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lon migration and subsequent accumulation at interfaces, driven by the built-in potential (V,,), are intrinsic
properties of halide perovskite solar cells (PVSCs), which mostly decrease the device performance. To
address this issue, we constructed favorable ion accumulation in perovskite solar cells via illumination to
improve the performance of the quasi-2D PVSCs. This design dramatically improves the photo-carrier
collection and enables significant device performance improvement from 14.6% to 19.05%, one of the best
results for quasi-2D PVSCs. We argue that the light-triggered favorable ion accumulation originates from (1)
the photo-induced quasi-Fermi level splitting that compensates the V,,;, so as to avoid the ion accumulation
that decreases V,;, and (2) the light-intensity-distribution-induced uneven ion potential further drives the
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segregation of mobile ions towards favorable ion accumulation, decreasing any I~ gradient between the
anode and cathode. Our work provides insight into the fundamental understanding of ion accumulation in
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Broader context

perovskite-based optoelectronic devices and paves the way to more stable, high-performance PVSCs.

Ion migration and subsequent accumulation at interfaces appear to be intrinsic to halide perovskites and are ubiquitous in perovskite-based optoelectronic
devices, e.g., perovskite solar cells (PVSCs). In particular, the ion accumulation driven by the built-in potential (V};) of PVSCs generally induces an electric potential
gradient that opposes Vy,;, and decreases the overall device performance by reducing the charge-collection efficiency. To address this issue, we constructed
favorable ion accumulation via illumination, which induces an electric field in line with V,; and enables significant improvement in the device performance from
14.6% to 19.0%, representing one of the best results for quasi-2D PVSCs. We proposed that, with illumination, the photo-induced quasi-Fermi level splitting can be

responsible for formation of the favorable ion accumulation. Our work provides insight into the fundamental understanding of ion accumulation in perovskite-
based optoelectronic devices and should pave the way toward high-performance PVSCs with self-recovery merits for long-term stability.
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Introduction

Perovskite solar cells (PVSCs) show great promise as a sustainable
and renewable source of electrical energy in the future," owing
to their extraordinary optoelectronic properties.”® The power
conversion efficiency (PCE) of champion PVSCs has soared to
over 25%,’ which approaches that of, admittedly much larger
area, laboratory champion crystalline silicon-based solar
cells.’® On the one hand, aided by a partial ionic nature, the
PVSCs can be easily solution-processed, at low temperature,
to form high-quality polycrystalline thin films, features that
are helpful for low-cost roll-to-roll production.''* On the
other hand, the migration of protons and halide ions has
been reported, with direct isotope-tracing evidence for the
former." It has been argued that the latter can be detrimental
to device performance,"”> ™ cause hysteresis'®'® and lead to
instability'* issues.
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In a typical high-quality PVSC, the low doping density
(due to low defects) of the halide perovskite enables the
work function difference between the cathode and anode to
determine the built-in potential (V4;),>"*> which imposes an
electrostatic potential gradient across the semiconductor.
Although a V;,; is present during charge generation as a driving
force for charge extraction, it acts on all electrically charged
species and thus also on ions, which can lead to ion accumulation
at interfaces, as these interfaces in electronic devices are electro-
nically conductive, but ionically blocking. Thus, mobile cations
can accumulate at the anode and mobile anions at the cathode.
Following Le Chatelier’s principle, this kind of ion accumulation
induces an electrical potential gradient (or electric field) that
opposes Vi, thus reducing the charge-collection -efficiency
(termed as “unfavorable” ion accumulation and abbreviated as
“N").>*2* Besides, if, during voltage scanning for measuring the
current density-voltage (J-V) characteristics, ion accumulation
occurs, a time lag between the ion migration velocity and the scan
speed can cause hysteresis.>*** Also, interfacial chemical reactions
can be affected by ion accumulation and subsequent electrical
potential changes,***” which can affect the PVSC performance.

The typical strategies to resolve the above issue have focused
on suppressing ion migration in the halide perovskite film.**"°
For example, the incorporation of an alkali iodide like RbI or
the guanidinium cation in MAPbI; have been reported to
increase the activation energy for iodide migration, and adding
Rb" or guanidinium to the reaction mix indeed resulted in a
dramatically improved device efficiency and stability.>'"*
Improving halide perovskite film morphology yielded similar
observations.*®2*%¢ Low-dimension, i.e., n < 3, halide perovskites
have given results that are consistent with higher ion-migration
activation energies than their 3D analogs. Indeed, in such
perovskites, negligible effects of what is normally ascribed to
ion migration were observed, in particular concerning the device
stability.>”~** Beyond the efforts to suppress the ion migration and
mitigate the subsequent ‘“unfavorable” ion accumulation, ion
accumulation has been invoked to explain the generation, via
electrical poling, of device polarity for a device with electrodes of
similar work functions,”>**** as well as a switchable photovoltaic
effect.*®*® Electrical poling could even generate the giant photo-
voltaic effect on a lateral device, where the device exhibits a huge
electric potential under open-circuit conditions (eVoc) that is
several times larger than the device’s bandgap (E,).* As a result,
it would be desirable to construct ion accumulation that induces an
electric potential difference in the same direction as V4, to improve
the device performance (termed as “favorable ion accumulation”
abbreviated as “P”). However, such favorable ion accumulation has
never been reported in PVSCs, to the best of our knowledge.

Here, we present a comprehensive study of PVSCs exposed
to different external influences to induce ion migration/
accumulation. Our results clearly demonstrate the favorable
formation of ion accumulation with light-activation in PVSCs,
based on the quasi-2D GA,,BA; sMAs;Pbgl;, halide perovskite,
which features a periodic structure consisting of 3D compo-
nents and 2D spacers as a crystalline bulk (Fig. 1a). The
corresponding PVSCs deliver an optimal PCE of 19.05%, which
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Fig. 1 lon migration and accumulation in quasi-2D and 3D PVSCs.

(a) Crystal structures of the quasi-2D BA,;MA,,_1Pb,l3,.1 perovskite and
3D MAPbI3 perovskite. (b and c) Results of TID measurements for quasi-2D
PVSC and 3D PVSCs: (b) capacitance transients from anion migration
(drift), and (c) Arrhenius fitting results of anion migration. (d) Schematic
illustration of SKPM measurements. (e—g) From top to bottom: surface
potential image by SKPM mapping, line-cutting profile of surface potential
distribution (along the white line in the SKPM mapping images), schematic
diagram of band bending derived from the surface potential profile,
schematic diagram of the ion distribution profile, and Mott—Schottky
characterization, i.e., (1/C?-V plot for the quasi-2D GAg»BA; sMAsPbglis
PVSC with (e) "O" (no ion accumulation), (f) “N” (unfavorable ion
accumulation) and (g) “P" (favorable ion accumulation).

represents one of the best among quasi-2D PVSCs. Besides,
these PVSCs show improved stability, and modulating the ion
accumulation of “aged” devices (after long-term dark storage at
temperatures >RT) via light activation can restore the device
performance for long-term stability. We propose that the
mechanism underlying the light-induced favorable ion accu-
mulation is associated with the light-induced quasi-Fermi level
splitting and the uneven light-intensity-distribution-induced
ion potential difference.

Results and discussion
Ion migration

First, the ion migration behavior of the quasi-2D GA,,BA; g
MA;Pb¢l, 4 perovskite is studied and compared with that of the

This journal is © The Royal Society of Chemistry 2022
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3D MAPDI; perovskite (Fig. 1a). Halide perovskites can be made
with different dimensionalities.”®"" Basically, the 3D perovskite
structure is a corner-sharing octahedral inorganic structure
that extends in three dimensions. In particular, the ...Pb-I-
Pb-1... connection is not disrupted in any direction. In the 2D
perovskites, the corner-sharing octahedra are connected in
2 dimensions, i.e., in a single plane, with the direction vertical
to the 2D plane interrupted by large 2D spacer molecules that
hold the structure together via van der Waals interactions. In a
pure 2D perovskite, the octahedral plane consists of one layer of
octahedra. Quasi-2D perovskites also have a 2D structure, but
the 2D plane is composed of more than one layer of octahedra
in the Z direction. Here we focus on quasi-2D perovskites, given
their high lattice formation and ion migration activation
energies. These features slow down the ion migration due to
external stresses in the corresponding perovskite solar cells,
enabling the study of ion-migration effects. Over the years,
these materials and procedures for fabricating devices with
them have been optimized by us.>”°>>* X-ray diffraction (XRD)
patterns of 3D and quasi-2D PVSC are shown in Fig. S1 (ESIt).
The 20 peaks at 14.1° and 28.4° correspond to the (110) and
(220) lattice planes, respectively, of the 3D MAPDbI; perovskite.
The peaks at 14.1° and 28.4° correspond to the (111) and (202)
lattice planes, respectively, of the quasi-2D GA, ,BA; sMAsPbgl;,
perovskite.

The transient ion-drift (TID) method,>*® which is well-
established to measure ion migration, as reported previously,>>
is used to characterize ion migration within the perovskite
films.””**® The TID method enables us to derive from its results
the basic ion-migration parameters, such as the ion diffusion
coefficient and the activation energy. Moreover, the charge of
the migrating ion species can be determined. More details
about this characterization method can be found in the Experi-
mental section in the ESL{°’ Fig. 1b shows the temperature-
dependent capacitance variation of quasi-2D and 3D PVSCs.
Ion migration is a thermally activated process. Because an
activation energy must be overcome, the response speed
increases with increasing temperature, as measured in TID.
The change in response is found to follow an Arrhenius
relation. However, for MAPDI;, ion migration becomes experi-
mentally measurable at 180 K, and a much higher temperature,
up to 270 K, is required to activate ion migration for the
quasi-2D GA(,BA; sMAsPb¢l,o perovskite. This finding agrees
with the less mobile nature of ions in the quasi-2D perovskite
compared with the 3D analog. Fig. 1c and Fig. S2 (ESIf) show
Arrhenius fits, based on different ion-migration species, ie.,
0.17 eV and 0.25 eV, which, in our case, can be assigned to I"
and MA" of MAPbI; (Table S1, ESI{), respectively, based on
previous work.>”*® Interestingly, for the 2D GAq,BA;g
MA;Pbgl;o PVSC (Fig. 1b and ¢, and Fig. S3 and Table S1, ESIY),
only anion migration is detected, with a migration activation
energy of 0.27 eV, which is slightly higher than that (0.25 eV) of
its 3D analogue. This higher anion-migration activation energy
is attributed to the higher formation energy of the quasi-2D
than the 3D perovskites, which has been attributed to changes
in van der Waals interactions between the [Pbls] units and the

This journal is © The Royal Society of Chemistry 2022
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organic cations.®”®" As a result, I” migration in a 2D perovskite
requires more energy than in 3D MAPbI;.*”*>%* 1t is also
worth noting that, due to the considerable stability at room
temperature for 2D PVSCs (Fig. S4, ESIt), even though the high
temperature will increase ion migration, as extrapolated from
TID results at higher temperatures, this will not affect the
corresponding results.

Ion accumulation

The profile of ion accumulation in a quasi-2D GA(,BA; g
MA;Pbgl o PVSC was studied. Within this perovskite the most
probable migrating ion is I", given that only anion migration
is detected as shown in Fig. 1c. Regarding anion accumulation,
it has not yet been possible to observe it directly (using an
isotope tracer), but even minimal migration leading to ion
accumulation at interfaces will induce a significant change in
the electrostatic potential.> The accumulation of mobilized
ions tends to affect the space charge region, change the internal
electric field, and, via a change in the electrostatic potential
profile, affect the electron’s electrochemical potential across
the PVSCs. Conversely, changes in the electrochemical
potential of the electrons are a reasonable way to follow the
effects of ion accumulation in PVSCs. Therefore, scanning
Kelvin probe microscopy (SKPM) (Fig. 1d) is selected to record
the electrochemical potential differences of the electrons, and,
in that way, to map ion accumulation in quasi-2D PVSCs via the
device’s vertical cross-section (Fig. 1e-g and Fig. S5, ESI) under
different external stresses.

Without any stressing, the quasi-2D PVSCs exhibit strong
band bending of +0.53 eV and +0.35 eV at the cathode (PCsBM/
perovskite) and anode (PTAA/perovskite) interfaces, respectively
(Fig. 1e). By contrast, the perovskite bulk region of the PVSC
exhibits a constant electrochemical potential (or flat band). These
results suggest that no ion accumulation occurs (abbreviated as
“0”) in quasi-2D PVSCs without any post-treatment, which we
ascribe to the low ion mobility in quasi-2D perovskites. After
thermal stressing, ion migration occurs, and ion accumulation
due to the V},; becomes pronounced. As a result, the band bending
of quasi-2D PVSCs at perovskite/cathode and PTAA/anode inter-
faces decreases significantly to +0.33 eV and +0.14 eV, respectively
(Fig. 1f). Moreover, the electrochemical potential is no longer
flat in the perovskite bulk region, but increases by —0.15 eV,
thus reducing the effective V;,; by +0.56 eV. This observation is
consistent with an increasing gradient of anions from anode to
cathode interfaces, and/or vice versa for cations (Fig. 1f).

We then studied the effect of simultaneous heat (373 K) plus
light co-activation (white light from a Xe lamp with an intensity
of 0.12 mW cm %) on the ion migration and accumulation
behavior of quasi-2D PVSCs. As shown in Fig. 1g, the band
bending changed to around +0.60 and +0.34 eV at the cathode
and anode interfaces, respectively. Interestingly, the electron
electrochemical potential in the bulk perovskite shows a gra-
dient from the cathode to the anode of around +0.35 eV, which
is of the same polarity as the V;;. This indicates an increasing
gradient of anions from cathode to anode interfaces, and vice
versa for cations (Fig. 1g). As a result, the built-in potential of
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the quasi-2D PVSC after light activation is significantly
increased by +0.41 eV. To the best of our knowledge, this is
the first example of such favorable ion accumulation attained
in PVSCs. Fig. le-g also show the Mott-Schottky analyses of
capacitance-voltage measurements, and the fitting results are
shown in Fig. S6 (ESIt). We find that the slope of the Mott-
Schottky plots has a trend of “P” < “O” < “N” and the
measured dopant concentrations have a trend of “N” < “O”
< “P”. The built-in potentials for the PVSCs with “O”, “N”, “P”
are 1.17 V, 0.83 V, 1.36 V, respectively. These results are
consistent with the results from SKPM measurements, and
agree with our interpretation of changes in the built-in
potential due to different types of ion accumulation.

Device performance

Fig. 2a shows the j-V characteristic curves of the quasi-2D
PVSCs with a planar heterojunction structure® after the different
treatments, and the corresponding device parameters are
summarized in Table 1. The optimal quasi-2D PVSCs with “O”
show a PCE of 14.61% with a V¢ of 1.17 V, an FF of 0.76, and a Jsc
of 16.33 mA cm ™2, which is consistent with previous reports.>*
However, the best quasi-2D PVSCs with “N” yield a significantly
poorer efficiency of 4.31%, a V¢ of 1.02 V, an FF of 0.65, and a Jsc
of 6.50 mA cm>. The drop in device performance with “N” is
consistent with the literature reports.’®>” Encouragingly, with
“P”, the optimal quasi-2D PVSCs exhibit a significantly improved
PCE of up to 19.05%, a Vo of 1.25 V, an FF of 0.80, and a Jsc of
19.06 mA cm >. This represents one of the best results among
quasi-2D PVSCs. After stopping the thermal-light co-treatment,
the PCE shows almost no change over 7.5 days, indicating the
good device stability (Fig. S7, ESIT). The significant variation in
device performance with the different ion accumulation statuses
is further confirmed by the statistic histogram of the efficiencies
(average PCE values of 13.17 £ 0.85%, 3.58 &+ 0.58% and 18.46 +
0.31% for PVSCs with “O”, “N” and “P”, respectively), for more
than 30 devices for each treatment (Fig. 2b). Notably, the
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Fig. 2 Device performance variation of quasi-2D PVSCs with different
types of ion accumulation: “"O" no treatment, no ion accumulation; “N"
thermal treatment, unfavorable ion accumulation; and “P” thermal + light
treatment, favorable ion accumulation. (a) J-V characteristic curves, (b)
PCE histograms of 30 devices, (c) stabilized photocurrent measurements
and PCE output at the maximum power point, (d) EQE spectra and
integrated photocurrent curves, (e) carrier generation efficiency under
different light intensities, and (f) TPC decay kinetics.
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Table 1 Summary of the photovoltaic parameters of GAp,BA;g-
MAsPbgli9-based PVSCs with different ion accumulation statuses

Ion Voc Jsc

]phfint
accumulation (V) (mAcm™?) FF

PCE max/ave (%) (mA cm™?)

“o” 1.17 16.33 0.76 14.61/13.17 + 0.85 16.33
“N” 1.02  6.50 0.65 4.31/3.58 £ 0.58 15.58
“p” 1.25 19.06 0.80 19.05/18.46 + 0.31 18.68

efficiency distribution becomes much narrower after the post-
treatments, especially after thermal-light co-activation. As a result,
we conclude that ion accumulation can significantly affect the
performance of PVSCs. The stability of the devices with “P”,
operating at their MPP (maximum power point), is shown in
Fig. S8 (ESIt). The PCE remained stable during the measure-
ments, indicating good operational stability. Interestingly, for
another 2D device, based on the (3AMP)(MA,.75FA¢.25)3Pbalis
perovskite (Fig. S9, ESIf), we find that the thermal-light co-
treatment improved device performance and the PCE increases
from 17.18% to 18.94%, indicating the potential of thermal-light
co-treatment to be applied to other stable perovskites.

The quasi-2D PVSCs with “O”, “N” and “P” show steady-
state output power efficiencies of 13.75%, 3.70%, and 18.43%
(Fig. 2c and Table S2, ESIT), respectively, which is consistent
with those from j-V measurements. Besides, negligible hysteresis
is observed (Fig. S10 and Table S3, ESIt) in the quasi-2D PVSCs
with “O” and “P”, which we ascribe to the low mobility of ions at
room temperature. Moreover, the large hysteresis index (HI) for
the quasi-2D device with “N”, possibly due to the poor charge
extraction, makes the device performance more sensitive to ion
accumulation. This behavior can be compared with that of a 3D
perovskite-based PV device (Fig. S11 and Table S3, ESIf) that
exhibits a much larger HI of 14.5% than the quasi-2D devices with
“O” and “P”. With “O”, the quasi-2D PVSCs show a peak EQE of
80.86% at 500 nm, with a relatively weak response from 620 nm to
770 nm (Fig. 2d). With “N”, the EQE peak decreases to 73.85%,
while the response from 620 nm to 770 nm is largely intact. For
quasi-2D PVSCs with “P”, the EQE response dramatically
increases over the entire absorbing region. The corresponding
integrated photocurrents (Jpp.ing) are 16.33, 15.58, and 18.68 mA
cm 2 for the quasi-2D PVSCs with “O”, “N”, and “P”, respectively.
Since the quasi-2D PVSC exhibits the same optical absorption
profile due to the same device structure, the above results indicate
that the internal carrier dynamics can be greatly affected by the
ion accumulation. The whole set of measurements completes
the internal check on the device performance, and is consistent
with ion accumulation being able to greatly affect the device
performance, by changing the electrostatic potential profile and,
via this, affecting the carrier dynamics.

Carrier dynamics

X-ray diffraction (XRD) patterns of the quasi-2D PVSCs with
“0”, “N”, “P” are shown in Fig. S12 and Table S4 (ESIt); they
show negligible differences. Therefore, any variation of the
device performance is not due to any change in the perovskite
crystal structure.”*® Furthermore, we studied the light-intensity-

This journal is © The Royal Society of Chemistry 2022
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dependent charge-extraction efficiency under short-circuit con-
ditions. The charge collection efficiency can be assessed fairly by
studying the Jsc oc I* at different I, where I is the light intensity.
As shown (Fig. S13, ESIT), the « values are 0.99, 0.83, and 1.00 for
quasi-2D PVSCs with “O”, “N”, and “P”, respectively. The o value
of 0.83 for PVSCs with unfavorable ion accumulation fits with
reduced charge extraction at high photo-carrier concentrations.
The o values of the “O” and “P” are almost similar and are close
to 1, and all the carriers are swept out before recombination at
high photo-carrier concentrations. The plots of Jsc/I against I in
Fig. 2e, derived from Fig. S13 (ESIt), show the light-intensity-
dependent carrier-generation difference between “P” and, to a
slightly lesser extent also “N”, on the one hand, and “O”, on the
other hand. This behavior confirms the photocarrier generation
property variation for different types of ion accumulation. In
“0”, Jsc/l decreased rapidly with the increasing light intensity
due to severe biomolecular recombination as shown in Fig. S13
(ESIt), and this accounts for the mismatch between i, ine and Jsc
from the J-V curve.

Furthermore, transient photocurrent (TPC) measurements
were carried out to directly examine the effect of different types
of ion accumulation behavior on the charge extraction.
TPC measurements record the photocurrent decay under
short-circuit conditions, where most of the photocarriers are
expected to be swept out of the device, driven by the V};, and,
consequentially, the transit time can be derived to assess the
carrier extraction of the PVSCs. As shown in Fig. 2f, the quasi-
2D PVSCs with “N”, “O”, and “P” exhibit a gradually reduced
carrier transit time, demonstrating improved charge-collection
properties. These can be attributed to the change in the driving
force (V1) as a result of the different ion accumulation condi-
tions, which strongly affect the carrier generation and charge
extraction and, thus, Jsc and FF values.®*°®

Electrical poling

The most direct way to construct ion migration/accumulation is
via electrical poling, which adds an external electrical potential
difference to Vy,;. With different magnitudes and polarities of
the applied poling voltages, ie., —1.12 V, 0.0 V, 0.7 V, 1.12 V,
and 2.0 V, the quasi-2D PVSCs are electrically poled during
thermal activation to construct different ion-accumulation
profiles in the perovskite, to look for correlations with the
device performance (Fig. S14, ESIt). Considering the V;,; of PVSCs,
the ion accumulation in the PVSCs should be determined by the
net internal voltage (Vine = Vpoling — Vbi) Within the quasi-2D
PVSCs. With the electrical poling voltage increasing from
—1.12 V to 2.0 V, Vi, gradually increases from —2.3 to 0.8 V,
and the corresponding ion accumulation is expected to gradually
turn from “N” to “P”. The device performance variation
after different electrical poling conditions also exhibits large
differences, as shown in Fig. S15 (ESIt); a summary is given in
Fig. 3a and Table S5 (ESIY).

With the Vj, gradually increasing from —2.3 to 0 V, the
change in the device performance gradually changes from
negative (worse) to positive (better). The straightforward corre-
lation between Vi, and the device performance variation

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Device light-to-electrical power efficiency variation of quasi-2D
PVSCs under different external stresses: (a) as a function of the thermal-
electrical poling voltage (dotted line: n/no = 1, the control PCE); (b) for
different thermal-light co-treatments during the second phase (Step #2)
after thermal-light co-treatment (Step #1); and (c) for different thermal-
light co-treatments during the second phase (Step #2) after thermal
treatment in the dark (Step #1). Efficiency variation of 3D MAPbls, quasi-
2D and 3D/2D heterojunction PVSCs with different post-treatments:
(d) thermal-light activation, and (e) thermal treatment in the dark.

presents strong support for the effect, on device performance,
of ion accumulation in the perovskite. The performance,
compared with the as-prepared device, increases by 22%
with Vipe ® 0V (i.e., Vpoiing = Vi), and the improved device
performance (best efficiency 13.46%) is much lower than
that obtained with thermal-light activation (Fig. 2b); this
performance is, however, well within the range of “O” devices,
suggesting that we do not get to a “P” state. A drop in the device
performance is observed with a V;,, of 0.8 V, possibly due to
electrochemical reactions at the electrode interfaces, which
induced permanent degradation.”®?” These results confirm
that ion accumulation indeed affects the device performance.

Effect of photon energy

Considering that white light involves photons of different
energies, we study the effect of the incident photon energy
(or the activation light wavelength) on the device performance
of quasi-2D PVSCs in the “P” state. Since adding light to
thermal activation gave a more reproducible device perfor-
mance with a narrower PCE distribution (Fig. 2b), we per-
formed post-treatments (white light) on the quasi-2D PVSCs
first (Step #1) in order to precisely evaluate the effects of the
subsequent thermal-light co-treatments (Step #2), ie., 525 +
5 nm (green light), 895 + 45 nm (IR), white light, and dark
conditions. The quasi-2D PVSCs with green-light or white-light
illumination show almost no change in PCE after the Step #2
treatment (Fig. 3b and Fig. S16, Table S6, ESIf). With IR
illumination the PCE decreased rapidly, similar to the case
with thermal annealing in the dark. In the parallel group with
thermal annealing in the dark as the first treatment step, and
with subsequent different thermal-light co-treatments (second
step), the quasi-2D PVSCs exhibit a significant increase in
PCE after green- or white-light activation (Fig. 3c and Fig. S17,
Table S7, ESIt), although the device performance becomes worse
after IR stressing, and is similar to that in the dark (“O”). These
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results imply that the device performance is switchable with
different post-treatments. Based on the results from the TID and
SKPM experiments (Fig. 1) we ascribe these differences to the
different effects of ion migration. Considering that the absorp-
tion edge of the quasi-2D PVSCs is around 770 nm (Fig. S18,
ESIt), we conclude that supra-band-gap light activation is key
to generating the “P” state. In addition, the increase in the
quasi-2D PVSC device conversion efficiency upon light activation
after thermal degradation indicates that light-activation-induced
ion accumulation can potentially enable the long-term stability
of PVSCs. As shown in Fig. S19 and Table S8 (ESIY), after storage
in the dark at 85 °C for 105 h, the PCE decreased rapidly from
16.73% to 1.60%. After subsequent thermal-light activation
(100 °C) for 25 h, the PCE returned to 16.22%, close to its
original value.

Effect of ion migration

Different perovskite structures exhibit different types of ion
migration behavior (Fig. 1), and the effects of the perovskite
type on the ion accumulation and the device performance after
the same post-treatments mentioned above were studied to
unravel the effect of ion migration on the ion accumulation and
subsequent device performance. The external stressing condi-
tions, i.e., none, thermal and thermal-light co-activation, seem
to have little effect on the electric potential profile of MAPbI;
PVSCs (Fig. S20, ESIt). This observation can be satisfactorily
explained by facile ion migration of MAPDbI; at room temperature,
which will allow ions to re-arrange to minimize the effects of ion
accumulation. As a result, the device performance of PVSCs with
thermal or thermal-light co-activation does not show much
difference (Fig. 3d and e, and Fig. S21 and Table S9, ESI), and
the decrease in device efficiency compared with that without any
treatment can be attributed to the thermally induced decomposi-
tion of the perovskite films and/or their interfaces with the
contacting films.%¢®

Keeping in mind the large difference between ion migration
of 3D MAPbDI; and the quasi-2D perovskite film, here we also
studied the effect of 3D and 2D composite films with a planar
tandem structure (or the so called 3D/2D heterojunction) on the
device performance of PVSCs with different post-treatments.
In the 3D/2D perovskite, ion migration at the cathode interface
is less facile than in the bulk (MAPI;), which can be attributed
to the 2D component; upon thermal treatment in the dark, the
interface at the cathode (PCBM) is expected to drive the PVSC
made with the 3D/2D into the “N’’ state, which switches to “P”’
with thermal-light activation, while the ion accumulation in
the 3D MAPbDI; part, adjacent to the interface with the anode
(PTAA), remains unaffected, as verified in Fig. S20 (ESIT).
As shown in Fig. 3d and e and Fig. S22 (ESIt), the 3D/2D
heterojunction PVSCs show only a very slight efficiency
decrease with thermal-light co-activation, but a more severe
one with thermal treatment in the dark. Because ion migration
in the 2D perovskites is less facile than in 3D perovskites, the
ion accumulation status driven under the different external
stresses can be retained for a long time for 2D or quasi-2D
perovskite layers, while it will relax within seconds or less for
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3D perovskite layers (because of the lack of kinetic stabilization).
Thus, even though after thermal-treatment unfavorable ion
accumulation (“N”) forms, this will quickly relax to the original
state for the 3D perovskite layer, and thus will have little effect on
the J-V measurements for the device. For the quasi-2D perovskite
layer, the “N” state can be retained, due to the slower kinetics,
and this will ruin the device performance. Similar results can be
expected and are observed for the thermal-light co-treatment
(forming “P”). As a result, compared with the quasi-2D devices,
the 3D devices show the best performance after heat treatment,
but the worst after thermal-light co-treatment, while the quasi-
2D or the 2D/3D structure will retain the favorable ion accumu-
lation feature. Interestingly, the extent of 3D/2D PVSC efficiency
variation lies between those of 3D and quasi-2D PVSCs.
Therefore, we conclude that perovskite composition or the ion
migration behavior indeed affect the ion accumulation and
device performance of PVSCs, and ion accumulation in every part
of the PVSCs, ie., the halide perovskite bulk and its interfaces
with the cathode and anode, affects the device performance.

Mechanism

By increasing the temperature of the perovskite, in the dark, ion
migration in the quasi-2D perovskite is activated. The band
bending structures in the dark and under illumination are
shown in Fig. 4a, and have been well studied and established.
The band bending structure will affect the ion migration and
accumulation via the electrostatic potential profile, due to the
formation of a space-charge region and charge diffusion. The
anion (I") tends to migrate toward the cathode (to the left in
Fig. 4a), which is Ag in our case, due to V;,; as illustrated in
Fig. 4a, and ion accumulation occurs. As a result, the “N” state
forms according to Le Chatelier’s principle. The accumulation of
I" at the perovskite/PCBM interface might cause a chemical
reaction between I” and Ag to form Agl, which will cause
irreversible device degradation. Notably, the “N’’ state that forms
under thermal treatment will be “frozen” at room temperature,
thus forming a relatively stable ion-accumulation status (on the
time scales of our experiments) due to the low ion migration of
quasi-2D PVSCs. As a result, the effect of post-treatment on the
ion accumulation status becomes valid only in perovskites with
low ion-migrating properties, as confirmed above (Fig. 1, Fig. 3d
and e, and Fig. S22, ESIf).

(a) Under dark

(b) I ARRRRRAL Light I'lon I"ion
=z intensity potential concentration

" Position

Under illumination

Fig. 4 Proposed mechanism underlying different types of ion accumulation
formed using different post-treatments. (a) Schematic diagrams of the band
bending of quasi-2D PVSCs in the dark and when illuminated. (b) Schematic
diagram of the device structure (left) and the light-intensity distribution, ion-
potential distribution, and ion-concentration distribution (as plots and as a
cartoon) in quasi-2D PVSCs (right).
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We can propose a possible mechanism for the formation of
the “P” state in quasi-2D PVSCs with thermal and light co-
treatment. On the one hand, upon light absorption with supra-
band-gap photons, photo-carriers are generated, which results in
quasi-Fermi level splitting due to the existence of unbalanced
charge-carrier densities (Fig. 4a). Under open-circuit conditions,
the quasi-Fermi level splitting screens the Vi;, and results in
a quasi-flat-band structure (Fig. 4a).® As a result, the ion
migration or accumulation driven by V,; or formation of the
“N” state can be avoided, and this constitutes an important step
to transition from “N” to “P” with light activation. On the other
hand, the light-intensity distribution in PVSCs is not even, but
decays exponentially, according to the Lambert-Beer law
(Fig. 4b). The uneven light-intensity distribution induces an
ion potential difference,”””> which serves as another driving
force to form the “P” state. In this case, I tends to migrate
toward the anode, which is the ITO, and less I” accumulates
near the Ag cathode, mitigating the chemical reaction and
suppressing the degradation. A similar phenomenon has also
been reported in previous work,”® where a light-induced 1~
concentration re-distribution was observed in a MAPDI;
perovskite film.

Conclusions

In summary, by using different external stressing conditions, ie.,
thermal, light, a bias or combinations of these, we are able to
tailor the ion accumulation in PVSCs to arrive at a ‘“favorable” ion
accumulation, where an electric field is generated with the same
polarity as the built-in potential of PVSCs. Such ion accumulation
significantly improves the device performance from 14.61% to
19.05%, which we ascribe to an improvement in the carrier
dynamics, and is one of the best efficiency results for quasi-2D
PVSCs. The results of further studies on the effects of electrical
poling, the wavelength of the exciting light and extension to more
perovskite systems are in agreement with the ion-accumulation
effects on the device performance. The different types of ion
accumulation that explain our results fit well with ion migration
under a built-in potential, quasi-Fermi level splitting and potential
differences that are due to the gradient in the absorbed light
intensity in the perovskite, as well as in the direction between the
contacts.
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