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lon Migration-Induced Amorphization and Phase
Segregation as a Degradation Mechanism in Planar

Perovskite Solar Cells

Diego Di Girolamo, Nga Phung, Felix Utama Kosasih, Francesco Di Giacomo,

Fabio Matteocci, Joel A. Smith, Marion A. Flatken, Hans Kébler, Silver H. Turren Cruz,
Alessandro Mattoni, Lucio Cina, Bernd Rech, Alessandro Latini, Giorgio Divitini,
Caterina Ducati, Aldo Di Carlo,* Danilo Dini,* and Antonio Abate*

1. Introduction

The operation of halide perovskite optoelectronic devices, including solar

cells and LEDs, is strongly influenced by the mobility of ions comprising the
crystal structure. This peculiarity is particularly true when considering the
long-term stability of devices. A detailed understanding of the ion migration-
driven degradation pathways is critical to design effective stabilization
strategies. Nonetheless, despite substantial research in this first decade

of perovskite photovoltaics, the long-term effects of ion migration remain
elusive due to the complex chemistry of lead halide perovskites. By linking
materials chemistry to device optoelectronics, this study highlights that
electrical bias-induced perovskite amorphization and phase segregation is a
crucial degradation mechanism in planar mixed halide perovskite solar cells.
Depending on the biasing potential and the injected charge, halide segre-
gation occurs, forming crystalline iodide-rich domains, which govern light
emission and participate in light absorption and photocurrent generation.
Additionally, the loss of crystallinity limits charge collection efficiency and

eventually degrades the device performance.

Metal halide perovskites have achieved
extraordinary results as a photovoltaic (PV)
material and have recently surpassed 25%
in certified power conversion efficiency
(PCE) since the first demonstration in
2009.'2 This outstanding achievement is
made possible by advantageous optoelec-
tronic properties of perovskites, including
long charge carrier diffusion lengthl®!
and steep light absorption onset. The
common stoichiometry for the perovskite
structure is ABX;, where A is a monova-
lent cation (e.g., methylammonium (MA¥),
formamidinium (FA*), or cesium (Cs®)),
B is a divalent cation (commonly Pb* or
Sn?*), and X is a halide. Tuning the perov-
skite composition of this class of materials
varies their band gaps.>®! Hence, halide
perovskites can be a suitable absorber
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material for both single-junction and multi-junction solar
cells.”l Notably, the facile deposition of hybrid perovskites offers
an opportunity for incorporation with commercial PV tech-
nologies, such as silicon, in a tandem architecture.l®l Further,
compositional engineering has been a pivotal step to improve
the efficiency and stability of perovskite solar cells (PSCs). This
has enabled the adoption of FA-based perovskites, which have
better thermal stability than methylammonium lead iodide
(MAPDI;).1> Saliba et al. introduced the “triple cation” perov-
skite with a Csggs5(FAgg3MAg17)0.95Pb(Igg3Brg 17)3 stoichiometry,
henceforth labeled CsFAMA, which is now a standard in the
perovskite community.!'?

Lead halide perovskites are mixed ionic-electronic conduc-
tors, and this has a profound impact on solar cell behavior.
Hysteresis in current density—voltage (/-V) scans has been
attributed at least partially to ion migration,>™ which is
broadly identified as one of the leading causes of PSCs’ insta-
bility,™ compromising the structural integrity of the perovskite
film and the whole device.l'*% Together with ion migration,
chemical and electrochemical?”! interactions of perovskite con-
stituent ions with the selective contacts!?'*l and electrodes?*-26]
can degrade the devices. However, the detailed mechanisms
behind ion migration-driven hysteresis and degradation remain
elusive, due to the chemical complexity of perovskite systems
and the coupling between electronic and ionic current, which
renders experimental design challenges.

Applying an electrical bias to a solar cell is the most direct
way to investigate ion-driven instabilities in a full device. For
instance, in our previous work, we investigated hysteresis in
the dark, which is linked to interface instability due to the inter-
action of perovskite with selective contacts.?!!l The importance
of selective contacts on the electrical bias stability was further
highlighted by an in situ transmission electron microscopy
(TEM) investigation by Jung et al., who observed the migra-
tion of oxygen from TiO, to MAPDI; in forward bias.”’] In a
similar experiment, morphological and chemical degradation
was observed at the 2,2’7,7-tetrakis[N,N-di(4-methoxyphenyl)
aminol-9,9"-spirobifluorene(spiro-OMETAD)/MAPDI; interface
due to the interaction between iodide and spiro-OMeTAD.??8l
Different studies reported the formation of Pbl, as a degrada-
tion product due to biasing of MAPDI; films.?*-32 However,
most of these studies employed ad hoc devices (e.g., lateral
devices), which are not entirely representative of standard solar
cell architectures. Similarly, investigations on “half-cell” config-
urations are also unrepresentative, where both electrostrictive
behavior of perovskite films3 and the formation of periodically
striped ferroelastic domains have been observed with scanning
probe microscopy.’¥ Similarly, Luchkin et al. showed changes
in surface topography upon biasing the perovskite film.1” It
remains to be seen whether the same phenomenon occurs in
a full device, where both perovskite surfaces are covered with a
selective contact and an electrode. Furthermore, upon biasing,
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the devices are subjected to charge injection, which might
induce unpredictable processes if only the ions’ drift-diffusion
behavior is accounted for. In fact, there is clear evidence that
a high concentration of charge carriers and interface electro-
chemistry drive halide segregation.36-38!

In this work, we investigated the effects of ion migration and
charge injection by forward biasing planar p-i-n PSCs on a time-
scale of hours, simulating to a certain extent the electrical load
experienced during 1 day of PV operation. We aimed to advance
the understanding of PSCs instabilities due to ionic conductivity
by bridging the gap between the materials chemistry and the
device performances and optoelectronics. Except for TEM, all
characterizations were performed in situ, with the bias applying
directly on the sample during the measurement to minimize
(or avoid) the effects of relaxation, and thus, it was able to fully
observe the consequences of electrical bias on the device.

Our findings suggest that the loss in mixed halide perovskite
based solar cells performance is driven by a combination of halide
segregation and perovskite amorphization, with the latter likely
driven by defect accumulation at the interfaces. The iodide-rich
crystalline domains govern the light emission and participate
(inefficiently) in the generation of photocurrent. The charge collec-
tion is hindered by the amorphous phase, pointing to degradation
at the interfaces between perovskite and charge selective layers.

2. Result and Discussion

In this study, we employed a planar p-i-n configuration con-
sisting of glass/ITO/NiO/CsFAMA/Cy/BCP/Cu (Figure 1a).
This device architecture has been promising to achieve long-
term stability.3%4%l The absence of hysteresis in p-i-n devices
also simplified the analysis of the device behavior. With our
fabrication procedure, detailed in the Experimental Section,
we obtained devices with negligible hysteresis and PCEs
approaching 18%, in line with NiO-based PSCs in litera-
ture.=*1 Statistics and reproducibility of PV parameters are
reported in Figure S1, Supporting Information. In Figure 1b,
we report the effect on J-V curves after 12 h of polarization at
1.2 V in the dark, in a condition similar to the novel ISOS-V
protocols.! In this condition, we were simulating/accelerating
the effect of operating voltage on ion migration and at a current
density similar to under PV operation (further discussion on
this point is in Note 1, Supporting Information). This stress test
considerably decreased the short circuit current (Jsc, from 21.1
to 16.5 mA cm™2) and fill factor (FF, from 73% to 48%) of the
device while increased the open-circuit voltage (Voc) by 70 mV
as can be seen in Figure 1b. Overall, the device efficiency was
reduced by about 50% (relative), from 16% to 8% (absolute).
We noticed that, within the time frame of observation, the
overlap with the electrical bias of light (Figure 1c) and thermal
stress at 65 °C (Figure 1d) had similar effects on the J-V curve
compared to only bias stress. This suggested a central role of
the bias in the degradation of PSCs. Notably, the combination of
higher temperature and bias severely increased the degradation
rate. This implied that thermal and bias stress could be used in
accelerating stability tests for this perovskite based solar cells.
By stressing the cell at V¢ or in dark at 1V, a similar effect
on the J-V curve was obtained (Figure S2, Supporting Infor-
mation). In agreement with previous reports, the increase in

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. a) SEM cross section and architecture of the PSCs employed

in this work. CsSFAMA stands for the Csggs((FAPbI3)qg3(MAPbBI3)917)0.95

perovskite composition. b) J-V curves of a fresh cell (black), after bias at 1.2 V in the dark for 12 h (red), and after rest in the dark for 6 h (blue). c) J-V
curves of a fresh cell (black), after bias at 1.2 V under illumination AM 1.5 g for 12 h (red). d) J-V curves of a fresh cell (black), after bias at 1.2 V in the

dark for 12 h at 65 °C (red) and 85 °C (blue).

Voc could be explained considering the asymmetric self-doping
of the perovskite layer arising from the redistribution of ionic
defects upon poling.**~*8 This might affect also the charge col-
lection efficiency and thus the Jsc.[*! It is important to note that
the biased state was not stable, and after resting in the dark and
in inert (N;) atmosphere for 6 h, the FF and Jg¢ partially recov-
ered their initial values and the V¢ stabilized below its initial
value. This slow recovery from the biased state might partially
stem from the gradual relaxation of ionic distribution induced
by the bias, similarly to the case of reversible PCE losses over a
day (stress)/night (recovery) cycling.[”]

To gain an insight into the crystal quality of the perovskite
layer during the stress test, we performed in situ X-ray diffraction
(XRD) while biasing at 1.2 V in the dark. As detailed in the Exper-
imental Section, only part of the sample surface was biased, thus
quantitative analysis underestimated the observed phenomena.
In Figure 2a, we show the comparison of the full XRD pattern
of the fresh sample and after 12 h of biasing at 1.2 V in the dark.
In Figure 2b, we show the decline of the integrated intensity of
representative peaks (i.e., 12.7° for Pbl, and 14.2° and 28.4° for
perovskite) over the stressing time, which is proportional to the
variation of the coherently diffracting domain of the pertaining
crystalline phase.’*°! Interestingly, the PbI, XRD peak decreased
by 40% (see also Figure S4, Supporting Information), suggesting
that crystalline Pbl, was not the degradation product of CSFAMA
perovskite under the effect of bias, as in the case of MAPbI;.l>

Along with the reduction of crystalline Pbl,, we observed a
loss of perovskite crystallinity, with the reduction of scattering
intensity around 10%, indicating a reduction in the long-range
ordering of the structure and pointing towards amorphization.
It is widely accepted that biasing a PSC leads to the formation
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of ionic space charge at the interfaces of perovskite with selec-
tive contacts, which affects the doping profile and charge
dynamics at the interfaces; this is considered the main reason
for device J-V hysteresis.'>34 Qur results show that in addi-
tion to the above effects, ion migration on a timescale compa-
rable to daily PV operations induced the partial collapse of the
perovskite structure. Molecular dynamics (MD) simulations on
the model system CH3;NH;PbI; confirmed that the perovskite
lattice collapsed when an excessive defect density was accu-
mulated (see Figure S5, Supporting Information). The asym-
metric broadening of perovskite XRD peaks (representative 002
peak is magnified in Figure 2c) could be explained by either
the introduction of inhomogeneous tensile strain®® or the
appearance of new species with the same perovskite crystalline
structure and a slightly larger unit cell. A synchrotron-based in
situ grazing-incidence wide-angle X-ray scattering (GI-WAXS)
experiment clarified that the evolution of the peak shape origi-
nated from peak splitting, as shown in Figure 2d. This result
is similar to the findings by Andaji-Garmaroudi et al.* and is
a strong indicator of halide segregation,™ with the additional
crystalline species reasonably being ascribed to an iodide-rich
perovskite (see Figure S7, Supporting Information).

The devices were subjected to an electroluminescence (EL)
measurement to confirm the presence of the iodide phase. As
can be seen in Figure 2e, the appearance of iodide rich domains
was evident from the evolution of the EL spectrum upon
biasing, in agreement with the results from Ruf et al. employing
the same CsFAMA stoichiometry as in this work.[®! A low-band
gap-emitting species was detected already after a few minutes,
and it governs light emission after 3 h of biasing at 1.2 V. The
EL peak of the 3 h biased-state stabilized at 790 nm (1.57 eV), a

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. a) Comparison between the XRD patterns of the fresh sample (black) and collected after 12 h of continuous forward bias at 1.2 V (orange).
The intensity is plotted on a logarithmic scale to highlight low-intensity peaks and to confirm that no crystalline phases are present other than Cu,
ITO, Pbl,, and perovskite. Indexing of XRD peaks from perovskite is depicted in red, taken from the study by Xie et al.*”) There is an overlapping of

perovskite peaks with ITO (=35°) and Cu (=43°), as explained in Figure S4,

Supporting Information. b) Variation of the integrated intensity of selected

peaks during biasing. c) Detail from (a) highlighting the peak associated with the (002) plane of the perovskite phase at =28.4°. d) Evolution of the
perovskite peak at 28.4°, obtained from in situ GIWAXS measurements, showing peak splitting upon biasing at 1.2 V in the dark. The different spectra
are shifted on the y-axis. €) Evolution of EL spectrum upon biasing the cell at 1.2 V in the dark. In the inset, the EL-QE is plotted relative to the fresh
sample (EL — QE = 1), which increases by a factor of 20 after 3 h of biasing. A gradual transition of peak emission wavelength from 760 nm for the

fresh sample to 790 nm after 3 h bias is observed.

30 nm red-shift from the pristine state’s 760 nm peak (1.63 eV).
The iodide-rich phase after 3 h biasing was not a pure iodide
triple-cation perovskite (Csg5(FAgg3MAg17)0.95PbI3), whose
emission peak was located at 805 nm (1.54 eV, see Figure S8,
Supporting Information). A putative halide ratio of this low-
band gap-emitting species could be obtained by estimating a
linear relation between the band gap and halide composition,”!
which yielded an iodide percentage of 94%. The fairly stable EL
peak position upon biasing of the Csgos5(FAgg3MA(17)0.95Pbl3
perovskite (see Figure S8, Supporting Information) indicated
to a minor or null role of A-site cation segregation in the for-
mation of the narrow band gap perovskite.”” The increase of
EL quantum efficiency (EL-QE) has been reported widely in the
case of halide segregation.’””l However, we also observed this
effect with Csgg5(FAg83MAg 17)0.95PbI3 and MAPDI; (Figure S8,
Supporting Information), despite a constant EL peak position.
This suggested a possible convolution of different processes

Adv. Energy Mater. 2020, 2000310 2000310 (4 of 11)

rather than only halide segregation causing the increase in
EL-QE. The evolution of optoelectronic properties of halide
perovskite in timescales of seconds to minutes could be ration-
alized through ion migration-induced defect formation or anni-
hilation,/®*%3l and similar argument could be used to explain
the increment of EL-QE.

The anti-correlation found between V¢ and crystallinity
after biasing was intriguing and unexpected. In fact, Tsai et al.
reported that the increased Vo (and FF) of NiO-based p-i-n
mixed-cation, mixed-halide perovsktie solar cell was correlated
with a light-induced strain relaxation. The relation between
perovskite crystallinity and carrier dynamics has been further
supported by different reports.[®>% For instance, lattice strain
in perovskite films has been shown to correlate with the mag-
nitude of nonradiative recombination./®”] It is important to note
that not enough has been known about the amorphous-crys-
talline perovskite interface, neither from a structural point of

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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view nor in terms of recombination pathways. In principle, an
amorphous or nearly amorphous matrix is expected to have a
large defect concentration, which should promote nonradiative
recombination, detrimentally affecting the V.. Nonetheless,
an enhancement of photoluminescence quantum yield in the
vicinity of amorphous grain boundaries compared to grain inte-
rior was observed in a =30 um-grain-sized MAPbBr; film.[%8!
Similarly, Xing et al. demonstrated an efficient luminescence
from amorphous perovskite nanoparticles.[®” Notably, by simul-
taneously monitoring PV parameters and perovskite film for-
mation, Alsari et al. observed a peak in the Vo when a large
amount of the perovskite precursor was not yet crystallized,
pointing to a self-passivation effect by the amorphous starting
material,”% which might apply to our case as well. Further dis-
cussion can be found in Note 2, Supporting Information.
Together with crystallinity, the morphology and chemical
composition of the perovskite film are essential figures of
merit in halide perovskite PV. To gain insights into the effect
of biasing on perovskite film morphology and composition
inside the device, a scanning transmission electron microscopy
(STEM) characterization on cross sections of full devices was
performed. Figure 3a shows the cross-sectional high-angle
annular dark-field (HAADF) images of the fresh and biased
samples. The comparison of the HAADF micrographs with
and without biasing shows that the structural integrity of the
device was preserved after bias. We did not detect any copper
penetration from the electrode into the active layers underneath
(Figure S9, Supporting Information). This indicated a negli-
gible influence of the metal electrode on changes in the device
J-V curves and optoelectronic properties.[”l Further, Figure 3a
shows changes in the spatial distribution of the relatively bright
spots in the perovskite layer. These were distributed throughout
the whole film in the fresh device but accumulated at both
perovskite-selective contact interfaces after biasing. The higher

W"

lodide
content

Bromide
content

Figure 3. a) Cross-sectional STEM-HAADF micrographs for the fresh PSC
(top) and after 12 h at 1.2 V bias in the dark (bottom). The dark circular
spot in the STEM-HAADF micrograph for the fresh device arises from
localized beam damage. b,c) NMF loadings (maps) of selected compo-
nents, with the fresh sample at the top and biased sample at the bottom
of each pair: b) iodide-rich perovskite phase and Pbl, (see the main text
for a detailed discussion) and c) bromide-rich perovskite phase. All scale
bars are 0.5 um. The micrographs and NMF maps for the fresh cell are
reproduced with permission.?! Copyright 2019, Wiley-VCH.
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brightness of these spots relative to the bulk perovskite indi-
cated their higher effective atomic number (Z.5) as HAADF
image intensity is roughly proportional to the square of Z.g.

We treated the energy-dispersive X-ray (STEM-EDX) spectro-
scopic data with non-negative matrix factorization (NMF) for
extraction of physically interpretable components to gain insight
into the chemical composition of both the bulk perovskite and
the bright spots (see Experimental Section or the study by
Cacovich et al.”¥ for more details on this). Selected NMF com-
ponents are displayed in Figure 3b,c and Figure S9, Supporting
Information. The color of each pixel in a component’s loading
(map) indicated the relative contribution of that component’s
factor (spectrum) in that pixel’s original EDX spectrum. Hence,
Figure 3b shows the spatial distribution of iodine and lead while
Figure 3c does the same for bromine and lead. The fresh perov-
skite device exhibited both iodine and bromine component as
expected. However, we could see that after biasing, the iodine-
rich phase became more dominant in the bulk of the perovskite
layer (Figure 3b) while small bromine-rich areas formed at both
perovskite-selective contact interfaces (Figure 3c).

Another exciting feature was the appearance of the red fea-
tures (grains) in Figure 3b. These grains (representative grain
is circled) were unique because they showed a substantial con-
tribution (red pixels in Figure 3b) from the iodine-rich compo-
nent but negligible contribution (dark blue pixels in Figure 3c)
from the bromine-rich component. Since crystalline Pbl, was
revealed by XRD analysis, we proposed that these grains were
PbI,. Biasing reduced both the number and size of these grains
(Figure 3b), in good agreement with our XRD data and sug-
gested that there was a Pbl, loss (e.g., a dissolution of these
crystallites within the film). With similar reasoning, we could
infer that the bromine-rich areas formed after biasing in
Figure 3c were not representative of PbBr, because the NMF
components showed a moderate iodine content in Figure 3b
(area denoted by the rectangle). These grains’ (areas’) richness
in lead and iodine (lead and bromine) agreed well with their
high intensity in the HAADF images. We note that an amor-
phous window was reported in the compositional space of
FAPb(I,Br;_,)3, when 0.3 < x < 0.5.72 This could explain the lack
of an evident shoulder at high angles for bromide-rich phase in
XRD perovskite peaks (Figure 2¢; Figure S4, Supporting Infor-
mation) and GI-WAXS (Figure 2d; Figure S6, Supporting Infor-
mation), despite the presence of those bromide-rich grains at
the interfaces with selective contacts.

The above combination analysis from XRD, EL, and STEM
indicated the occurrence of profound modifications to the
perovskite layer upon biasing. We proposed that the charge trap-
ping from iodide-rich domains, the morphologically degraded
interfaces and the reduced charge transport and collection
due to poor conductivity of the amorphized perovskitel®s73]
could explain the decrease of Jsc and FF driving the loss of
the PCE. To support this hypothesis, we investigated the role
of the iodide-rich phase by examining the modification in light
absorption and photocurrent generation at wavelengths longer
than 760 nm (band gap of the CsSFAMA perovskite). Figure 4a
shows the results of an in situ reflectance experiment on the
biased devices near the band gap region (Figure S12, Sup-
porting Information, shows the complete spectra in agreement
with our previous work”#). Here, we observed a significant and

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a) In situ reflectance experiment of full device biased at 1.2 V in the dark. The inset highlights the increase in reflectance attributable to the
diminution of the original perovskite composition. b) Differential EQE (AEQE = EQE};,seq — EQEfesh) around the band gap of the perovskite. The EQE
is measured with a 2 nm step size. c) Comparison of variation in EQE (Figure 4b), reflectance (Figure 4a with the sign changed from negative to posi-
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for comparison with —AReflectancey, and AEQEs,,. d) Evolution of EL peak upon biasing at 1.0 V (injected current density around 1 mA cm2). The inset

highlights the effect of this stress test on J-V curves.

gradual decrease of reflectance for wavelengths above 750 nm.
This was accompanied by a small increase in the 720-745 nm
range (see inset of Figure 4a, in agreement with the loss of the
original perovskite composition due to amorphization). The
decrease in reflectance above the band gap could stem from
light absorption by the iodide rich phase as well as from an
increase of energetic disorder of the perovskite, leading to a
broader absorption onset (the two mechanisms could coexist).
In Figure 4b, we show the differential external quantum effi-
ciency (EQE) around the band gap of the perovskite, obtained
by subtracting the EQE of the fresh device from the EQE after
biasing (EQEpiuseda — EQEgesn, see Experimental Section for
more details on this analysis). Although the differential EQE
was negative at wavelengths shorter than 750 nm (greater
than 1.65 eV), remarkably, below the band gap (>770 nm), EQE
increased by 1-2% (absolute). This enhancement increased fur-
ther with longer biasing (3—6 h), but then disappeared at 12 h.
In Figure 4c, we compared the differential reflectance and EQE
after 3 h of bias with the EL peak positions from the original
CsFAMA and from the low band gap specimen. An excellent
agreement was found between the small positive contribution
to the EQE upon biasing (AEQE3y,) and the EL peak governed
by the iodide-rich phase, proving that the iodide-rich perovskite
(inefficiently) contributes to the photocurrent.

For the sake of clarity, we stressed that the positive signal
in the differential EQE above 770 nm was decidedly weak.
Nonetheless, the conclusion that iodide-rich phase could con-
tribute to the photo-current is supported by the analysis of
PTAA-based devices (see Figure S13, Supporting Information),
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for which the EQE below the band gap was markedly higher,
implying that the efficiency of photocurrent generation from the
low band gap domains depended also on the selective contacts.
Notably, the selective contacts also influenced the device deg-
radation pathways (discussion in conjunction with Figure S13,
Supporting Information). To understand if charge trapping and
inefficient photocurrent generation from iodide-rich domains
were the primary sources of FF and Jsc losses, we performed
a stress test at 1V in the dark. In this case, the injected charge
was markedly lower than at 1.2 V and appeared not enough to
induce halide segregation®) as proven by the stable EL peak
position (Figure 4d). Nonetheless, the effect on the J-V curve
was similar to what was obtained at 1.2 V, with a decrease in FF
and Jsc and an increase of Vo (see also Figure S3, Supporting
Information). Interestingly, we found that the amorphization
might occur regardless the halide segregation (see Figures S10
and S11, Supporting Information, together with the conjunc-
tion notes).

The evolution of the EQE upon biasing, as shown in
Figure 5a, exhibited a substantial drop of EQE, especially
at short wavelengths range (350-450 nm). The extinction
coefficient of perovskite at short wavelengths is very high
(=10° cm™),”! implying a steep hole-electron pair generation
profile. Therefore, the EQE in this part of the spectrum is more
sensitive to the quality of the interface closer to the direction
of the incoming light (NiO/perovskite in this case). The high
photocurrent loss in this short wavelength range, along with
the worsened interfacial morphology observed in Figure 3, sup-
ported the hypothesis that perovskite amorphization was mainly

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. a) Variation in EQE upon biasing at 1.2 V in the dark showing asymmetry in the EQE reduction. b) Evolution of charge accumulation to the
Jsc over biasing time as obtained from the CE experiment while biasing the device at 1.2 V in the dark. c) Evolution of carrier lifetimes to the V¢ over
biasing time as obtained from the TPV experiment upon biasing the device at 1.2 V in the dark. d) Nyquist plot showing the evolution of the spectro-
scopic impedance at 1.2 V in the dark upon biasing the device in the same conditions.

localized at the interfaces. To gain more insights, we performed
charge extraction (CE) experiments, which confirmed a lower
Jsc for biased devices (Figure 5b; Figure S14, Supporting Infor-
mation). The Js¢ loss increased with the duration of the stress
test and was more significant at high illumination levels. Inter-
estingly, from the analysis of the charge density accumulated in
the device and extracted only after the light pulse was switched
off, it appeared that more recombination was introduced into
the device upon biasing. In fact, at high illumination levels, we
observed a decrease in both the photocurrent and the charge
density extracted in dark, which implied that a more substantial
part of the photo-generated charges recombined without being
collected. This was in contrary with the higher V¢ and carrier
lifetimes obtained from transient photovoltage (TPV) analysis
after biasing (Figure 5c; Figure S15, Supporting Information).
Hence, it was evidenced that the amorphous material intro-
duced parasitic absorption, and thus reduced the number of
photons reaching the crystalline and photoactive perovskite.
The reduction in interface quality was further confirmed by
in situ electrochemical impedance spectroscopy (EIS) measure-
ments, in which EIS was performed during biasing (Figure 5d).
The spectrum for the fresh device was composed of two semi-
circles, as commonly observed for PSCs. Upon biasing, we
observed a resistance increase in the high-frequency semicircle,
which pointed to an increase in recombination resistance and
charge transport/transfer resistance corroborating the above
analysis.”®”/l At the same time, the negative capacitance at low
frequencies emerged. Several reports attributed the negative
capacitance to the ion migration-induced modulation of the
energetics at the perovskite/selective contact interfaces.”®”’l For
instance, Ebadi et al.” observed a change from non-negative
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capacitance devices to negative capacitance devices by doping
Bi into the perovskite, due to the higher energy offset between
TiO,- and the Bi-doped perovskite. In the dark condition, the
negative capacitance was reported when there was a substantial
barrier for the charge injection.”®! In our case, the perovskite
crystallinity loss was expected to impact the resistance associated
with the charge injection, with the variation of the interface ener-
getics also affected by a combination of the formation of ionic
space charge and changes in the halide composition and mor-
phology at the interface. Overall, this finding further confirmed
the bias-driven interfacial degradation in mixed halide PSCs.

3. Conclusion

In this study, we investigated the reasons underlying PCE
losses of PSCs due to ion migration. Our results show that
bias-driven ion migration in planar PSCs induces the amor-
phization of perovskite and halide segregation when enough
charge is injected into the device. The Vyc increase might
be likely explained by taking into account the perovskite self-
doping effect due to the formation of ionic space charge at
the interfaces. However, the halide segregation and the loss
in perovskite crystallinity contribute to hinder the charge col-
lection, significantly reducing Jsc and FF, and thus PCE. The
ion migration-driven amorphization of perovskite might be
a fundamental degradation mechanism for optoelectronic
devices. As a solution strategy, we believe that fine compo-
sitional engineering®l or the introduction of additives into
the perovskite#!l might be suitable. In the preliminary tests
presented, it appears that the bias-induced degradation is

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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dominant even when light shines on the device or at high tem-
perature. Nonetheless, the overlapping effects of bias-induced
perovskite amorphization, thermal decomposition, and light-
induced degradation are critical topics for further investigation,
to disentangle each specific mechanism. As a final considera-
tion, the ion migration-induced loss of perovskite crystallinity
might have consequences for characterization techniques based
on prolonged DC polarization, employed, for example, to inves-
tigate ion migration in lead halide perovskites, and therefore
should be taken into account.

4. Experimental Section

Electron Selective Layer Deposition: For substrate cleaning, patterned
indium tin oxide (ITO) glass substrates (25 mm x 25 mm, 15 Qsq”,
patterned by Automatic Research GmbH), cleaned for 20 min with
Mucasol 2% solution in deionized water, acetone, and isopropanol in an
ultrasonic bath, were treated in an UV-ozone cleaner for 15 min.

The nickel oxide layer was deposited from a 0.15 M NiCl,-6H,0 (Alfa
Aesar) solution in anhydrous 2-methoxyethanol (99.8%, Sigma-Aldrich)
with the addition of 20 uL mL™ HNO; 65% (Sigma-Aldrich). After
shaking the solution overnight at 60 °C, the spin-coating deposition
of NiO was via the following program: 500 rpm (1 s acceleration) for
1s and 4000 rpm (2 s acceleration) for 30 s. After the spin-coating, the
substrate was dried sequentially at 75 °C for 10 min, at 120 °C for 15 min
and then annealed at 300 °C for 1 h.

For PTAA layer, PTAA (Sigma-Aldrich) was dissolved at a concentration
of 2 mg mL™" in anhydrous toluene (Sigma-Aldrich). The deposition was
performed by spin-coating at 5000 rpm for 30 s and annealing at 100 °C
for 10 min in glove box.

Perovskite Layer Deposition: For Csgos((FAPbI3)o.g3(MAPbBBr3)017)0.95
perovskite, PbBr, (1.5 M) and Pbl, (1.5 M) were dissolved in a mixture
of anhydrous DMF/DMSO (4:1 volume ratio) (Sigma-Aldrich) and
added to FAI (1.09:1 molar ratio) and MABr (1.09:1 molar ratio) powders
respectively, to obtain MAPbBr; and FAPbI; solutions with a final
concentration of 1.24 M. These two solutions were then mixed in a
17:83 volume ratio. Finally, the cesium cation was added from a 1.5 m
Csl solution in DMSO in a 5:95 volume ratio. The perovskite solution
was spin-coated on top of the hole selective layer using the following
program: 4000 rpm (5 s acceleration) for 35 s (total time: 40 s). After
25 s, 500 pL ethyl acetate was dropped on the spinning substrate.
After the spin-coating program, the perovskite-coated sample was
annealed at 100 °C for 60 min on a hotplate. For the Csggs((FAPbI3)q g3
(MAPbI3)g17)0.95 perovskite, the same procedure as for the Csggs((FAP
bl3)0.83(MAPbBI3)017)0.95 composition was followed, just modifying the
solution composition to obtain the desired stoichiometry. The MAPbI,
perovskite precursor was 1.2 M of Pbl, (Tokyo Chemical Industry), and
CH3NH;l (Dyenamo) in mixed solvent of DMF/DMSO (6:1 volume
ratio). The solution was put in thermal shaker at 60 °C for 5 min. The
spin-coating program for MAPbl; was with 4000 rpm for 30 s, ramping
for 5 s. A total of 500 pL of ethyl acetate was used as antisolvent
quenching step after 20 s of spin-coating.

Electron Selective Layers and Metal Electrode Deposition: On top of
the perovskite, 23 nm Cgo and & nm BCP were deposited by thermal
evaporation (MBRAUN PROvap 3G) with evaporation rates below
02 A s ata pressure of under 1E-6 mbar. Finally, 100 nm Cu was
evaporated at a rate of 0.08-1.0 A s7'. The active area was defined by the
overlap of patterned ITO and the metal electrode, which was 0.16 cm?.

PV Performances Characterization: J-V characteristics under 1 sun
equivalent illumination were recorded using a WAVELABS SINUS-70 LED
class AAA calibrated with a silicon reference solar cell from Fraunhofer
ISE. J-V scans were performed with a Keithley 2400 SMU, controlled by
a measurement control program written in LabVIEW. The voltage values
were swept in 20 mV steps with variable integration time and settling
time after voltage application to control the scan rate.
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Optoelectronics Characterization: TPV, CE, IPCE, and EL were
performed with a commercial modular instrument for advanced
photoelectrical characterization (Arkeo from Cicci Research s.r.l.). In the
case of TPV and CE, the setup was based on a high-speed waveform
generator that drives a high-speed LED (5000 K). The device was
connected to a transimpedance amplifier and a differential voltage
amplifier to monitor short circuit current or open circuit voltage. The
light intensity could be varied between 0.1 and 2 equivalent suns. EQE
analysis was performed with a commercial apparatus (Arkeo) based
on a 300 W xenon lamp monochromatic light (300-1100 nm at 2 nm
of resolution) with thermal-controlled stage. A source meter with 1 pA
of resolution was directly connected to the device and NIST-calibrated
silicon detector. For the differential EQE shown in Figure 5b,c, the EQE
between 700 and 830 nm was recorded with 2 nm of resolution. EL
spectra were recorded with a commercial apparatus (Arkeo) composed
by a CCD spectrometer. The devices were biased employing the same
setup. The EL spectra were acquired at a driving voltage of 2.25 V and
with a fast acquisition time (the measurement takes less than 5 s).
The fast acquisition time assured that the halide segregation was not
induced by the high current density (above 100 mA cm=2) during the
acquisition time, as shown in Figure 5d. The optical coupling system
was composed of a lens condenser attached to a multimode optical
fiber bundle. The Arkeo apparatus allowed overlapping a constant
biasing to TPV, CE, EQE, EL, and other techniques. The bias was applied
continuously and switched off only during the measurements described.
Impedance spectroscopy was performed with an FRA-equipped SolarLab
XM potentiostat.

In Situ X-Ray Diffraction and GI-XRD: The biasing was performed
with a high-precision source meter directly connected within the XRD
chamber. The samples had to be shipped to perform this experiment,
and this is probably the reason behind the relatively higher content of
Pbl, found in the diffractograms, with respect to what was found when
characterizing the cells where fabricated (see, for instance, the study
by De Wolf et al.”4). XRD was performed using a PANalytical X'Pert
Pro MPD diffractometer (Cu Ke radiation), with patterns collected
continuously (the time required to collect a single diffractogram
is 1 h). More details on the experiment are provided in Figure S4,
Supporting Information. It must be noted that the diameter of the
incident X-ray beam was 1 cm at the sample surface, while the width
of one cell was 0.4 cm. For the measurement done with 1V as shown
in Figure S10, Supporting Information, grazing-incidence geometry
with a smaller slit was used, and hence, the beam spot had diameter
of 0.45 cm that was also bigger than the cell’s area. Therefore, XRD
patterns were collected partially from the adjacent unbiased area,
thus quantitative analysis underestimated the observed phenomena.
A duplicate XRD measurement without biasing was done to exclude
the possibility of X-ray beam-induced perovskite damage influencing
the results. In this control experiment, no changes were observed in
the diffraction patterns after 8 hourly scans (Figure S3, Supporting
Information).

In Situ Reflectance: In situ reflectance spectra were acquired with a
UV-vis 2550 spectrophotometer from Shimadzu, calibrated with BaSO,.
The biasing was performed during the measurement with a Keithley
2400 SMU with analogue control.

STEM Characterization: Cross-sectional lamellae of fresh and biased
(12 h at 1.2 V in dark) devices were prepared and thinned to electron
transparency by focused ion beam milling (FEI Helios Nanolab
DualBeam FIB/SEM) using a standard protocol®d with minimal
(=2 min) exposure to air between lamella preparation and STEM
characterization. For the biased device, lamella milling was performed
immediately after the biasing regime was completed. Cross-sectional
HAADF imaging and EDX spectroscopy were carried out in a FEI
Tecnai Osiris operated at 200 kV and equipped with a Bruker Super-X
EDX silicon drift detector with a total collection solid angle of =0.9 sr.
To minimize beam damage, EDX spectrum images were acquired with
a defocused beam (Af = —0.5 um), probe current of =250 pA, spatial
sampling of 10 nm per pixel, and dwell time of 50 ms per pixel. Data
were acquired with Tecnai Imaging and Analysis and analyzed with
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HyperSpy.[®¥l The data were treated with NMF for decomposition into
easily identifiable components.

In Situ Grazing-Incidence Synchrotron Wide-Angle X-Ray Scattering:
Grazing-incidence synchrotron wide-angle X-ray scattering data were
acquired at the KMC2 beamline at BESSY Il synchrotron (Helmholtz
Zentrum Berlin). Samples were biased in situ in air and in the dark and
scattered X-rays were acquired at a range of scattering angles every 15 min,
at grazing incidence angles of 2° and 4°, through the Cu top contact. The
photon energy of the beam was set to 8048 eV, matching Cu Ko radiation.

MD Simulation: The simulated defect-free and defected samples were
aged at constant pressure and temperature at ambient conditions for
a total of =500 ps. The samples were obtained starting from a system
containing 256 MAPI; stoichiometric units in which defects were
introduced randomly. Simulations were performed using the MYP1 force
model®+#] using the LAMMPS code. %]

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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