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ABSTRACT: The mixed ionic—electronic nature of lead halide perovskites makes their ).

performance in solar cells complex in nature. Ion migration is often associated with s Q
negative impacts—such as hysteresis or device degradation—leading to significant
efforts to suppress ionic movement in perovskite solar cells. In this work, we
demonstrate that jon trapping at the perovskite/electron transport layer interface
induces band bending, thus increasing the built-in potential and open-circuit voltage of
the device. Quantum chemical calculations reveal that iodine interstitials are stabilized
at that interface, effectively trapping them at a remarkably high density of ~10*' cm™
which causes the band bending. Despite the presence of this high density of ionic
defects, the electronic structure calculations show no sub-band-gap states (electronic
traps) are formed due to a pronounced perovskite lattice reorganization. Our work demonstrates that ionic traps can have a
positive impact on device performance of perovskite solar cells.

ead halide perovskites have attracted great attention in mechanics have been proposed. Several research groups

I recent years due to their remarkable performance in assigned the improvement in device performance to light-
solar cell devices, with power conversion efficiencies induced filling or annihilation of sub-band-gap trap states. 7
comparable to those of inorganic silicon devices."”” Contribu- According to another study, light-soaking is dominated by
ting to the high performance of perovskite photovoltaics are electron trap states located at the grain boundaries, such that
several factors, including a strong optical absorption,” low the microstructure of the active layer will significantly impact
exciton binding energies,’ high conductivity’ and charge on the extent of light-soaking.'® Another fundamentally
carrier diffusion lengths,® low degree of energetic disorder,” different approach assigns light-soaking effects to ion
and defect tolerance.” Additionally, the ease of fabrication” and migration. For example, an early work by Huang and
the relatively low temperature required for their processing'® colleagues proposed that ion migration leads to doping of
make perovskite photovoltaics particularly attractive for ﬁlt‘llr e the perovskite layer near the interfaces with charge extraction

applications, like building integration and smart windows."

Certain challenges, however, remain to be addressed prior to
the integration of perovskite solar cells into industrial
applications. These include the issues of scalability,"
sustainability,”” and stability."* The latter has attracted
significant attention, in particular in the context of achieving
long-term stability by preventing the degradation of perovskite
solar cells. However, often short-term instabilities are also
observed in perovskite solar cells. For example, it is commonly
observed that perovskite solar cells undergo an increase in the
device performance—especially in the open-circuit voltage—
upon subsequent current density—voltage (J—V) measure-
ments under 1 sun illumination. This instability of device
characteristics is commonly ascribed to the phenomenon of
light-soaking.'® The concept of light-soaking is very general,
and many different interpretations of the underlying physical

layers."” Early works by Gottesman et al. and Tao et al.
proposed that the energy alignment at the TiO,/perovskite
interface is modified upon illumination or biasing due to ion
and/or charge accumulation,”**" with the latter suggesting that
this can be avoided by introducing a thin layer of fullerenes at
the TiO,/perovskite interface. Similarly, in a more recent work,
it was proposed that ion migration-induced charge accumu-
lation at the perovskite layer interface with a metal oxide can
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Figure 1. (a) Schematic structure of the MAPbI, photovoltaic device used in this work. (b) Current—voltage characteristic of several
subsequent measurements performed directly after fabrication. The photovoltaic parameters are summarized in Table S1.
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Figure 2. (a) Schematic of the standard measurement process in this study. (b) Comparison of the Vi evolution during first four
subsequent measurements for reference, prebiased, and preilluminated samples, measured directly after fabrication. (c) V¢ comparison of
devices measured directly after fabrication to devices measured after 1 and 3 days of storage in a dark inert atmosphere. (d) V difference
between the initial measurement of prebiased samples to unbiased reference samples.

lead to a band bending and an increase in the device such as hysteresis”*** and degradation.”**° Ton migration in
photovoltage; however, such a band bending was not observed perovskite films has been the focus of many experimental and
experimentally.” theoretical studies. The most likely mobile defects in the most
The possible contribution of ion-redistribution to the commonly studied perovskite, namely, methylammonium lead
improvement of photovoltaic performance of perovskite solar triiodide (MAPbI;), are vacancies V;* and Vy,~ and
cells stands in stark contrast to the generally negative view on interstitials I;” and MA;*. While there exists some disagreement
ion migration in perovskite photovoltaics. Indeed, ion regarding their activation energies, which range from ~0.1 to
migration is typically associated with undesired phenomena ~0.6 eV,” it is commonly accepted that the halides, in this
3303 https://doi.org/10.1021/acsenergylett.2c01636
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Figure 3. UPS depth profiles measured on perovskite photovoltaic devices (a) prior to and (b) after applying bias in the dark. (c, d)

Corresponding device energetics at the PCBM/MAPDI; interface.

case iodine, are the most mobile species in perovskite
materials.”® There have been numerous reports of light-
induced ion migration,”” " but the underlying mechanism is
still under debate. In terms of influence on the device
performance, it is generally agreed upon that the changes in the
ionic gradient throughout the device during a forward bias
sweep result in a decrease in current and are one of the main
explanations for hysteresis.”> These negative impacts, and the
fact that ion migration has been identified to be one of the
main internal factors responsible for degradation of perovskite
photovoltaics, have led to considerable efforts dedicated to find
mitigation strategies."’?”34

Importantly, ion migration and redistribution across the
device are typically considered to be a temporary phenomen-
on; ie., once the bias is removed, the ions migrate back, and
the device is assumed to resume its previous state. In this study
we demonstrate that jon migration and its accumulation at the
interface are driven by thermal equilibrium, thus leading to
permanent ion trapping at the perovskite/extraction layer
interface. Such ion trapping induces a band bending at the
interface to the extraction layers, which we directly probe
experimentally by employing a novel ultraviolet photoelectron
spectroscopy (UPS) depth profiling method. This band
bending at the interface to the extraction layers results in an
increase in the built-in potential of the device and,
consequently, the measured open-circuit voltage (Voc). We
show that such an enhancement can occur without the
presence of light and is impacted by the initial density of ions
at that interface, thus revealing that it is the ion redistribution,
regardless of light-soaking, that is responsible for the observed
enhancement in V.. The experimental results are supported
by density functional theory (DFT) calculations, demonstrat-
ing that the iodine interstitial is stabilized at the interface with
PCBM relative to the bulk, thus providing a significant driving
force toward the interface. Detailed device simulations show
that, by including this driving force, the ion-redistribution
results in band bending that is in excellent agreement with the
measured band profile. Lastly, the DFT calculations show that,
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despite the ionic “traps” at the interface, the defects considered
here (iodine interstitials) do not generate sub-gap electronic
trap states. The soft nature of the perovskite lattice and the
associated lattice relaxation prevents the formation of
electronic traps even at extremely high (~10*' cm™) ionic
densities at the interface.

The device structure investigated in this work is depicted in
Figure la and utilizes poly(3,4-ethylenedioxythiophene)
polystyrenesulfonate (PEDOT:PSS) and phenyl-Cg -butyric
acid methyl ester (PCBM) as hole and electron extraction
layers, respectively. This structure is commonly employed in
inverted architecture MAPDI; solar cells and leads to a
reasonably high power conversion efficiency (PCE) of up to
20%.>>~ Figure 1b shows the current—voltage characteristics
of the first three sequent measurements performed directly
after the fabrication of the device. It can be seen that while the
short-circuit current (Jgc) and the fill factor (FF) remain
almost unchanged, there is a significant enhancement in the
device V.

It is important to remember that, during a dual-scan current
density—voltage (J—V) characterization, the device is exposed
to both electrical bias and illumination, so the measurement
itself does not allow the distinguishing of the contribution from
these two stimuli on the observed Vyc. To investigate the
impact of these factors separately, we fabricated a series of
identical devices which were either measured directly
(reference) or exposed to solar simulator light or bias (in
the dark) prior to photovoltaic characterization (Figure 2a).
Figure 2b shows the impact of prebias and preillumination on
the initial Vo of MAPDI; solar cells. As expected,
preillumination leads to an increase in the V¢ of the device
upon first measurement, with subsequent measurements
leading to similar values as the reference device. Such
improvement was suggested to be associated with light-
induced trap ﬁllin§ which suppresses recombination and
increases the Voc.”" Biasing the device in the dark, however,
also leads to a V5 enhancement, which is even slightly higher
than that introduced by illumination. Furthermore, it has to be

https://doi.org/10.1021/acsenergylett.2c01636
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Figure 4. Energy level diagrams (a—c) and iodide density distribution (d—f) obtained for ion densities of (a, d) 10'7 cm™3, (b, e) 10"® cm™3,

3

and (c, f) 10" cm™3 obtained by numerical device simulations with a dielectric constant of 50 (more info can be found in the Supporting

Information).

noted that the Vo of prebiased samples shows no further
improvement upon subsequent measurements under illumina-
tion, thus suggesting that biasing is the dominant factor in
terms of its impact on the V.

The positive impact of electric field on the Vi of the device
is intriguing considering the fact that an internal field is always
present in the device simply based on the device structure. To
explore if the internal field leads to a similar enhancement in
the Vo, we monitored the performance of unbiased and
prebiased devices directly after fabrication and upon storage
under inert conditions in the dark for either 1 or 3 days (Figure
2c). The initial performance of the solar cells increases
significantly with increasing storage time, while the influence of
prebiasing becomes less and less significant for longer storage
times. These results confirm that the presence of the internal
electric field alone is sufficient to induce and maintain the same
effect as that induced by externally applying a voltage.

This evolution in the open-circuit voltage parallels similar
findings in the literature. The general consensus is nowadays to
address those features to ionic motion and in particular to the
accumulation of ions at the interface between the perovskite
active layer and the extraction layers. To test this theory, we
performed XPS depth profiling experiments in which we
etched a freshly prepared pristine and prebiased device and
monitored the I/Pb ratio (Figure S1). The experiment showed
that the I/Pb ratio is significantly increased in prebiased
devices, reaching >3.5 at the interface to the PCBM layer. To
confirm that the change in Vi is directly related to the density
of ions at that interface, we applied an additional methodology,
which allows to intentionally change the density of ions at the
surface of the perovskite layer during fabrication. By fraction-
ally changing the perovskite precursor solution stoichiome-
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try,”* it is possible to gradually increase the concentration of
iodine interstitial ionic defects at that surface of the perovskite
layer, thus increasing the built-in potential of the device.”
Indeed, when monitoring the increase in V¢ observed for
solar cells fabricated from different precursor stoichiometries
(Figure 2d), it is evident that samples with high density of
iodine ions at the surface (i.e., overstoichiometric samples)
show nearly no change in V¢ upon biasing. These results
confirm that the improvement in Vi is fundamentally related
to the ionic landscape in the device.

A redistribution of ions in perovskite solar cells is known to
be caused by electric field or tilted energy levels, resulting in a
flattening of the bands. Thus, it is not clear how ionic
redistribution could improve the Vyc. Ultraviolet photo-
emission spectroscopy (UPS) is a powerful method to probe
the energy levels of materials, but its probing depth of roughly
1-2 nm makes it unsuitable for the study of energetic
alignment at buried interfaces, especially in complete perov-
skite solar cells. In this study, we apply gas cluster ion beam
(GCIB) etching on full perovskite photovoltaic devices in
order to directly probe the changes in the energetics of freshly
made and prebiased photovoltaic devices. Here we focus
mainly on the interface between the electron transport layer
(PCBM) and the perovskite active layer and monitor the
valence band structure measured via UPS for different etching
depths as is shown in Figure 3a,b.

We analyze the UPS depth profile data by fitting them with
the reference spectra collected on PCBM and MAPbI,,
following the method published by Lami et al. (Figure $2).*
The method allows an extraction of both the evolution of the
energetics (Figure 3c,d) as well as the corresponding
compositional depth profiles (Figure S3).
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A comparison of the energetic alignment at the PCBM/
MAPDI; interface of freshly prepared pristine devices and
devices that have been prebiased reveals stark differences.
Devices measured directly after fabrication exhibit relatively
flat bands with the Fermi level lying approximately in the
midgap of the perovskite layer. On the other hand, after
biasing, the energetic structure of the perovskite layer is
markedly changed and stays the same after the removal of the
bias and the transfer to the depth profiling apparatus. At the
interface to PCBM, a significant band bending of the MAPbI;
energy levels is observed, also accompanied by a change in the
work function across the interface, suggesting the accumulation
of iodine at that interface. In the bulk of the perovskite layer,
the Fermi level is very close to the conduction band, signifying
that the perovskite layer is no longer intrinsic, but rather is n-
type. This change agrees with previous observations that the
presence of iodine vacancies leads to n-type self-doping in
perovskite materials,”' suggesting that iodine ion migration not
only results in band bending but also changes the bulk of the
perovskite layer by leaving behind a significant density of
vacancies.

We highlight that the significant differences in the energetic
alignment at the perovskite/PCBM interface cannot be
explained by etching-induced artifacts. First of all, XPS
measurements on etched perovskite samples (Figure S4)
show that no additional species (such as metallic lead, for
example) are formed by the gentle cluster etching used in these
experiments. Furthermore, the methodology has been recently
applied by us to study the energetic alignment at 2D/3D
perovskite interfaces, and no etching-induced artifacts or
compositional changes were observed there either.*” Finally, to
confirm the reliability of these results, we repeated the
experiments on devices fabricated using a PC, BM extraction
layer (Figure SS), which demonstrated that an upward band
bending is observed only in biased devices, in the same way as
is shown in Figure 3. The band bending also cannot be a
consequence of photovoltage induced by the UPS measure-
ments, since if formed, such photovoltage would impact
similarly both pristine and biased devices.
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To calculate the energy band diagram, we performed a
device simulation where we accounted for the motion of
iodides in the perovskite layer and assumed that the ions have
not penetrated the blocking layers.*”** The material
parameters are collated in Table S2 in the Supporting
Information. Figure 4a—c shows the calculated energy band
diagram, and Figure 4d—f shows the corresponding iodide
distribution. The simulation is run under short-circuit
conditions and in the dark. Examining the results in Figure
4a—c we note that the bands of the perovskite layer are flat and
that there is no evidence for the band bending reported in
Figure 3. Figure 4d—f shows that at short circuit there is an
accumulation of iodide ions at the PCBM interface, but the
excess density is of the order 10" cm™. Additional
simulations, performed with different dielectric constants of
the perovskite layer, led to a similar result (Figure S6). The
exact iodide distributions, which are shown in Figure 4d—f; are
a result of a balance between drift, due to the built-in potential
that pushes the ions toward accumulation at the PCBM
interface, and diffusion that broadens the distribution. Such
density distributions are not capable of creating a significant
voltage drop. Moreover, within the device model of drift and
diffusion, the iodide ions would redistribute to screen any
internal field and thus would flatten the bands and not bend
them. Namely, the excess iodide and band bending measured
at the interface must be driven by a mechanism not included in
the device model.

With that in mind we turn to atomisticc DFT-based
simulations which may reveal the ionic energy landscape
near the surface. We therefore designed periodic perovskite
slab models similarly to our previous work.” These are based
on the tetragonal phase of MAPbI;, with the [001] plane
exposed to the surface (that is, with an MAlI-rich surface). The
final slab thickness corresponds to 11 Pblg octahedra, with a
mirror plane passing through the central octahedron, to avoid
spurious effects associated due to periodic boundaries.**”**
Details on the model and computational parameters are
reported in the Experimental Methods section in the SI. The
atomistic structure for a reference, pristine slab model,

https://doi.org/10.1021/acsenergylett.2c01636
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Figure 6. (a) Atomistic slab model and corresponding layered-resolved density-of-states for a defective surface of MAPbI;; defective model
contains four Frenkel iodine defects, with interstitials (I}, red) accumulating at the surface and vacancies (Vj, cyan) distributed in the bulk
(vide infra). The threshold for the visualization of the Pb—I bond length is set to 3.7 A. (b) Iodine standard potential as a function of
position within the perovskite layer. (c) Measured (symbols) and simulated (full line) energy level diagram.

obtained after full DFT relaxation of the atomic positions, is
depicted in Figure Sa, showing overall modest reogganization
at the surface, in line with literature data.*”*° The
corresponding layered-resolved PBE electronic density-of-
states (LDOS) in Figure Sa shows (expectedly) flat valence
and conduction bands along the slab thickness. Considering
now the potential role of defects, we first wonder if there is a
thermodynamic contribution to the accumulation of interstitial
iodides at the surface, explaining the result of the XPS profiling
measurement in Figure S1. To clarify this, we designed
defective models containing an iodine-related Frenkel pair,
with different distribution of the interstitial and vacancy with
respect to the slab thickness (namely, two Frenkel pairs are
added in symmetric positions with respect to the central layer,
to avoid formation of polar slabs). We then proceeded to relax
the atomic positions of these models and to determine the
corresponding formation energy for the Frenkel pair via total
energy difference, the pristine model taken as reference, finding
that the most stable defective model corresponds to the case
where the interstitial lies at the surface, while the vacancy
locates deeper in the bulk, as shown in Figure Sb.
Corresponding defect formation energy is 0.75 eV per Frenkel
defect pair, which is considerably smaller than the inverse
situation where the vacancy lies at the interface, and the
interstitial is trapped in the bulk (1.46 eV). When considering
the other configurations, we find that those with interstitial
closer to the surface and vacancy trapped in the bulk are
generally more stable than when the defects are swapped
(except in one case, which is also the one with the smallest
energy difference). The second most stable defective model
also presents an interstitial iodine in the layer beneath the
surface and vacancy in the bulk. These results are in line with
the general consensus on a larger thermodynamical stability of
interstitial defects at the surface than in the bulk,>' ™ likely
related to the reduced steric hindrance imposed to the lattice.
Such a thermodynamic stabilization explains why iodine
accumulation at the interface is irreversible. Once the iodine
interstitials are driven to the perovskite/PCBM interface, they
remain there, which is why they could be probed by UPS
depth profiling.

We may then wonder if an ionic redistribution with
accumulation of interstitial iodines at the surface would lead
to a band bending similar to that observed in Figure 3. To
explore this, we designed an additional supercell defective slab
model (~1000 atoms), with all iodines accumulating at the
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surface and vacancies distributed within the bulk. The
corresponding I/Pb ratio for the outmost layer is 3.5, in line
with the results of the XPS depth profiling. The resulting
structure in Figure 6a shows strong lattice reorganization
around the defects, compared to the pristine material. In
particular, the interstitial iodine is incorporated into an
irregular Pblg octahedron, similarly to previous literature
reports for negatively charged iodine interstitial defects,”* and
the distance between the outmost leads and the apical iodines
in the underlying layer is significantly increased. The
corresponding LDOS exhibits a strong band bending effect,
with valence and conduction band edges destabilizing when
going from the bulk to the surface. The direction and
magnitude of the predicted band bending effect match well the
experimental data in Figure 3d, supporting the view that it is
prompted by ion migration. We note that the corresponding
density of ionic defects in Figure 3d amounts to one iodine per
two chemical units, that is, an iodine density of ca. 10*' cm™,
to be compared later on with modified drift-diffusion
simulations. The observed band bending is consistent with a
pure electrostatic effect associated with the dipolar field
imposed by charged interstitials and vacancies. Indeed, the
comparison of the DOS calculated for different Pbl, layers
stacked along the slab shows that, except for the outmost layer,
the 2D DOS can be superimposed by applying a simple rigid
shift along the energy axis (see Figure S7). We note that
similar results are obtained (for smaller models) when
including spin—orbit coupling in the DFT calculations (see
Figure S8). An important point to mention is the lack of
defect-related intragap trap states in Figure 6a. While this could
be affected by the level of theory used (here, PBE),>® a recent
work where a hybrid PBEO functional (out of reach for the
large models considered here) is applied to the same surface
termination also highlights that interstitial iodine defects do
not introduce intragap states, hence confirming our GGA
results.” The absence of intragap trap states is related to the
unusual nature of the perovskite lattice that is soft enough to
self-heal against the formation of deep trap states. We tested
this by recalculating the electronic structure for a defective
model in which the perovskite crystal structure is frozen to its
pristine phase (Figure S9). The corresponding LDOS shows
both bending of the valence and conduction bands and the
emergence of a trap state related to the interstitial, therefore
confirming the complex interplay between lattice reorganiza-
tion and electrostatics. Importantly, the absence of these
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electronic deep trap states, even in the presence of an
extremely high density of ionic defects at the surface of the
perovskite, explains how high open-circuit voltages can be
achieved in these systems upon the permanent ion
accumulation at the interfaces of the active layer.

To make a link between atomistic and device simulations
and to further confirm that the effect is stationary, we
performed additional device simulations in which we introduce
the iodide stabilization predicted by the DFT calculations in
the form of reduced ionic standard potential that effectively
creates an ionic trap at the interface to PCBM. In short, we
solve the same drift-diffusion equations, but with the iodide
standard potential being lowered by 0.55 eV (i.e., iodide-trap)
at the perovskite/PCBM interface (Figure 6b). Figure 6c
shows excellent agreement with the measured band diagram in
Figure 3 and is in stark contrast to the band diagrams obtained
for device models that do not include an ionic interfacial
stabilization (Figure 4). We note that, based on the ion trap
containing numerical device simulations, the density of ions at
the interface with the PCBM layer is ~5 X 10 cm™, in
excellent agreement with the ca. 10*' cm™ predicted by the
DFT simulations.

To conclude, we have shown that ion trapping in perovskite
solar cells may lead to a positive impact on their photovoltaic
performance. Specifically, we show that the energetic landscape
of the devices can be beneficially altered by ionic
redistribution, leading to an overall higher built-in potential
and, consequently, open-circuit voltage (Figure S10). The
increase in the built-in potential additionally leads to an
increase in the fill factor (Table S1), in agreement with
previous theoretical predictions.”® The effect is not transient,
but rather stationary, and can be measured long after the bias
has been removed. The soft nature of the perovskite crystal
allows an accommodation of incredible local defect densities of
~10*" cm™ without introducing the formation of sub-band-
gap electronic trap states. Considering that the accumulation of
iodine interstitials at the surface of the perovskite layer is
thermodynamically favorable, it is likely to occur with time
even without an application of bias and impact the device
performance of perovskite solar cells regardless of their
architecture. While the improvement in device performance
due to ion-induced band bending would be beneficial to
different types of devices, it is noteworthy that the magnitude
of the improvement will be larger in devices with an initially
less optimized built-in potential. This is in agreement with our
previous investigations in which increasing the built-in
potential by the introduction of dipoles in the device structure
was more impactful for devices with a lower initial built-in
potential.””*® Nevertheless, the increase in Vo is reported in
the literature also for well-optimized solar cells with passivated
interfaces®” and is observed for different compositions and
device structures,”’ suggesting ion-redistribution plays a role in
improving device performance also in state-of-the-art devices.
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