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ABSTRACT: To analyze the dynamic of ion species through a MAPbI;_,Cl, (HaP) solar cell, an operando hard X-ray
photoelectron spectroscopy (HAXPES) study was proposed. Stacked Au/Ag/AZO/PCBM/HaP/NiO/ITO/glass structures, where
AZO, PCBM, NiO, and ITO stand for Al-doped zinc oxide, phenyl-C61-butyric acid methyl ester, nickel oxide, and indium tin oxide,
respectively, were evaluated. Experimental core level analysis under an applied bias voltage highlighted that a certain threshold
voltage (above the open-circuit voltage (Vo)) is required to trigger the iodide (I”) migration from the HaP to the adjacent electron
and hole transport layers. Study also demonstrated that the diffusion of I" in AZO/PCBM over time is unidirectional and follows the
gradient descent in concentration. We observed that the irreversibility of the I” transport leads to the absorption of I” by the Ag
layer to form a silver iodide (Agl) compound. Furthermore, this work also pointed out the efficiency of an ITO layer when deposited
between Ag and AZO to serve as the ion diffusion barrier layer. Finally, the results demonstrated that the presence of ITO restrains
the Agl formation and contributes to improving cell performances.

1. INTRODUCTION

Recently, hybrid organic—inorganic halide perovskites (HaP)
have emerged as one of the most promising materials for low-
cost fabrication and high-power conversion efficiency (PCE) in
solar cell (SC) technology.l_4 Besides the tremendous research
effort,” the dazzling success of HaP is made possible by their
intrinsic high light absorption coefficients,’ long carrier diffusion
lengths, extended charge carrier lifetimes,” and excellent defect
tolerance.” HaP structures generally refer to a class of materials
with the chemical formula ABX;, where A is a monovalent cation
(methylammonium (MA*), formamidinium (FA*), or cesium,
etc.), B is a divalent metal cation (Pb**, Sn**, etc.), and X is
occupied by a halide counterion (CI7, Br~, or I7).” So far, the
methylammonium lead iodide (MAPbI,) is the most widely
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studied member of HaP and is often used as a reference
compound.'’ Currently, the highest PCE of a HaP solar cell
(HaPSC) has reached 25.7%,"" exceeding the record efficiency
of copper indium gallium selenium (CIGS) and approaching the

best record of their silicon counterpart. However, their stability
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Figure 1. Schematic representation of stacked HaPSC devices used in this work: (a) SP_1 (Au/Ag/AZO/ PCBM/HaP/NiO/ITO/ glass) and (b)
SP_2 (Au/Ag/ITO/AZO/PCBM/HaP/NiO/ITO/glass). (c) Simplified operando HAXPES analysis setup under bias voltage based on synchrotron
X-rays. (d) Top view of attached HaPSC sample on a connected HAXPES sample holder for the operando measurement.

issues remain a major bottleneck and restrict HaPSC production
for mass commercialization.'”

Ionic transport inducing an irreversible degradation of
HaPSC has been identified as one of the factors that seriously
impeded the long-term stability'* and performances'*™'® of
HaPSCs. The easy self-release of ionic compounds during
prolonged operation of SCs induces a lot of defects in the HaP
layer that serve as nonradiative recombination centers. These
remaining defects are also sensitive to moisture and oxygen,
which accelerate device decomposition. However, the types of
mobile species as well as the dynamic behavior of these latter are
still under debate.

In view of the cohesive energy weakness of the flexible crystal
lattice of the HaP structure (based on ionic bonds, hydrogen
interactions, and van der Waals forces), various types of
fragments/defects can be generated as a result of the easy
dissociation of the HaP structure.” From the most investigated
MAPDI; absorber, the existence of fragments/defects such as
interstitials (I, MA;*, and Pb;*"), vacancies (V;*, Vya~, and
Vp,27), cation substitutions (MAp,~), and antisite substitutions
(Ipy>", Tya>™, and Pb**) were predicted.'”'® Furthermore, on
the basis of their activation energy (EA) values, some of them
were identified as being accountable for ionic migration. Eames
et al. reported three different ionic transports mediated by three
different vacancy defects: (i) iodide (I”) migration along
octahedron edges (V;*); (ii) MA" migration into a neighboring
vacant A-site cage (Vy,~); and (iii) Pb*>" migration along the
<110> diagonal of the cubic unit cell (Vp,>7)."” The
corresponding EA values of the migrating species derived from
the first-principles calculation are 0.58, 0.84, and 2.31 eV,
respectively. However, in spite of the small EA for both I” and
MA®, the estimation of their diffusion coefficient at 320 K
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suggests a negligible transport of MA™ in comparison to I". This
dominant I” transport is due to its much higher overall
diffusivity (~107'2 cm?/s) compared to that of MA* (~107'6
cm?/s). As for the ion transport mechanism under an applied
electric field through the HaP, Huang and co-workers®® showed
that a small electric field of ~1.2 V/um in MAPDI; can drive the
movement of ions, leading to n-type and p-type doping near the
anode and cathode, respectively. They also pointed out a
massive I” anion drift during the reversible conversion between
the MAPDbI; and Pbl, phases induced by the bias stress.

From the viewpoint of the actual whole HaPSC devices
including adjacent selective contacts, transport layers, and metal
electrodes, it still remains unclear that the jon transport itself
leading to an insufficient supply of iodine into the HaP film is the
exclusive cause of poor performance and instability as evoked by
Weber et al.”' First, we point out that aiming to improve the
open-circuit voltage V¢ value of an SC requires identification of
the straightforward connection between the V¢ deficit and the
nonradiative recombination losses of the photogenerated
charges at interfaces and/or metal contacts in addition to the
radiative recombination in the HaP bulk. Ideally, the internal
quasi Fermi level splitting (QFLS) in the HaP absorber should
be totally equal to the Vo and only limited by radiative
recombination in the bulk. However, as the key factor for the
efficiency of an SC, the actual V¢ always takes into account the
overall quality of the cell, which includes imperfections from the
interfaces and other stacked layers as well. Therefore, V¢
measurement in the actual full HaPSC as a function of the
external voltage should provide information regarding the extent
to which the situation differs from the ideal case.

Then, recently, several experimental and theoretical studies
have brought out the impact of the nonradiative recombination
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loss process on solar cell performance. Sood et al.™” and
Stolterfoht et al.”” have highlighted a clear Vi deficit (Vo gef)
between the internal Voc (Vocu,) measured by optical
(photoluminescence (PL)) measurements and the external
Voc (Voc,e) from electrical (current—voltage (I-V)) measure-
ments. In fact, the Vioc;, from PL is calculated from the ratio of
the total radiative recombination flux of the device to the flux of
injected photons and provides a direct measure of the intrinsic
quality of an absorber. In this regard, Vi, reflects the real
QFLS from the bulk perovskite, while the Vyc ., from I-V
indicates an energetic difference between the hole quasi-Fermi
at the hole contact and the electron quasi-Fermi at the electron
contact.

Moreover, we finally point out that ion motions across
selective/transport layer materials® and metallic electrodes’’
under long-term operation, especially for the benchmark
MAPDI; device, could result in chemical reactions as well as
the formation of an interfacial ion accumulation layer and the
modification of the energy band alignment across interfa-
ces.” ™ From our earlier work related to the interfacial
chemistry of MAPbI,_,Cl,/transport layer materials,”> we
confirmed that chemical degradation mainly exists at the
interface between the materials. From this same report, we
also point out an accumulation of iodine species in the organic
electron (phenyl-C61-butyric acid methyl ester (PCBM)) and
hole (poly[bis(4-phenyl)(2,4,6-trimethylphenyl)amine]
(PTAA)) selective layers after the self-release from the bulk
absorber MAPbI;_Cl,. Furthermore, the I~ consumption by the
metallic electrode affecting the PCE was previously pointed out
by Kato et al.”® and Cheng et al.** Following the approach of
Boyd et al,,”” by using an ITO layer as a potential barrier layer
between the transport layer material and the metallic electrode,
we note an increase of the current density and the PCE (from
11.5% to 12.4%), as seen in the Supporting Information (Figure
S1). Therefore, it seems necessary to shine more light on some
chemical changes operated in layers and buried interfaces
through the use of a suitable analysis tool.

Photoelectron spectroscopy (PES) based on soft X-rays
possesses all abilities to study the valence band structure as well
as the chemical states and relative concentrations of constituent
elements of samples. However, in a nondestructive analysis, soft
PES often fails to provide bulk and buried interface features due
to its large surface sensitivity. Hard X-ray photoelectron
spectroscopy (HAXPES)*'™* offers an immense opportunity
to investigate up to several tens of nanometers depth without
any damage on the samples. Taking this into account, here we
present one methodology to directly track down, over a several
nanometer scale, the dynamics of ion species inside
MAPbL,_,Cl, (HaP)-based SC devices under an operating
condition. From this operando HAXPES analysis under an
applied bias voltage, we will also focus on the impact of the ITO
interlayer proposed as the barrier against the harmful ionic
migration.

39,40

2. EXPERIMENTAL SECTION

2.1. Materials and Preparation. Two stacked solar cells without
and with an ITO interlayer labeled as SP_1 (Au/Ag/AZO/PCBM/
HaP/NiO/ITO/glass) and SP_2 (Au/Ag/ITO/AZO/PCBM/HaP/
NiO/ITO/glass), respectively, as seen in parts a and b of Figure 1, were
manufactured during this work. To grow both samples, a nickel oxide
(NiO) layer was deposited as a hole transporting layer (HTL) on a
precleaned patterned ITO-coated glass substrate by radio frequency
(RF) sputtering at room temperature. The target NiO was sputtered
under an argon gas pressure of 3.5 Pa with an RF power supply of SOW.

1950

Then, the samples were transferred inside the glovebox for the 300-nm-
thick HaP film deposition.

For the HaP preparation, first a Pbl, precursor solution was spin-
coated at 3000 rpm for 90 s. Then a mixed precursor solution of
methylammonium iodide (MAI) and methylammonium chloride
(MACI) was spun onto the Pbl, layer at 4000 rpm for 30 s to obtain
the HaP (MAPbI,_,Cl,) layer.** To crystallize the HaP film, we placed
samples on a hot plate with MACI powder covered with a Petri dish at
100 °C.* PCBM (60-nm-thick) used as an electron transport layer
(ETL) was spin-coated over the HaP films at 700 rpm for an initial 30 s
and 5000 rpm for 10 s. The PCBM layer was thereafter annealed at 100
°C for 5 min on the hot plate. Subsequently, a 60-nm-thick AZO buffer
layer was further spin-coated at 1000 rpm for 5.5 s coupled with 4000
rpm for 20 s followed by annealing on the hot plate at 100 °C for 10
min.

Prior to the last step of the SP_2 sample fabrication, 30-nm-thick
ITO was sputtered at an Ar pressure of 0.15 Pa and a dc power supply of
50 W at room temperature. Finally, the Au/Ag (6 nm/2 nm) bimetallic
electrodes were thermally evaporated successively on top of the AZO
for SP_1 and ITO for SP_2 to complete the cell structures. We note
that the normal solar cell structure uses a thicker layer of bimetal top
electrodes; however, for this HAXPES analysis we have intentionally
used the thinner Au/Ag bielectrode layer to be able to get chemical
information from the buried layers. The active area (electrode size) of
the devices is 0.26 mm®

After the whole deposition processes were complete, SP_1 and SP_2
samples were kept in an N,-filled box throughout the transport steps to
avoid any oxygen or moisture contamination. To maintain a high purity
of the working environment before introducing samples into the
HAXPES analysis chamber, an argon-filled glovebag was used to
manipulate the samples. After placing both samples on the sample
holder, these latter were again stored in a special argon-filled box that
was connected to the transfer chamber of the HAXPES machine.

2.2. Device Characterization. HAXPES analyses were carried out
at BL1SXU beamline at SPring-8 synchrotron facility (Japan).*®
Basically, the synchrotron facility provides a very intense beam of high-
energy X-rays, a million times more intense than laboratory-based X-ray
systems, and therefore has a much higher depth of penetration. With
their short wavelength (comparable to the size of atoms) and high
energy, hard X-ray photons can penetrate tens to hundreds of
micrometers into most materials.”’ ™’ Intuitively, they can pass
through our relatively thin stacked Au/Ag/ITO/AZO/PCBM/HaP/
NiO structures, which are <0.6 ym. A generic description of the
operando HAXPES setup is depicted in Figure 1c. In this investigation,
all analyses were performed at room temperature and a stable base
pressure (~1077 Pa).

Linearly polarized X-rays in the horizontal plane were used to
conduct all of our measurements. Considering that the angle between
the incoming X-ray beam and the photoelectron analyzer is 90°, for
almost all measurements the X-ray beam was incident on the samples
with a grazing angle of 5°; thus, the photoelectrons were collected along
directions close to the normal to the surface at 85°. This experimental
geometry with a takeoff angle (TOA = angle between the surface sample
and the HAXPES analyzer) of 85° was chosen to favor the bulk
sensitivity as much as possible. In this configuration, a projected X-ray
beam with an expanded footprint size of approximately 400 X 30 ym? at
the sample surface was used. The excitation photon energy during all
measurements was set to 5.95 keV, and photoelectrons were detected
and analyzed with a hemispherical electron analyzer (VG-Scienta
R4000) in the angle integrated transmission mode with an acceptance
angle of +7°. The total energy resolution (photon and spectrometer
bandwidths) was estimated to be 0.24 eV as determined by fitting the
Au Fermi edge. The binding energy (BE) was calibrated by using the
Fermi edge of an evaporated Au film.

On the basis of the theoretical inelastic mean free paths (IMFPs)
calculated by the QUASES-IMFP-TPP2M software,™ the sampling
depth (d) or escape depths of photoelectrons (d & 3 X IMFP X
sin(TOA)) were roughly estimated at ~30 nm for the photon energy of
5.95 keV used in this work. We draw attention to the fact that, with the
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high density of the Au top electrode (~19.3 g/cm®), the actual
information depths may be slightly lower than 30 nm.

For the treatment of HAXPES data, CasaXPS (CASA Software,
Ltd.>") was mainly used. To be more specific, core levels were fitted
using a pseudo-Voigt peak shape (Gaussian/Lorentzian) with a Shirley
algorithm to model the background subtraction as primarily needed.
The Lorentzian contributions for the investigated core levels were small
and were kept fixed at the same width for the fitting of one core level.

An ADCMT 6241A DC Voltage—Current Source/Monitor system
interfaced with an external computer controller located outside the
experimental hutch was used to apply different bias voltages on samples
during measurements, as illustrated in Figure 1d. A dc bias signal was
applied to the ITO bottom electrode, whereas the Au top electrode was
grounded to eliminate any surface charge contribution. Note that all
analyses were conducted under an identical room light (~300 Ix)
condition corresponding to 0.1 mW/cm® of irradiance. Finally, we
underline that HAXPES data recorded for each set of voltage always
started after we reached a steady state of the current density (~15—20
min), as depicted in Figure S2a. Throughout this work, each complete
HAXPES data recording duration after reaching a stable current density
was ~90 min, unless stated otherwise. This length of time (~2 h for
each set of voltage: transient state + wide, Au 4f, Ag 3d, Zn 2p, Al 1s, O
1s, C 1s, N 1s, Pb 4f, 1 3d, and valence band) is considered as enough
duration to observe any significant chemical reaction or intensity
variation (diffusion process).

3. RESULTS AND DISCUSSION

To establish the reliability of our reported electric setup from
Figure 1d, it was required to ensure that samples in the analysis
chamber were appropriately connected to the voltage supply
located outside the hutch. Current density—voltage (J—V)
measurements before any X-ray exposure (X-ray shutter close)
were performed as reported in Figure 2a. SP_1 and SP_2
samples were recorded by scanning in forward (line) and reverse
(dashed line) directions. From the J—V results, a hysteresis

(a)0.04
{Room light (~0.1 mW/cm? )
0.02 1
£ o :
o 4
<
£-0024 —--SP_1 -
- 1 —+--SP_2
-0.04 —
'006 T T T T T T T T T
0 0.2 0.4 0.6 0.8 1
Voltage (V)

—SP_1 o c
1 ——sSP_2 X-rays beam
0.65 Open Close |
T T J T T T T T T T
0 0.02 0.04 0.06 0.08 0.1 0.12
Time (hour)

Figure 2. Electric characteristics of SP_1 (red) and SP_2 (blue)
samples under room illumination: (a) current density—voltage (J—V)
and (b) synchrotron X-ray source impact on the open-circuit voltage
(Voc) values, where O and C refer to the open and close operation
modes of the shutter, respectively. The shutter open (or close) on
demand is used to selectively transmit (or block) the X-ray beam at the
surface of the samples.
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feature is uncovered in both samples (but is more significant in
the SP_2 sample). Furthermore, we highlight the effectiveness
of the ITO interlayer with the notable enhancement of the
current density when comparing the SP_1 and SP_2 responses.

Voc responses from the SP_1 and SP_ 2 samples over time are
reported in Figure 2b. The outcomes display the direct impact of
the synchrotron X-ray beam exposure on the V¢ response when
several on/off switching cycles of the X-ray beam (open and
close operation mode) were performed. The beam shutter open
(or close) on demand are used to selectively transmit (or block)
the X-ray beam at the sample surfaces. Letters O and C are used
to refer to the open and close modes of the shutter, respectively.
Prior to the first beam exposure (below 0.01 h), the intrinsic
positive effect of the ITO interlayer on the V¢ is proved by
comparing SP_1 (~0.75V) and SP_2 (~0.80 V) data. Under O
mode, an important drop of V¢ magnitude occurs and is then
followed by a relaxation phase. When switching to the C mode,
the V¢ pursues its recovering process until reaching the initial
Voc baseline value. This procedure was repeated several times to
confirm the X-ray impact, as shown from Figure 2b.
Furthermore, to provide a satisfactory explanation of J—V and
Vo results, we studied the chemical changes that occurred on
the samples (survey, Figure S3) following the deposition of the
ITO interlayer (Figure S4). Thorough core level analyses were
conducted to distinguish the effects of different bias voltage
levels on each layer.

Chemical information on the Ag layer from the SP_1 and
SP_2 samples is reported in parts a and b of Figure 3,
respectively. A similar Ag 3ds,, BE position at the 368.0 eV>>>*
state is detected on both samples. This Ag 3d;,, position is
located at a lower BE relative to the Ag® metal, expected at 368.3
eV.>">> We ascribe this lower BE shift to the formation of the

(@ |SP_1

—— 0.0V (for)
—~Voc
1.0v
—— 0.0V (rev)
—-0.5V

Counts

3685 368 3675
Binding Energy (V) _,

3685 368 367.5
Binding Energy (eV)

378 376 374 372 370 368 366
Binding Energy (eV)

(b) SP_2 368.3 eV -

o

o

o

| ©

%) | ™
€ |
3 |
s) i
o |

T T T T
374 372 370 368
Binding Energy (eV)

T T
378 376 366

Figure 3. Ag 3d HAXPES core level spectra as a function of the bias
voltage applied on the HaPSCs at a takeoff angle of 85°: (a) SP_1 and
(b) SP_2 samples. Binding energies at 368.3 and 368.0 eV are related to
Ag® metal and Agl, respectively. From the insets, we compare the
evolution of the maximum intensity of Ag 3d;/, as a function of the
applied bias voltage.
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Figure 4. I 3d;, core level recorded at different bias voltages: (a) SP_1 and (b) SP_2. Similar intensity scale and binding energy range are used to
compare the intensity changes and energy shifts between the SP_1 and SP_2 samples. Reported data fitting from the I 3ds/, core level: (c) SP_1 and
(d) SP_2. Vertical dashed lines have been placed to illustrate the clear shift of the envelope of the magenta and orange components.

mixture of Ag with another element such as I", as already
suggested by Kato et al.”»*° The Agl signal is of interest as it
shows anomalous negative chemical shifts compared to the
metal. On the basis of the analysis of diverse initial- and final-
state phenomena in the photoelectron spectroscopy, many
possible mechanisms can lead to the atypical decrease of the
binding energy with the increase of the oxidation state of silver.
Gaarenstroom and Winograd attribute this significant negative
shift to the initial-state factors of ionic charge and lattice
potential,”” while Bagus et al. associate it to the Madelung
potential (which is always negative at a cation site due to
surrounding anions).”® It appears to be the dominant factor in
the case of Ag oxides, where positive shift due to electron loss is
small and overcome by the significant negative shift due to the
Madelung potential. Finally, we underline that this atypical
negative binding energy shift also has been highlighted from
copper with the Cu 2p;,, binding energles of Cu metal and
Cu,O at 932.7 and 932.5 eV, respectively.””~®' Regarding our
study, we assume that the Agl halide results from the reaction
between the Ag* from the electrode and the I” escaping from the
HaP absorber. Furthermore, another important observation
from Figure 3a and b is that the SP_2 maximum intensity
remains unaffected, whereas a certain variation of the maximum
intensity is detected on the SP_1 sample as a function of the bias
voltage. On the ba31s of this evidence, we suspect an I diffusion
into the Ag layer® (and/or the existence of Ag* ion transport
toward the HaP side) taking place only without an ITO barrier
layer (SP_1 sample). Finally, we note that the similar analyses
performed on the grounded gold layer do not show any
significant difference between the SP_1 and SP_2 samples
(Figure S5), and the corresponding BE of Au 4f, , at 84.0 eV is
consistent with the metallic state of the gold (Au®*?).

Figure 4 reports I 3d;/, (~619 eV) core levels depending on
the applied bias voltage on samples. With the I 3d;,, peaks in
Figure 4a, we provide proof that an iodide transport process
happens in the SP_1 cell, and this move is also voltage-
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dependent. Most importantly, the results clearly demonstrate
that a certain voltage threshold is required to trigger the iodide
migration. In fact, with 0.0 V (forward) and 0.75 V (~V), no
significant variation of I 3d;,, intensity correlated to an iodide
transportation is detected. In this work, we associate a diffusion
or migration of iodide species from the HaP toward the Au/Ag
bielectrodes with a perceptible increase of I 3d;,, intensity.
However, we do not identify the slight fluctuation of I 3d;,,
intensity under 0 V (forward) relative to the V¢ & 0.75 V as a
transverse iodine transport from the HaP under voltage. This
trivial intensity decrease in the case of V¢ is not related to any
back-migration of iodide but rather to a minor reorganization or
lateral redistribution of iodide species located at the Ag/AZO
layers. Furthermore, by applying 1 V (higher that the SP_1
Voc), we witness a drastic increase of the I 3d;/, contribution.

To explain our results, first it is important to recall that the
same room light exposure (0.1 mW/cm?) was used during all of
this work. Then, the X-ray radiation does not induce or
contribute to any iodide transport as demonstrated from the
investigation of the X-rays impact reported in Figure S6a and b.
Therefore, at 0 V, we can primarily deduct that charge carriers
generated inside the HaP layer by only the illumination are not
enough to remove the intrinsic energy barrier established at the
HaP/PCBM interface. Additionally, we infer that under 0.75 V
we only ended up with a decrease of the interfacial energy barrier
but not an iodide transport outside the HaP film. As expected at
1V, the presence of a high electric field across the HaP layer
drives the generation of a substantial amount of charge carriers,
leading to an interfacial energy barrier cancellation. With this
latter configuration, halide species (iodide) can easily cross the
HaP/PCBM interface and spread out toward the lower iodide
gradient (Au/Ag side).

For 0.0 V (reverse) and —0.50 V, we continuously detect an
increase of I 3d;/, intensity. From Figure 4a, we report that the
relative concentrations from the I 3d core level at 1, 0 (reverse),
and —0.5 V are 1.95, 2.4, and 2.7 times higher than that of 0 V
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(forward), respectively, which is consistent with a constant
transport process. Basically, it was expected to have (i) a
reestablishment of the initial energy barrier at 0.0 V (reverse)
and (ii) a raise of the energy barrier about g(—0.5 V) eV at —0.5
V. Thus, no iodide species will be injected into the PCBM, and
0.0 V reverse or —0.50 V bias voltage cannot explain the large I
3ds/, intensity. To interpret these observations, we considered
the PCBM layer as an iodide tank. This assumption is strongly
related to our previous investigation of MAPbI;_,Cl,/transport
layer material interfaces where a large amount of iodide species
was observed near and inside the PCBM layer after the
deposition of this last one.” Therefore, by applying 1.0V, a large
amount of iodide species can be stored inside the PCBM film.
Then, during the 0.0 V (reverse) and —0.50 V analyses, we
witness a continuous diffusion of iodide species toward the Ag
side driven by a gradient descent in concentration. We also
underline that the —0.50 V process is only time-dependent but
not bias-voltage-dependent. To dispel all doubt on whether or
not there could be a process of iodide diffusion under —0.50 V,
we performed a specific additional short time bias voltage
measurement to only follow the I 3d core level evolution, as
described in Figure S6¢ and d. As widely demonstrated in the
Supporting Information, —0.50 V does not trigger an iodide
transfer from the HAP to the PCBM over the HaP/PCBM
energy barrier. The iodide increase is strictly associated with the
diffusion due to the descent gradient concentration between the
PCBM and the AZO and Ag.

Furthermore, an interesting detail is observed from Figure 4b
associated with the ITO barrier layer impact on the out-diffusion
iodide elements. No notable increase of the I 3d;,, component is
observed regardless of the bias voltage applied on the SP_2
sample. The experimental results confirm the effectiveness of
ITO to prevent the harmful iodide leakage from the AZO toward
the metal electrode. In addition, we report a lower amount of
residual iodide species (I 3d;,, signal at 0.0 V (forward)) from
the SP_2 sample profiling depth conversely to the SP_1 sample
at 0.0 V (forward). To describe the mechanism behind the
suppression of iodide diffusion with the presence of ITO, we can
consider the existence of physical and/or chemical interactions
that block the migration toward Ag. First, because the ITO film
is amorphous (complete lack of long-range order and grain
boundaries), iodide species will not be able to physically
progress and cross the ITO layer through the grain boundary
channel.**** Besides the influence of the ITO morphology, we
also speculate that physical blocking of iodide can be attributed
to the establishment of a continuous In—O—In (In—O—Sn)
network structure, which can form a physical barrier again the
iodide migration. In fact, the In—O bond length of 2.17 A% s
smaller than the diameters of iodide species such as the I” ion
(4.12 A%7%®), which makes the In—O bond suitable to physically
block the iodide progression. Furthermore, regarding the
chemical blocking aspect, we suspect the formation of strong
In—I or Sn—I and O—I bonds at the AZO/ITO interface, which
leacls9 to chemically preventing the iodide diffusion toward the
Ag.

Now, to describe the contribution of each chemical state of
the I3d;,, peaks from the SP_1 and SP_2 samples, the following
aspects were considered during all fitting processes. As shown in
parts ¢ and d of Figure 4, the single cyan component at 0 V
(forward) was used as the reference. Its binding energy position,
shape, and full width at half-maximum (fwhm) were held fixed
during the I 3ds,, peak fittings of the other four bias voltages.
The SP_2 sample spectra consist of only one main peak located

1953

at 619.1 eV, as clearly identified from Figure 4d. We ascribed this
chemical state to the presence of the Agl interlayer.”"”"
Basically, it is unexpected to observe the existence of the Agl
compound from the SP_2 sample because of the presence of an
ITO barrier layer. In other words, halide species should not be
able to directly reach the Ag layer and create an Agl structure as
in the case of the SP_1 sample without an ITO barrier. To
describe the presence of Agl on the SP_2 sample, first we believe
that the residual Ag—I reaction takes place during the
manufacturing process. Indeed, as we observed in our previous
report, after the PCBM deposition on the HaP, a certain amount
of iodide crossed the interface and moved into the PCBM. It is
expected that part of the iodide species located in the PCBM
layer will undergo a migration process toward the AZO surface
after the deposition of this last one. Thus, during the progressive
sputtering of ITO on the HaP/PCBM/AZO, we suspect
successive short length vaporization and redeposit at the top
of the ITO layer. Therefore, after the Ag deposition on the ITO
surface, we end up with residual Agl. Furthermore, we cannot
exclude a transfer (vaporization) of iodide elements from the
edges of the HaP, as suggested by Boyd et al.””

Regarding the analysis of the SP_1 sample in Figure 4c, new
components (magenta and orange) were added to achieve a best
peak fitting of the experimental results. In SP_1, we assume that
the magenta peak at 618.8 eV is associated with the presence of
the free iodide element (I77>77°), while the orange signal at
620.2 eVislinked to the I,”” or 10,”.”% According to our probing
depth length (<30 nm), we estimate that the residual 1,/10,~
elements are mainly located at the buried AZO layer. We
underline that the IO,” formation can be straightforwardly
related to the reaction between an I” from HaP and oxygen
species originated from AZO or PCBM (C,,H,,0,). As for the
I, generation, we recall that any I, signal was observed during our
previous investigation of HaP/PCBM interfaces.”” Therefore,
we assume that the I, formation can result in an electrochemical
oxidation of the I ions (2I” — I, + 2e”) by the Ag electrode or a
partial decomposition of Agl (2Agl — 2Ag + I,).”” Moreover,
with the discharge of iodine elements from the HaP to the
PCBM at 1V, iodide species progressively diffuse into the
PCBM and then flow until the AZO/Ag interface. This process
explains the appearance of free I” ions (magenta peak). In the
cases of 0 V (reverse) and —0.5 V, the growth of I” signals are
only attributed to the migration leading by a gradient of
concentration. Finally, we point out that, due to the total
absence of Pb 4f and N 1s signals during our operando HAXPES
record, we fully exclude a diffusion of Pbl, and MA" fragments
from the HaP to the Ag layer.

In this study, the so-called self-healing or retro-diffusion
mechanism of iodide toward the HaP layers was also
investigated. This hypothetical reverse transport of ion elements
by resting the solar cell in the dark is often described as the main
cause of a complete recovery of cell performances after the
degradation of properties. To get more clarification, the SP_1
sample was remeasured at 0 V after resting it during 72 h at room
temperature in the HAXPES analysis chamber. During this
storing period, no bias voltage was applied on the SP_1 sample.
The impact of the room light (~0.001 sun light intensity) on
SP_1 was assumed to be insignificant. This assumption becomes
relevant when comparing the low-level current density
generated under normal room light (Figure 2a) to the high
current density recorded under AM1.5G (100 mW/cm® in
Figure S1) conditions.
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As reported in Figure S7, we observe the increase of I 3d;,,
intensity subsequently to the resting time. Figure S shows the

After rest SP_1

Intensity (arb. Units)

622 620 618 616
Binding Energy (eV)

Figure S. Investigation of the resting phase on the iodide migration of
the SP_1 solar cell. Comparison peak fitting of I 3ds,, core level from
SP_1 before and after resting. Note that the resting step during 72 h
takes place after the —0.5 V HAXPES analysis.

comparison of I 3d;,, peak fitting spectra obtained prior (last
measure at —0.5 V before 72 h of storage) and post
(measurement at 0 V after 72 h of storage) storage period at 0
V. Data analyses indicate an increase of the I” signal after 72 h.
We underline that this fact is not consistent with a self-healing
process associated with an iodide transport back to the HaP
layer. This observation is coherent with a progressive move of I
toward the Ag/AZO interface. In addition, we remark that the
absorption of iodide by the Ag layer to form the Agl (cyan)
component seems to reach a certain limit. Thus, by varying the
thickness of the Ag electrode from 2 to 10 nm, we do not observe
anymore the presence of the I” compound when the I 3d
intensity increases with the bias voltage, as seen in Figure S8.
These results demonstrate that the rate of Agl formation or
reaction strongly depends on the thickness of the Ag metal
electrode. Thus, when a certain threshold of absorption is
reached with 2-nm-thick Ag, the excess of I” coming from the
PCBM and AZO does not react anymore with Ag to generate the
Agl structure. Therefore, the remaining ionic I” will be
accumulated at the Ag/AZO interface.

On the basis of earlier results, the iodide ions distribution
through the whole solar cell device before and after the rest time
will depend on the thickness of the Ag if no ITO barrier layer is
used. With a thin Ag layer (2 nm), we have a progressive
diffusion from the higher concentration of iodide (PCBM side)
to the lower iodide concentration (Ag). Due to the generation of
the Agl compound, the iodide will be steadily absorbed until the
Ag layer reaches its maximum limit of consumption. When the
Ag is saturated, the iodide will start to be accumulated at the Ag/
AZO interface as well as in the AZO. This situation will likely
reduce the gradient between AZO and PCBM, which also
reduces the rate of diffusion of iodide. Indeed, the speed of
diffusion depends on the gradient in iodide concentration all
along the stacked Ag/AZO/PCBM. We expect that for a long
rest time the system will reach an identical iodide concentration
between the AZO and the PCBM. Then with the use of thick Ag,
only the Agl amount will increase until it reaches a
corresponding limit of consumption, and then we observe
again an accumulation process at the Ag/AZO interface as well
as in the AZO. Furthermore, with the presence of an ITO
barrier, we infer that all iodide will be stored between the AZO
and PCBM layers. We also expect that the diffusion of iodide
from the HaP at high voltage (over the threshold voltage) will
continue until the iodide concentration between the AZO/
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PCBM and HaP as well as NiO layers reaches an equilibrium
(same concentration). Finally, the fact that we observe a
gradient of diffusion over time suggests that, by intentionally
doping the AZO/PCBM and eventually the NiO with iodide
during the deposition process, we may reduce or cancel the
detrimental transfer (loss) of iodide from the HaP to the
transport layers under high bias voltage.

In regard to the accumulation of I” ions around the Ag/AZO
interface, the chemical state of AZO from SP_ 1 was studied as a
function of the applied voltage (Figure S9). Besides the expected
AZO band bending effect under bias stress, the Zn 2p;,, core
level has kept similar features as seen in Figure 6. Moreover, one
can consider that the porous aspect of the AZO layer®® likely
favors easy absorption, accumulation, and even transport of I”
species.

SP_1 -0.1eV | Zn 2p,,
0.5V 1
:-"f -0.1eV
2 .
D 0.0V (reverse) 4006V
g -
8 1
= 1.0V +0.1eV)
2 1
5 i
€ [075V 1021.8 eV,
1
0.0V (fomaLd)_,/:\
1025 1024 1023 1022 1021 1020

Binding energy (eV)

Figure 6. Analysis of the chemical change that occurred in the AZO
layer in the SP_1 solar cell sample: Zn 2p;,, core level recorded at
different bias voltages during the operando HAXPES analysis.

To propose models that illustrate the iodide transport in
whole cells, additional valence band information from ITO-,
NiO-, HaP-, PCBM-, and AZO-bare was recorded, as seen in
parts a—e of Figure 7, respectively. We note that for these
measurements each bulk layer deposited on an ITO substrate
was separately measured. The experimental valence band
maximum (VBM) obtained by using a linear extrapolation®’
and the theoretical bandgaps are also included in Figure 7.
Schematic band diagrams of each layer before contact are
summarized in Figure S10. We underline that experimental
valence band structures from the actual SP_1 and SP_2 samples
dominated by the grounded Au metal signal do not provide any
significant indication as seen in Figure S11 and cannot really
help to build our following model.

Figure 8 reports a graphic illustration of the band structure of
stacked AZO/PCBM/HaP/NiO after the initial contact of
layers. At that equilibrium, state drift and diffusion of mobile
species are equal but opposite at all points in the HaP structure.
Typically, a short time prior the stacked PCBM/HaP/NiO
contact is established, and a built-in electric field resulting from
the difference of Fermi levels takes place. This built-in potential
drops linearly between the NiO and PCBM equilibrate the
Fermi level across the HaPSC, as depicted in Figure S12. The
mechanism will trigger a migration of iodide species toward the
PCBM while immobile vacancies or defects remain fixed (not
shown in the schemes). This iodide transport process leads to
the creation of a halide-accumulation region close to the PCBM
and enhances the band bending of the HaP near the PCBM/
HaP interface. The ionic electric field generated by the
accumulation of iodide ions will screen the internal built-in
electric field at the PCBM/HaP edge. Thus, at the equilibrium
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Figure 7. Valence band spectra measured from the (a) ITO-bare, (b)
NiO-bare (NiO/ITO), (c) HaP-bare (HaP/ITO), (d) PCBM-bare
(PCBM/ITO), and (e) AZO-bare (AZO/ITO). For each sample a
linear extrapolation method is used to obtain the valence band
maximum value as depicted by the red dotted lines. All energy band
gaps are acquired from the literature.
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Figure 8. Schematic illustration of AZO/PCBM/HaP/NiO energy
band diagram at equilibrium after contact and before the operando
HAXPES analysis under an applied bias voltage. The mobile iodide ions
are symbolized by violet-filled circles, and the violet arrow indicates the
direction of iodide transport. Red empty circles and red filled circles
represent the holes and electrons, respectively. Charge carriers (holes
and electrons) are generated by both the light and the voltage. The red
cross symbol corresponds to the presence of a barrier against the
diffusion of iodide.

state, a net built-in electric field will take place in both edges of
the HaP to prevent mobile ions from crossing interfaces, as
indicated by the red cross symbol in Figure 8. We note that the
red empty circles and red filled circles are associated with the
residual holes and electrons generated under illumination,
respectively.
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Figure 8 also brings further clarification about the presence of
the residual Agl component previously observed at 0 V
(forward) in Figure 4. Indeed, during the iodide accumulation
step, a small amount of iodide species escapes from the PCBM/
HaP interface and diffuses until the AZO surface. In the case of
the SP_1 sample, the silver directly sucks the iodide elements
from the AZO to form Agl, while the appearance of residual Agl
in the case of the SP_2 sample is attributed to the volatility of
iodide during the sputtering process of ITO before the Ag
deposition.

Figure 9 schematically summarizes the proposed iodide
transport process and band structure evolution of the SP_1 and
SP_2 samples during the HAXPES analysis under different bias
voltages inferred from the experimental data presented earlier.
From the SP_1 model at 0 V (forward) in Figure 9a, the
following observations can be highlighted: (1) the presence of a
tiny amount of charge carriers generated in the HaP film by the
light exposure; (2) the accumulation of iodide species and
enhanced band bending near the PCBM/HaP interface, which is
implicitly balanced by an important part of iodine vacancies at
the HaP/NiO interface (not drawn here); (3) the existence of
potential barriers (red cross) at the HaP edges; and (4) the
formation of the Agl compound. By applying 0.75 V (Figure 9b),
an increase of charge carriers and the modification of the band
bending structures between the NiO and the PCBM will take
place. This situation drives a partial move of mobile iodide
species in the reverse direction (toward the NiO side) and
slightly reduces the bending of the HaP band. However, a net
energy barrier at the PCBM/HaP interface is still present at 0.75
V, and no iodide species will cross the PCBM/HaP junction.

Under +1 V, the injection of sufficient charge carriers
associated with a modification of the band structure of HaP
leads to the cancellation of the interfacial energy barrier. The
vanishing of the barrier will trigger the migration of iodide
species into the PCBM layer, as depicted in Figure 9c. Then,
with the existence of the gradient descent of iodide
concentration outside the HaP, iodide elements will continue
to be distributed toward the AZO/Ag interface. As demon-
strated earlier the consumption of iodide by the Ag will solely
depend on the Ag thickness; the thicker the Ag layer, the more
important is the iodide reaction with Ag to form Agl.
Furthermore, without energy barriers at the HaP edges, we do
not exclude a diffusion of iodide into the NiO layer. As already
suggested by Khadka et al.*” and Thampy et al.,* the chemical
reaction between the iodide and Ni**/Ni** may likely induce the
formation of Nil,.

At 0 V (reverse) and —0.5 V conditions, we witness the
reestablishment of the energy barrier as well as the enhanced
band bending of HaP and a reduction of the generated charge
carriers. Obviously, the negative voltage is expected to raise
barrier potentials and accentuate more band bending effect.
Finally, we observe both a reaccumulation of iodide elements at
the PCBM/HaP interface and a progressive iodide diffusion
processes toward the Ag/AZO junctions.

Furthermore, parts f—j of Figure 9 depict the impact of the
ITO (in gray) inserted in the SP_2 sample. We underline that
the ITO prevents only the Agl formation but not the iodide
migration from the HaP to the AZO layer as well as its
accumulation at the ITO/AZO interface. With the ITO, we can
also consider that the iodide migration from HaP to AZO will
stop when all parts of the stacked AZO/PCBM/HaP reach the
same iodide concentration.
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Figure 9. Schematic representative energy band diagram model of samples under applied voltage and room light: (a—e) SP_1 without ITO and (f—j)
SP_2 with ITO. The mobile iodide ions are symbolized by violet-filled circles, and the violet arrow indicates the direction of iodide ions migration. A
Agl interlayer is present in both SP_1 and SP_2. Au metal was grounded, and the bias voltage was applied on the bottom ITO electrode. Red empty
circles and red filled circles represent the holes and electrons, respectively. Charge carriers (holes and electrons) are generated by both the light and the
voltage. The red cross symbol corresponds to the presence of a barrier against the diffusion of iodides.

On the basis of these chemical investigations, we can clearly
explain some electric features observed earlier in Figure 2. First,
an important iodide accumulation inside the AZO due to the
ITO barrier layer will attenuate the liberation from the HaP as
well as the diffusion toward the gradient descent in
concentration of iodide elements. This explanation supports
the improvement of the PCE and current density observed with
the presence of ITO in the case of SP_2. Furthermore, we
associated the enhanced J—V hysteresis feature in the case of the
SP_2 sample, as reported in Figure 2a, to iodide ions from and
confined at the ITO/AZO interface. In fact, we point out that
the anomalous J—V hysteresis behavior is mainly attributed to
the existence of capacitive current, charge trapping, and/or

interfacial band bending.”**> The capacitive effect in SP_2 can
be related to a polarization of the ITO/AZO interface due to the
ionic accumulation, conversely to the SP_1 where iodide species
are progressively sucked directly by the Ag layer until saturation
of this last one. Thus, a dielectric relaxation linked to a slow
redistribution process of mobile iodide ions under an external
electric field can contribute to the J—V hysteresis. Furthermore,
the accumulation of mobile ions at ITO/AZO interface can also
screen the built-in electric field and alter the band bending
structure at the interface. Thus, under an electric field, the slow
process of these mobile interface charges will modify the net
built-in electric field, which results in J—V hysteresis. We also
consider that the dynamic trapping and detrapping processes at
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the interface will also contribute to the hysteresis feature. We
underline that the discrepancy of the performance between two
voltage-sweeping directions when performing a J—V measure-
ment presents a big challenge for determining the actual power
conversion efficiency of cells.

Finally, we ascribe the substantial Vi drops reported for
SP_1 to the existence of significant interfacial defects/traps and
undesirable Agl complex at the Ag/AZO heterojunction, as
reported in Figure 2b. Under X-ray exposure these defects are
initially ionized, and then they undergo a relaxation phase until
reaching steady V. values. First, we underline that the
difference in work function between the Ag and the AZO
wide band gap semiconductor will likely generate a depletion
layer at the Ag/AZO Schottky barrier.**~* This depletion zone
will be sensitive to the level of defect localized in this junction.
Furthermore, the V¢ drop followed by a slow relaxation of
SP_1in Figure 2b can be explained by a dynamic process of tragp
charging and discharging of optically active midgap states.””**
Indeed, due to contact between the Ag and AZO layer, ultrathin
Ag—O—Zn chemical bonds can form upon the interaction
between Ag and O. This interfacial bond will also lead to the
generation of oxygen vacancies around the first few nanometers
of AZO.” Oxygen vacancies near the Ag/ZnO interface were
proposed to introduce interface defects below the conduction
band minimum that act as traps. In fact, defect states above the
Fermi level are available for accepting and trapping photoexcited
electrons from the VBM of the AZO. Then, under beam
exposure, a valence band-to-defect state optical transition will
take place at the localized interface region. According to the fact
that the actual V¢ is sensitive to imperfections from the
interfaces and other stacked layers as well, the capture and
release of a photogenerated electron will likely affect the V¢
response. We note that the fast drop and slow relaxation are
related to the fast ionization of midgap defects under radiation
and the slow discharge process of ionized traps, respectively. In
addition, Rahamim et al.”® have reported that the Ag—O—Zn
interface states seem to present a long lifetime due to the long
stabilization times of the photovoltage signal at the Ag/ZnO
junction. Finally, we associate the low Vi observed with the
SP_2 sample to the presence of fewer interfacial defects at the
Ag/ITO and/or ITO/AZO interfaces.

4. CONCLUSIONS

In this paper, we have shown how the iodide transport and ITO
barrier layer affect the performance and stability of stacked Au/
Ag/AZ0/PCBM/HaP/NiO/ITO/glass solar cells. Our ad-
vanced operando HAXPES analyses have depicted that the
release of iodide species from the HaP to the PCBM transport
layer requires a certain threshold voltage (higher than the V).
The studies have also pointed out that the diffusion of iodide
through the AZO/PCBM over time only happens following the
gradient descent of iodide concentration. Furthermore, we have
demonstrated that the migration of iodide from the HaP
absorber toward the bimetal electrodes (Au/Ag) is unidirec-
tional (irreversibility of the iodide ions migration). The results
have suggested that the absorption of the iodide species by the
Ag layer leads to the generation of Agl compound. By using the
diffusion barrier layer between the Ag and AZO, we out-
standingly validate that the ITO prevents the formation of Agl
and leads to enhancement of the solar cell performances and
stabilities. From all outcomes reported in this manuscript, we
deeply believe this research will contribute to clarifying the
deterjoration mechanism that occurs in HaPSCs.
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