compensation of charged point
defects. The equilibrium charged vacancy concentration is pre-
dicted to exceed 0.4% at room temperature.®® J-V hysteresis has
also been measured under dark conditions at room temperature
both in hybrid and inorganic perovskite solar cells, which
suggests that ionic conduction takes place in the dark.®”

Our experimental findings, which provide direct strong
evidence of the diffusion of ions in aged IHP without any
external stimulus at room temperature, i.e., 300 K, thus confirm
the trends previously observed in the literature using indirect
techniques, e.g., the accumulation of anions (I and Br™)
towards the HTL®*% and redistribution of these ions together
with Cs".>° The migration of ions in our work (in the absence of
biasing or photoexcitation) is linked to irreversible
degradation.

Likewise, the distribution of Br~ ions also seems to show a
strong dependency on the underneath layers. On glass, Br~
shows a tail extending towards the substrate while a more
uniform spread is visible on the NiO HTL. In a complete device,
the Br~ ions’® redistribute and a slightly higher concentration
is noted towards the HTL-side interface (Fig. 4 and Table S3,
ESIY). This might be due to the fact that the migration of ions,
e.g., the presence of the metallic cation Cs" near the ETL and I~
at the HTL side, generate a local electric field inside the
perovskite films, as also proposed by Eames et al,** which
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pulls ions towards their opposing electrodes, e.g., cations
toward the HTL and anions toward the ETL.*" This assumption
is also confirmed by Zhang et al. in organic-inorganic-based
planar p-i-n PSCs upon illumination.®® The redistribution of
ions can alter the band structure at the interface and modulate
the barrier height for charge collection/extraction. For example,
this is extremely relevant for light-emitting diodes since, over
time, as the ions redistribute, the barrier height for different
charge injections will lead to a change in the operating voltage
for the device.

Another notable observation is the mobility of Cs" in the
various device-architecture studies in this work (Tables S1-S3,
ESIY). It has been suggested that if the amount of Cs" is higher
than 15%, the o-CsPblI; phase converts to the 3-CsPbl; phase,
which leads to degradation®®*” and J-V hysteresis in the THPs.®”
When compared with a mobile organic counterpart, e.g., MA"
present in organic-inorganic hybrid halide perovskites, the
elemental peak of Cs" in our work is smooth and the slight
changes in concentration confirm its less mobile nature com-
pared with MA™ and FA™.*®! We also note that the spectrum of
Pb>" is almost symmetric, showing negligible changes in its
concentration in all the architectures investigated in this work,
which was also reported earlier.*®

To analyze the extrinsic ion migration in the complete device
(glass/ITO/NiO/CsPbI,Br/Cgo/Cu), we also quantify the oxygen-
sensitive part of the spectrum in Fig. 4. The spectrum of oxygen
for the complete device (glass/ITO/NiO/CsPblI,Br/Ce,/Cu) is
shown in Fig. 5.

The less sharp broad edge in the RBS spectrum of oxygen
indicates its non-uniform concentration with depth, which is
also observed in the depth profile of the complete device (as
shown in the depth profile of Table S3, ESIt), confirms the
extrinsic ion migration of oxygen from NiO to the IHP. Also, the
detection of the interfaces in the depth profile of Table S2 (ESIT)
indicated the migration of oxygen from NiO to the perovskite.
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Fig. 5 RBS spectrum with quantification of oxygen in a complete device
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To understand the behavior of oxygen in the device, the RBS
of the sample, i.e., glass/ITO/NiO, was analyzed (as shown in
Fig. S1, ESIt) after 3 months and after 1 year (aged samples).
Sharp peaks (as shown in Fig. S1a, ESIT) and broad peaks (as
shown in Fig. S1b, ESIt) are observed, which illustrate that the
concentration of Ni and O changes with the depth in NiO-based
aged samples. The broad edge of O is of zigzag fashion (aged
sample) due to the non-uniform concentration of oxygen with
the depth, which supports the previous results for the complete
device shown in Fig. 5, i.e., the mobile nature of oxygen and ion
migration of oxygen from NiO to the IHP, and is referred as
extrinsic ion migration into perovskites.

Conclusions

In summary, this work investigates the interfacial diffusion of
ions across different layers of aged samples and suggests
intrinsic ion migration in inorganic halide-based perovskites.
SIMNRA fitting and simulation are used to quantify the experi-
mental data. Our experimental results showed a non-uniform
concentration of Cs*, I" and Br_ in the device and perovskite
films with different interfaces, which is due to the different
diffusion rates of these ions. As these ions are displaced from
their original position and diffuse into the adjacent layer, they
trigger intrinsic ion migration in the perovskite film. Without
applying any external stress, we observe the diffusion of ions,
ie., Br  and I towards the HTL and Cs* towards the ETL. The
depth profiles of the interface between the charge-transport
layers and the IHP verify the interfacial diffusion. The ion
migration of low-atomic-number elements, particularly oxygen,
was observed, which diffuses into different layers of the IHP
devices and thus induces the extrinsic ion migration of oxygen
atoms from the NiO layer into the IHP. This is one of the
reasons for the degradation of the devices, contrary to the
general understanding that perovskite material degrades with
an electrical bias, light illumination or moisture. Overall, in
this work, we provide experimental evidence of both extrinsic
and intrinsic ion migration in PSCs using a non-destructive
technique. We also experimentally verify that ion migration
occurs in inorganic PSCs even without any external stress and
that, remarkably, inorganic perovskites are no exception. Our
findings extend the current understanding of the mobile nature
of ions in PSCs, and suggest that more robust device architec-
tures should include passivation and interfacial engineering
approaches.

Experimental methods

The device preparation was performed in an inert atmosphere
using a glove box with a deposition system as described in
detail in our earlier publication.”* Rutherford backscattering
(RBS) was used in which high-energy ions (MeV), i.e., He"" with
energies ranging from 0.5 to 2.0 MeV, are guided onto
the sample, which are elastically backscattered due to the
Coulomb repulsion force between the target and the incoming

© 2022 The Author(s). Published by the Royal Society of Chemistry
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ion. Further details of the RBS technique are provided in
the ESL¥

The SIMNRA and XRUMP programs were used to simulate
and validate the experimental RBS results, and a surface barrier
detector was used to detect the backscattered He'" ion at an
angle of 170° by target nuclei. Powder X-ray diffraction (pXRD)
spectra were collected using a Brucker D-8 Advance instrument,
employing Cu K,1 radiation (1 = 1.5418 A). The band-gap
energies were obtained using a PerkinElmer Lambda 35 UV-
Vis spectrophotometer.
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